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ABSTRACT 

The production of electron-positron (e+e~) pairs with invariant masses greater than 
2.5 GeV/c2 was investigated at the CERN Intersecting Storage Rings. 

The J/fy particle was observed by its decay into e+e~ pairs and its production cross-
section is found to rise by a factor of about six over the entire range of centre-of-mass 
energies available (i/s = 23.5 GeV to /s = 62A GeV). The rapidity and transverse momentum 
dependence of the production mechanism are discussed. 

The e+e~ pair invariant mass spectrum is also studied for higher masses. The produc
tion and decay into e+e" pairs of the i|i' is not observed within the statistical limits of 
the data discussed herein. A few e+e~ events with masses above 4.5 GeV/c2 are observed 
and are used to set upper limits on the cross-section for continuum production resulting 
from the annihilation of elementary point-like constituents of the protons. 

SIS/mr-ih-el-mg 



CHAPTER I 

INTRODUCTION 

1. GENERAL 

The subject of this thesis is the study of the direct production of high mass electron 
pairs (m + _ > 2.5 GeV/c2) in proton-proton collisions at the CERN Intersecting Storing Rings 
(ISR). 

The study of inclusive reactions such as 

p + p -»• e +e" + X (1) 

at the very high energies recently available [highest centre-of-mass (cm.) energy available 
at the ISR is Js = 62.4 GeV] is related to some of the most exciting questions in high-energy 
physics. These are: 

i) The existence of new massive particles with electron decay modes. Several of these 
particles have been postulated theoretically; for instance, intermediate neutral 
vector bosons. As yet they have not been observed experimentally. The present study 
confirms the existence of some of the recently discovered resonances (J/ip, etc.), and 
explores the behaviour of the J/ty cross-section at large vÇ. The production of the 
J/iJi itself involves, perhaps, a new quantum number, the charm, but in a hidden way, 
since J/I|J is a charmed quark-charmed antiquark (cc) bound state, its net charm being 
zero. 

ii) A test of the understanding of the structure of the nucléon in terms of elementary 
constituents. Information about the structure of hadrons obtained from deep inelastic 
electron and neutrino scattering can be used to predict that in pp collisions, because 
of the electromagnetic interactions of the point-like constituents of the nucléons, 
there should be produced a continuum spectrum of massive e+e~ pairs and that the pro
duction cross-section for such pairs will "scale" with energy (i.e. it will depend on 
the scaled longitudinal cm. momentum x p = 2p./^s, but not on the reaction cm. energy 
Js). It is important to test these predictions experimentally. Furthermore, J/ty pro
duction data can be used in order to provide information about the distributions of 
the elementary constituents within the nucléons and, with the assumption of scaling, 
may be used to make predictions about the production of some heavier conjectured vector 
mesons (W-boson, for example). 

The experiment described herein was a collaboration between Brookhaven National 
Laboratory (BNL), CERN, Syracuse University, and Yale University. Use of novel detectors, 
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such as Liquid Argon (LA) shower detectors and Transition Radiation (TR) detectors, was 
made to obtain an increased sensitivity for the observation of process (1). The apparatus 
was sensitive to single electrons, electron pairs, and multiphotons produced at medium and 
large angles to the ISR beams (-45° < 9 < 45°). The experiment was installed in the 1-8 
intersection of the ISR in the summer of 1975. The results presented here represent an 
integrated luminosity (Appendix A) of about 5 * 10 3 6 cm - 2. 

2. HISTORICAL REVIEW 

2.1 Experimental 

Historically the most important motivation for the study of direct lepton production 
was the search for the intermediate vector bosons (W~, Z°), whose existence was postulated1) 
in an effort to unify weak and electromagnetic interactions. 

Early experiments (1964-65), which preceded the proposal of the present experiment, 
at Argonne2) and BNL 3), searched for the production of W 1 via its p+v decay mode, and re
ported negative results. Another early experiment at BNL1*) studied the production of y+y~ 
pairs by protons on a uranium target, p + U -+ y+y~ + X, in order to identify the possible 
existence of B° 5 ) , Z°, etc. A continuum mass spectrum of \i+V~ pairs was reported. At 
present, the above-mentioned negative experimental results, as well as the theoretical pre
diction6) of n w and mzo above 30 GeV/c2, seem to suggest that such searches should be post
poned until the next generation of superaccelerators! 

The \i+v~ BNL experiment was followed by a number of experiments, at BNL 7), the CERN 
ISR, and ENAL, which studied inclusive single lepton production. The first definite results 
on single lepton production came soon after the proposal of the first phase of this experi
ment (1974) from ENAL. Two groups8»9) reported details on the lepton yield and behaviour 
with transverse momentum (p~). Later precise data 1 0 - 1 2) from the ISR reported more details 
on the behaviour of the ratio of the inclusive electron production cross-section to the in
clusive pion cross-section (e/fr), i.e. its dependence on p T and cm. energy /s. 

The single lepton data for large p T can be summarized as follows: 

ii) The Jl/ir ratio (where I = lepton) is independent of p T for p„ > 1.5 GeV/c. There is 
evidence from ISR experiments13) that as p T decreases below 1 GeV/c the ratio e/ir 
increases by a factor of about 3-5. 

iii) For p T above 1.3 GeV/c there is an apparent slow increase of e/ir with /s, from 
yÇ = 23.5 GeV to /s = 62.4 GeV. This dependence can be expressed12) in a form 

R = 51 = ("(0.63 ± 0.20) In /s - (1.46 ± 0.74)1 . 
TT± X 1 0 - L ' J 

Below ̂ s = 23 GeV the experimental situation is still unclear, 

iv) The U/TT ratio is independent of the atomic number of the target nucleus8), A. 
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Fig. 1 : Dilepton mass spectra from: 
a) BNL (Ref. 4) at s = 5 7 GeV 2, p + U; solid line is a calculation 

based on the Drell-Yan model (Ref. 29) with nuclear correction; 
b) MIT-BNL (Ref. 14) at s = 57 GeV 2, p + Be; 
c) FNAL (Ref. 23) at s = 750 GeV 2, p + Be; 
d) CERN ISR (Ref. 24) at s = 2300 GeV 2, p + p. 

Figure la shows the data of Christenson et al. on the cross-section for the inclusive pro

duction of muon pairs. The shoulder in these data is now associated with the production of 

the sharp enhancement observed by the BNL-MIT group1 "* J (J/40, smeared by the resolution of 

the spectrometer. The discovery of this narrow resonance [observed almost simultaneously 

at SLAC15)] was followed by a number of experiments studying the production and properties 

of the new particles. J/ty quantum numbers were found consistent with those of a vector 

meson state. Only the data on hadronic production of J/ty, which is the relevant mode for 

the present experiment, will be discussed below. 

The dimuon pair production from J/IJJ decay has been measured at Serpukhov16 J by 70 GeV/c 

protons on a Be target, at FNAL, by three independent groups 1 7 - 1 9J from TT+ + Be, p + Be, 

n + Be, and TT" + Fe reactions, and at the ISR 2 0). All the above groups observed the J/ip 

peak and measured its production cross-section at different energies. There is an apparent 

increase of the cross-section with energy. The quoted J/ty cross-section at Serpukhov, 

o(p + N -»• J/ty + ...) = (3.2 ± 0.8) x 10" 3 2 cm2/nucléon, is about five times less than those 

measured at FNAL. 

One of the FNAL groups have recently repeated their measurement of y-pair production 

with higher statistics and using beams of TT+, ir~, and protons of 225 GeV/c incident momentum 

upon Cu and Sn targets21). This group contributed therefore, more details about the dynami

cal dependence of the J/i|> inclusive cross-section [i.e. the dependence upon longitudinal 
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Table 1 

Parametrizations of the J/ij; cross-section 

Reaction Pbeam 

(GeV/c) (GeV) 

Range of 
variables ë * c i - x F ) b 

F b 

do -cpr 

c 
(GeV/c) - 1 (GeV/c)" 2 

Reference 

p + Be 70 11.54 
0 < p£ < 1.6 

0.3 < Xp < 0.8 - - 1.8 ± 0.3 16 

ÏÏ+ + Be 
150 16.79 0 < tip < 2 

0.15 < Xp < 1.0 

1.72 ± 0.38 2.57 ± 0.36 
17 

p + Be 
150 16.79 0 < tip < 2 

0.15 < Xp < 1.0 2.94 ± 0.32 2.08 ± 0.26 ^ 1.0 
17 

n" + Fe 200 19.42 
Xp > 0.5 

0.3 < p„ < 2 ^ 1.9 1.6 ± 0.2 0.81 + 0.14 18 

7T +

 + C 

225 20.56 
Xp > 0 

0 < p T < 4 

2.62 ± 0.22 2.03 + 0.15 0.88 ± 0.12 

21 

n + + Sn 

225 20.56 
Xp > 0 

0 < p T < 4 

2.33 + 0.32 1.56 + 0.25 0.64 ± 0.14 

21 n" + C 225 20.56 
Xp > 0 

0 < p T < 4 
2.15 ± 0.16 1.5.8 + 0.13 0.59 ± 0.06 21 

p + C 

225 20.56 
Xp > 0 

0 < p T < 4 

3.98 ± 0.20 1.97 ± 0.08 0.80 ± 0.06 

21 

p + Sn 

225 20.56 
Xp > 0 

0 < p T < 4 

3.94 ± 0.30 1.86 ± 0.14 0.78 ± 0.09 

21 

p + Fe 240 21.24 
Xp > 0.5 

0.3 < p T < 2 
•\- 4.0 2.2 ± 0.5 1.1 + 0.3 18 

n + Be 300 23.76 
x_ > 0.25 
F 

0 < p£ < 2.5 
5.2 ± 0.5 1.6 + 0.2 non-consistent 

with data 
19 

p + Be 400 27.43 
-0.6 < x p < 0.8 

0 < p T < 2 
4.3 1.6 ± 0.35 1.1 ± 0.35 23 

momentum (p,), upon transverse momentum (p~), and upon the atomic mass number A]. Experi

mental data from most groups were fitted to the form da/dxp = A(l - x p) ; the distributions 

in pi, were fitted to linear and quadratic forms, da/dp* a e - cPT and da/dpi <* e'^T, res

pectively. The results of the various parametrizations are given in Table 1. 

Two of the FNAL groups have also searched for additional muons accompanying the dimuon. 

Such additional muons could originate from associated production of J/^ pairs or from pro

duction of a charmed particle — decaying promptly into a muonic final state — in coinci

dence with the J/ijj. They both reported negative results 2 2), imposing stringent upper limits 

on associated production processes [a(J + y)/a(J) < 2.5 x 10" 3 with 901 confidence]. 

The J/ij; production through its dielectron decay mode — the relevant one for the pre

sent experiment — has been measured by very few experiments. The BNL-MIT group reported 

a cross-section of B + - a(p + N -* J/ty + ...) ^ lO - 3 1* cm2/nucleon (Fig. lb) at >̂s = 5.1, where 

Ve- Y(j/1 ^ all") = brandring ratio (BR) for the e +e~ decay mode 

= 0.069 . 

An FNAL experiment of the Columbia-Fermilab-Stony Brook (CFS) Collaboration, running 

almost simultaneously with the present experiment, has recently reported results 2 3) on the 
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production of electron-positron pairs in the mass range 2.5 to 4 GeV/c2 in 400 GeV/c p + Be 

interactions (Fig. lc). The experiment is sensitive around x p = 0 and the quoted J/IJJ dif

ferential cross-section is 

B d a 

e+e" cry 
= (7.1 ± 1.8) x io" 3 3 cmVnucleon , 

y=o 

(assuming a linear A dependence), where 

y = I l n [ F ^ J = "«Pidity" • 

To obtain the total cross-section, the following parametrization was used: 

E ^ d - l x p l ^ e " 1 ^ , IxpISi, 

the resultant total cross-section being 

B

e+e-
a = ( 1 , 1 ± °- 3 ) x 1 0 " 3 2 c™2/nucléon . 

Finally, at the ISR the CCRS group also studied the electron-positron production12>210. 

They observed eleven e+e~ pairs with m + > 2.7 GeV/c2 and attributed nine of those to the 

J/<|J particle (Fig. Id). Furthermore, the nine events came from the sum of four different 

cm. energies (/i = 30.6, 44.8, 52.7, 62.4 GeV) and, therefore, no indication could be 

given about the cross-section variation over the cm. energy range covered by the experi

ment. The quoted cross-section for an average ^s = 48 GeV is 

e+e" cry 

A n ((7.5 ± 2.5) x 1 0 - 3 3 cm2 if (p£) = 0.67 GeV/c 
d 0 (p + p - J A M ...) =\ ^ T 

y=o 1(12.0 ± 4.0) x 10" 3 3 cm2 if (p£> = 1.0 GeV/c 

The cross-section for J/\\> production at ISR energies is two orders of magnitude higher than 

the corresponding value observed at BNL energies [B + _ (da /dy) I = 1.23 x 10"3 •* cm2, 

at /s = 7.5 GeV]. 

Figure 2 summarizes the existing measurements of B.+J._ (do/dy) I _ 0 as a function of Js, 

where B £ + r = B e + e_ or B y V . 

As far as the production of massive lepton pairs is concerned (m.+j- ^ 4 GeV/c2), data 

[[in addition to the "old" p+y" WL1*) experiment] have recently been obtained in two experi

ments at FNAL. In the first, by the CFS group, both electron pairs25) and muon pairs26) 

produced in collisions of 400 GeV/c protons with Be and Cu targets, respectively, were ob

served. The mean transverse momentum of the dilepton system was observed to be ̂  1.5 GeV/c 

in the mass range 4.5 to 8 GeV/c2. In the second experiment, by a Chicago-Princeton group 2 7), 

(CP), the production of dimuons in collisions of 400 GeV/c and 300 GeV/c protons with a Cu 

target was observed; the experiment was sensitive to dimuon masses above 7 GeV/c2. For 

m - 9 GeV/c2 the mean transverse momentum of the dimuon parent was found to be ̂  1.25 GeV/c. 

Figure 3 summarizes the results of both experiments in the one graph. One sees a good 

agreement within statistics. These results can be compared with the cross-sections predicted 

by calculations based on the Drell-Yan mechanism which will be discussed in the next section. 
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2.2 Theoretical 

2.2.1 Dilepton continuum 

Deep inelastic electron and muon scattering experiments, first performed at SLAC, 

motivated theorists to suggest the hypothesis that the nucléon consists of more elementary, 

charged, point-like constituents, called partons. This suggestion was reinforced by the 

results from deep inelastic neutrino scattering experiments, first obtained from the bubble 

chamber "Gargamelle" at CERN. 

The parton model of Drell-Yan28) makes predictions for reactions such as 

p + p •+• (£+£-) + hadrons. According to this mechanism one proton emits a parton and the 

other an antiparton, which annihilate to produce a virtual photon that subsequently decays 

into a massive l+l~ pair. The diagram is shown in Fig. 4. 

Fig. 4 Drell-Yan mechanism 
for lepton-pair pro
duction (continuum) 

To describe the process better some kinematic variables are defined: 

/s = effective mass of initial protons A, B (cm. energy); 

Q = effective mass of the lepton pair created. 

In addition, in the original calculation, the partons were assumed to have no transverse 

momentum. Let Q, be the longitudinal momentum of the lepton pair. Then the famous 

"Feynman" scaling variable can be defined as x = 2QT/i/s, i.e. the fraction of the longi

tudinal cm. momentum of the dileptons. Finally, let zx and z 2 be the fractions of the 

longitudinal momenta of the respective protons carried by the annihilating parton pair. 

The resulting cross-section for the production of the lepton pair is calculated28) to be 

where 
l l 

F fir)= /d z^ J dz* 6( zi z* " £}Z e i z ' z * [ ^ 1 ^ 2 ) + ^ z i ) f !^] 
0 0 i 

and f.(Zj) [fv(Zj)] is the probability of finding a parton [antiparton] of type i and 

charge e- carrying a fraction z1 of the momentum of the hadron A, i.e. the parton- or 

quark-distribution functions. The 6[ZiZ2 - (Q
2/s)] ensures energy conservation. 



Expression (2) can also be written in double differential form, which is more relevant 

for comparison with experiment 

1 l 

aqfe = 3 p s - / d z i / d z z 6 ( z i z * - Ç ) ô ( z i " z* ~x) G'( zi> z2>*) . « 
0 0 

where 

G'( Z l,z 2,x) - ^ e ? [fj(zx)î?(z2) + f ^ z j f ^ z j ] . 
i 

Again ô(zj - z 2 - x) ensures the momentum conservation. Upon integration of Eq. (3) 

^4 • ^Z^h ZAZB [4^1^ + ÎÎC»A)^] C4) 

/A-

a^ ^ "A *B 
1 

where 

ZA lH*-f)] 
• . - i t - • ( - • * ¥ ) * ] • 

A factor of 1/3 enters in Eq. (4) if partons are assumed to have a "colour" quantum number. 
The scaling behaviour of Eq. (4) is simple. The cleanest test of the model suggested29), 
was to fix Q 2/s and x and vary Q 2 to check for the scaling behaviour d 2a/dQ 2dx ̂  1/Q1*. This 
test is hard to do experimentally (since it requires a continuous change of Q 2 and s but a 
constant Q 2/s). On the other hand the theorists, when they proposed the model, had already 
at their disposal the mass spectrum of Christenson et al. Therefore, several efforts 2 9 - 3 3J 
were made to give an estimate of the numerical value of the cross-section, to compare with 
experiment. The basic difficulty is that knowledge of the quark distribution functions 
f.(z) and f-(z) and also of the quantity £ e? are required. Asymptotically the sum of the 
squares of the quark charges is related to the electron-positron annihilating3 "0 as follows 

L >2 _ R _ a(e
+e" •» hadrons) 

i a(e +e" -»• \i+\i~) 
l 

Present data from SIAC do not seem to indicate a constant ratio R, however, most calculations 
take 

i 
! - ( * ) ' • & ) * * (4) ' -4 . 

corresponding to Gell-Mann - Zweig quarks. 

The functions f-(z) were deduced from deep inelastic neutrino and electron scattering. 
The predicted cross-sections depend sensitively on the assumed antiquark distribution in 
the nucléon, and are therefore model-dependent. Most calculations 2 9' 3 0^, after the appro
priate corrections, found the Drell-Yan process roughly consistent with the dimuon data 
(Fig. la). 
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In Fig. 3 the recent results from the FNAL experiments are compared with predictions 
of the cross-section based on the Drell-Yan mechanism as calculated by two different authors. 
The main difference in the two models is in the parametrization of the antiquark distri
butors: one 3 1) assumes a (1 - z) i2- parametrization, while the other29) parametrization is 
(1 - z) 7 ; both models take colour into account. The data fall in between the two calcula
tions, indicating a reasonable agreement between theoretical prediction and experiment. 

The other important consequence of the Drell-Yan mechanism is the predicted scaling 
behaviour 

da 
dQ m-

The scaling behaviour of Eq. (4) or, using a more common notation, of m3(d2a/dmdx„)I _ 0 

is shown35) in Fig. 5 together with the available experimental data. 

10-3' r 

> <u 
CO 

\ 10-32 

, 0 -33 _ 

l u " 3 4 z-

4 HH BNL-MIT 
• M-M- CFS 
o ee CFS 
° M-M- C P 

_i ' 
10 102 

I Ml ll »_ 
103 

s /m 2 

Fig. 5 Plot of the differential cross-section 
m 3 (d2a/dmdxx.) | x as a function of the 
scaling variable s/m2 for available high-
mass dilepton production data. For com
parison the scaling curve of the 1975 
Isabelle Summer Study (Ref. 35) is also 
shown. 

2.2.2 J/\j) production 

The discovery of the J/ip and \p * particles in nucleon-nucleon collisions prompted a 
large number of theoretical calculations concerning their production mechanism. 
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Fig. 6 Quark fusion mechanism 
for J/ip production 

f the early suggestions36) was that the production arises through a Drell-Yan 
O 1 1 6 ° i.e. by the fusion of a quark q emitted by one of the incident nucléons, and 

mechanism,p0n^ng antiquark q emitted by the other (Fig. 6). 
the corres 

are two possibilities37): 
There 

uark q is the fourth new "charmed" quark c. In this case, both c and c are pro-
lj The q f r o m the (qq) seas of the initial nucléons. 

vided ii) The quark q is one of the valence quarks of the parent nucléon, i.e. either a p or n 
quark, and q comes from the qq sea of the other nucléon. 

The production of J/ty by (ii) is expected, however, to contribute a negligible fraction 
of the cross-section, because the coupling g of the ordinary quarks to the J/I[J is small by 
Zweig's rule. Therefore, the total cross-section arises almost entirely from (i), the cc 
quark-fusion mechanism. Since the distribution of quarks and antiquarks in the sea of the 
nucléons is poorly known, any calculation based upon mechanism (i) is rather model-dependent. 
Nevertheless, theorists36) have succeeded in using the few available data — from deep in
elastic electron and neutrino scattering — to describe reasonably the general features of 
the J/ip production, such as the steep rise of the cross-section with increasing cm. energy. 

A further improved calculation of the quark fusion model was made by Donnachie and 
Landshoff38), by using the experimental data on J/ty production to extract information about 
the momentum structure of the sea of quark-antiquark pairs within the nucléon, in a region 
which is very poorly known from other sources. 

Therefore, by using both the J/ip production data and electroproduction data, the authors 
calculate the distribution of sea quarks or antiquarks of type s in the nucléon to be pro
portional to 

Ss(z) - (i . Z)s f z > 1 / s 

Ss(z) « fi - 0.99 z 1 / 2 [l - | z + | z2] z < 1/5 

where z is the quark fractional momentum as defined previously. 

By using these revised distributions for sea quarks — instead of the (1 - z) 7 para-
metrization used in Ref. 36 — the authors have repeated the calculations for the J/ty pro
duction, and found very good agreement with the data. The quark fusion model describes 
successfully both the energy dependence and the x distribution of the J/ty cross-section. 
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The J/ip production can also be described in terms of a statistical model. Calculations 
based on the thermodynamic model39J1*0) agree well with the experimental data, especially 
with the total J/ip production cross-sections and the transverse momentum distributions. 

The predictions of both models, i.e. of the quark-fusion model and of the thermodynamic 
model, are quite similar as far as the rise of cross-section with /s is concerned. On the 
other hand, the statistical models cannot provide as detailed a description of the produc
tion mechanism as the quark model; for example, they cannot make predictions about the 
variation of the signal/background ' ratio (under the J/i(0 with energy and x, or the value 
of the a(irp -* J/ijj + ...)/a(pp •* J/i> + ...) ratio, etc. 

2.2.3 "Single" electron spectrum 

The inclusive production of high p T single electrons was the first distribution studied 
by most experiments8-11). From the very beginning it was obvious that the experimentally 
observed single-electron spectrum was much larger than the parton-model predictions. Further
more, the p„ dependence of the inclusive spectrum predicted on the basis of the parton 
model1*1), i.e. 

E d 3a „ 4iTa E - ^ F ( Z l , z 2 ) 

was in disagreement with experimental data which gave a pi 8 dependence. The observed excess 
of directly produced single leptons raised much speculation as to their origin. 

The possible sources of leptons can be classified as follows: 

i) A contribution from leptonic decays of K's and hyperons, which has been estimated for 
various experiments1*2). This can only account for at most 101 of the observed spectrum. 

ii) Vector meson decays to e +e" with known BR: 

p •* e+e~, BR = 4.3 x 10 - 5, m = 773 MeV 

to ->• e+e", BR = 7.6 x 10" 5, m = 783 MeV 

<J> •+ e+e", BR = 3.2 x 10"", m = 1020 MeV . 

cj>°, although it has a large BR, was found to have a low production rate 1 1» 1* 3). 

The contribution from all vector mesons was calculated to be at most 10-151 of the 
observed signal1*2). The discovery of the ty particles (3.1, 3.7) prompted various 
attempts to relate those particles with the observed single lepton rate. The pro
duction dynamics of these objects known from the FNAL19) and the ISR 1 2) experiments 
seem to rule out this possibility. Furthermore, the expected drop in the electron 
yield for p T i 1.55 GeV/c = mT/,/2 is not observed. 

A combination "cocktail" of (i) and (ii) would explain about 40°s 1*2) of the observed 
signal in terms of known particles. 

*) By background is meant the Drell-Yan continuum. 
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iii) New, as yet, undiscovered particles, for example 

a) The decay of pair-produced heavy leptons1*1*) 

L •*• Z + v. + v , L -* e T + -y, L -*- e + hadrons . 

b) The decay of metastable objects, such as the charmed particles of Glashow et al.1*5) 

C •*• SL + v» + hadrons . 
However, the non-observed charge asymmetry in the single-lepton spectrum makes 
this possibility less attractive. 

c) Lederman and White1*6) proposed as a unique source of direct leptons a new light 
mass particle X 1 •+• £ + + v. with m„+ = 200-1000 MeV. It seems unlikely that such a 
light mass particle could have escaped notice. 

iv) A continuum spectrum produced by the electromagnetic decay of virtual photons: 

a) The Drell-Yan model as mentioned above fails by an order of magnitude to account 
for the data. The mechanism was recalculated1*7) by taking into account the trans
verse momenta of the partons — which were neglected in the original calculation, 
as mentioned at the beginning of this section*). The details of the dependence of 
the parton structure functions on parton transverse momentum are not known, but 
some assumptions can be made. The resulting calculations seemed to be in much 
better agreement with the data. The constancy of the lepton/pion ratio with p„ 
can also be explained by making use of these assumptions. Since the formation of 
a low-mass dilepton at a given p T and the formation of a meson with the same p T, 
both depend on very similar joint distributions of the partons, they may vary with 
p™, in a similar way. 

b) In addition to the above work on transverse momentum structure, there has been a 
considerable amount of work devoted to seeking corrections and additions to the 
Drell-Yan process. One such mechanism is a large p T bremsstrahlung, which has been 
proposed1*8) to account for most of the data on the e/ir and y/iT ratios at large p™. 
According to this mechanism, leptons are produced via bremsstrahlung of virtual 
photons (of predominately low mass) from some charged constituents present during 
the collision. Real photons are also produced this way. The bremsstrahlung mecha
nism implies a dilepton mass distribution da/dQ ̂  1/Q (instead of the usual 
da/dQ ̂  1/Q3 from the parton model) for small Q. 

The model has the virtue of extending down to low mass pairs, whereas the Drell-Yan 
mechanism is known to require modifications for low Q 2. A crucial test of the 
above model would be to calculate experimentally the value of the ratio 
(p + p -»• direct single y)/(p + P •* v°)» which is predicted to be ̂  10%. However, the 
definition of a "single" photon is known to be hard experimentally. 

*) The transverse momentum was added to the model well before the recent FNAL observation 
about the net transverse momentum of the dilepton system: the simple Drell-Yan model 
does not provide any transverse momentum for the dilepton system, but it is observed » 
to be substantial (̂  1 GeV/c). 
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The conclusion of this brief "single" lepton review is that the most credible explana
tion for the single lepton signal is the continuum of leptons produced by the decay of 
virtual photons plus contributions from the already known particles. 

Very recently some FNAL experiments have attempted to study in more detail the origin 
of prompt muons by considering the dimuon contribution to the yield of single direct muons27»"9 

The basic conclusion is that y pairs can account for the yield of single y's for p™ £ 2 GeV/c 
at x F = 0 (90° in cm. system) and also in the forward direction. 

On the other hand, there are no single y measurements in the kinematic region (xp
 K 0, 

p T < 1 GeV/c), where the largest contribution from decays of charmed particles is expected. 
Therefore it is still possible that a substantial contribution from decays such as D° •*• Kyv 
exists. 

GENERAL CONSIDERATIONS 

3.1 Why choose the ISR 

The ISR is especially suitable for studying high-energy reactions. In a conventional 
accelerator the protons or electrons are accelerated to high energies to collide with a 
stationary target. The total available cm. energy squared is s - 2 x p t where p. 
is the beam momentum. 

At the ISR two intersecting high-energy proton beams circulate in opposite directions. 
At the intersection points reactions are produced by almost head-on collisions of protons. 
The highest energy of each beam is 31 GeV, but the total available energy is 
s = [2p cos (6,./2)]2, where 6j is the crossing angle of the beams 6 T = 14.77°. By varying 
the energies of the beams, a wide range of energy can be explored from v^ = 23.5 GeV to 
Js = 62.4 GeV. To obtain these cm. energies from collisions with a fixed target would 
require beam momenta of 250 to 2000 GeV/c (the maximum available p, at FNAL is 400 GeV/c). 

On the other hand, the production of pseudoscalar states, for example, states decaying 
into two photons, can be much better studied at the ISR, compared to the electron storage 
rings, where electrons and positrons collide head on to produce mainly vector states. 

3.2 Experimental design considerations 

The hardest experimental problem which arises from the search for direct electron pairs 
is that of background rejection. Since e+e~ are produced mainly from electromagnetic pro
cesses, their yield is suppressed compared with that of hadron pairs by a factor of the 
order of a 2 = 5 x 10" 5. Therefore, every experiment investigating direct electron pro
duction has to have very good electron-hadron discrimination, i.e. a hadron pair rejection 
of the order of ̂  10 6. In addition to the hadronic background there is also background 
from e+e" pairs originating from conversions of photons either externally (i.e. conversions 
in residual material — the apparatus), or internally (Dalitz decays of IT0 •* ye+e~ or 
n° •*• ye+e~) and from the electromagnetic decay of long-lived sources (K, A, £"). 

Taking into account the above considerations the experiment was designed to use un
conventional detectors for the following reasons : 
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i) Liquid argon shower detectors "calorimeters" were used to provide a measurement of the 
particle energy, with a resolution comparable with that of Pb-glass blocks. In ad
dition, by means of a four-view strip read-out of the calorimeter an excellent measure
ment of the shower position was possible. By sampling the longitudinal and radial 
distribution of the energy deposited in the calorimeter, a very good rejection factor 
against hadrons could be obtained (y 10 2). 

ii) Transition radiation detectors were used for electron identification in place of the 
usual Cerenkov counters. A transition radiator plus proportional chamber combination 
has the advantage of: 
a) being compact, so that all the detectors can be placed closer to the origin of the 

reaction; 
b) giving a very good e/îr rejection (of ̂  10 2); 
c) giving a very good angular resolution for tracks passing through the chamber; 
d) having a low mass. 

Additional design considerations were the following: 
iii) Scintillation counters and conventional proportional chambers were used to give re

jection against Dalitz electrons as well as the external conversions of photons to 
e +e" pairs. 

iv) It is of course necessary to minimize the radiation lengths (RLs) in front of the 
calorimeter in order to minimize the probability of external photon conversions. 

v) A large solid angle of about 4 sr was covered by the apparatus. This increased the 
acceptance range — compared to other experiments — for possible opening angles of 
the e +e", YY pairs. 

vi) The charge division technique was used for non-ambiguous read-out of the position of 
hits along the wires of the proportional chambers. 
To summarize, the advantages of the apparatus compared with other experiments were the 

large solid angle coverage, the good background rejection, and the excellent spatial reso
lution. 

The experiment did not include a magnet; therefore the recognition of the charge of 
particles was not possible. Also the identification of particles other than electrons and 
photons was hard. 
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CHAPTER II 

APPARATUS 

1. OVER-ALL VIEW OF THE APPARATUS 
The apparatus was composed of subassemblies known as "octants", each occupying 45° in 

azimuth and covering 90° in polar angle with respect to the beams. A schematic view of the 
four octants, mounted above, below, and on the sides of the intersection region (bicone) of 
the proton beams, is shown in Fig. 7. 

Fig. 7 Vertical section of the apparatus transverse to the proton beams 
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More precisely each octant contained the following parts: 
i) a calorimeter ("Q module"), 
ii) lithium-foil transition radiators, 
iii) xenon-filled proportional wire chambers (PWCs) used in the proportional mode with two-

dimensional read-out, 
iv) cylindrical PWCs using "magic gas", with two-dimensional read-out, 
v) scintillation counters. 

The read-out of all elements of an octant was made in the analogue mode, i.e. quantitative 
information was recorded for each channel (instead of the digital mode — yes/no information — 
which is used by most experiments). This resulted in a high number (304 per octant) of 
analogue channels (Table 2). 

In the following pages the different parts of the detector are considered in more de
tail. 

Table 2 
Location and description of the octant components 

Detector 
Distance 
from the 
bicone 
(mm) 

Dimension 

(mm) 

Length 
of wires 

(mm) 

No. of wires Wire 
spacing 

(mm) 

Analogue 
channels 

PWC-la 114 Radius = 124 
(90° section) 406 94 2 24 

PWC-lb 142 Radius = 147 
(90° section) 432 112 2 28 

sc-i 168 
Length =• 454 
Thickness = 8 
Width = 17 

8 scintillators 8 

SC-2 709 
Length = 1300 
Thickness = 10 
Width = 68 

8 scintillators 8 

PWC-2 390 79 x 30 cm2 825 44 
+2 (not used) 6.35 44 

PWC-3 680 120 x 53 cm2 1216 80 
+2 (not used) 6.35 80 

$, u, v strips 734 
Strip width 

4> strips = 20.219 
u, v strips = 20.059 

32 strips 
each kind 32 x 3 = 96 

e strips 8 strips = 101 16 strips 16 
Total: channels/octant 304 

2. CALORIMETERS 
2.1 Principle 

A calorimeter is a device which relies on total absorption to measure the particle 
energy. The incident particle enters the calorimeter and cascades either by means of a 
hadron shower or an electromagnetic shower. The showers lose their energy by ionization of 
the materials. Therefore, almost all of the energy of the incident particle is converted 
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into ionization loss. The calorimeter function is to measure the ionization and hence to 
obtain an estimate of the energy of the particle. This is done in the following way: 

An LA ion chamber52) consists of plates of dense material immersed in an active material 
— LA in the present case. Ion pairs are produced in the LA sampling medium and are collected 
on the metal plate electrodes, providing in this way an estimate of the particle energy. 

The ionization is not measured throughout the whole volume of the absorber; rather it 
is sampled only between plates. Therefore, there are fluctuations in the number of par
ticles originating or ending in the dense, non-active absorber, where the energy loss is 
not measured. This effect, called "sampling fluctuation", determines the energy resolution 
of the sampling calorimeter. 

2.2 Construction 

The layout of one Q module is shown in Fig. 8. The detector was insulated by means of 
plastic foam. Table 3 lists the material in front of the calorimeter as well as the dead 
spaces inside the calorimeter volume. The detector was divided longitudinally (along the 
path of the detected particles) into three sections. 

The first two sections consisted of 1 mm stresalite plates on each side of which 
0.5 mm thick Cu strips were glued. The plates were interleaved with 1.5 mm thick Pb ground 
plates. The third section consisted of Pb strips, i.e. 1.5 mm of Pb interleaved with the 
1.5 mm Pb ground plates. The gap between the plates was 2 mm and was filled with LA. 

The plates of the 1st floor (3.3 RL) were divided into 32 strips ((j> strips), parallel 
to the direction of the beams, 20 mm wide, each with an independent analogue read-out 
channel. The 2nd floor ran from 3.3 to 5.75 RL and consisted of two different groups of 

Calorimeter section 
(16 channels) 

1/2 of the diagonal strips 
(2 »32 channels) 

Longitudinal strips 
(32 channels) 

tri
ps

 
tri

ps
 

V) 
U> 

Q module 

Calorimeter sections 

Strips (two diagonal views) 
Longitudinal strips 

- 640mm 

Fig. 8 Internal layout of Q module 
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Table 3 
Material in particle path and materials inside the calorimeter 

Material — Object Thickness 
(mm) 

ARL 

Radiation length of materials 
between pp collisions and the Q calorimeter 

Bicone Stainless 
steel 0.2 0.011 

PWC-la, PMC-lb 0.012 

SC-1 Plastic 8 0.019 

Small Li-box front wall AH 0.8 0.009 

Small transition radiator Li 25 0.016 

Large Li-box front wall AH 0.8 0.009 

Large transition radiator Li 25 0.016 

Xe in both chambers Xe 20 (x 2) 0.003 

SC-2 Plastic 10 0.023 

Heating plate M. 2 0.022 

Plastic foam isolation 50 0.023 

Total 0.163 

Material of Q calorimeter in front of 4> strips 

Front calorimeter wall AS, 20 0.222 

Front gap 
Pb 
LA 
Fe 

1.5 Pb 
+1 LA 
+3 Fe 

0.444 

Dead spaces in calorimeter 

Front wall ML 20 0.222 

First cell Cbefore if strips) 
Pb 
LA 
Fe 

1.5 Pb 
+1 LA 
+3 Fe 

0.444 

Plate at the end of 1st floor Aft 8 0.088 

Plate at the end of 2nd floor M 8 0.088 

Plate at the end of 3rd floor AS, 10 0.111 

Plate at the end of 4th floor M 10 0.111 

strips parallel to the two plate diagonals (Fig. 8). The plates were divided into 32 
"u strips" and were interleaved with plates divided into 32 "v strips". The two kinds of 
strips crossed each other at an angle of 46°. 

The <(>, u, and v strips gave three independent coordinates and permitted a very accurate 
determination of the position of a shower (±5 mm). The last section extended up to 17.7 RL 
and was divided into three floors (3rd, 4th, 5th) of seven gaps each. All three floors 
were read together. Each Pb strip plane was divided into 16 strips, 100 mm wide, perpen
dicular to the direction of the beam (6 strips). 

The 9 strips provided some spatial information but were primarily used for the particle 
energy measurement. 
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2.3 Electronics 

The calorimeter read-out system is explained in Fig. 9. The electronic noise was 
minimized by using FET preamplifiers. Its order of magnitude was 4-5 MeV in <$>, u, and v 
strips and 15 MeV in 6 strips. For comparison the minimum ionizing particle signal was 
8 times the noise in the <j> section, 4-5 times that in the u and v sections, and 10 times 
that in the 9 section. The noise, however, did not affect the detector resolution, since 
resolution was determined by the sampling fluctuation. 

HV 
|(1-3kV) L A 

J.CcAL 
f(e> CB 
1 i i -

RF 

Detector' 1 \ 

CF 

Ion chamber 

60 m of twisted-pair cable 

s r 
Feedthrough *8:9 «W-v 

48:3«3 9 

V 
II 

Preamp. output 
••rise = 300nsec 
t f a l , =2.5 jisec 

Fig. 9 Read-out system of Q calorimeter 

600 

1.5psec 
Shaping amp. 
output 

A shaping time of 600 nsec was chosen as a compromise between the requirements of flat 
top and fast rise-time of the LA signal. The shaping amplifier (SA) was a CRRC amplifier 
(differentiating-integrating). One of the outputs of each SA went to an analogue-to-digital 
converter (ADC) (Table 2). Two other outputs went: i) to an energy discriminator, and 
ii) to the correlation logic. 

The energy discriminator was used to set a threshold on the energy deposited in $, u, 
and v strips and trigger on events with more than a certain amount of energy deposited in 
the calorimeter. This will be further discussed in Chapter III. 

The calibration of the Q module was made by injecting a known amount of charge into 
the precision calibration capacitors. This was done at regular intervals during data-taking 
under automatic computer control. Also the calibration was used to monitor the apparatus 
during running. 

2.4 LA system 

It was necessary to use high-purity LA in the calorimeter (with less than a few ppm 
of oxygen) in order to allow the collection of free electrons52), which, otherwise, would 
be captured by oxygen. The purity of the LA was continuously monitored by means of a 
specially designed LA system. A purifier was included in the system to remove oxygen, 
water, and other impurities from the argon. 
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2.5 Test results; performance 
The first prototype of an LA sampling calorimeter which was built and tested at CERN was 

the Impactometer53"55-). Its layout is shown in Fig. 10. 
Two different materials were used for the absorber; 1.5 mm thick Fe plates and, in a 

second version, 1.7 mm thick Z 3 8 U plates. The 2 mm gaps between the plates were filled with 
IA. The detector was divided laterally into seven hexagons (Fig. 10a) and longitudinally 
each row of hexagons was divided into six submodules (Fig. 10b). This made it possible to 
study the transverse and longitudinal shower development. Electrically each submodule was 
divided into two interleaved ion chambers (Fig. 10c) in order to study the sampling fluc
tuations. The sum of the signals from the interleaved ion chambers gave the total ioniza
tion and the difference measured the sampling fluctuation. For electrons the widths of the 
sum and difference distributions were equal, implying that in this detector configuration 
the energy resolution for electrons was dominated by the sampling fluctuations. 

For the case of hadrons, however, the sampling fluctuation did not contribute sub
stantially to the energy resolution. The mechanism which determined the energy resolution 
there was associated with the nuclear interaction between the incident particle and the 
target nuclei 5"). 

beam 

a) 

b) 

600 GAPS 
• 230 cm 

1 
J" 

Fig. 10 

SIP -*- channel 1 
-»• channel 2 

I 1 
I 

c) 
u ui li ̂ 1 LJ L̂l LJ 

Schematic representation of the 
mechanical and electrical construc
tion of the Impactometer 



- 21 -

100 

50 

S 10 

Fel LA 

AVAILABLE ENERGY [GeV] 

Fig. 11 Measured resolution and sampling 
fluctuations in the Fe/LA and 2 ? 8U/LA 
calorimeter for various particles as 
a function of energy 

The energy resolution for the Impactometer for different absorber material and dif
ferent particles is shown in Fig. 11. More detailed results of the Impactometer test have 
been published5 3 » 5 6 ) . 

A step further was the testing of the final version of the calorimeter, the Q module, 
in a test beam at the Proton Synchrotron (PS). During the PS test, electrons and pions of 
four different energies at three different angles were introduced into the Q module. In 
order to know the exact position of the incoming particle, a two-dimensional scintillator 
hodoscope array was placed in front of the detector. The observed energy response was 
found to be linear, and the observed energy resolution for the electron in the energy region 
of 0.75-4.0 GeV was found to be: 

_E_ = (10 ± 0.2)1 
E X ' 

where E is the electron energy in GeV. This resolution was as expected for the calorimeter 
used at the ISR and was limited by sampling fluctuations. It was comparable to that of 
lead-glass counters. 

With the strip-like subdivisions the position resolution of the electromagnetic shower 
was found to be ±5 mm. 

The rejection power of the Q module, i.e. the ability to distinguish between a hadron 
and an electron, could be calculated. The following information was found useful: 
i) Energy deposited by the shower in the 1st floor; 
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ii) Energy deposited by the shower in the 2nd floor; 

iii) Width of the shower in the 1st floor; 

iv) Width of the shower in the 2nd floor. 

Most pions behave as minimum ionizing particles and deposit very little charge in the 

first two sections of the calorimeter. Therefore by making a simple cut on the charge de

posited in both the 1st and 2nd floors it is possible to obtain a separation between TT'S 

and e's. For example, at 4 GeV after the cut 85% e's are accepted and only 0.75% ÏÏ'S. 

To improve the rejection still further, it is necessary to consider factors (iii) and 

(iv). The IT'S which escaped the cuts on the charge deposited on both the first and second 

floors are those which deposited a large amount of charge in these floors and therefore 

produce showers much wider than the electron showers (due to nuclear stars, etc.). There

fore, if a cut is made on the shower width for both floors then the rejection improves 

further: the efficiency for electrons being 82.71 and the pion contamination being 0.20%, 

i.e. a rejection factor e/iT of 400 with an electron detection efficiency of 82.7%. 

3. Xe CHAMBERS AND Li BOXES 

3.1 Principles of transition radiation; choice of Li/Xe 

Transition radiation photons are radiated when a fast charged particle passes through 

a discontinuity in electron density57^, i.e. an interface between two media of different 

dielectric constants. In the X-ray region the total intensity W 0 of the TR depends linearly 

on the Lorentz factor y (= E/mc2) and can therefore be used for particle identification 

purposes. More precisely, the intensity emitted at a single surface-vacuum interface is 

given by 5 8) 

no 3 ' 

where a is the fine structure constant, w is the plasma frequency [w = /(4Tre2/m )n J, n 

being the electron density of the material. From the above formula one sees the following: 

i) The number of photons emitted per interface is small, i.e. II; therefore in order to 

amplify the X-ray yield one has to use a stack of many foils. 

ii) W 0 is nearly proportional to the square root of the material density. 

In addition, the TR theory predicts that the number of photons is inversely proportional 

to their energy; therefore it is expected that the X-ray spectrum emitted by each particle 

will be found to be composed of a few low-energy photons which are highly absorbed in the 

foils. This indicates that a material with low X-ray absorption has to be chosen, which 

means a low Z, since the absorption coefficient depends on Z 5. Lithium (Z = 3) is a material 

which satisfies the contradictory requirement of high density [for (ii)] and low Z. 

Lithium allows the efficient use of a large number of foils in one radiator stack. 

The next step is the detection of TR. This is done by using a PWC filled with the 

appropriately chosen gas. The X-rays are sharply collimated in the direction of the par

ticle (emission angle 1/y) and therefore the separate detection of X-rays from the primary 
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particle energy loss is very hard. The electron identification is done, therefore, by 
measuring the emitted X-ray energy added to the ionization loss in the detector behind the 
radiator. 

In order to discriminate between different kinds of particles based on the X-ray yield, 
that yield must be larger than the ionization loss. 

A PWC filled with a high Z gas satisfies the above requirements, i.e. has low ioniza
tion loss, high detection efficiency for low energy X-rays and low mass in the beam path. 
Therefore a PWC filled with Xe (Z = 54) provides a good matching of the detector sensitivity 
to the output X-ray spectrum from the radiator. 

The combination of Li-Xe was chosen for efficient particle discrimination. 

3.2 Construction 
3.2.1 Li boxes 

The thickness (45-55 ym) and spacing (300 ym) of the Li foils for the small and large 
boxes were optimized59) for the best e/ir discrimination for electron momenta above 
1.4 GeV/c, with the additional constraint of 40 cm maximum total length of the radiators. 

The small Li box contained 650 foils, the large one contained 700 foils. A flow of 
He was maintained through the boxes to prevent the oxidation of Li foils. 

3.2.2 Xe PWCs 

The anode, high voltage plane, was made of 25 urn stainless steel sense wires, with 
6.35 mm spacing. The anode-cathode gap was 6.35 mm (for dimensions see Table 2). The 
cathode planes were different depending on whether they were upstream or downstream. The 
entrance window was made of 13 ym mylar on which 5 ym thick aluminium was laminated. The 
structure of the entrance window was extremely delicate, and was supported by a stainless 
steel frame with beams and wire supports60) in order to keep it flat to about 50-100 ym. 
The back cathode was made of aluminium sheets supported by "Hexel" to give a light weight 
yet rigid and flat structure. 

It was necessary to use resistive anode wires (R - 20 fi/cm) in order to be able to use 
the charge-division read-out technique61). One dimension, the x-coordinate, was the co
ordinate transverse to the wires; it was determined, therefore, conventionally by the 
anode wire number and the resolution was given by the wire spacing. Charge division was 
used to obtain the other (y) coordinate, i.e. the position along anode wires. 

The chambers were filled with a gas mixture 6 2) of Xe + C0 2 (80/20) at atmospheric 
pressure. The effective Xe thickness was 1 cm. The pressure of the gas in the PWCs had to be 
controlled very accurately, to about ±2 mm of H 20. This was necessary in order to keep the 
flatness of the front window within the required limits. The PWC was directly fitted onto 
the Li box. The box and the chamber were separated only by the chamber window in order to 
minimize the absorption of the TR photons (total absorption of window is about 41 for 
6 keV X-rays). 

An additional complication was that Xe is a very expensive gas. Therefore the gas was 
recirculated and purified. The PWCs were operated in the proportional region and gave 
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signals proportional to the energy deposited in the chambers. One small test chamber was 
also connected to the gas flow and used to monitor the gain stability by means of an X-ray 
source. 

The gas gain at the operating voltage of 2.15 kV was roughly 8 x io 3. The gain sta
bility which depended on atmospheric pressure and temperature variations was kept to within 
±un. 

3.3 Electronics 
The principle of charge division is shown in Fig. 12. £ is the length of the wire, 
s position along the wire where a c 

determined from the following equation 
x the position along the wire where a charge Q is injected. Since I is known, x can be 

A + B x 
I 

I = U length and £ = 165 cm (PWC-2), I = 243 cm (PWC-3) . 

<3f 
B = Q S ^ 

PARTICLE 
Qs 

- * w o 

P > 

A=Q S I " — T 
Fig. 12 Charge division principle 

The linear chambers (PWC-2 and PWC-3) had their wires grouped in U's, i.e. two wires 
were grouped together (Table 4) (Fig. D.l in Appendix D shows wire grouping of PWC-3). The 
reasons were the following: 

From the charge division description one sees that for each wire two electronics 
channels were required. Therefore, the U grouping reduced the amount of electronics re
quired by a factor of two. If separate preamplifiers were used for each U end, an accurate 

Table 4 
U grouping of wires in PWCs 

U grouping Wire N + Wire M 

PWC-2 22 U's: each U covers 11 wires. 1 + 1 2 , 2 + 13, 3 + 14, ... 
23 + 34, 24+35, ... 

PWC-3 40 U's: each U covers 10 wires. 1 + 11, 2 + 12, 3 + 13, ... 
21 + 31, 22 + 32, 23+33, ... 

PWC-la 

12 groups of 4 U's (quadruplets). 
1st quadruplet had only 2 U's. 
Wire 1 and wire 94 not con
nected (thicker 0.0025 in. 
diameter). 

(2-3) + (93-92), (4-7) + (91-88), 
(8-11) + (16-19), (12-15) + (20-23), ... 

PWC-2a 
14 quadruplets. 1st quadruplet 
had only 3 U's. Wire 1 and 
wire 112 not connected (thicker). 

(2-4) + (111-109), 
(9-12) + (A-leg + 8 ) , ... 
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addition of their output signals would have to be performed in order to assure the linearity 

between the ratio A/(A + B) and the position. The A and A + B signals were recorded in the 

ADCs. 

The U grouping was possible because the probability that the two ends of the U were 

hit at the same time was low (2-3 hits per event were expected). 

The grouping had in addition the advantage that all the preamplifiers were at the same 

end of the chamber. The shaping was realized by double delay line clipping with a clipping 

time of 0.3 psec. The 300 nsec shaping time was chosen to allow for the fluctuations in 

the charge collection time (time j itter), which is caused by the large wire spacing 

(6.35 mm) (Fig. 13). 

Each A + B channel had a discriminator for the correlation logic. Eleven-bit (2047 

channel) peak-reading ADCs — due to time jitter of X-rays — were used for PWC-2 and PWC-3. 

The 11 bits were necessary to cover the dynamic range — the TR spectrum extends to 

60 keV — and at the same time to match the II resolution of the ADCs. 

The position resolution given by the charge division was limited by the thermal noise 

in the resistive wires (11 FWHM of wire length for minimum ionizing particles). 

A-leg "["(À-CAL) 

Ins. =150-200 
nsec 

Preamp output 

300 nsec 

(U-CAL) 
anode wires 

L 

S A output 

}OOOCÊH>- To 
'ADC 

Twisted-pair cables 

B-leg B T 

(B-CAL)J 

C-ll iwisiea-pair caoies 

A.B 

I H V in 

F i g . 13 R e a d - o u t s y s t e m f o r Xe PWCs 

3.4 Expected performance; test results 

The first transition radiators were built by the Foote Mineral Co. and tested at both 

the BNL AGS and CERN PS. The first prototype had an area of 3 x 3 cm, 1000 foils, 50 pm 

thick, spaced 500 ym apart. 

The PWC was filled with 1 cm of Xe, which proved to give an average X-ray energy 

bigger than the ionization loss. For example, X-ray yield was measured to be 6 3) twice the 

ionization loss for y = 3000 (Fig. 10 of Ref. 63). 

Also the linearity of X-ray energy with respect to y was established62) (up to a y of 

roughly 4000). This is shown in Fig. 13 of Ref. 62. 
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Fig. 14 Ar t i s t ' s impression of one TR detector module instal led in the ISR 
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Fig. 15 Hadron contamination as a function of electron 
acceptance measured with one TR detector of a 
TRD module. The angles of incidence are 
measured with respect to the plane of the Li 
foils. 
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The ISR TR detectors (Fig. 14) were extensively checked in the PS during March 1975. 
The results were obtained with 2 GeV/c electrons and 12 GeV/c protons. In Fig. 15 the e/w 
discrimination is summarized for various angles of incidence. 

It was found, for example, that if the e" acceptance is 901, a contamination of 41 of 
protons resulted. With two TR detectors (TRDs) in series, if there is no correlation be
tween them, a combined electron acceptance of 80% would result in a pion contamination of 
less than 0.21. The rejection power was almost independent of the angles of incidence of 
the particles, as shown in Fig. 15. The PWCs were uniform in gain to ±101 over the entire 
active area. This uniformity was due to the flatness of the cathode (better than 100 ym) 
as well as to the uniformity in the wire spacing (better than 1%). The gain uniformity 
was very important because it gave the possibility of getting a correspondingly high uni
formity of particle discrimination without complicated calibration procedures. 

Further tests of the TRD were also performed during exposures of a complete detector 
module to test beams of electrons (0.75-4 GeV/c) and pions (1.0-4.0 GeV/c) at the PS in 
September 1976. More detailed results on the e/ir discrimination appear in Appendices B 
and C. 

4. CYLINDRICAL PROPORTIONAL CHAMBERS (PWC-la, PMC-lb) 

4.1 Principles 

The PWCs la and lb were a pair of cylindrical chambers close to the beam pipes. These 
chambers were used to suppress possible accidental track points, due to soft photons, for 
example. Each chamber was composed of two modules a and b, each with unambiguous two-
coordinate read-out by charge division. 

4.2 Construction; performance 

The chamber was in four sections, each in the shape of cylindrical quadrants and 
fitting between the bicone support parts (for dimensions see Table 2). 

The anode wires were axial 20 \sm thick with a spacing of 2 mm. The high voltage 
cathodes consisted of 10,000-20,000 A thick aluminium, the anode-to-cathode gap being 1 cm. 

Care was taken to ensure that the chamber had a low mass in order to reduce the pro
bability of y conversions, i.e. the thickness of the chamber had to be comparable to that 
of the bicone, 0.2 mm of stainless steel. An extremely light construction was used to 
achieve a thickness of only II of a radiation length. 

In addition the PWCs had to be efficient and uniform in gain. A gain uniformity of 
±201 was achieved over 701 of the area of the chamber. 

The chambers were filled with a "magic gas" mixture which was composed of 851 argon, 
151 Iso-C4H10 (isobutane) + traces of methylal and freon. 

4.3 Electronics 

As in the Xe chambers, the wires were also grouped in U's. Since PWC-la and PWC-lb 
both had a large number of wires, in order to save electronics, the preamplifier signals 
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Fig. 16 PWC-la and PWC-lb read-out system 

were summed in groups of four (quadruplets) at the shaping amplifier inputs (for the 
grouping see Table 4). However, an RTM61*) was connected to each U to determine which U 
was hit within a quadruplet. 

The above grouping was again possible because the probability of having two adjacent 
wires hit was expected to be small. 

The read-out for PWC-la and PWC-lb is described in Fig. 16. The chambers were cali
brated in the same way as the Xe chambers. The charge-division resolution was about 21 
which was limited by cross-talk problems. 

5. SCINTILLATION COUNTERS 

SC-1 and SC-2 were two trays of 8 scintillation counters each. SC-1 were small scin
tillators between PWC-2 and the first Li box, SC-2 were large scintillators between PWC-3 
and the calorimeter. 

Both sets of scintillators were read out at one end only. The small scintillators 
were read by eight (3/4 in. diameter, 10 stage) RCA 4516 tubes. 

The tubes were mounted in a single box which was attached to the end of the first Li 
radiation box. 

The large scintillators were read by 56 DVP, 2 in. diameter, 14 stage tubes, mounted 
individually with slim in-line bases. 

The analogue outputs from all the counters went to a linear pick-off unit which had 
two outputs: one prompt one which was discriminated and used in the trigger logic, and 
another stretched output delayed by 600 nsec which was input to the 10-bit ADCs. 

The ADCs recorded the pulse height which was used to resolve ambiguities between single 
particles and closely spaced pairs; y-conversions, Dalitz pairs, for example. The 
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scintillators were first tested with a g~ source and the pulse height was tabulated as a 
function of length. This was used off-line to correct for the uniformity along the length, 
which was a result of the use of only one photomultiplier. Also, it was necessary to apply 
off-line a correction for the cosine of the angle of incidence of the particles. 

ON-LINE COMPUTER-MONITORING 

The on-line computer was a small HP 2100 A. The computer was linked to the experiment 
via a BORER CAMAC interface. It was also linked to a logAbax, a magnetic tape unit and a 
Tektronix Scope 4010. The schematic is given in Fig. 17. 

MAGN. 
TAPE 
UNIT 

Branch 

highway 

BORER 
2200 

INTERFACE 

n Command 

HP 
2100A 

LOGABAX 

TEKTRONIX 
SCOPE 
4010 

Fig. 17 On-line computer system 

The HP on-line program used the standard CERN-EP data acquisition package (DAQ). A 
small monitoring on-line program was written which could work also as an off-line program 
to play back events from tape. 

The on-line program had the following functions: 

a) control 

b) monitor. 

The control consisted of: 

i) driving the DAQ, 

ii) driving a series of calibration sequences to all analogue channels when necessary 
(beginning, end of a run, etc.), 

iii) inhibiting the real triggers during the analysis of calibrations. 

The monitoring consisted of checking the performance of the various analogue channels. 
This was done by displaying averages and standard deviations of all channels for both real 
and calibration events. 

The observation of the average clearly provided a first indication of suspect channels. 
A further diagnostic could be provided by histogramming of selected channels (real events) 
or any combination of them chosen, using specially-written histogram package. 

More complicated checks of the performance of the apparatus were made at the CERN 
CDC-7600 computer by a "bicycle on-line" program. 
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CHAPTER III 

TRIGGER LOGIC 

"ORDINARY" TRIGGERS 
The basic trigger was set on neutral or charged particles which went through the de

tectors. There is a background at the ISR due to beam-gas interactions; therefore it was 
necessary to ensure that each trigger came from true beam-beam interaction. For the case 
of neutral particles this was achieved by triggering on charged tracks which went through 
both the (Pisa-Stony Brook) scintillator hodoscopes which were one at each side of the inter
section [̂ beam-beam trigger (BB)] (Fig. 18). For charged particles, the trigger was pro
vided by a coincidence between the two layers of scintillators SC-1, SC-2 {scintillator 
trigger £SC = (SC-1)•(SC-2)]}. Therefore the "ordinary" triggers of the experiment were: 

BB 
SC 
BB-SC. 

Left Right 

i i I i i i 
0 1 2 3 4 5m 

Fig. 18 Scale drawing of the Pisa-Stony Brook hodoscopes (top view) 

Q-MODULE TRIGGER; CORRELATION LOGIC TRIGGER 

If the experiment used only the ordinary triggers then almost every event written on 
tape would be a IT, since they are predominantly produced by the pp collisions. 

To enhance the sample of interesting events (e's), which are roughly 1/101* of IT'S, 
special triggers had to be used. The basic trigger was the calorimeter trigger, in other 
words, the apparatus was triggered by the appearance of a sufficiently energetic electro
magnetic shower in the calorimeter. The shower was defined by requiring the energy de
position in the first 3.3 RLs to be above a certain threshold (<|> threshold), as well as the 
energy deposition in the next 3.5 RLs to be above another threshold (uv threshold). 
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Fig. 19 Localized energy discriminator for Q calorimeter 

To accomplish this triggering function of the calorimeter the analogue signals for the 
<|>, u, and v strips were summed in groups of four, discriminated against a set threshold; 
the output of the discriminators of the strips in the same view were ORed and finally this 
signal was taken in coincidence with the delayed signals from the scintillators or beam-beam 
(SC + BB) to produce a calorimeter trigger. 

The detailed circuitry is shown in Fig. 19. In order not to bias against a shower 
occurring between two sets of summed strips, the <j> strips were summed in two different 
ways : 

Firstly sums of four strips starting with the 1st to 4th strip and secondly sums of 
four strips starting with the 3rd to 6th strips. This way 15 overlapping sums were formed 
for the $ section and the outputs of the 15 discriminators were all ORed together. 

Four strips were used in the sum as a compromise between minimum number of discrimina
tors and low noise. 

To further enhance the electron sample written on tape, the correlation logic trigger 
was developed. The correlation logic selected charged particles (passing through PWC-3, 
SC-2) which produced a shower in the calorimeter on the corresponding <j> strips, i.e. a 
spatial correlation. 

The detailed circuitry of the correlation logic is explained in Appendix D. 
To summarize, the following triggering modes were available: 
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i) Charged energy triggers 

a) SC-<|) 
b) SC-(|)'(u + v) 
c) correlation logic, a basically electron trigger; 

ii) Neutral energy triggers 

a) BB-* 
b) BB'<t>»(u + v); 

iii) Ordinary triggers (BB, SC, BB-SC). 

Any of the above triggers could form an octant trigger, which was passed to the central 
logic so that a master trigger might be formed. 

A master trigger initiated the analogue-to-digital conversion of the signals from the 
wires of the proportional chambers, from scintillators and from each of the 112 strips of 
the calorimeter. This information was stored on tape. 

At the write level, i.e. the level where the computer was ready to write an event on 
tape, the following triggers were available: 

i) The "single-low" trigger, WRL = (SC + BB)-[(j), • (u + v), ], i.e. the occurrence of a 
shower above the low threshold in any one octant. 

ii) The "single-high" trigger, i.e. a shower above the corresponding high threshold, 
WRH= (SC + BB).[* h i g h.( U + v ) M g h ] . 

iii) A "single-correlation" logic trigger in any one octant. 

iv) The corresponding "double" triggers, or, the coincidence of showers in any two of the 
four octants ("high-high" trigger, "low-low" trigger, "correlation-correlation" 
trigger). 

v) The apparatus was also triggered by the coincidence of two correlation logic triggers 
within the same octant in order to enhance the sample of low mass electron pairs. 

vi) Triggers based on the total amount of energy deposited in any one octant being above 
a certain threshold. 

vii) Ordinary triggers (SC, BB, BB-SC). 

Most of the time, all triggers were written in parallel on tape, but the percentage 
with which each of the above triggers was written could be preselected by the use of down-
sealers. In particular, the ordinary triggers had to be downscaled by a large factor to 
account for their very high rates. For each accepted event, together with the various ADC 
contents, there was also some other information stored on tape: 

i) the scintillator pattern units (SC PUs), which recorded which scintillator was hit; 

ii) a status PU, which recorded the octant trigger conditions; 

iii) three central status PUs, which recorded the master trigger conditions (i.e. the in
formation about the trigger source); 

iv) the write PU, which recorded the write conditions; 
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v) the wire chamber interface, which read out the RTMs for PWC-la and PWC-lb; 

vi) CAMAC scalers, which recorded the rates of various conditions; 

vii) time-to-digital converters (TDCs) used for recording the time difference of signals, 
i.e. the time of flight (TOF) in the two beam-beam hodoscopes, etc. 

TRIGGER PROTECTION 

To avoid the piling-up of triggers, a special system of trigger protection was applied. 
A trigger had to be well separated from the next trigger, so that both the electronics and 
the computer have enough time to read it out and recover after each event. This protection 
was provided in four stages: 

i) Before paralysis 

The calorimeter required a finite time to read one event (see Fig. 9 for the shaping 
amplifier output; shaping time = 500-600 nsec, T f ,, = 1500 nsec). To give the 
calorimeter enough time to read out one event, the next event: 

a) had to come more than 1200 nsec after the last scintillator coincidence; 

b) after it occurred, any other trigger was blocked for the next 220 nsec. 

ii) After paralysis 

In contrast with the "before protection" which was applied in each octant separately, 
the "after protection" was applied in the central logic, i.e. after the stage of 
stopping the trigger. Its function was to produce a fast clear for the ADCs and PUs, 
if a second scintillator coincidence from any octant came within 500 nsec after the 
master trigger. 

iii) Calibration dead-time 

Every real trigger which occurred simultaneously with calibration was blocked at the 
computer level. 

iv) Computer dead-time 

To give the computer time to read an event (10 msec) or to fast clear (1 ysec) all 
real triggers were stopped until the handling of the previous event. 

The calibration was subject to the same before and after protection as real triggers. 

The above protection reduced the amount of data written on tape, i.e. produced dead-
times. The dead-time produced by the "before protection" was about 20%, that of the "after 
protection" 8-16%. The dead-time introduced by the computer was not significant, because 
of the different preselection of events at the trigger level; the number of events to be 
read by the computer was small (of the order of 10-20/sec). There was also additional 
dead-time introduced by the calibration, correlation logic, etc. 

RATES, BACKGROUND, AND ACCIDENTALS 

Some typical rates at energies vÇ = 52.7 GeV and v's = 62.4 GeV are given in Table 5. 

From the events written on tape there was a number of spurious events. 
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Table 5 

Typical rates 

Ss (GeV) 52.7 62.4 

I, (A) 27.87 a ) 10.69 

I2 M 27.78 a ) 18.00 

L (cnf 2/sec) 1.8 x 10 3 1 0.4 x 10 3 1 

Rates for octant 1 kHz = counts x 103/sec 

SC-1 2.5 x 10 2 5.8 x 101 

SC-2 3.1 x 10 2 7.6 x 101 

se 1.9 x 10 2 4.2 x 101 

BB 6.3 x 10 2 1.2 x 10 2 

BB-SC 1.7 x 10 2 3.9 x 101 

* 2.9 x 101 6.1 
(uv) l o w 1.8 x 101 3.9 

^'Cuvhow 6.3 1.4 
Trigger rate 5-6 events/sec 3-4 events/sec 

Number of J/I|J events 1-2/tape 1-3/tape 

a) Note that these figures refer to one of the highest 
luminosity runs. 

Fig. 20 Time-of-flight spectrum 
observed using beam-beam 
hodoscopes; the secon
dary peaks correspond to 
background events (beam-
gas interactions) 

One category were events caused by beam-gas instead of beam-beam interactions. 
Triggering on the coincidence of the beam-beam hodoscopes did not help directly, because 
the coincidence was quite wide (y 30 nsec). But those events showed up in the TOF histogram 
of the two hodoscopes, on the left and right of the zero peak (Fig. 20). The occurrence 
rate was quite small — 2-51 of beam-beam coincidences — and these events could be rejected 
off line by requiring the vertex of the tracks to be within the interaction diamond region 
and also by taking the TOF into account. 
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Another category of spurious events was when there was more than one event occurring 
during the 20-30 nsec resolving time of the trigger. In this case the double events would 
be taken always as one single event. Fortunately, the probability of getting such events 
was low, 0.61. 

This can be calculated the following way: for a typical luminosity of L = 10 3 1 cm"2 sec - 1 

and a cross-section o\ t = 20 mb = 20 x 10" 2 7 cm 2, the number of particles per second is 
L-af f = 2 x 105/sec. The probability of getting one particle within 30 nsec is 
2 x io 5 x 30 x 10" 9 = 6 x 10" 3 or 0.61. On the other hand, the apparatus was triggered by 
high p T events, which are rare; therefore the probability of occurrence of two such events 
within 20-30 nsec was quite small. Double events were also rejected off line by requiring 
all tracks of an event to originate from a common vertex point. 
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CHAPTER IV 

RECONSTRUCTION OF EVENTS 

The reconstruction program consisted of two sections: 
i) Q-module reconstruction: this used the three-dimensional information to recognize and 

resolve showers in the calorimeter and estimated their position and energy. 
ii) Charged-track reconstruction: this detected the hits in the four planes of proportional 

chambers (PWC-la, PWC-lb, PWC-2, PWC-3) and in the two scintillator planes (SC-1, SC-2), 
and by making combinations of hits in different planes, fitted straight line tracks. 
The requirement for the existence of a charged particle track was: (a) geometrically 
aligned hits in at least three planes (PWC-la or PWC-lb, PWC-2 and PWC-3); (b) the 
track had to point towards the intersection region. 

The first function of the reconstruction program, which was common for the two sections of 
the program, was executed once for each data tape. In this common part, the program was 
initialized and the charge calibration was analysed in order to provide a correspondence 
between ADC readings and charge collected in the detectors and at the same time to estimate 
the electronic noise of the various channels in order to set thresholds. 

1. Q-MODULE RECONSTRUCTION PROGRAM 
Then for each event, the Q-module reconstruction program executed the following steps: 

i) Data filtering 
Only calorimeter channels giving a signal larger than four times the noise were kept 
and stored. Every such signal was called a "hit". In the 9 section, where the noise 
was higher, no filtering was performed in order to prevent a bias in the energy 
measurement. 

ii) Recognition of individual showers 
in each of the stereo views 
A shower may span more than one strip in a particular view; therefore the hits had to 
be grouped in clusters. One cluster could be the result of the overlap of different 
showers; as a result, the different peaks inside a cluster had to be recognized, and 
in a case where there was more than one, the charge had to be subdivided among the 
different peaks according to an average longitudinal shower distribution. 
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iii) Shower match 

The peaks recognized in the separate views had to be associated to provide information 
about the position and the energy of the shower in the calorimeter. A complication to 
this problem was the so-called right-left ambiguity. This originated from the fact 
that each of the u,v channels was really a double strip, i.e. a strip on the left side 
and one on the right side of the plate diagonal were "U"ed together (Fig» 8). To 
select the right combination(s) two constraints were available: a geometrical one 
(the <(), u, v projections should have a common intersection inside the useful volume) 
and one on the pulse height in the views corresponding to interleaved sections (the 
pulse height in u,v should be in the same ratio as the number of argon gaps — 3:4 — 
within the sampling fluctuations). At this stage only the geometrical constraint was 
applied: for each (j), u, v combination an intersection was computed by minimizing the 
geometrical x2- A cut was applied on the value of the x 2 itself, in order to reject 
unlikely combinations. 

iv) Clearing up of the shower matches 

Sometimes ambiguous assignments remained after the application of the geometrical con
ditions. A choice between different alternatives was made by: 

a) A comparison of the geometrical x2's for different combinations involving the same 
"peak" in one view: For any given peak the combination with the best x 2 was found 
and all the ones having a x 2 which exceeded the x 2 of the best by more than some 
fixed amount were rejected. If after this, too many ambiguities (three in u, v, 
two in $) still survived, the event was classified as too complicated and the 
calorimeter information for that event was lost. 

b) Application of the pulse height constraint: The best match was chosen according 
to the probability of the "over-all" x 2 given by the sum of the geometrical x 2 and 
a "pulse height" x2- This procedure led to independent choices in different views. 
Consistency between these choices was required before accepting any given combina
tion. 

v) Energy calculation 

For each (<J>, u, v) match the charge (or energy) was recorded for each of the strip 
views. If a peak had a u (or v) overlap, then the energy of the two overlapping peaks 
was subdivided according to the ratio of the non-overlapping peaks in the v view (or 
u view). If a peak had an overlap in the cf> view, then the charge was subdivided ac
cording to the ratio expected from the average shower distribution in the u and v views. 
Since the 9 strips were not used in the pattern recognition, the attribution of the 
energy deposited on the 6 section was performed by a different technique. From beam 
(PS) tests of the calorimeter the distribution of energy in the S strips as a function 
of position and energy of the shower was known. The energy recorded in the 6 strips 
was then subdivided according to the ratio expected from these distributions. 

The last part of the Q-module reconstruction program output the assigned energy and 
the computed and fitted event position. 
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2. CHARGED-TRACK RECONSTRUCTION PROGRAM 

The charged-track reconstruction program for each event also executed a number of 
steps : 

i) Recognition of hits and calculation 
of their x and y positions" 

For each proportional chamber plane the hits were recognized by the U numbers (see 
Chapter II) of channels having an ADC reading above the pedestal. The position of the 
hit within the U was calculated by making use of the charge division information. 
Thus, the y position was calculated for each hit and the x position was determined 
by deciding which end of the U fired, i.e. which wire fired using the charge-division 
information. For the cylindrical chambers, this latter decision was more complicated, 
since each ADC was used for a quadruplet of wires. The number of the wire hit was 
determined from the yes/no information provided by the RTM modules. Nearby hits in 
the chambers from different wires were grouped to form clusters. 

The x position of the hit in the two planes of the scintillator counters was determined 
by the number of the scintillator, which had both an ADC reading above a certain cut
off value and the corresponding bit set in the SC PU. 

ii) Transformation to ISR system; relative alignment 

In order to have a unique system of reference the x (and y) position(s) of all the 
hits (clusters) were transformed to the ISR coordinate system, using geometrical data 
supplied from the survey of the apparatus. Fine adjustments of the relative positions 
of the planes were later made by fitting straight line tracks to cosmic-ray data. 

iii) Definition of charged particle tracks 

Since the experiment did not operate in a magnetic field, tracks corresponded to 
straight lines. Therefore, straight line tracks were fitted through the points in the 
detector planes. Hits in both Xe PICs and a hit in at least one of the cylindrical 
chambers defined a charged particle track. A track defined this way in addition to 
having a x 2 below some cut-off value, had also to project to the interaction region 
in x (±5 cm) and in y (±25 cm) in order to be accepted. If there was a scintillator 
hit close to the track which had a significant pulse height above the pedestal, then 
it was associated with the track. Its pulse height was corrected for both the angle 
of inclination of the track and longitudinal attenuation. 

No track was allowed to share the same PWC hit with another track. If this was found 
to be the case, then of the several tracks which shared the same hit(s), only the one 
with the best geometrical x 2 survived. Only sharing of scintillator hit(s) by several 
tracks was allowed. At this stage the program also looked for the output of the first 
section, i.e. for the computed event position in the calorimeter and any reasonably 
aligned calorimeter hit was associated with the track. A track could therefore have a 
maximum of seven points (Q-calorimeter, SC-2, PWC-3, PWC-2, SC-1, PWC-lb, PWC-la), and 
a minimum of three points on it (PWC-3, PWC-2, PWC-la or PWC-lb). 



- 39 -

iv) Fit of the vertex 
To clean up the tracks further, a tighter constraint on the interaction vertex had to 
be made. The region of the interaction diamond, in which most tracks projected, was 
determined for each event. For each octant, all tracks were refitted to that common 
region, and tracks with resulting bad x 2 were rejected. Furthermore, all tracks, 
irrespective of which octant they were in, were fitted to pass through a common (to 
all octants) point. Any track after being adjusted to pass through the final common 
vertex was also rejected if found to have a high geometrical x2-

v) Output to data summary tape (DST) 

Any track which survived all the above requirements was written on the DST, together 
with all the relevant information. Table 6 summarizes the information written on the 
DST for each reconstructed event. 

It should be emphasized that the minimum opening angle between two tracks that was 
possible to be reconstructed was about 3°. The way the experiment was designed, both the 
proportional chambers and the calorimeter subtended about equally the minimum opening angle. 

Table 6 

DST record for each reconstructed event 

Information Remarks Purpose 

Run number, event number Bookkeeping 

Position of the interaction vertex Rejection of events originating from non beam-
beam interactions; confused events 

Number of tracks reconstructed 

Directional cosines "1 For each Direction of track 

Pulse height in Xe chambers (PWC-2, PWC-3)? track e/h discrimination (TR) 

Pulse height in scintillators (SC-1, SC-2)) reconstructed Rejection of external and internal y conversions 

Energy deposited in $, u, v, 8 strips | For each track 
and 

Energy measurement, e/h discrimination, 
longitudinal development o± shower 

Radius of shower in <(>, u, v strips J for every shower e/h discrimination, radial development of shower 

Total number of showers in Q calorimeter 

Sum of energy deposited in <)>, u, v strips 
Sum of energy reconstructed by the program 

Ratio of the two indicates the quality of the 
Q calorimeter reconstruction ability 

Stretch functions for each detector 
plane; total x 2 For each track Goodness of the track fit 

Pulse height information for all 
scintillators hit 

Rejection of Dalitz pairs with large opening 
angle 

Radius of hit in Xe e/h discrimination 

Pattern unit information (trigger Definition of trigger source, etc. 
source PU, write PU, status PU) 

Scaler information Special record Calculation of integrated luminosity 
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CHAPTER V 

ANALYSIS OF THE DATA 

1. DATA REDUCTION FOR ELECTRON-PAIR CANDIDATES 

In order to reduce the amount of data which was processed by the full reconstruction 
program, the raw data tapes were first processed by a program which selected the electron-
pair candidates. 

The electron-pair selection program, after calibration of all channels, attempted a 
simple track reconstruction (in the x projection) using hits in the two Xe PWCs, the two 
hodoscopes, and the <J) strips of the calorimeter, i.e. a rough reconstruction of the x view, 
but using only five of the ten detector planes. The definition of a hit was an ADC reading 
above a certain cut-off value. The x position of a track in the Xe PWCs was obtained by 
considering the U which fired and then by using the charge-division information to discover 
which leg of the U had been hit. The position of a shower in the $ floor of the calorimeter 
was given by the $ strip number on which the centre of the shower was found, and similarly 
the position in the hodoscopes' planes was given by the scintillator which had a signal 
above threshold. An electron candidate was required to have a shower in the <j> strips, a 
hit in SC-2, a hit in PWC-3, a hit in PWC-2, and a hit in SC-1, all of which were reasonably 
aligned (an acceptable x 2) on a line which pointed towards the centre of the intersection 
(the only missing hit allowed was the hit on SC-1). In addition to the above spatial cor
relation requirements on the electron candidate, the presence of signals above threshold 
was required in the u and v strips, although no reconstruction was attempted. 

If a coincidence of two such electron candidates in any two octants or within the same 
octant was found in one event, then that event was considered as being an electron-pair 
candidate. The raw information for all such electron-pair, candidates was written onto 
special "condensed" tapes. These "condensed" tapes were then processed by the full re
construction program. About two thirds of the raw data was preselected in this manner; 
the remainder was directly processed by the full reconstruction program. To enable a check 
of the preselection procedure to be made a small amount passed through both chains. 

2. TRIGGER SELECTION 

From the description of triggers in Chapter III, it follows that for the purposes of 
the present analysis (i.e. the study of electron pairs detected in any two non-adjacent 
octants) the following two triggers were appropriate: 
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i) The "high-high" trigger, which required the coincidence of two highly energetic 
electromagnetic (e.m.) showers in any two calorimeters. This trigger was not fully 
efficient in the J/ty region, since the energy thresholds in the <$>, u, and v strips of 
the calorimeter were determined by the requirement that the trigger rate was acceptably 
low. 

ii) The "correlation-correlation" trigger, which was the basic two-electron trigger. For 
this trigger the energy thresholds in the calorimeter were set considerably lower, 
since the triggering selection was based on the spatial correlation requirement as 
well. Nevertheless, this trigger had a low over-all efficiency. The cause of this 
inefficiency was that the geometrical constraints were overtight. A showering track 
had to pass through the corresponding small and large scintillation counters before 
triggering the correlation logic; therefore only tracks originating from the centre 
of the intersection region were accepted. 

For the further analysis the two triggers were combined. A later check for the possible 
existence of any systematic difference between the two triggers was made by calculating the 
J/TJJ cross-section separately for each trigger. The two calculations were found consistent 
with each other. 

ELECTRON IDENTIFICATION 

The main sources of background to real electron events can be loosely divided into 
two classes: 

i) Hadronic background, which consists of: 

a) hadrons "mimicking" electrons, i.e. showering in the calorimeter and being mis-
identified as electrons, for instance, IT" charge exchanging; 

b) slow, heavily-ionizing particles, giving an energetic shower in the calorimeter, 
especially antiprotons. 

ii) Electromagnetic background, which consists of: 

a) electron pairs from Dalitz decays of tr° (TT° -* e+e~Y) or n° (n° -*• e +e~y), electrons 
from photon conversions in the walls of the vacuum pipes surrounding the ISR beams, 
and Compton electrons; 

b) charged tracks (non-showering) overlapping spatially in the calorimeter with e.m. 
showers of photons. 

Hadronic backgrounds were substantially reduced by the trigger, which imposed the re
quirement that the longitudinal development of the shower in the calorimeter be charac
teristic of an e.m. shower (as described in Chapter III). 

In addition, the radial distribution of the energy was also required to be charac
teristic of an e.m. shower; in Chapter II, Section 2.5 it is shown, from PS test results, 
that the use of the radius requirement can provide an additional improvement factor of about 
three for the e/ir discrimination. For the present analysis, the requirement on the radius 
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of the shower was implied by the Q-module reconstruction program and its effect was such 
that in the PS test about 961 of the electrons with an energy above 1 GeV were accepted and 
reconstructed, while 851-951 of the pions were rejected. 

The effective masses of electron-pair candidates were calculated using the formula 

m 2 = E 2 - p 2 with E = Ej + E 2 and P = Pi + P 2 > 

where E1 2 are the energies of the showers associated with the electron tracks, and p 1 2 

were calculated by using the energy and direction cosines, cos 6., of each track, 
p. = E- cos 9-, which is correct if m 2 « E 2 as is the case for electrons. 

Figure 21a shows the resulting effective mass spectrum for pairs in either octant 1-2 
or octant 1-3 or octant 2-4, with no further constraints. No J/I(J peak can be seen; there
fore there is still a significant background to be removed. 

For the further suppression of backgrounds the following information was available: 
i) The pulse heights of the two scintillation counters on the track. The measurement of 

ionization loss in the scintillators allowed the selection of minimum ionizing par
ticles, thereby eliminating electron pairs from photon conversions (in particular, 
external conversions, which have very small opening angles) and heavily ionizing par
ticles (which would have mimicked electrons in the Xe chambers). 

ii) Measurements of the energy deposited by the particle as it passed through the two Xe 
chambers, since a further rejection against hadronic background could be obtained by 
making use of the TR information. For this purpose a function n (of pulse heights in 
PWC-2, PWC-3, and energy measured in the calorimeter) was constructed from the results 
of the PS test (see Appendix B) such that for true electrons the values of n were 
distributed uniformly between zero and one. The use of such a function allowed a TR 
cut with an efficiency independent of the electron energy to be made. This was de
sirable, as otherwise it would have been necessary to incorporate the energy dependent 
efficiency of this cut in the Monte Carlo calculation of the apparatus acceptance. 

iii) The radii of the Xe chamber hits on the track, which from the PS test results were 
thought to be able to contribute an additional factor to the electron/hadron discrimina
tion. 

iv) Geometrical information about the track fit. This could be used to eliminate spurious 
tracks, and spatial overlaps in the calorimeter. 

v) Radius of the shower in the calorimeter. 
vi) The effective mass of the shower associated with the electron candidate and any other 

shower in the same calorimeter. 
vii) The ratio of the energy assigned to identified showers in the cj>, u, and v strips of 

the calorimeter to the total energy read by these strips. 
These pieces of information were used as a basis to form requirements before a track 

was accepted as an electron candidate. It was then necessary to combine the various re
quirements in a systematic and effective way in order to maintain good efficiency for 
electrons, but simultaneously providing a good rejection against the backgrounds. 
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I/) 

Fig. 22 Ratio S/(S + N) plotted as a func
tion of the efficiency of some of 
the combinations of requirements 
applied for electron identification 
purposes. S is the number of J/ip 
events and N the number of back
ground events in the J/ip region. 
Also plotted in the same figure is 
the number of J/ip's uncorrected for 
efficiency. The position of the 
cut selected is indicated by an arrow. 

A quantitative estimate of the effectiveness of each combination of requirements was 
therefore necessary; this was chosen to be the ratio S/N, where S was the number of events 
attributable to the J/IJJ in the mass region 2.70 < m + - < 3.40 GeV/c2 and N was the number of 
background events in this region, estimated from a region below the J/\J> mass (the method 
used for the estimation of this background is fully described in Chapter VI). Since many 
such combinations of the seven requirements [formed from Ci) to (vii) above3 — each applied 
with one of three levels of stringency — were possible (37 = 2187!), a computer program 
was written which computed the effectiveness CS/N) for each one. This procedure also 
enabled the efficiencies of the various cuts to be determined (see Chapter VII for full 
details). Figure 22 shows the ratio S/(S + N) plotted as a function of the efficiency of 
some of the combinations of requirements together with the estimated numbers of true J/4> 
events. The final combination of requirements used for the further analysis was chosen to 
have the best signal-to-noise ratio consistent with the maximum number of JAJJ'S, and is 
indicated. These specific requirements are described in Table 7. 

Although it is possible simply to present the mass distribution of electron pairs 
after the final requirements were applied, it is more instructive to examine the mass dis
tribution as the requirements are made sequentially. 
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Table 7 

Off- l ine requirements for e l e c t r o n - p a i r candidates 

Cut Function 

SC = scintil lator pulse height (PH) / 
(Large scint P H ) 2 + (Small scint P H ) 2 . n , . . . . „. i 6 -—j—i — S 1.6 minimum ionization 

for both tracks 

TR = transition radiation cut 
n 2 + n 2 * 0.9 
where rii 2 correspond to n distribution for track; 

TT° removal cut 
If 80 MeV < m < 200 MeV for any of the two electrons of the ey 
pair, this pair candidate was rejected 

Good fit of track in calorimeter 
Cx') 2 + CxA) 2 + Cxi;)2 + ( x 2 ) 2 

A y ± y < 1.7 
xi> xi are the stretch functions for the x and y coordinates of 
of track 1, etc. 

Eass /' Etot = e n e r S y assigned to 
identified showers/energy read 
in calorimeter 

'tot. I'-fcJ > 0.6 
ass corresponds to track 1, etc. 

Before it is possible to use the information from the TR detectors, the Dalitz pairs, 
conversions, and heavily ionizing particles must be removed. Therefore, one should first 
consider the ionization loss measurements obtained from the scintillation counters. Their 
pulse-height (PH) spectrum is shown in Fig. 23. The position of the cut, which was set to 
exclude particles of more than 1.6 minimum ionization, is indicated in the figure. 
Figure 21b shows the mass distribution after this requirement was applied. One observes 
a slight peaking in the distribution at the J/41 mass. 
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Fig. 23 Scintillator pulse height for electron-pair 
candidates. Position of the cut is indicated 
by an arrow. 
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Fig. 24 Scatter plot of the n values for the two tracks of electron-pair candidates which survived the scintillator 

pulse-height requirement. The definition of the function r| is explained in Appendix B. 
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Now the TR information may be used to remove hadronic background from the sample. 
Figure 24 is a scatter plot of the n values for the two tracks of each electron-pair can
didate. To combine the TR for the two tracks a cut of the form (r^)2 + (n 2) 2 - 0.9 was 
applied. The corresponding mass distribution (Fig. 21c) reveals a clear J/ty peak. The 
background has been substantially eliminated. 

Further reduction of the background due to asymmetric Dalitz pairs is possible by re
jecting from the sample the events where the shower associated with the electron candidate 
and another shower — in the same calorimeter — gave an effective mass consistent with 
that of the tr°. This also helped in removing any chance spatial overlaps of hadrons and 
showers (which fed through the TR cut). The comparison of Figs. 25a and b — before and 
after the application of the TR requirement, respectively — confirms that most of this kind 
of background has already been removed. It may be seen from the consequent mass distri
bution (Fig. 21d) that the low mass background has been further reduced. 
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associated with the electron can
didate and another shower in the 
same calorimeter: 
a) for candidates surviving the 
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b) for candidates surviving both 

the SC and TR cut. 
The ir mass region is indicated. 
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Fig . 26 Effective mass distribution of electron-pair candidates surviving all re
quirements described in the text; (a) to (d) separated according to /s. 
Background is also shown as a dashed line. 

Two final requirements were imposed: that the tracks should have a good geometrical 

match with the corresponding showers in the calorimeter (Fig. 21e) ; and that at least 801 

of the energy measured by the calorimeter in the tj>, u, and v strips was assigned to identi

fied showers (Fig. 21f). The events appearing in this last figure show a clear peak at the 

J/ty mass above a relatively small background and reappear subdivided according to the cm. 

energy, vÇ, of the reaction in which they were produced in Figs. 26a to d. There is a 

total of 93 J/ip events (with 2.70 < m e + e _ < 3.40 GeV/c
2). The method for the subtraction of 

the background from these events is described in the following chapter. 



- 49 -

CHAPTER VI 

BACKGROUND DETERMINATION 

Two different approaches were made to the study of background to the true electron-
pair signal of Fig. 21. 

1. SINGLE-ELECTRON SIGNAL 
The first method of background determination was based on the examination of single-

electron candidates. 
The same set of requirements imposed on the sample of electron pairs — for the pur

poses of electron identification — was also imposed on a sample of single electrons 
originating from either single-high triggers or single-correlation triggers (see 
Chapter III, Section 2). The electron identification requirements of Table 7 were slightly 
modified in order to be applied to single tracks and are summarized in Table 8. The re
sulting c m . p~ distribution is shown in Figs. 27a and 28a for the two triggers. 

The rates of electrons surviving these requirements were then compared with the ir0 

rate in order to obtain a qualitative understanding of the effectiveness of the cuts for 
single-electron identification. The definition of the TT°'S was the following: The effec
tive mass of any two showers in the same octant was required to be consistent with that of 

Table 8 
Off-line requirements for single-electron candidates 

Cut Function 

Scintillator pulse height (PH) 4 (Large scint PH) 2 + (Small scint PH) 2 . , , .. ;„„•„,,+.:„„ 
^ a -—j— — < l.o minimum ionization 

Transition radiation cut n < 0.84 
ir° removal cut if 80 MeV < m < 200 MeV candidate is rejected 

Good fit of track in calorimeter 
Xil^z < i.7 

assigned ( i n ^ u > a n d y s t r i p s ^ 
total 

ass I 
l EtotJ * 0.77 

Efficiency for all requirements combined together: 47& 
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the ÏÏ° (80 MeV < m < 200 MeV) and, in addition, 801 of the energy measured in that calori

meter had to be assigned to identified showers. The single-high triggers were used for the 

purposes of TT° study. 

In order to facilitate the calculation of the number of IT0's geometrically missing the 

detector, i.e. asymmetric decays, a cut on cos 8 < 0.5 was made, where 9* is the angle be

tween one of the photons and the direction of the TT°, in the TT° rest frame. Figure 29 

shows the cos 6* distribution for IT0's before the cut is applied. In Fig. 30 the effective 

mass distribution of two shower combinations is shown. The TT° mass region is indicated in 

the figure. The p* distribution of TT°'S from single-high triggers is plotted on a log-log 

plot in Fig. 31. The peak at pî, ̂  1.8 GeV/c is due to the trigger thresholds, but the 

slope of the spectrum for p* > 2.5 GeV/c, in a region free of any trigger bias, is p i - 9 - 2 , 

roughly consistent with previous measurements65'66^. 

The e/TT° ratio subsequently calculated for single-high triggers as a function of pi is 

plotted in Fig. 32 for "cut" data; also plotted on the same figure is the e/Tr° ratio for 

uncut data. Since the ratio e/ir° is observed to be roughly equal to 10~3-10~2, whereas the 
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Fig. 29 Decay angular distribution for 
photons. The angle 8* is the 
angle of the decay photon with 
respect to the TT° direction in 
the TT° cm. frame. 

Fig. 30 Effective mass distributions of two 
shower combinations. The TT mass range 
is indicated by arrows. 
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rate of true single electrons is known to be of the order of 1.2 x 10~" per tr, one concludes 
that these so-called "single-electron candidates" are entirely composed of background. 
The cuts described in Chapter V — although very effective for correlated pairs — obviously 
do not have the rejection power to reveal the single-electron signal which is buried under 
a much more severe background. 

Therefore, the single e's are composed of a background of hadrons, conversion pairs, 
and heavily ionizing particles, and they can be used for further analysis of the qualitative 
composition of the background. 

In order to select events characteristic of the various classes into which the back
ground can be subdivided, as described in Chapter V, Section 3, several of the requirements 
described in Table 8 were reversed. 

i) Hadrons showering in the calorimeter, therefore passing the trigger cut, were selected 
by reversing the TR cut (i.e. n > 0.84). Their corresponding pi distribution is shown 
in Fig. 27b. 

ii) The background from heavily ionizing particles and electron pairs was studied by con
sidering events which deposited more than 1.6 times minimum ionization loss in the 
scintillators, but not with an extra photon giving m (as defined in Chapter V) con-
sistent with the ir mass. Figure 27c shows the resulting p* distribution. 

iii) Events arising from photon conversions were selected by requiring m to be consistent 
ey 

with that of the ir0, in addition to reversing the scintillator cut, see Fig. 27d. 
iv) Finally, a sample of background due to random spatial overlaps of tracks with showers 

in the calorimeter was obtained by reversing the TR cut and at the same time requiring 
a poor match of the track with the corresponding shower in the calorimeter (Fig. 27e). 
The corresponding pî, distributions of the various types of background from single-

correlation triggers are shown in Figs. 28b to e. From inspection of Figs. 27b to e and 
28b to e, one observes that the shapes of the pi spectra of different types of background 
look quite similar and are also similar to the "cut" sample of single e's (Figs. 27a and 28a). 
It is reasonable to assume that the occurrence of a fake electron candidate in one detector 
module is not affected by the presence of a second fake electron track in a different module. 
This assumption may be less accurate when one of the tracks deposits an energy that is large 
compared with the trigger threshold, because of the influence of momentum conservation, but 
it is likely to be approximately true in the J/IJJ region, where the tracks are usually not 
very far above the trigger threshold. Therefore pairs of single uncorrelated e's may be 
randomly combined to give a simulated pair mass spectrum which can then be taken as an 
estimate of the true electron-pair background. 

The hypothesis that these single e's give a correct estimate of all background types 
combined together was checked further by combining the singles in such a way as to simulate 
mass spectra of specific kinds of pair background and comparing them with the real uncut 
pair data. The types of simulated background shown in Fig. 33 were i) a IT0 on one side and 
a hadron on the other, ii) a heavily ionizing particle with a hadron, and iii) two hadrons, 
one on each side. These backgrounds — from single-high triggers — are then compared with 
the uncut data from high-high triggers, normalized to the same total number of events. 
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Fig. 33 Effective mass spectra of specific kinds of 
simulated background to true electron pairs 

Figure 33 indicates that the mass spectra of the different types of pair background events 
are similar in the J/I|J mass region. The heavily ionizing + hadron type tends to populate the 
higher mass region more than the others. In general, one concludes that the random com
bination of single e candidates — which are known to be entirely composed of background — 
can adequately describe the real pair background in the J/ij; mass region. 

In Fig. 34 the simulated pair background from both single-high triggers and single-
correlation triggers combined together are compared with the real data from both double 
triggers also combined. Figure 34a shows the corresponding distributions after imposing a 
less tight scintillator requirement and at the same time relaxing the TR requirement, 
whereas in Fig. 34b the distributions are shown after applying all the requirements of 
Table 8. The corresponding effective mass spectra after background subtraction appear in 
Figs. 35a and b. One concludes from Fig. 35a that, although the background subtraction 
reveals the J/ty peak, there is still a considerable number of misidentified electron pairs, 
owing to the loose electron identification requirements. This excess background at high 
masses is presumably due to the momentum conservation effect mentioned above. Applying the 
tighter requirements CFig. 35b), one observes that the uncorrelated single-electron cal
culation accounts for all the background, leaving the J/IJJ peak. 

The normalization of the background distributions shown in Figs. 34a and b were deter
mined by the following method: The number of pair background (BG) events (from singles) 
surviving a given set of requirements per double trigger is given by the expression: 

No. of pair BG events (cut) 
double triggers 

N sing, e's (cut) 
M sing, triggers 
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where N is the total number of single e's surviving the specific cut (integrated sing, e's 
over pi) for the M single triggers. Therefore, the number of background pair events for K 
double-high triggers and L double-correlation triggers, from which the real pair sample of 
Figs. 34a and b originated, is 

No. of pair BG events (cut) = K 
'H1 (cut)' 

M, + L 
N 2 (cut)' 

M„ 

where N t 2 = number of single e's from single-high and single-correlation triggers, res
pectively, and M, 2 = the corresponding number of single high and single correlation 
triggers. 

With the above normalization of the simulated pair spectrum, the number of background 
events in Fig. 21f, under the J/*|> peak, is estimated to be 111. 

UNCUT PAIR SAMPLE 

The consistency of the first method was checked by a second independent means of back
ground estimation. This was based on the study of the uncut pair sample of Fig. 21a. Since 
it was known a posteriori that this distribution consists mainly of background (the true 
two-electron signal being ̂  6% of it) the shape of this distribution can be taken as charac
teristic of the background spectrum. Furthermore, the data of Fig. 33, where this uncut 
sample is compared with spectra of special cases of simulated background, supports the 
above assumption. 

Therefore, by using the shape of the uncut distribution one can then normalize it to 
the low mass region of the cut distribution — which is assumed to consist of background — 
and thus determine the background amount under the J/ty peak. 

The study of this background subtraction method was first done for the double-cor
relation triggers, because there the low mass region is not eliminated by the trigger 
thresholds. The normalization of the uncut data to the data surviving the various re
quirements was obtained by using a narrow mass bin (2.20 < m + _ < 2.70 GeV/c2) as a control 
region. Consider Fig. 36 as a typical mass distribution after some requirements were applied. 
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A' is the true number of J/ip in the mass region 2.70 < m + _ < 3.40 GeV/c2, A is the number 
of background events falling in the same mass region, B is the background in the mass region 
2.20 < m + _ < 2.70 GeV/c2, and B' the Gaussian tail of the J/ip signal. Let NCR and NJR be 
the raw number of events in the low mass region and in the J/<JJ mass region, respectively. 
Then NCR = B + B' and NJR = A + A', or defining a = A/B, g = B'/A', one can estimate the 
background A under the J/iJ; peak in terms of NCR, NJR, a, and 3, since 

NCR = - + A'3 
a 

NJR = A + A' . 
Solving for A one obtains the formula 

A " N C R (r^e) " N J R (a/ae1) - i ) • (5^ 
Therefore the J/T/J background for a given mass spectrum can be calculated provided a and 3 
are known. The values of a and 6 were estimated by using the pair sample surviving all 
requirements (Fig. 37a) as well as the uncut sample (Fig. 37b), both from the set of double-
correlation triggers. From Figs. 37a and b the relevant numbers are 

N C R(cut) = 3 0 

N J R(cut) = 6 5 j N C R(uncut) = 1 6 8 4 j a n d N J R(uncut) = 9 9 ? > r e s p e c t i v e l y . inspecting Fig. 37a, 
one can guess A, the number of background events under the J/\ji peak, calculate a, 3> and 
then substitute them in formula (5), re-estimate A, and repeat the iteration until the two 
values of A converge. The following procedure was adopted: 

i) starting with an estimate of A/NJR = 271 background under the J/ty peak; then 
ii) the number of J/iJ/'s = NJR - A in the J/ip region of Fig. 37a is 47; 
iii) subtracting this background there are estimated to be ̂  7 events from the tail of J/ty 

in the control region; 
iv) the percentage of J/I|J'S in the control region is 

6 = JJ= 0.15 ; 
v) the total true number of J/IJJ'S in the J/41 region of Fig. 37b is NT-, E 181, i.e. 47 

corrected for the efficiency of the cut; 
vi) using the numbers in the two regions of Fig. 37b, then 

_ NJR - OTj _ 9 9 y . 1 8 1 

NCR - gNTj 1684 - 0.15 x 181 U - 4 S 

and, finally, 
vii) substituting for a and 3 in formula (5) one obtains a new estimate of 10.7 background 

events under the J/IJJ in the clean sample of Fig. 37a. 
Starting with this new estimate of background, i.e. 

Background _ 10.7 „ ,, 
NJR 65 

and repeating steps (ii) to (vii), one obtains 3 = 0.14 and a = 0.48 and background/NJR = 0.17. 
A third iteration of this procedure yields 3 = 0.13, a = 0.49, and background/NJR = 0.17. 
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Fig. 37 Effective mass distributions of electron pairs from 
correlation-correlation triggers : 
a) sample surviving all the requirements ; 
b) uncut sample. 

The result of these iterations is that the background under the J/<Ji peak is about 171 for 
double-correlation triggers. One can use the same percentage of background estimated for the 
double-correlation triggers for the sample where both triggers are combined, i.e. for the 
sample of Fig. 21f. The background calculated according to this method is shown as a dotted 
line in Fig. 21f and Figs. 26a to d. 

Comparing the background estimation from the two independent methods, one concludes 
that the two methods are in reasonable agreement, implying that the background arises pre
dominantly from uncorrelated pairs of misidentified particles, and is of the order of Ul 
under the J/ip peak. 
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CHAPTER VII 

DETECTION EFFICIENCY FOR ELECTRON PAIRS 

EFFICIENCY OF PRESELECTION PROGRAM 

The method for selecting the electron-pair candidates, prior to processing the raw 
data through the reconstruction program was described in Chapter V. The method for ob
taining the preselection program efficiency was also explained there, namely: 

_ Number of J/̂ 's found passing through preselection + reconstruction program 
presel. progr. Number of J/TJJ'S found passing directly through reconstruction program 

This was found to be (92 ±8)1 for real-electron pairs (i.e. for events in the J/ty region 
surviving all cuts). 

Therefore there were no serious losses caused by first processing two-thirds of the 
raw data through the preselection program. 

EFFICIENCY OF RECONSTRUCTION PROGRAM 

This was determined from the study of cosmic-ray muons and the inspection of event 
displays, and was found to be S5% for single-electron candidates, i.e. for events showering 
in the calorimeter and having a hit in both scintillators on the track. This rather low 
number is the result of the multiplication of a large number of different inefficiency 
factors, some of which have the character of geometrical acceptance factors. These are ex
plained in detail in Table 9. The most significant is the 141 inefficiency of the cylin
drical chambers. This latter figure results largely from the insensitive region between 
adjacent cylindrical quadrant modules. The use of charge division read-out leads to the 
loss of a measurement in a small percentage of the cases, when a pulse is beyond the dyna
mic range of the ADC. 

The efficiency of the reconstruction program for electron-pair candidates was therefore 
(30 ± 6)1. 

TRIGGER EFFICIENCY FOR PAIR CANDIDATES 

The inefficiency of the correlation-correlation (CL-CL) triggers due to the overtight 
geometrical requirements (as explained in Chapter V) was determined by using the high-high 
(HI-HI) triggers. Since correlation triggers had lower energy thresholds than those of the 
high triggers, all true electron pairs setting the high-high trigger bit should have also 
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Table 9 

Efficiency of reconstruction program for single-electron candidates 

Efficiency 
m 

Detector plane; reason for inefficiency 

I. Efficiency of track reconstruction program 

86 PWC-la, b; dead-spaces, overflows, edge wires 

95 PlVC-2; dead-spaces due to support wires, etc. 

97.5 PWC-3; dead-spaces due to support wires, etc. 

94 program failures 

98 bad charge division information; wrong end of the U 

II. Efficiency of Q calorimeter reconstruction program 

90 a ) calorimeter; too complicated a shower match 

III. Efficiency of scintillator counters 

87 SC-1, SC-2; misassigned small scintillator 

IV. Efficiency for rejection of high multiplicities of hits 

95 PWC-2, PWC-3 

55 TOTAL 

a) This efficiency is for finding one or two showers. 

set the correlation-correlation trigger bit. Therefore the ratio of the number of J/̂ 's 
which had both bits set to the number of J/ip's originating from the high-high triggers only 
gives an estimate of the geometrical efficiency of the correlation-correlation triggers with 
respect to low-low (LO-LO) triggers. This was determined by looking at the clean sample of 
J/tp's and was found to be 

geometrical efficiency of CL-CL = T | = 0.29 ± 0.06 . 

Furthermore, the energy thresholds (low and high) set for the ((>, u, and v strips of 
each calorimeter for the corresponding triggers, resulted in a trigger efficiency which was 
dependent on the electron energy. The energy-dependent efficiency of these triggers was 
determined from the PS test of the Q module and is shown in Fig. 38a for single-low triggers 
and in Fig. 38b for single-high triggers, both for two angles of incidence, 0° (normal in
cidence) and 40°. The angle of incidence is measured with respect to the normal to the 
strip plane. 
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Fig. 38 Trigger efficiency as a function of electron momentum. Test beam results for: 

a) single-low triggers; 
b) single-high triggers. 

The trigger efficiency for electron pairs was therefore 

,(E 1 } E 2 , cos e i f cos 6 2) = J [ e j . "double-triggerv . , «. . (E., cos 6.) , ingle-triggerv i' iJ ' 
1=1,2 

where E : 2 are the energies and Q1 the angles of incidence of each electron. More speci
fically for high-high triggers the efficiency was 

E H I _ H I ( E 1 } E 2 , cos e x, cos 9 2) IU -, T I T(E-, cos 6.) smgle-HI^ i' 1-* 
1=1,2 

and for correlation-correlation triggers the efficiency was determined by using the low-low 
triggers 

eCL-Cl/ Ei' E 2 ' c o s 9i» c o s 92-' = °' 2 9 eL0- L0-L0 
= 0 - 2 9 x I t esingle-L0(Ei> c o s ei> 

1=1,2 

The 0.29 factor accounts for the geometrical inefficiency of the correlation-correlation 

triggers as discussed above. 

4. EFFICIENCY OF ELECTRON-IDENTIFICATION REQUIREMENTS 

The over-an efficiency of the electron-identification requirements (Table 7) was found 
to be (26 ± 9)1. The efficiencies for each requirement separately are given in Table 10. 
The efficiency of each cut was, in principle, known from the results of the PS tests. 
However, the data from the ISR are more complicated than those from the "ideal" PS test 
beams (higher average multiplicities). In order not to overestimate the various efficiencies, 
they had to be determined directly from the actual data sample under consideration. This 
was achieved by using the program which determined the effectiveness of the various com
binations of requirements as described in Chapter V. 
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Table 10 

Efficiency of electron-identification requirements 

Cut applied Efficiency for e pairs 

Scintillator pulse heights 0.51 ± 0.12 

TR cut on ri? + ni ̂  0.9 0.55 ± 0.14 a) 

ir° removal cut 0.96 

Good fit of a track in the calorimeter 0.96 

E a s s / E t o t in (j), u, and v strips 1.0 

a) For a particle passing through the clear area of the PWC window 
the efficiency of this cut is e = irri2/4 = 0.71; the figure 
quoted here is 22% lower than this. This is consistent with 
the area of the Xe PWCs opaque to 10 keV photons. 

The procedure which was used to determine the efficiency of a given requirement was 
the following: 

i) To find a combination of requirements — excluding the one under consideration — which 
gave a good signal-to-noise ratio in the J/ip region. 

ii) Subsequently, to imposé the requirement under consideration on the above sample of events. 
The ratio of the number of J/I(J'S gave the efficiency of this requirement. The greatest 
loss of real events was caused by the requirement on the scintillation counter pulse heights, 
but this was the most essential contribution to the reduction of the background. 

5. GEOMETRICAL AND TRIGGER ACCEPTANCE OF THE APPARATUS 

The geometrical acceptance of the detector as a function of m + -, pî,, and y* was esti
mated by a Monte Carlo calculation. 

It was also necessary to incorporate the energy-dependent trigger efficiency, as de
scribed in Section 3, for both high-high triggers and correlation-correlation triggers in 
the Monte Carlo calculation of the apparatus acceptance. 

Parent particles with masses 1.0 < m + - < 9.0 GeV/c2, 0 < p* < 5 GeV/c, and 
|y*| < 0.95 were generated and then left to decay isotropically to an e+e~ pair, where pi and 
y are the cm. transverse momentum and rapidity, respectively. 

The positions of the decay vertex x 0, y 0 were generated according to the following 
relations 

x, - . [ l . O - (|2R-l|)V'] [ g ; ' j (6) 

r. - b (i - J?!)(i - ̂ T r j c g ^ f , c 
where a and b are the half diagonals of the diamond in the x and y directions, respectively, 
and R and R' are two random numbers in the range zero to one. These relations provided the 
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Fig. 39 a) Distribution of the interaction diamond formed by the two crossing beams used in the Monte Carlo calculation of apparatus 
acceptance; 

b) Vertex distribution for real data (electron-pair candidates). 
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distributions of the interaction diamond formed by the two crossing beams, as shown in 
Fig. 39a * ) . 

The momenta of the pair were then transformed to the ISR lab. system and the two decay 
electrons were checked to see if they would both geometrically enter a pair of two non-
adjacent octants. Therefore the geometrical acceptance was calculated for each parent p* 
and y interval for the full range of m + -. 

For each pair which was geometrically accepted by the detector, the probabilities of 
passing the two relevant double triggers were also calculated. For that purpose the trigger 
threshold curves of Figs. 38a and b were used, in tabulated form, and a two-dimensional 
interpolation, with respect to the energy and angle of incidence of each electron, was per
formed. Consequently, for each pi and y* bin, the combined geometrical and trigger accep
tance was also determined for both triggers. The fiducial volume cut which was applied to 
the real data (Chapter VIII) was taken into account in the Monte Carlo program. 

In order to integrate the acceptance over y* and pi, further assumptions about the 
production mechanism had to be made. The cm. rapidity distribution of events is shown in 
Fig. 40, together with the y* acceptance, calculated by the Monte Carlo program. The real 
events seemed to follow the shape of the acceptance, which implied that the rapidity dis
tribution was flat, i.e. consistent with a constant value, out to the effective edge of the 
acceptance -0.75 ̂  y ^ 0.75. The assumption of a flat rapidity distribution, within the 
acceptance of the apparatus, was then used in order to integrate over y*. The pi acceptance 
of the combination of up-down octants [octant 1-2 (OCT 1-2)] was very different from the 
one for the side octants [octant 1-3 combination (OCT 1-3) and octant 2-4 combination 
(OCT 2-4)]. The two distributions were combined each weighted according to the percentage 

1 
0> 
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E 
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y 
shape of geometrical and 

trigger acceptance 

in ^n_j 
L^h. 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 
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Fig. 40 Rapidity acceptance of the apparatus. The 
c m . rapidity distribution of e +e~ pairs, 
uncorrected for acceptance is also shown. 

*) For comparison Fig. 39b shows the corresponding vertex distribution for real events 
(electron-pair candidates). One observes that the y coordinate is smeared by the reso
lution of the charge division read-out, but, of course, the geometrical acceptance of the 
apparatus had to be simulated according to the true physical distribution of the diamond. 
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Sum of all triggers 
CL-CL trigger OCT 1-2 
H I -H I trigger OCT 1-2 
CL-CL trigger OCT 1-3 or OCT 2 -4 
H I -H I trigger OCT 1-3 or OCT 2-4 

.1000 

1 
500 

PÏ (GeV) 

Fig. 41 Relative apparatus acceptance as a function of 
p* for all triggers combined. 

of time the particular octant combination was active (for this determination, see next 

section). In Fig. 41 the over-all pi acceptance of the apparatus, for the present data 

sample, is shown as well as the pi, acceptance separately for each of the following four 

triggers : 

high-high triggers from OCT 1-2; 

correlation-correlation trigger from OCT 1-2; 

high-high triggers from OCT 1-3 or 2-4; -• 

correlation-correlation triggers from OCT 1-3 or 2-4. 

The pi acceptance (Fig- 41) was then used to correct the data as a function of pi. The 

corrected p* distribution was subsequently used in order to describe the pi production of 

events (see Chapter VIII, Section 5) in the form 

i) t x: 

ii) t 2: 

iii) t 3: 

iv) t f c : 

dn 
3pf <* e 

•CPT e(p£) 

and finally integrated over p* to determine the acceptance as a function of the electron-

pair effective mass. 

The geometrical efficiency alone in the J/ty region was ̂  51 using the above 

production mechanism. The geometrical and trigger efficiencies e. corresponding to the 

four triggers t. are given in Table 11 for the J/ip region. An average geometrical + trigger 

efficiency as a function of m + _, for the present data sample, can be obtained by summing 

the efficiencies of the four triggers weighted proportionally to the total fraction of time 

f• (averaged over /s), each trigger was active 

5 " l £ i E i « 
i=i 
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Table 11 

Geometrical and trigger acceptance in the J/ty region 

Type of acceptance Acceptance a ) 
fo r OCT 1-2 

(x 1 0 - 2 ) 

Acceptance for a ^ 
OCT 1-3 or OCT 2-4 

(x H T 2 ) 

Geometrical only 3.94 0.72 

Geometrical + passed h igh-h igh t r i g g e r 0.96 0.21 

Geometrical + passed c o r r e l a t i o n - c o r r e l a t i o n t r i g g e r 1.00 0.17 

a) For J/IJJ'S assuming a production mechanism with da/dy = constant and do/dp 2 = A e P T . 

The calculation of f. is explained in the next section. The resulting mass acceptance is 
shown in Fig. 42. It is observed to be a reasonably smooth curve with a value of about 
2.0% in the J/t/j region, rising to about 5.3% in the higher mass region, where the high-high 
trigger was fully efficient. 

Sum of all triggers 
6.0 CL-CL trigger OCT 1-2 

HI-HI trigger OCT 1-2 

1 CL-CL trigger OCT 1-3 or 2-4 

:Q 5.0 HI-HI trigger OCT 1-3 or 2-4 • 

•£ ^^•^^ 
^^^ ft s' 
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* 4 0 / •o / b 
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Fig. 42 Over-all percentage; combined geometrical and trigger accep
tance as a function of e+e~ invariant mass 

DETERMINATION OF APPARATUS PERFORMANCE FACTORS f\ , 
AS A FUNCTION OF TIME; DETERMINATION OF INTEGRATED LUMINOSITIES 

Not all four octants were active at all times during each ISR run, but the number of 
operating octants was, of course, known. The fraction of time each octant combination was 
active is shown in Table 12, where the two combinations of the side octants, i.e. OCT 1-3 
and OCT 2-4, are summed together. 
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Table 12 

Integrated luminosities; fraction of time each octant combination 
and trigger are active per cm. energy 

/I 

(GeV) 

Integrated L 
after 

dead-time 
correction 

CIO36 cm"2) 

% of time 
active 
OCT 1-2 

% of time 
active 

OCT 1-3 + 
OCT 2-4 

% of time 
active 

HI-HI of 
OCT 1-2 

fi 

% of time 
active 
CL-CL of 
OCT 1-2 

f 2 

% of time 
active 

HI-HI of 
OCT 1-3 + 2-4 

f3 

% of time 
active 

CL-CL of 
OCT 1-3 + 2-4 

23 0.8 100 154 69 71 100 146 
31 1.4 100 100 69 78 69 78 
53 2.1 100 62 69 96 44 62 
62 0.4 100 94 77 60 65 91 

Sum of 
energies 4.7 100 92 70 84 63 84 

Furthermore, the fact that for early runs the correlation triggers were not installed, 
as well as the fact that when both triggers were active they overlapped for (1 - 0.29) = 711 
of the time, was taken into account, in order to prevent double counting. Therefore, for 
the present data sample four weights f-, each corresponding to a particular octant combina
tion and a particular trigger t., were calculated for each cm. energy, and are also shown 
in Table 12. 

Luminosities were measured by using the beam-beam counter coincidences with the 
scintillation counters as luminosity monitors. The monitor constants, i.e. the inclusive 
cross-section for all events triggering the monitors, a

m o n i t o r > w e r e determined during the 
standard ISR luminosity measurement runs and were found to be stable to within 51 for a 
period of more than 1 year. 

The luminosity L was calculated using the relation (see Appendix A) 

L - > 
amonitor 

where R = the monitor coincidence rate = counts/sec. The integrated luminosity was then 
obtained by integrating L over the total computer live-time. The integrated luminosity 
thus determined included the computer dead-time, but did not include the dead-times due to 
the trigger protection (Chapter III). Therefore, corrections for dead-times due to before 
and after protection were made. These dead-times were of the order of 10-201 each depending 
on /s. The maximum total dead-time correction was ̂  501 and applied to the 26 GeV x 26 GeV 
high luminosity runs (L ̂  1.5 x 10 3 1 cm~2/sec). 

The integrated L, corrected for all dead-times, was determined for each ISR run and 
then ISR runs corresponding to the same /s energy were summed together. The results are 
shown in Table 12. 

This calculation of / L dt is valid to ±101. 

The average weights f., which were used for the determination of over-all p* and mass 
acceptance, can then be determined by averaging over the integrated luminosities and are 
shown in the last line of Table 12. 
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CHAPTER VIII 

RESULTS 

1. DETERMINATION OF THE NUMBER OF J/^'s; MASS RESOLUTION 
In order to avoid using the edges of the calorimeters, where the efficiency was ex

pected to be low, a further fiducial volume cut was applied before the number of J/ip's was 
evaluated for use in the cross-section calculation. 

The x and y distributions of the showers in one calorimeter are shown in Figs. 43a *) 
and b, respectively, where x and y are measured in the calorimeter plane at z = 860 mm (z 
is the radial distance from the beam intersection, in the octant system of coordinates). 

The fiducial volume, where the calorimeter was fully efficient, was taken as 
|y| S 720 mm and |x| ̂  300 mm, i.e. 821 of the total calorimeter area. 

The resulting J/ty signal after subtracting the background (using the method of 
Chapter VI) is shown in Fig. 44, which is plotted in an expanded scale, for all cm. 
energies combined. There are 66 events in the mass region 2.70 < m + _ < 3.40 GeV/c2. 

In order to evaluate the number of J/ty events outside this region, due to the J/ip 
tails, a Gaussian distribution was fitted to the signal (Fig. 44). Its mean value m 0, and 
standard deviation Am, were determined to be 

m 0 = (3.06 ± 0.03) GeV (8) 
Am = 230 MeV . (9) 

One observes that the resolution of the J/\jj peak found is Am/m = 7.51, which is con
sistent with the expected mass resolution of the experiment, since 

m 2 = 2E!E2(1 - cos 9) , 

and assuming El - E 2 = E and since 6 » 180°, AG is negligible, then 

to = J_ AE 
m /2 E ' 

*) The proton beams do not intersect head-on but at an angle a = 14.77°, thus giving rise 
to a net cm. motion. The slope of the event distribution (Fig. 43a) corresponds to the 
direction of this cm. motion, in this case towards the centre of the ISR ring. The cm. 
velocity is given by v = sin a/2 x c - 0.13 c 
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Flg. 43 Position of the showers in one of the calorimeters; dotted line shows position of 
the J/iJ) events : 
(a) x coordinate; (b) y coordinate. 
x and y are measured in the calorimeter plane at z = 860 mm. The position of the 
fiducial volume cut is indicated. 
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Fig. 44 Mass spectra for e e pairs surviving the electron identification requirements and 
the fiducial volume cut after background subtraction. Superimposed is a Gaussian 
distribution fitted to the signal in the J/IJJ mass region. 
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and with AE/E = 10% for energies E = m,, /2 =1.5 GeV, one gets 

^ = 7.11 . m 

If the J/4) events of Fig. 44 are separated, according to cm. energies, one f: 
owing to low statistics — it is not always possible to fit a Gaussian. Therefore, 
termine the number of J/IJJ'S one has to use the J/ifi region and allow for the tails, 
number of events due to the tails can be calculated as 

x, 

Number of events in the "tail" of the J/fy with m < 2.70: G(x) dx 

Number of events in the " t a i l " of the J/ip with m > 3.40: J G(x) dx , 

where 

and 

2-7 - m „ 
Am 

3.4 - m0 

-1.53 

= 1.49 

and 

GCx) J L e -x72 
SE 

or, the to ta l number of J/ty events i s 

(Number of events in J/ip region) x 1.53 

1 - | G(x) dx J G(x) dx - J G(x) dx 

= (Number of events with 2.7 < m < 3.40) x 1.16 . 

Finally, one obtains the total number of J/IJJ'S from the clean sample (before correcting 
for the efficiency of the cuts): 

NT/T = N T / T x °-86 x 1-16 , 

where N ^ ^ = number of events in J/i|; region, the 0.86 factor accounts for the background 
subtraction, and 1.16 corrects for the fraction of events in the tail of the J/tfj. The 
total correction factor turns out to be very close to one (0.9981). The total number of 
J/IJJ'S, together with the raw number of J/^'s, are given in Table 13, for each cm. energy. 
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Table 13 

Number of events; combined geometrical 
and trigger efficiencies per c m . energy 

(GeV) 

Raw number 
of J/IJJ'S 

Total number 
of J/>'s 

Combined geometrical 
+ trigger efficiency 

(x 10"2) 

23 6 6.0 1.91 

31 13 13.0 1.71 

53 43 43.0 1.82 

62 15 15.0 1.64 

ERMINATION 

5 efficiency factors evaluated in the previous chapter, as well as the 
?s of Table 12, the J/ip production cross-section times branching ratio 
n the central region) is expressed in the form 

wh 

V 
ove 

e+e 
da 
dy 

N rtOt ^/* 
y=o 

ficiency for pairs 

•p x P f f geom + trig 

E ^ x z , -, . • and reconst progr elec ident requir 
led geometrical and trigger efficiencies of the apparatus integrated 

trig 
Jj(d 2a/dp 2dy) e(pT,y) dp2dy 

jfjTCd2a/dp^y) dp2 dy - 1 -A 
e.'s 
l 

time 
effici 

f.'s — the apparatus performance factors as a function of 
11 and 12, respectively. The combined geometrical and trigger 
: data sample for the assumed J/TJJ production model, 

da 
dy constant 

are show 
the valut 
using the 
in Table 
in the f oi 

da 
d p ^ <* e 

•cpr 

c m . energy. Using these numbers one can finally compute 
the four c m . energies Js = 23.5, 30.6, 52.7, and 62.4 GeV, 
ron pairs. The results separated according to /s are given 
re with other experiments, the cross-sections are also given 
where 

da 
By 

2m J/ty da 
y=o /s~ dxr x^o r 
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Table 14 
J/ty cross-section divided according to cm. energy 

SE 

(GeV) 

B — e +e _ dy 

(x 10-== 
y=o 
cm') 

Statistical 
error 

(x 10"== cm') 

Absolute 
error 

(x 10"== cm') 

B d a 1 
(x 10"=' on') 

Statistical 
error 

(x 10"=' cm') 

Absolute 
error 

(x 10"=' cm') 

23.5 5.0 ±2.0 ±3.2 1.9 ±0.8 ±1.2 

30.6 7.2 ±2.0 ±4.1 3.5 ±1.0 ±2.0 

52.7 14.5 ±2.1 ±7.6 12.0 ±1.9 ±6.3 

62.4 27.5 ±7.0 ±15.4 27.6 ±7.1 ±15.6 

3. ERRORS 
There are two kinds of errors entering into the determination of the cross-sections: 

the statistical error and the scale error. The latter is an error resulting from the 
limited accuracy of the determination of the various factors used for the cross-section 
computation. This error, which is analysed in Table 15, results in an over-all normali
zation uncertainty of 501. 

However, the scale or systematic errors are expected to be independent of /s and, 
therefore, the statistical error alone is sufficient for comparing the cross-sections at 
different c m . energies. The absolute errors = /[statistical error) 2 + (systematic error) 2 

together with the statistical errors are given in Table 14. 

Table 15 
Uncertainty in over-all normalization 

Factor Value Error 

Background subtraction 0.86 ± 0.05 6 
Events due to the J/ijj tail 1.16 ± 0.08 7 
Efficiency of electron identification requirements 0.26 ± 0.09 35 
Efficiency of reconstruction program 0.30 ± 0.06 20 
Efficiency of correlation-correlation triggers 0.29 ± 0.06 20 
Integrated luminosity calculation 10 
Trigger-efficiency estimation 15 
Geometrical-acceptance calculation 10 

Total systematic error = 50% 

4. RAPIDITY DISTRIBUTION OF J/î  EVENTS 
As discussed in the previous chapter, the comparison of the uncorrected y* distribution 

of observed events with the results of the Monte Carlo calculation, supported the assump
tion that the y* distribution was uniform to the limit detected by the apparatus 
(|y| ̂  0.75). 
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Figure 45 shows the y* distribution of events corrected for apparatus acceptance. The 
Xp distribution of events, where x p = 2p*//s, uncorrected for apparatus acceptance, is 
plotted in Fig. 46. 
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Fig. 45 Rapidity distribution of the J/ij) events, cor
rected for apparatus acceptance 
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Fig. 46 3L, distribution of J/IJJ'S uncorrected for appara
tus acceptance 
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5. TRANSVERSE MOMENTUM DISTRIBUTION OF J/j> EVENTS 

The uncorrected pi distribution of the clean sample of J/ip's is shown in Fig. 47 for 
all cm. energies. 

As described in Chapter VII, assuming a flat y* distribution, the acceptance was in
tegrated over y* and then the relative acceptance for each pi, bin was used to correct the 
events as a function of p|. Finally, the corrected p* distribution can be used in order 
to evaluate the average cm. pi of the J/i> events. This was found to be 

(p|> = (0.93 ± 0.11) GeV/c . 

One should notice that the evaluation of the above number is based only on the assump
tion of the flat rapidity distribution and does not include any other model-dependent as
sumptions . 

This result itself can be further used for the description of the production in terms 
of the following model: 

da 
3pf -cpf 

where c is estimated using (pi), since 
GO 

/ 
P* e- c i>r d p ; 2 

<PT> = 

/ 
- c p T , * 2 d p T 

(10) 

Therefore c was found t o be 

<PT> 
= 2.2 ± 0.3 (GeV/c ) " 1 

10 

m 8 

•S 6 
<u n 

1 < 

\f J 
1.0 2.0 

p* (GeV/c) 

• OIL 
3.0 

Fig. 47 Centre-of-mass p£ distribution of J/IJJ'S 
before correction for acceptance 
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At this point, it should be noted that, unlike in other ISR experiments 1 2), the value 
of the cross-section does not depend very much on the value of c, used for the final ac
ceptance calculation. It was calculated that if a value of c = 1.6 (which is the one 
given by two FNAL experiments 1 9» 2 3), see Table 1) was used, then all cross-sections would 
be increased by 121. 

To check the consistency of the (p£) calculation, the value of c was also evaluated 
by fitting the distribution in pi to the form of Eq. (10). Figure 48 shows the differential 
cross-section da/dpi 2 as a function of pi. The best fit corresponds to c = 2.17 [x 2 = 8.2 
for 6 degrees of freedom (DOF)]. The data were also fitted to the form 

da *2 
"gPT 

The results are shown in Fig. 49; the best fit gives g = 0.78 (x2 = 14.9 for 6 DOF). One 
concludes that the form (10) fits the data much better, and therefore was the one used for 
cross-section calculations. 

2.0 
p» (GeV/c) 

Fig. 48 Relative differential cross-section da/dp*2 

for J/IJJ production as a function of p^. The 
line is a fit to the form e - cPT. 
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3.0 4.0 5.0 6.0 
p*2 (GeV/c)2 

Fig. 49 Relative differential cross-section da/dp T

2 

for J/IJJ production as a function of p^ 2. The 
line is a fit to the form e~SPT2. 

The average p£ of the J/IJJ events can also be evaluated for the different c m . energies 

by dividing the events according to i/s; the results are given in Table 16. Within sta

tistical errors the values of (p*> are consistent with a constant value. 

Table 16 

Average pÇ of J/ip ' s separated 
according to c m . energies 

(GeV) 

* 
(P T > 

(GeV/c) 

23 0.76 + 0.40 

31 0.74 ± 0.25 

53 1.08 ± 0.28 

62 0.68 ± 0.26 
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6. UPPER LIMITS TO THE xpf(3.7) PRODUCTION CROSS-SECTIONS 

From Figs. 44 and 26 one observes that there is one event in the mass region 
3.50-3.90 GeV/c2, i.e. in the range m / ± Am ( /, produced at /s = 52.7 GeV. There are 
estimated to be about 1.8 background events in the same mass region, if one uses the method 
described in Chapter VI, Section 2 for background subtraction. Clearly, the uncertainty 
in the subtraction of real electron-pair continuum and of the background of pairs of mis-
identified particles prevents a quantitative numerical measurement of dcr /dy _ . Never
theless, one concludes that there is no evidence for ty' production at any of the four cm. 
energies. 

One can now place a 901 confidence level (c.l.) upper limit on the ratio of ij>' to J/ijj 
production R(i|//J) at the four cm. energies of 

B^e-Cd/Aly)! 
Rfl,'/j) = *J.—T7n !£_!_ 

B -(daJ/"7 dy)| B e e / |y=o 
<X-x 

r 
N J/* 

.J/* 
> \ 

geom + trig 
^ geom + trigy 

where N ™ is the maximum number of events compatible with observation at the 90% c.l.; 
exp * 

2.3 for /s = 23.5, 30.6, and 62.4 GeV, and N y P = 2.1 for /s = 52.7 GeV (this l a s t N,, 
figure corresponds to 1.8 expected background events and one observed event). The last 
factor of the above equation corresponds to the ratio of the detection efficiencies and is 
calculated to be 1/1.4 (see Fig. 42). 

The upper limits for R(i|//J) at the four different cm. energies are given in Table 17, 
il;' together with the estimated upper limits for dcr /dy 

comparison, the values of do' 

Note that since B JV-e e 

.J/* /dy are shown in the same table. 
„*' „, taking B + _ y=o» & e+e 0.009. Also for 

7.7 BK -e e ,*' even if a'*' = a , one ty' event corresponds roughly 
to eight J/*|J events. Therefore, given the total number of J/̂ 's observed, the fact that 
there are no i|)''s observed through their decay to e +e" seems quite reasonable. 

The upper limit given in Table 17 for /s = 53 GeV is a useful upper limit, since it is 
based on sufficient statistics (43 J/̂ 's versus zero ip"s), but upper limits given for the 
other three cm. energies are quite poor. For this reason they lead to estimates of 

Table 17 

Upper limits to the ljj' production cross-section 

SE 

(GeV) 

daJ/* 
y=o 

" 3 1 cm2) 

901 confid. level 90°s confid. level 
i l l ' SE 

(GeV) 

dy 

(x 10" 

y=o 

" 3 1 cm2) 

901 confid. level 
da^ 

y=o 
5 1 cm2) 

SE 

(GeV) 

dy 

(x 10" 

y=o 

" 3 1 cm2) 

901 confid. level 

dy 

(x 10" 
y=o 

5 1 cm2) 

23.5 0.73 ± 0.30 0.274 1.52 

30.6 1.04 ± 0.29 0.126 1.01 

52.7 2.10 ± 0.30 0.035 0.56 

62.4 3.99 ± 1.01 0.110 3.36 
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o ^ - o , which seem very unreasonable compared with other experiments, as will be dis
cussed in the next chapter. For 7s = 53 GeV and v̂s = 62 GeV, the limit on the 41' cross-
section is ~ 21% and ~ 841 of that of the J/IJJ production, respectively. Therefore the cas
cade ty' -*• J/IJJ -*• e +e" could account at most for ~ 131 and ~ 421 of the J/ifi ->• e +e" at /s = S3 
and 62, respectively. 

UPPER LIMITS TO THE PRODUCTION OF ELECTRON PAIRS 
WITH MASSES GREATER THAN 4.5 GeV/c2 

For higher mass pairs the detection efficiency is considerably better (as discussed 
in Chapter VII); typically 

_m=7 
~geom + trig 2.5 E m=J/i|j geom + trig 

Nevertheless, there are only a few events observed in the mass range from 4.5 to 10 GeV/c2. 
From Fig. 26, which is the clean pair sample, before the fiducial volume cut is introduced, 
one observes no events with m + - > 4.5 GeV/c2 for both /s = 23 and 31 GeV, one event with 
4.5 < m e + e - < 5.5 GeV/c 2, and two events with 5 . 5 < m + _ < 9 . 5 GeV/c2 for /s = 53 GeV, and 
no events with m + - > 4.5 GeV/c2 for /s = 62 GeV. There is no evidence for resonances to 
the level of the present data. 

The background calculation shows that for the cut sample the backgrounds are negligible 
for m + - > 4.5 GeV/c2. Furthermore, the three high mass events at /s = 53 GeV seem to 
survive various requirements, even tighter than the ones of Table 7. Therefore one concludes 
that those three events are genuine electron pairs. 

One can use the above events observed (or absence of events) to obtain upper limits 
(at the 901 confidence level) for the production ratios: 

(4.5 < m + _ e +e _ <5.5
>1 

d 2 a 
dmdy (4.5 < m + _ „ e e 

y=o 
< 5.5 GeV/c 2) 

D + - T 

e e dy y=o 

and 

(m+_>S.S> [mSy\ dm ( m e V > 5.5 GeV/c2) e e \ _ J y = 0 

(—m—J = 

da' 77$ 
e e~ dy y=o 

The ratio R can be calculated as follows: 

N 
N 

.corrected 
high mass 
.corrected 

r .J/* >v 
accept + trig 
high mass 
accept + trig 

T_ XT' 

where N, 
corrected corrGctcd NT/., are the number of real electron pairs in the corresponding high mass ' J/i|> 

mass intervals corrected for the efficiency of the requirements. The second factor, which 
is the ratio of the detection efficiencies, can be calculated (see Fig. 42) assuming the 



Table 18 

Upper limits to the production of electron pairs with masses greater than 4.5 GeV/c 2 

(GeV) 

Number 
of 

J/ifi's a) 

Mass interval 
4.5 < m < 5.5 t0 

Number of 
events c ) 

Mass interval 
5.5 < m < 9.5 
Number of 
events c) 

D (4.5 < m < 5 
R l J/* 

901 c.l. 
(x 10- 2) 

3 "ITT) 
90«„ c.l. 
(x lu" 2) 

Mass interval 
4.5 < m < 5.5 

d 2a 
d m J y v=o 

(x 10-31t°cm2/GeV/c2) 

Mass interval 
5.5 < m < 9.5 

d 2a 
d m d y y=o 
901 c.l. 

(x 10" 3 5 cm2/GeV/c2) 

Mass interval 
m < 5.5 

J dmdy 
J J y=0 5.5 ' 
901 c.l. 

(x 10- 3" cm 2) 

23.5 23 0 (3.3) d) 0 (3.3) 7.2 S.7 3.6 7.0 2.9 

30.6 49 0 (3.3) 0 (3.3) 3.3 2.6 2.3 4.7 1.9 

52.7 203 4 (15.0) 8 (20.0) 3.6 3.8 5.3 14.1 5.7 

62.4 58 0 (4.2) 0 (4.2) 3.7 2.9 9.9 19.7 7.9 

a) Corrected for efficiency of cuts + background + tails. 
b) By m is meant m + in units of GeV/c2. 
c) Corrected for efficiency of cuts. 
d) Numbers in parenthesis are the 901 confidence level upper limits corresponding to the observed number of events. 

ID 
I 
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same production model for the high-mass events as for the J/ip. The values of the produc
tion ratios, calculated this way, are given in Table 18. 

Furthermore, one can use the measured B + -(da /dy) I _ 0 (Table 14) to extract upper 
limits for the double differential cross-section 

d 2a 
dmdy y=o 

of production of the continuum of electron pairs with m + _ > 4.5 GeV/cz at the four cm. 
energies. These are also given in Table 18. For example, for /s = 52.7 GeV 

d 2a 
dmdy (5.5 < m + _ < 9.5 GeV/c2) <14.1x 1 0 - 3 5 cm2/GeV/c2 

y=o e e 

It should be noted that, although the present sample contains very few high-mass 
events, the exercise of evaluating upper limits for the production of the high-mass con
tinuum is worthwhile, since these explore the scaling region of high s2/m, for which the 
only existing measurements come from low masses (-v* 2 GeV/c2) which may not be in the scaling 
region. As will be discussed in the next chapter, although the present measurement clearly 
lacks the statistical precision required to make a good test of scaling, nevertheless it 
seems in reasonable agreement with scaling. 

SEARCH FOR ADDITIONAL PARTICLES ACCOMPANYING THE J/IJJ'S 

The sample of J/ip's, which survived the electron identification requirements, i.e. 
93 events before the fiducial volume cut, was used in a search for additional particles 
produced in coincidence with the J/IJJ particle. As discussed in Chapter I, Section 2.1, 
additional electrons are predicted to accompany the J/ty production, if charmed particles 
are produced in association with the J/ty, or if J/^i's are produced in pairs. 

The results of such an analysis of the J/ijj sample appear in Table 19. In 461 of the 
cases one observes no other track or shower, in the solid angle covered by the experiment, 
produced in coincidence with the J/I(J event. The cases where there is an extra particle 
produced with the J/i\> can be loosely divided into the following classes: 

a) Extra "hadrons", where a "hadron" is defined as a minimum-ionizing track, not showering 
in the calorimeter. 

b) Extra "photons", i.e. a shower in the calorimeter which is not associated with a track. 

c) Extra "electrons". "Electrons" are defined as charged tracks producing a shower in 
the calorimeter. 

d) Any combination of the above. 

Figure 50 shows an example of a reconstructed J/iJ; accompanied by one "hadron" and 
Fig. 51 shows the reconstructed J/i|/ produced in the higher multiplicity event observed 
(four extra "hadrons" and one extra "photon"). 

Looking at Table 19 one observes that the cases with an extra "hadron" are more fre
quent than cases with an extra "photon"; also there are a few events with an extra 



Table 19 
Number of events with additional particles accompanying the J/ip 

a) General classification 

"Clean" events 
(no extra track, 
no extra shower) 

"Hadrons" 
(extra non-showering 

tracks) 

1 extra 2 extra 

"Photons" 
(extra showers 
not associated 
with tracks) 

1 extra 2 extra 

"Electrons" 
(showering tracks) 

1 extra 2 extra 

Combination of extra tracks and "photons" 
1 extra "photon" 2 extra "photons" 

plus a) 2 with 1 extra "hadron" 
1 extra "hadron" b) 1 with 1 extra "electron" 

c) 1 with 2 extra "electrons" 

42 18 8 7 0 3 0 6 4 

b) Special cases: higher multiplicities 

Number of 
such events 

Total 
charged 
tracks 

Extra "hadrons" Extra "electrons" Extra "photons" 

1 

2 

1 

1 

4 

5 

5 

6 

1 

2 

2 

4 

1 

1 

1 

0 

0 

0 

1 

A 
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Fig. 51 Example of a reconstructed J/I)J produced in a high multiplicity event (four additional hadrons and one photon), x view of all 
four octants; y view of octants 1 and 2. 
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"electron". Note that "electron" does not mean that it passed any off-line electron identi
fication requirements. Actually the energy of the extra "electron" is in general low 
(about 400 MeV on an average, maximum 780 MeV in one case), therefore none of these extra 
"electrons" would pass the single electron identifying cuts of Table 8 and, furthermore, 
their low energy indicates that they are not coming from the decay of a second J/IJJ, pair-
produced with the identified J/ty. 

One concludes that within the present, rather low statistics sample of J/I|J'S there is 
no evidence for tri-electron events. [Although one is not able to identify single electrons 
(see Chapter VI, Section 1) in the present analysis, there are no such candidates to start 
with.] 

The four events, where there were two extra photons, were studied in more detail. 
There are three cases where the effective mass of the two extra photons is consistent with 
that of the n°, and in two of those the effective mass of the whole system (n° + J/i|0 is 
consistent with that of the tfi'(3.7). There is no case where the effective mass of the two 
showers is consistent with that of the ir°; of course it is possible that the effective 
mass of two photons from the decay I|J' -*• ijrrr0Tr0 could fake the n mass. 
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CHAPTER IX 

DISCUSSION OF THE RESULTS 

1. COMPARISON WITH OTHER EXPERIMENTAL DATA 

1.1 J/ij; production cross-section 

The observation of the J/tp production at large /s, i.e. v̂ s > 30 GeV (above the FNAL 
energies), by previous ISR experiments, was based on very limited statistics (y 10 events) 2° J 2" 1) . 
Furthermore, there was no indication about the behaviour of the cross-section as a function 
of c m . energy over the wide range of energy available at the ISR. 

The results presented in Chapter VIII are based on a sample of events which is about 
10 times bigger than those of previous experiments and cover the full range of c m . energies. 
The measured J/ty production cross-section as a function of c m . energy (Table 14) is plotted 
in Fig. 52, together with other dimuon and dielectron data from BNL, Serpukhov, FNAL, and 
CERN ISR. 

The measured cross-sections at the lower ISR energies /s = 23.5 and /s = 30.6 GeV are 
in good agreement with the FNAL measurements 6 7) at comparable c m . energies. The CCRS 
measurement 2"), using (p|> = 1.0 ± 0.2 GeV/c, is plotted at an average v̂ s = 48 GeV. On the 
same figure is also plotted a very recently communicated result 6 8) from the Adelphi-BNL-Rome 
group at /s = 52 GeV, which is in close agreement with the results of this experiment at the 
same c m . energy. The other ISR measurement 2 0) at Ss = 52 GeV was performed over a dif
ferent rapidity region, y = 1.6, and the quoted cross-section is a factor of two smaller 
than the present measurement at y = 0. 

Figure 52 demonstrates a definite rise of the J/ip production cross-section over the 
ISR energy range. This rise amounts to a factor of 

(da/dy)| y = ; 0 Q/s = 62.4) 

(da/dy)| y = 0 (v^= 23.5) 

taking into account only the statistical errors. 

1.2 Transverse momentum distribution of J/^ 

The mean value of pi of the J/tfj measured by this experiment (combining the four c m . 
energies) is 

= 5.5 

(p*> = (0.93 ± 0.11) GeV/c . 
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Fig. 52 Plot of da/dyl for J/iJi production as a function of 
compared with other dilepton data. The dashed 

curve is a prediction of the quark-fusion model. 

The best fit to the measured pi 2 distribution was by the form given in Eq. (10) (see 

Chapter VIII) with c = 2.2 ± 0.3 (GeV/c)"1. Comparing the value of c with the parametriza-

tions of other experiments (Table 1), one finds close agreement. 

Figure 53 is a plot of (p£) for J/ip versus cm. energy. The measured (pî,) for the 

four cm. energies (Table 16) are plotted together with other available FNAL data in Fig. 53. 

The data seem consistent with a constant value of (p™) ̂  1 GeV/c. The present data indi

cate that (-p*) is not a function of m 2/s 6 9 ) for the m 2/s domain investigated (from 

m 2/s = 2.5 x lO"3 to m 2/s = 1.7 x 10" 2). 
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Fig. 53 The average cm. transverse momentum of the J/ij> is 
plotted as a function of 7s, together with the other 
available data from FNAL 

1.3 j>' production 
There is no evidence for the ty' production through its decay to electron-positron 

pairs in the present data. The upper limits to the ty' production (Table 17) are plotted 
in Fig. 54 together with the FNAL data 6 7). The upper limits at the two lower ISR energies 
correspond to cross-sections which are a factor of about five to ten larger than the ones 
measured at FNAL at the same cm. energy. The upper limit at Js = 52.7 GeV, as discussed 
in Chapter VIII, is based on the largest sample of J/^'s and when associated with the FNAL 
measurements is not inconsistent with the assumption that the i|/ excitation curve has a 
shape similar to that of the J/ip. 

One can now consider the contribution from the ij;' cascade decay: 

ty' •*• ty + hadrons -»• e +e~ + hadrons 

with BR = 531 for i|/ -»• ty + hadrons to the J/fy measured cross-section. The estimates from 
Chapter VIII, Section 6, show that the ty' cascade can account for, at most, 13% of the J/ty 
signal at /s 
CdaJ/*/dy)|3 

52.7. If the shape of (dcr /dy) I _0 (s) is somewhat similar to that of 
(s), as discussed above, the correction of (da" J/1»/ v-,, , ,~ 7dy)| due to the *' cas

cade will be small at neighbouring energies as well, and therefore the ip' cascade cannot 
account for the rise in (da /dy) J/*/ 

|y=0 There are, however, other known states such as the 
ip(4100) and the x states which may also possibly contribute. 
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Fig. 54 Plot of the derived upper limits to the production of ty', 
(do7dy|y=o), as a function of /s. For comparison, on the 
same figure is an eyeball fit to the J/ty excitation curve 
as well as a i\)' excitation curve calculated from J/i(> pro
duction using scaling arguments (Ref. 71). 

1.4 Production of electron pairs with masses greater than 4.5 GeV/c2 

Some indication about the rise in cross-section for the production of electron pairs 
with m + _ > 4.5 GeV/c2 between FNAL and ISR energies can be extracted by comparing the 
estimated upper limits CTable 18) to the measured cross-sections at FNAL. For /s = 52.7 GeV 
the 901 c.l. upper limit on Js 5 (d2a/dmdy) I = o dm is 5.7 x 10" 3" cm 2; at v̂s = 27.4 GeV 
the corresponding cross-section measured at FNAL 2 6) is 1.2 x 10" 3 5 cm2/nucleon; therefore 
the cross-section increases by less than a factor of 47 going from v̂ s = 27.4 GeV to v̂s = 52.7 GeV. 
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One can also use the parametrization of the measured cross-section at FNAL 2 GJ in the 
form 

m 3 j£a = ± e-xs.7(m/Si) x 1 0- 3 2 ^ 2 G e v 2 / c , dmdy y = 0 

to predict the cross-sections at the four c m . energies considered by this experiment and 
to compare the present data with these predictions. This is done in Table 20. For the 
two higher ISR energies the present upper limits are larger than the predictions by a 
factor of seven to eleven. Taking into account that these are conservative upper limits, 
one concludes that there is no disagreement with scaling. 

Table 20 
Cross-sections for m + - > 4.5 GeV/c2; comparison of estimated upper limits with predictions 

using a scaling parametrization of cross-sections 

/s" 

(GeV) 

4.5 < m 
d2a 
dmdy 

(x lO"3» cm 

< 5.5 a) 

y=o 
2/GeV/c2) 

5.5 < m 
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904 c.l. 
upper limit 

Predicted 
by Ref. 26 

901 c.l. 
upper limit 

Predicted 
by Ref. 26 

904 c.l. 
upper limit 

Predicted 
by Ref. 26 

904 c.l. 
upper limit 

904 c.l. 
upper limit 

23.5 3.6 0.1 7.0 0.1 28.4 0.5 8.5 11.0 
30.6 2.3 0.2 4.7 0.3 19.1 1.3 7.0 9.6 
52.7 5.3 0.7 14.1 1.3 56.6 5.7 27.6 49.5 
62.4 9.9 0.9 19.7 1.8 78.7 7.9 61.5 82.0 

a) By m is meant m + in units of GeV/c2. 

2. COMPARISON WITH THEORETICAL CALCULATIONS 
2.1 The rise of the J/ty production cross-section 

The quark-antiquark fusion model 3 8) has succeeded, so far, in describing reasonably 
well the general features of the J/ip production, as discussed in Chapter I, Section 2.2.2, 
although in that calculation there is an uncertainty of a factor of about 20 in the over-all 
normalization. 

The rise of the J/ty production cross-section times BR observed over the range of c m . 
energies covered by the present experiment is in reasonable agreement with the predictions 
of the quark-fusion models, as, for example, can be seen from Fig. 52, where the predictions 
by Donnachie and Landshoff70) are plotted as the dashed curve. 

The present data are also in agreement with predictions of other theoretical models, 
which successfully describe the J/ip production; for example, with various statistical 
models. 

2.2 Rapidity distribution of J/iJi's 
The rapidity interval |y| < 0.75 covered by the present apparatus corresponds to very 

small values of x p, i.e. |xp| < 0.21 and |x p| £ 0.08 for /s = 23.5 and îs = 62.4 GeV, res
pectively. In almost every theoretical model of J/\p production the distribution of da/dy 
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is flat in this interval; therefore the assumption of flatness used in the present cal

culation of the J/ty cross-section is reasonable. 

2.3 p T distribution of J/ip's 

The J/IJJ is observed to have a substantial mean transverse momentum ((p£) ̂  1 GeV/c) — 

see Fig. 53. As mentioned in Chapter I, Section 2.2.3, the conventional Drell-Yan model 

calculations ignore the p~ of the quarks, but even if the mean transverse momentum of the 

quarks is taken into account, with a value comparable to the typical average transverse 

momentum in hadronic processes, 300 MeV/c, one cannot account for the observed large p~, of 

the dileptons. Therefore, this large p~ is the most outstanding problem which cannot be 

understood in terms of the Drell-Yan mechanism. 

2.4 ;|/ production 

The i|/ production rate appears to be small compared with the predictions of the 

Drell-Yan model, in particular with those of the quark-antiquark fusion model. This state

ment is based on both the FNAL results — which are in an energy region where the cross-

section for iji' production still rises steeply — and on the present upper limit given at 

Ss = 52.7 GeV which corresponds to 

(da J /*/dy)| y = 0 "
 3 - 7 ' 

Without resorting to specific parton models, the ty' production cross-section can be 

estimated from the J/ty data and performing a scaling in energy71J 

v 
Dimensional arguments suggest that production of narrow vector mesons V in hadron-hadron 

collisions is of the form 

c V - aCpp - VX) - ̂  F (^) , (11) 

where r„ is the direct hadronic width of V, ÏÏL. its mass, a its cross-section, and F 

is a universal function describing the excitation of all vector mesons. Equation (11) 

holds only if rv/my is small. The ty' cross-section can then be related to the J/fy cross-

section by using Eq. (11) and is given by the formula 

o* (s) = 
TJ/i> (^)^hts)-

If one uses 7 1) 

r p | / -» hadrons) „ Q > 4 4 

r(J/ip •* hadrons) 

(excluding cascades such as ip' •+ J/ip + TTTT), then 

a* ' (s ) = 0.44 x 0.59 a J / * (0.70 s) = 0.26 d3^ (0.70 s) , 
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or in the central region (assuming the same y dependence of the if/ and J/IJJ production 
mechanism) 

da' .*' 
~W 

(7s) = 0.26 da J/* 
y=0 dy y=0 

(•0.70 s) (12) 

Therefore 

da* 
dy (•s = 52.7) = 0.26 da" m 

y=° dy (•s = 44.1) = 0.49 x i o - 3 1 an 2 

y=o 
in good agreement with the upper limit estimated. 

The excitation curve of IJJ' calculated using Eq. (12) and the J/IJJ excitation curve 
(eyeball fit) are plotted in Fig. 54. Note that these arguments suggest that 

da' #' w = 0.60 x 10" 3 1 cm2 a t Ss = 62.4 GeV , 
y=o 

i.e. a factor of about six lower than the upper limit given. Therefore, one concludes that 
the present upper limits for ty' production are consistent with scaling in general, although 
comparison with specific parton models and Drell-Yan calculations cannot be conclusive. 

Another specific calculation, which seems in agreement with both the J/ty and i|>' pro
duction data, is that of Carlson and Suaya 7 2). According to this calculation, the \Ji-like 
particles are not produced directly, but through decays of P-wave intermediate states, 
which in turn are produced from collisions of gluons which are constituents of the initial 
hadrons. Figure 55 shows a diagram of the process for producing P-states from two gluons, 
and their subsequent decay. The ratio of ty' to J/IJJ is predicted to be small, since only 
photon decays of the 3P(3.95) can feed into the I)J', whereas for the J/IJJ both decays of the 
2P(3.44) and 3P(3.95) can contribute. This calculation predicts that a* /a J'* = 1/10 in 
rough agreement with the data. 

Finally, one should note that a statistical model1'0) would predict a i|>' production 
rate of a factor of 20 to 50 times less than the J/ty production 7 3). 

Y,u),3rc... 

Fig. 55 A diagram of the process 
for producing P-states 
from two gluons. The 
P-state subsequently de
cays into J/TJJ plus y o r 

u, etc. 

file:///Ji-like
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2.5 Production of higher mass pairs, scaling, 
predictions of M cross-section 
A test of the Drell-Yan mechanism and in particular of its scaling property, i.e 

(da/dm) ̂  m~ 3F(s/m 2) for a pair of mass m, is very important and topical since it allows 
+ 

predictions of the yield of the intermediate vector boson (W~, Z°) in colliding-beam 
machines of the future, using the measurements of dilepton production at the existing 
machines. 

In order to compare the estimated upper limits to production of dielectrons of 
m + _ > 4.5 GeV/cz with the scaling curves, one has to transform (d2a/dmdy)I _0 to 
(d2a/dmdxp)I _., which is the relevant scaling quantity. Their relation is provided by 

|Xp 
the following d2a 

dmdy 
2E d 2a 

y=o SE^sq: (13) 
Xp=0 

where E is the energy of the e +e" pair. Using Eq. (13) the estimated upper limits 
(d2o/dmdxp) xF= 

at the four cm. energies are given in Table 20, and are also plotted in 
Fig. 56. In the same figure the scaling fit of Ref. 35 is also plotted for comparison. 
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the electron-
pair continuum production cross-section, are 
plotted as a function of s/m . For comparison, 
the scaling curve of Ref. 35 is also plotted. 
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Cross-sections are of the order expected from the Drell-Yan mechanism as was discussed in 
Section 1.4 (for comparison with other experimental data, see also Fig. 5). Now one could 
speculate further and make some predictions about the W cross-section on the basis of the 
measurements of the present experiment. 

One way is to use the J/\p data to estimate the production of W-boson using Eq. (11), 
together with the additional assumption that r,^, , -, can be used to relate the hadronic 
production of W's to a . More precisely these assumptions lead to71!) 

a (s) ̂  o v »'=tH-
Equation (14) is independent of any detailed parton model assumptions, but in order to 

use it in the present context, one would have to obtain the total cross-section of J/\JJ pro
duction. This involves an integration of da /dy over the unobserved rapidity range and 
is therefore model-dependent. 

Another way of estimating the W-production, more widely used, is to use the production 
cross-section of the lepton-pair continuum and perform a scaling extrapolation3 5> 7 1 tJ 

o W > 0.090 m ^ g ( m w ) . 

da/dmOik.) is the dilepton continuum cross-section evaluated where the effective mass of 
the dilepton is equal to the W mass. 

Several such attempts to calculate the W cross-sections using scaling — with which 
the present data are in agreement — appear in the literature 3 5» 7 1*> 7 5J. 
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APPENDIX A 

LUMINOSITY CALIBRATION FOR CROSS-SECTION DETERMINATION 

The definition of the cross-section for a stationary target experiment is simple. If 
a beam of type 1 particles with a density p1 hits a target consisting of type 2 particles 
and density p 2 with a velocity |v:|, then the number of reactions per unit volume and unit 
time defines a cross-section a by 

dWt = al vJPiP2 • (A-1) 
In the case of colliding beams, the target particles are also moving, with a velocity |v2|. 
One can look for a relativistically invariant formulation of Eq. (A.l) and thus arrive 7 6) 
at the following definition 

avST = aPiP2Yl vi " v2l 52 • (A.2) 

At the ISR, two beams intersect at an angle a = 14.77°. When the beams have equal energies 
c, expression (A.2) becomes 

= CTPiP2 J[2c cos Y ] 

or it can be approximated as the number of interactions per second in dV 

d 2 N 
avat - u p i p 2 v i ̂  «« 7j ^-

dN 0 2 a j-ir 
-TTT = c r c p ^ 2 c o s •=• dV . 

Suppose the two beams form a ring of radius R, width W, in the plane of their direction, 
with height h perpendicular to this plane, and consist of N j , N 2 particles each. Then 

W - n r _^_ A_ , r n = 2 a W 2h 
dt 2TTRW 2TTRW 1 sin a 

or 

dN Ni ^ 1 
Ht " CTC M R "ZW h tan a/2 • (-A-i-) 

The above expression is usually written as dN/dt = a h , where L defines the luminosity. The 
current of each beam is by definition I = Nec/2irR, where N = number of stocked particles; 
then the luminosity can be written in terms of the ring currents I l f I 2 as 
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h is the effective height, i.e. it measures the overlap of the two beams in the vertical 
plane and it is defined as 

1 J PiCz) p2(z) dz 
heff /"pjCz) dz fp 2(z) dz 

where pj, p 2 are the densities of the beams as a function of the vertical coordinate z. 
The only unknown in Eq. (A.4) is h „, which differs from intersection to intersection, and 
it is measured by the so-called Van der Meer method 7 7). To apply this method a monitoring 
counter system is needed with a counting rate R proportional to the rate of beam-beam 
interactions. One of the two beams is displaced with respect to the other one, and the 
counting rate in the monitor is plotted versus displacement. A bell-shaped curve is ob
tained, as a result, with its maximum at the optimum "zero" displacement. The effective 
height is then shown77) to be equal to the area under this curve, divided by the counting 
rate for zero displacement 

neff R (0) * m v J 

The beam monitor counters can be normalized in this way, since the constant k of propor
tionality to the luminosity is obtained from the following equation: 

R m = kL . m 

Although the beam conditions may vary within a running period, k = R /L remains constant 
with time and has to be measured only once for each running period. 
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APPENDIX B 

ELECTRON/PION DISCRIMINATION USING THE TR SIGNAL 

The simplest way to use the TR signal for electron/hadron discrimination is to use a 
simple threshold on the energy deposited by the particles passing through the Xe PWCs 
(electrons deposit TR in the Xe PWCs in addition to ionization loss). Several such cuts 
were studied; given the 1/cos 9 dependence of dE/dx on the angle of incidence and the fact 
that there are two sets of TR detectors per module, an effective simple cut was found to be 
a cut on pulse height of both Xe PWCs, after correction for the angle of incidence. As an 
example of such a cut, one requires that both Xe 2 x cos 9 and Xe 3 x cos 9 are above a 
certain threshold value, where Xe 2 3 are the energies deposited in the Xe PWCs and cos 6 is 
the angle of incidence with respect to the normal to the PWC plane. 

Figure B.l shows the resulting pion "contamination" and electron "efficiency" curves 
as a function of the threshold pulse height value for various energies of the test beam. 
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For example, if one requires Xe 2 > 10 keV and Xe 3 > 10 keV (cos 9 = 1, normal incidence) 
then the pion contamination is about 81, whereas the electron efficiency varies from 43% 
(0.75 GeV/c e's) to 851 (4.0 GeV/c e's). One notices that for a given threshold the pion 
contamination is constant, but the electron efficiency depends on the energy of the electron, 
E e . 

A more efficient way to use the TR information for electron identification is to use 
the maximum likelihood approach. In order to construct a maximum likelihood function, the 
following probability density functions were evaluated. The probability that an electron 
of energy E , — as measured in the calorimeter — would deposit Xe 2 and Xe 3 in the two 
Xe PWCs, respectively, defined as P (Xe 2, Xe 3, E , ) , was determined by using the experi
mental TR distributions for various electron energies obtained from the PS test. 

In the same way, the probability that a minimum ionizing particle (for example a TT) 
would deposit Xe 2, Xe 3 in the two Xe PWCs, defined as P (Xe 2, Xe 3), was calculated by using 
the experimental dE/dx distributions (again from the PS test). 

Then, since one is interested in e/ir discrimination, the maximum likelihood function 
3? was defined for each electron candidate as the relative probability that the two signals 
which were observed in the two Xe PWCs were due to an electron (of an energy E ,) compared 
with a pion 

dN 
_ P e(Xe 2, Xe 3, E c a l ) _ 33fe 

if(Xe2, Xe 3, E Q a l ) p (Xe,, Xe,) dN" 
1 1 ZXë 

e C X e

2 > W x a t 

IT 

e 
(Xe,) 3J 

TT 

where dN/dXe| are the normalized distributions of the energy deposited in the Xe PWCs 
for electrons and pions, respectively. Any correlations between the two Xe PWCs were 
ignored. The energy measured in the calorimeter was a necessary input to P , since the 
amount of TR depends on electron energy. 

Figure B.2 shows the discrimination curves for e's and IT'S as a function of L, where 
L = log 1 0 (if). This figure can be directly compared with Fig. B.l in order to get an in
dication of the efficacy of the maximum likelihood method. By placing a cut at L ^ 0.5 
(i.e. by requiring that — starting with equal numbers of electrons and pions — the pro
bability of selecting an electron is more than three times larger than the probability of 
selecting a pion), the resulting TT contamination is again about 8%, but the electron ef
ficiency now varies from 62% (at E =0.75 GeV) to 901 (E = 4 GeV). The e/ir dis
crimination can be improved by making use of the likelihood approach, but the efficiency 
still depends on the electron energies. 

At the ISR, electrons of various energies were detected at the same time; therefore 
it was considered convenient to have a means of their identification which had an efficiency 
independent of E . This was achieved by means of a transformation, from if to a new variable 
n, such that the distribution for electrons in n is flat, between zero and one, therefore 
the n distributions for different E 's coincide. The transformation was the following 

dN = dN dif 
dn d^Hn ' 
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Fig. B.2 Discrimination curves for electrons and 
pions as a function of L 
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Fig. B.3 Examples of the n distri
butions for particles in 
the PS test beams : 
a) 4 GeV/c electrons; 
b) 0.75 GeV/c electrons; 
c) 4 GeV/c and 1 GeV/c 

pions. 

where dN/dn is the n distribution for electrons and dN/d^f is the ,5? distribution for elec
trons, with the additional constraint dN/dn = constant = k. Solving for n one obtains 

Therefore, the function n was constructed by using the information of Fig. B.2, i.e. by 
integrating the various electron discrimination curves over L. 

Figure B.3 shows some examples of the n distribution for the particles in the PS test 
beams: (a) for 4 GeV/c e's, (b) for 0.75 GeV/c e's, and (c) for 4 GeV/c and 1 GeV/c IT'S. 
For electrons n is indeed distributed uniformly between zero and one, whereas for showering 
pions the distribution is sharply peaked at high values of n (n ̂  1) • This fact indicates 
that the n distributions are somewhat easier to interpret than those of &. 
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Discrimination curves for Li/Xe T.R.D.'s 

0.5 
il (Xe2,Xe3,Ecal) 

Fig. B.4 Discrimination curves for electrons and 
pions as a function of ri (Xe2, Xe2, E Cal) 

Figure B.4 shows the resulting electron and pion discrimination curves as a function 
of n- The efficiency for electrons is — by the definition of n — equal to r\. The func
tion n therefore provides means of electron identification with an efficiency independent 
of the electron energy. 
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APPENDIX C 

RADII OF THE CLUSTERS OF HITS IN THE Xe PWCs 

Results from the PS test of the transition radiators for normal incidence of the beam 
indicated that the electron TR signal had a tendency to spread over more chamber wires 
(owing to the elastic scattering of TR photons) than the pion ionization signal. For that 
reason the possible use of this information for electron identification was investigated 
in further detail. 

The reconstruction program "clustered" the hits on adjacent wires of the PWCs and 
produced R , R for each cluster where R are the weighted r.m.s. widths of the cluster x y x,y 
in the x, y directions. 

The mean values of R , R (<R >, (Ry)), as well as the r.m.s. values (a , a ) were 
calculated for both e's and IT'S and are shown in Figs. C.la and b. All four distributions 
are quite similar for both kinds of particles; therefore no e/ir discrimination can be ob
tained at this level. 
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Next, the percentage of events which have a non-zero radius (R f 0) in either ("OR") 
or both ("AND") Xe PWCs was estimated and is shown in Fig. C.2. 

Inspecting Fig. C.2 it is seen that 40% of 4 GeV/c electrons have R f 0 compared with 
10% of pions. Therefore, the PS test result for normal beam incidence indicated that a 
test on R M could supplement the e/iT discrimination obtained from pulse-height measure-
ments. 

No definite conclusion on its usefulness for the ISR data could be drawn before the 
angular dependence of the effect was examined as well. To include the angular dependence, 
pions*) (from the ISR data) were selected and the percentage of events with R f 0 in either 

*) Minimum ionizing, non-showering tracks. 
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PWC was investigated as a function of $ (= incident angle projected on to the plane perpen
dicular to the sense wires) and it is shown in Fig. C.3. Figure C.3 clearly shows that for 
pions normal to the PWC the ionization signal does not tend to spread to more than one wire 
(R = 0), confirming the PS result, but for non-normal incidences the charge tends to be 
shared by two or more wires. 

The final conclusion is that — owing to angular effects — the test on R £ 0 was 
not found to be useful for e identification in the ISR data. 
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APPENDIX D 

CORRELATION LOGIC 

The correlation logic circuitry was as follows: PWC-3 had 80 wires; above it there 

was a tray of 8 scintillators, so there was a correspondence of 10 wires per scintillator. 

The U grouping was every 10 wires, therefore the two legs of the one U corresponded to two 

different scintillators. Because of the U grouping in the PWC, it was necessary to use the 

scintillator information to decide which leg of a U had been hit (Fig. D.l). 

r z z l i l i — f i l i — l i l i — l i I P W C - 3 

1 H 20 30 40 50 60 70 80 

r ~ sc-2 

I1I2I3U1 lâïEi <t> 

| I I I M l strips 
Fig. D.l Correspondence of wires of PWC-3, large 

scintillation counters (SC-2), and <j> strips 
of the calorimeter 

The coincidences between the wire hit and the scintillator were transferred to an 

80-bit shift register to store the location of the wires which registered a particle track 

(1 bit = 1 wire = 6.35 mm in space). The signals from each of the 32 <f> strips of the 

calorimeter were injected into a delay line, with a delay of 100 nsec between adjacent 

strips. 

The delay line gave an output which transformed the spatial dependence of the input 

to time information. The position of the zero derivative of the delay line output pulse 

in the time axis gave the exact centre of the shower. 

It was possible to set a discriminator at the output of the delay line, so that mini

mum ionizing particles did not fire the discriminator. 

By using a Gaussian filter, it was also possible to reject wide showers (e.g. hadronic 

showers) and only accept narrow showers, predominantly due to electrons, and to interpolate 

between strips. The correlation logic circuit is shown in Fig. D.2. 

The read-out of the delay line took 3.2 ysec and during that time the shift register 

was clocked out. A coincidence between the delay line and the shift register meant that a 

charged particle went through PWC-3, SC-2, and the Q calorimeter. 

If there was no coincidence, the event was not accepted by the correlation logic. 
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