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ST EA S

ABSTRACT

A STUDY OF DIRECT PHOTON PRODUCTION
AT THE CERN INTERSECTING STORAGE RINGS

by

Carlos Walter Salgado-Galeazzi

A measurement of direct photon production at high pT from proton-
proton collisions at the CERN ISR center of mass energy of /s = 63 GeV
is reported. Arrays of lead glass calorimeters and multiwire
proportional chambers were used as photon detectors. A single photon
signal was extracted using a newly developed direct identification
method. Backgrounds due to neutral meson decays were corrected by Monte
Carlo simulation of the detector. Data for the direct photon cross
section are presented in the transverse momentum range of 4.5 to 10
GeV/c and compared with QCD predictions. Constraints on the gluon
properties of the nucleon and the QCD scale parameter Aﬁg are provided.

By using the lead glass arrays in conjunction with a drift
chamber barrel detector inside a superconducting solenoid, accompanying
charged particles were studied. The ratio of the number of positive to

negative charged particles in the opposite side hemisphere and azimuthal

distributions of accompanying particles are also presented.
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CHAPTER I

INTRODUCTION

I-1. General Overview.

This dissertation describes the detection and analysis of direct
photons produced in proton-proton collisions at the CERN Intersecting
Storage Rings.

The first chapter is mainly an introduction to the topic of
direct photons, reviewing their importance in the present status of the
phenomenology of Quantum Chromodynamics (QCD). An overview of the
techniques utilized to detect direct photons and a list of experiments
are also presented.

The second chapter describes the experimental apparatus used to
collect the data included in this dissertation. A very brief description
of the accelerator is included. In the description of the detector those
parts that were particularly important for the present study are
emphasized.

Chapters III and IV explain the data taking process and the
basic analysis used. In chapter V the method of analysis used to

determine the direct photon signal is introduced in detail. A



description of how backgrounds were calculated and extracted from the
data sample is also included.

The final chapter presents results of a direct photon cross
section in the transverse momentum (pT) range of 4.5 to 10 GeV/c. Event
correlations made from a direct photon sample are studied and the
results presented. All these results are compared with QCD predictions
and considered in the framework of perturbative QCD. A comparison with
other ISR experiments is presented. Other experiments in different
regions of /s (center of mass energy) are briefly discussed in order to

complete the present status of direct photon physics.

I-2. The R110 Experiment.

The R110 experiment was the last of a series of experiments to
look at proton-proton collisions at the CERN ISR intersection 1. From
1971 to 1974 the CERN-Columbia-Rockefeller collaboration (CCR), ISR
experiment R103, used two walls of lead glass blocks coupled with planes
of wire spark chambers to address the topics of direct single electrons,
electron pairs and n°'s at high transverse momentum. This experiment was
the first to observe a large cross section for the production of n°'s
with large transverse momentum, thus opening a new branch of hadron
physics. This large cross section was interpreted as being due to the
hard scattering of partons (quarks and gluons) [BUST73].

A second generation experiment, R105, in collaboration with
Saclay (CCRS) included a gas Eerenkov counter, additional spark chamber

planes and a magnet. The collaboration continued to extend and improve

|



studies of e'e production, =°

inclusive and single electron
measurements, adding n®, A°, A° and K° data to its work and resulting in
many papers published between 1974 and 1976 [i.e. BUST6a].

In 1977 a completely new, third generation experiment involving
CERN, Columbia, Oxford and Rockefeller (éCOR) performed ISR experiment
R-108. The apparatus now consisted of a superconducting solenoid and a
set of cylindrical drift chambers. The original lead glass was
supplemented with twice as many blocks of the same cross sectional area
but 15% longer. The performance of the drift chambers was reported in
the 1978 Vienna wire chamber conference [CAM78] and papers published by
the experiment from 1978 to 1982 included studies of high mass e'e
pairs (including the T); correlation and jet studies; w° inclusive
spectra; direct photons; triple jets; and a novel method for analyzing
w°n° production [i.e. ANGT8].

In order to increase the solid angle of the electromagnetic
calorimeter, lead-scintillator sandwich counters were added inside the
solenoid during July 1979 and the experiment was renamed R110. Columbia
did not participate in this collaboration leaving the acronym as COR. In
this mode the experiment collected a large luminosity of 63 GeV p-p data
and also observed a-a, a-p and p—B collisions. In 1981 R110 was modified
with no change of experimental number. Additional lead glass walls were
added in front of the originals, intended (in conjunction with
proportional chambers) to provide a good Y/n° discrimination. In
November 1982 a group from Michigan State University joined the
experiment forming CMOR. No change was made to the detector at this time
and the physics goals remained basically the same. During the summer of

1983 a-a running became again possible and a group from Brookhaven



entered the experiment especially for the a-a and d-d analysis creating
for this purpose BCMOR [ANG8U4a]. The detector was dismantled during the

first months of 1984 after the closing of the ISR in December 1983.

I-3. Brief Introduction to High p. Physics.

When experiments at SLAC in the late 1960's started to probe the
structure of the nucleon by inelastically scattering electrons off
protons, it was revealed that the proton is composed of point-like
objects. Feynman called them "partons" and they were eventually
recognized to be consistent with the "quarks" of the original Gell-Mann
Zwelg model. These charged lepton scattering experiments probed the
charge structure of hadronic matter. Complementary information was
obtained with neutrino beams that coupled to matter via the weak
interaction only, hence probing its weak structure. The scattering of
hadrons enables us to explore the strong interaction structure. From
hadron spectroscopy considerations a new quantum number called "color"
was added to partons. A dynamics of partons was created based on this
new property. This new field theory was called Quantum-Chromodynamics
(QCD). The discovery of "asymptotic freedom", the decrease of the
effective coupling at short distances, allowed use of perturbative
techniques in QCD to calculate measurable quantities, for example high
transverse momentum hadron scattering. On the other hand, "infrared
slavery", the increase of the effective coupling at large distances,
provided a mechanism to make plausible quark confinement. A self-

consistent gauge theory of the strong interaction was born by building



on the field technology created by QED. Today QCD is an essential
ingredient in the "Standard Model"™, SU(3)xSU(2)xU(1), that has motivated
a new search for the grand unification of the fundamental forces. Very
good reviews on perturbative QCD have been produced in the literature
recently [REY81, DUK85, BUR80, YND83, QUI83].

The ISR was the first hadron machine to test QCD at high center
of mass energy where the perturbative QCD predictions could be compared
with the data. This dissertation deals with the study of strong
interactions between the hadron components at the high center of mass
energy of the ISR.

Among hadron reactions the production of particles that have a
large component of momentum transverse to the beam direction (p.l.) is a
good example of a reaction in which the basic parton scattering process
is fairly well separated from the more complex confinement mechanism
which prevents the partons from escaping as free particles and causes
them to reassemble into hadrons.

High energy hadronic interactions are characterized by the
production of a large number of particles. In most of such events, the
produced secondaries have small Pr: The origin of these soft events at
high energies is understood as the two particles being excited by
passing each other and later becoming de-excited by, for example,
bremsstrahlung. This is then a collective effect and difficult to study
in the QCD perturbative framework.

A different thing happens when we consider large Pr events.
These events allow us to study directly the inner structure of the

hadrons and their interactions and compare them with perturbative QCD



predictions that will be accurate at small values of the coupling
constant (high energies).

The large transverse momentum events involve the "hard
scattering™ of a parton constituent of each of the hadrons. This process
is similar to the one that allowed Rutherford, Geiger and Marsden
[RUT11] to study the structure of the atom 80 years ago.

The partons involved are scattered at large Pr but because of
the QCD confinement of partons they materialized as a set of well
collimated hadrons called "jets".

The simplest configuration of hard scattering shown in figure I-
1 implies the existence of at least four jets. The beam and target jets
(labelled "spectators") represent the soft interaction case. The other
two are due to hard scattering. A trigger particle with high Pr signals
a possible jet and defines it as the "trigger jet" or "same side jet" as
opposed to the "away" or "opposite side jet".

In the parton model the inclusive hadronic reaction A + B + C +
X is expressed in terms of the elementary elastic parton-parton cross
section do/dg for the reaction a + b + ¢ + d, where a,b ¢ and d are the
parton components of hadrons A,B C and D that interact.

The inclusive invariant cross section for the hadronic reaction

can be written as [LEA82]:

do aYe .my.p do (ab » CX)
EC_§_ (AB + CX) = a?b I dxa J dxb F(a.xa.A) F(b.xb,B) Ec —3
d7p a” p
C C
(I-a)

and using the relation:
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Bd-%i (ab » CX) = I, ﬂ’z D(e,ziC) do (ab » cd)
d°p. ’ dt

written as:

dO 1 1
Ed—g— (AB + CX) = I mdxa J mdxb F(a,xa,A) F(b,xb,B)°

d pC abed X3 Xy
| D(eizgi®) 45 (ab » ca) (1-b)
T2c dt

The functions F(a, X, A) and F(b, Xps B) are called "structure
functions" and represent the probability of finding the parton a with a
fraction xa - qa/ pA of the hadron A momentum. The momentum transverse
to the beam direction is neglected (it is introduced later as a
correction). D(c.zC;C) is called the "fragmentation function™ and
represents the probability that the produced parton ¢ produces a hadron
C with a momentum fraction Z.= P¢

Y - -

variables (with a caret, s, t, u, when referring to the subprocess) and

/ Q. S» t and u are the Mandelstam

xg- -u/(s+t) ; x: = -x:-t/(s-x2+u) [REY81]. Therefore in making a
prediction for the cross section we need to know the invariant cross
sections for the parton sub-processes and also the structure and
fragmentation functions of all the parton constituents that can
contribute to the reaction. The sub-process cross sections are easily,
at least to the first and second order, calculated directly from the

appropriate perturbative QCD diagrams. But QCD makes no predictions for

the form of the structure and fragmentation functions; they should be



extracted directly from the data. The structure functions of quarks have
been studied in deep inelastic lepton-nucleon scattering processes (DIS)
[DUK8S5].

The fragmentation functions of quarks and anti-quarks have been
measured in e+e_ machines [SAX85]. Dimensional counting rules can be
also used to estimate these functions at least in the limit of x + 1
(valence quarks) [BRO75].

The most difficult problem is to determine these functions for
the gluon constituents. Since the quark, anti-quark and gluon structure
functions are related by the evolution equations [ALT77], using these
equations one can calculate the gluon structure and fragmentation
functions knowing the quark and anti-quark distributions. However, since
gluons only interact via the strong force and we do not have in hand a
parton probe the only way of directly extracting the gluon structure
functions is from the more complicated hadron-hadron interactions.

We should look then for the simplest of these interactions.
Simplicity is the principal advantage of the direct photon reaction, in
which one of the strong vertices in the parton scattering diagram has
been replaced by a better known electromagnetic vertex. Another kind of
these interactions is high mass lepton pair production or the Drell-Yan
process. This last topic also has been studied by the R110 experiment
[ANG84b,HUMS8S8].

However, the picture given by equation (I-b) is not complete.
Actually we should include corrections referred to as "scaling
violations" that are already important in the energy range covered by

the ISR.
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It was known for a long time that there is a roughly exponential
cut off in the pT distribution of secondary particles for pT <1 GeV/c.
This phenomenon was usually interpreted in a thermodynamic approach to
hadronic matter. It was believed that this exponential cut off would
continue to hold at higher p.r values. Using the parton model, Bjorken
predicted that hard parton-parton interactions should produce a tail in
the large pT distribution, which should exhibit a transition from an
exponential to an inverse power behavior. This behavior was confirmed by
the CCR data [BUST3]. This can be seen as the first confirmation of
quark structure from a hadronic machine.

The CCRS, CCR and CCOR collaborations showed [BUS76a, ANG78]
that the invariant cross section for production of neutral hadrons at

high Prs mostly n°'s, follows a general scaling of the form:

do -n m
E—= = p.(1-x.) (I-e)
d3p T T
where Xp = ZpT// s and m = 10 and n ~ 8.4, valid for Pr > 3 GeV, a

larger value of n than the value of 4 required by the Bjorken scaling.
Various mechanisms were suggested to explain this phenomenon (i.e, CIM
[SIv76]). However, it was perturbative QCD that explained the data, from
the fact that the structure and fragmentation functions, and the strong
coupling constant are actually dependent on the momentum transfer (Q32).
Beyond the simple parton model, in perturbative QCD, one must
consider the contribution of more complicated scattering diagrams
creating radiative corrections that give rise to momentum dependence of

the structure functions and the coupling constant. The evolution of the



1"

structure functions has been given in a quantitative QCD approach by the
"evolution equations" [ALT77]. The strong coupling constant "runs" with
the momentum transfer and also produces scaling violations that should
be taken into account [DUK85].

Another issue is the intrinsic transverse momentum of the
. There is much confusion about the role of k., since it

T T
implies a transverse component of the incoming partons. Partons may

parton, called k

acquire transverse momentum by gluon emission before scattering. Thus
the high order QCD scattering diagrams produce kT. The experimental
values of <kT> found in the literature lie between 0.4 GeV/c and 1
GeV/c.

It is customary to introduce a "K factor" (especially in lepton

pair production) to parameterize the importance of the higher order

corrections, define as [OWE87]:

HO
Born

K=1+ (I-d)
where "HO" represents the high order prediction (or data), and "Born"
the first order or Born term of the perturbative QCD expansion

prediction.

I-4. Direct Photon Production at High p..

The investigation of simple diagrams in which one of the
vertices is purely electromagnetic has been used for some time to study
the fundamental physics of QCD. A well known example, is the Drell-Yan
mechanism of production of high mass lepton pairs from a virtual photon

produced at the parton level. In the first order, this proceeds via the
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annihilation of a quark-antiquark pair contained in the colliding
hadrons [DRE70]. In figure I-2.a the Drell-Yan production diagrams are
shown (compare with the Direct Photon diagrams of figure I-3).

In hadronic collisions the overall inclusive yield of photons is
comparable with that observed for pions (n+, m ). Of course the main
source of those photons is attributed to the rapid decay of neutral
mesons as w° + YY , n° » YY and other electromagnetic decays of directly
produced hadrons. In addition, the production of direct (or prompt)
photons, those produced directly from the high energy collisions of
partons, is predicted by QCD [ESC75, FART6].

The study of direct photon production offers an important tool
for examining QCD and all of its associated phenomenology. A large yield
of direct photons, particularly at large transverse momentum (pT).
supports the presence of point-like charged objects within the hadrons
and provides means of studying the sub-structure of hadrons. However,
there are some relatively weak sources of direct photons at low
transverse momenta other than those mentioned above. Pion inner
bremsstrahlung processes and the direct coupling of neutral vector
mesons to photons produce direct photons in the low Py energy range. At
the pT values studied in this dissertation QCD leading order processes
should dominate.

Calculations based on the hard-scattering of partons predicted
that the ratio Y/w° production in hadronic reaction would exceed 10% at
large pg [FAR76]. This prediction was made before a direct photon yield
at large Py wWas first reported at the ISR in 1976 [DAR76].

Figure I-3 shows all the leading order contributions to direct

photon production in hadronic reactions at large pT, where a
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Figure 1I-2.a: A) Drell-Yan process. B) First Order

QCD corrections to Drell-Yan.

Figure 1I-2.b: Leading-order,quark-antiquark and

quark=-gluon QCD subprocesses.
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A) Compton

B) Annihilation

Figure 1I-3 : QCD Leading Order Diagrams for

Direct Photon Production.
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perturbative expansion in QCD is expected to be valid. Diagram A is the
QCD analog of Compton scattering, called the Compton graph or QCD
Compton, and diagram B called the annihilation graph. These diagrams can
be compared with the pure-QCD diagrams of order asz(where ag is the
strong coupling constant of QCD) of figure I-2.b. The photon emission
probability relative to the gluon yield is reduced essentially by the
ratio of as/a (o is the electromagnetic coupling constant). Thus one
would expect the yield of direct photons to be reduced by a factor of
100. However what is really relevant to us is the ratio of direct
photons to hadrons. Because hadrons are produced in jets and the jet
production is a factor one hundred times bigger than single hadrons of
the same Prs the photon to hadrons ratio is expected to be approximately
equal to one, at high p, [FER84].

The importance of studying direct photon production comes from
the fact that we have a good understanding of the electromagnetic
(point-like) coupling of a photon to a quark. This process permits us to
isolate the more complex quark-gluon dynamics and the hadron structure.
In particular the diagrams of figure I-3 permit us to study the gluon
component of the hadron. From the diagrams we can see that when a photon
appears in the final state, either it is accompanied by a gluon, or the
hard scattering was initiated by a gluon. If the contribution of
diagrams A and B can be separated, direct photon production can be used
to extract information on both the gluon fragmentation function and the
gluon structure function inside hadrons.

Another advantage is that the direct photons emerge from the
collision as free particles, and consequently provide first hand

information about the hard scattering itself. In contrast gluons and
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quarks fragment into hadrons (of reduced pT) before they can be
detected. The resulting hadrons must then be associated with their
respective partons before the extraction of the physics of the hard
scattering is possible.

This can be done but with difficulties that in turn create
biases. For example, one might attempt to identify all of the fragments
of a jet associated with a single parton hard scattering. Doing that one
needs to select an energy or momentum requirement that will bias the
energy or momentum distributions of the particles in the jet. Apart from
the experimental difficulties in such a task there are theoretical
difficulties in the definition of constituent jets. Nevertheless this
technique has been used to extract information on the constituent
scattering [JAC80]. Another possibility is to select a single hadron
with large pT, hoping that its properties are related to those of its
parent partons. The selection of a particle with high Pr tends to bias
the sample towards those events in which the fragmenting partons give
most of their momentum to that single hadron. For single hadron-
triggered experiments, it is difficult to identify which of the
subprocesses for the scattering of partons contribute to the measured
cross section. However a study of the charge correlations in the away
jet can give some indication of the nature of the parton scattering.

To obtain the cross section in leading order perturbative QCD
for the production of direct photons in a hadronic collision, we must
convolute the cross section for the elementary subprocesses with the
gluon or/and quark content of the participating hadrons. Figure I-4

shows the diagram for the kinematics in the reaction A + B + Y +
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Figure

I-4 :

away

spectators

trigger

spectators

Kinematics of Direct Photon
Production A + B » Y + X.

jet



18

A A -

anything. The p1 are the four-vectors of the hadrons; s,t and u are the
Mandelstam variables for the subprocess.

From (I-b) the invariant cross section for the reaction can be
written in the infinite momentum frame (where all masses can be

neglected), in the following factorized form [LEA82]:

-

do EY do
EY ;5 (A+B » Y+,..)= I dxa-dxb-F(a.A;xa)F(b,B;xb) ;3——-
(I-e)

where the invariant cross section for the subprocess a+b + c+Y is:

E, dg -2 d9_ s(s +t + u) (I-f)
d pY dt
The x1 are the fractions of the four momentum of the incident

particles that are carried away by the partons. As for equation (I-a),
the functions F are the "structure functions" of the partons inside the
hadrons. Note that the fragmentation functions of partons do not appear
in the cross section equation.

For the QCD Compton subprocess the elementary cross section is

(FER84]:
Taa 2 ~2
+ -
do (qg + qV) = - s e, u s (I-g)
dt 3s2 s s u

and for the annihilation subprocess [FER84]:

do . - 8raa, , 2, 2 (I-h)
w(qq*gY)-—rz-—e —_—
dt 9s T 4.t



19

where eq is the charge of the interacting quark. For a large Py process

where production occurs at 90° in the (a,b) center of mass, 8 = -2u =
-22 » the cross sections for the two subprocesses are comparable.
However, their respective contributions to the direct photon yield are
clearly a function of the nature of the constituent distributions within

the hadron (structure functions).

The (s)“2 form in do/dt leads naturally to an inclusive photon
cross section from equation (I-c) that scales in the parton model as

p;u. That is, if we assume that the structure functions depend only on

the x1 and not on the momentum transfers ( we are assuming scaling in

the structure functions), then for any given xT-ZpT//g and scattering

angle 6 in the center of mass, the cross section becomes:

f(x ne) g(x ’ )
y d‘; (AB » ¥ +...) = ; - Tu
d pY ] pT

(I-1)

E

In fact, without scaling violations, the cross sections for
production of jets, single hadrons and direct photons at large Pr should
all follow this form, but with different forms for the functions g(xT).
reflecting different parton-level processes. As we will see, the
experimental p.r dependence for photons is closer to p;6. This softer
distribution can be explained by the presence of higher order
corrections and scaling violations [BER82].

In perturbative QCD the strong running coupling constant has a

02 dependence, which, to the lowest order corrections in the gluon

propagator [DUK85], is given by:
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12 o m (I-3)
-2 3 2 2.
(33-2-f) an/AMS

a (Q°) -
where Q2 is the square of an appropriate momentum transfer (of order pT)
that characterizes the collision, f is the number of flavors that
contribute to the scattering, and Aﬁg is a parameter that sets the scale
for 02 in the standard minimal subtraction renormalization scheme (MS).
This expression is only valid for Q‘2 >> A2 (and 1n Q2 >> 1n[1ln Q2])
(leading-logarithm approximation), i.e., when as<< 1.

In perturbative QCD there are two kind of singularities that
have to be considered before arriving at quantitative results. One kind
are the mass singularities arising from diagrams as I-5(a), which can be
factorized and separated from the subprocess scattering. The
factorization theorem can be used to absorb these singularities into the
uncalculated portions of the structure and fragmentation functions. In
addition, there are ultraviolet singularities that arise from diagrams
as I-5(c). The technique for regularizing these singularities is called
renormalization. Therefore, every quantitative perturbative QCD
calculation has at least two arbitrary scales which have to be chosen.
If fragmentation to hadrons is involved a third scale appears. The
degree of arbitrariness decreases when we consider more terms in the
perturbative expansion. It is important, therefore, for the definition
of the scales to calculate the next-to-leading order diagram
contributions.

Some of the 3000 terms of the next order QCD diagrams [DOU8Y]
that contribute to direct photon production are shown in figure I-5.

Aurenche et al. [AUR84] have performed a detailed quantitative
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Figure 1I-5 : Some Higher Order QCD Contributions

to Direct Photon Production. a) Real
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calculation of the invariant cross section at large Pr beyond the
leading order.

The authors of reference [AUR84] express the inclusive photon
cross section as:

do do

E T, (s, Prs y)= Iyaip.
T T
1 2 2
1§J'—;—- [ F(xa,A,Ms)-dxa-F(xb,B,Ms)-dxbo
do - a 2 - 2 M M
il s (-2 o (1)K, (8, 2= v, ) |
) s s s

(I-k)
where:

= - L] L] -y
v =1 Xy (pT//FS) e

ex ) e Y
w= (1/v xa) (pT//FS) e

and y = tanh-1(pz/E) is the rapidity of the photon. The indices i and j

run over the parton content of the initial hadrons. do1 /dv are the

J

leading order QCD (Born) cross sections. The KiJ contain the finite

next-to-leading order corrections. The masses Ms and M, are parameters

d
associated with the scale breaking of the structure and fragmentation
functions.

Therefore to perform a detailed quantitative comparison of QCD

and the direct photon data (i.e. invariant cross section), we need more

than the gluon structure function and the QCD scaling Aﬁg. The finite
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order perturbative predictions are affected by ambiguities due to the
choice of the renormalization (RS) and factorization (FS) schemes. They
enter the calculations (I-h) via two parameters, u the renormalization
point (where the coupling constant as(uz) will be defined); and M, the
factorization mass. In most of the appliéations u? = M2 = Q2 is taken.
Most presegt high-pT phenomenological calculations choose Q = aspr
where a =~ 1. Some calculations use Q3= -E, ; or Z;ES/(;+€+;). There is
no universaly accepted method to determined the QCD scales [CON86a].
This leaves us with a cross section which depends on the
arbitrary parameters u and M, E-do/d’p(s,pT,y) = F(as(u),M). Aurenche et
al. have calculated this two-dimensional function as shown in figure I-6
[BAIB6]. Different choices of u and M (RS and FS) give numerically
different predictions. In first order QCD calculations these quantities
are not constrained, but they are taken "ad hoc" to agree with the data.
In the next-to-leading order it is possible to define an "optimized
second order QCD" using the "principle of minimal sensitivity" (PMS)
[STE81]. Since the physical cross section is RS and FS independent, it
is reasonable to require that a truncated perturbative calculation obeys
at least a local stability condition in the parameters u and M. This is
done by choosing the saddle point in figure I-6 as the optimized second
order QCD predictions. With the values of u and M fixed, a comparison
with the data is possible assuming Aﬁg and a set of structure functions.
Duke and Owens [DUK84] have proposed two sets of structure functions
called "soft" (lower momenta) (set I) and "hard" (higher momenta) (set
II). The two sets differ chiefly in the gluon distribution. There is a
correlation between the QCD coupling scale parameters A=z and the shape

MS
of the gluon distribution [DUK84]. A soft gluon distribution (more low
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Order QCD Direct Photon Cross Section.
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momentum gluons) results in a relatively smaller value of Aﬁg, while a
harder gluon distribution (more high momentum gluons) gives a bigger
value of Aﬁg.

Contogouris et al. [CON81] have developed another method to
calculate the direct photon cross section to the next-to-leading order.
They used the leading-logarithm approximation, kT smearing and K factors
calculated in the soft-gluon approximation by constant w?-terms
[CON86b]. The scale is defined as u?= Q2= M2a= p;. There are in the
literature opinions in favor and opposed to both methods [CON86a,0WE87].

Measuring the direct photon cross section then allows a
comparison with a quantitative QCD prediction, although it does not
allow a direct measurement of the parton distribution. There is a way of
obtaining the parton distributions almost directly. If one can measure
the double inclusive photon-away-jet cross section the two-body
kinematics of the parton reactions are completely determined. The two
body kinematics of the reaction are shown in figure I-7. In this case
one can measure the gluon structure function. Further, the distribution
of the hadrons in the jet will measure the fragmentation function D(z)
of the quark (in the QCD Compton scattering) and of the gluon (in the
annihilation process), provided one assumes that the valence structure
functions are known, for example from DIS.

Halzen et al. [HAL80] have calculated the inclusive photon-jet
cross section for the first order Compton diagram when photon and jet

are both measured aproximately at © = 90°:

do

dndeJde 3-x233/2 (1-1)

L] L] L] ep
i 5 aasgfgﬁx, W) F2 (x, u)
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(x +x )p =-Ey+EJ

1 2 cm
Therefore:
Xp= VB (ErEjep e )
x2= W (EY+Ej -p -py )
Figure I-7 : Kinematics of Two-body Parton

Scattering.
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where x = 2-pT//_§, n = 1n( cot ©/2) is the pseudo-rapidity and ng(x,u)
is the valance quark structure function as extracted from deep lepton-
hadron scattering experiments.

One should first isolate Compton scattering if one wishes to use
this method. One has more opportunities of doing that by comparing
photon production with beams or targets of different anti-quark content.
This is done particularly well with n+ and v beams incident on fixed
targets [FER84]. In our case, only proton-proton beams were used. We can
make use of the fact that Compton scattering has been shown to be the
dominant diagram [BEN83] in this kinematic regime. However, the
bremsstrahlung contribution has been shown [AKE83] to contribute up to
30% in the py range of the ISR.

Another area where QCD predictions could be checked via direct
photon data is the comparison of prediction for the associated event
topology. I will reserve the discussion of this subject for chapter VI
of this dissertation. All the topics discussed in this section have
been extensively reviewed in an article by J. F. Owens [OWE87], and the
work of the P. Aurenche, R. Baier, M. Fontannaz and D. Schiff in
[AUR8T].

Finally we should mention the hadroproduction of two photons in
processes as shown in figure I-8 [OWE87]. The production of two photons
has been measured at the ISR [AKE86] and the SPS [BAD86] and also QCD
predictions have been made [AUR85, CON87]. However there are important
sources of background, such as normal direct photon production (i.e., qg
+ Yq) with a second photon originated from bremsstrahlung from the

recoiling parton. This contribution can be as large or larger than the
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Two-photon production diagrams.

I-8

Figure

The Conversion Method.

I-9

Figure
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Born term subprocess. No attempt has been done to look for two photons

in the present dissertation.

I-5. Overview of Experimental Techniques Used to Detect Direct

Photons.

The principal problem in the study of direct photons is the
background produced by non-direct photon sources. The primary source of
background is the electromagnetic decay of neutral mesons such as n° +
YY, n° * YY ...etc. These decays can contribute to the background in two
different ways: (1) one photon from the neutral meson decay remains
undetected thus yielding an isolated photon, and (2) the photons from
the decay merge into one shower in the detector.

The two main techniques that have been used to isolate a direct
photon signal from this background are called the "direct method" and
the "conversion method". The "direct method" consists in recognizing the
photons from the neutral mesons decays through a measurement of the
meson mass or any other parameter provided by space-resolved photons. In
the "conversion method", neutral mesons and photons are separated
through the measurement of the conversion probability in a thin
converter placed in front of the calorimeter.

The characteristics of the detector are determined by the
detection method chosen (or viceversa). A direct method measurement
requires a fine transverse segmentation to isolate every single shower,
a good capability for detecting low energy photons and a large solid

angle acceptance so that all photons from the neutral meson decays are
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fully detected in the energy range of interest. The photons from the
meson decays cover a broader range of energies than the direct photons.
It is also important to achieve linearity in the energy response of the
calorimeter, since one must be sure that the detector responds to one
photon of energy E (i.e. a direct photon) the same as it responds to
several photons of energies [ Ei' E.

A good understanding of the neutral meson decay kinematics is
important to undertake measurements of direct photons, from the
experiment design to the analysis. See Appendix B for a detailed account
of these kinematics. Two essential properties of the two-body meson
decays (i.e. m°+ YY) are the following. First, the energy distribution
of each of the photons has a flat distribution between zero and the
energy of the neutral meson, therefore the asymmetry of the decay,
defined as A-(E1— E2)/(E1+ E2). runs with the same probability in the
center of mass, between -1 and 1. Second, the distance between the two
photons in the laboratory system, on the contrary, has a distribution of
probability highly peaked near the minimum distance.

If we place our detector at a certain distance L from the =°
decay, the minimum distance between photons is given, in the small angle

approximation, by the relation dm = 2-m"-L/ ETr . For example, in our

in

case L=214 cm, therefore at E“- 5 GeV dm = 11.5 cm, and for E"- 9 GeV

in
dmin- 6.4 cm. These values put a constraint on the transverse
segmentation of the detector and the possibility of isolating both
photons from the #° decay.

The inefficiency in detecting low momentum gammas can also

provide a substantial background of large p.r photons from asymmetric =°

decays. The second most important contribution to the background comes
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from the n° decay. The n° contribution to the background is reduced
because the ratio of production is n® + YY / #n° + YY = 21,

The conversion method relies on the fact that the probability of
observing a photon conversion is greater for a neutral meson (more than
one photon) than for a direct single photon. Such a detector would
consist of a thin convertor surrounded by detectors that determine if
conversion has occurred. This is sketched in figure I-9. The technique
is to measure the fraction of events that show conversions in the
convertor and compare this with the conversion probability expected from
multi and single photons. In order to make a good measurement the
absolute conversion probability must be known accurately, as must any
non-linearity in the detector.

Comparing both methods we can find advantages and disadvantages
for each of them depending on the goals, the Pr regime of study and the
means to perform the measurements that we have. An advantage of the
direct method is that most of the background can be measured and
removed, so in an event by event basis a sample of direct photons can be
isolated. This is then the best way to study event correlations or event
structure properties. The advantage of the conversion method comes from
the fact that it does not require as finely segmented a detector as the
direct method and that it does not impose an intrinsic Pr limit on the
measurement caused by the limit on the space resolution. Therefore this
method has advantages if what we want is to study the cross section over
a large pp range, and up to high values of Pr- If the ratio of direct
photons to background is high both methods could be competetive.

The first indications of a direct photon signal were produced at

the CERN ISR using a direct method in 1976 [DAR76]. The results were
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rather qualitative due to uncertainties in the systematics and the
background subtractions. There were also at the same time indications of
a possible direct photon signal at fixed target experiments at Fermilab
[FER84]. The next experiment to show a signal of direct photons was R107
at the ISR, also using a direct method [AMAT78].

Table I-1 shows a summary of the principal characteristics of
all the experiments recently done or planned for the near future with
the intention of looking for direct photons in hard scattering hadron
collisions.

The more recent measurements of direct photons include
experiments at the ISR, the fixed target SPS program, the fixed target
program at Fermilab and the SBpS collider at CERN. Previous ISR
experiments that measured direct photons were R806 [ANA82], R108 [ANGS80,
ANG81] and the AFS collaboration using an open axial field magnet
containing cylindrical drift chambers and sourrounded by an uranium-
scintillator calorimeter [AKE85]. At Fermilab the experiments E95
[BAL80] and E629 [MCL83] measured direct photons at the Meson area, the
former using a lead-liquid argon calorimeter of fine transverse
segmentation. More recently the SPS fixed target program with WA70 using
a lead-liquid scintillator electromagnetic calorimeter, drift and MWPC
[BON87], NA2Y4 using Lerenkov counters, MWPC and a "photon position
detector”" consisting of lead sheets and proportional tubes of triangular
cell shapes [DEM87] and NA3 using lead/scintillator strips and PWC with
strips and pad read outs [BAD86], presented data studying direct
photons. In the SPPS collider UA1 [DIC87], UA2 [APP86] and UA6 [BER87]
also have presented data. UA6 looks at collisions of one of the collider

beams with a H2 Jet to study high Py phenomena at v s = 24.3 GeV.
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Table I-1: Direct Photon Experiments.
Experiments | beam+target |/S GeV 2:\’,‘;‘: Pr Place |of M:;TEg,io,,

R 806 p+p 63 .12 ISR Direct
R 108 p+p 45.63 12 ISR Conversion
E 95 p + Be ;g:; . Fermilab| Direct
E629 |[peC. ' +C| 10.4 5 Fermilabl  Direct
AFS P+p.P+P]| 53,63 10 ISR Direct
R 110 p+p 63 10 ISR Direct
UA1 p+P 630 80 ci?l?for Conversion
UA2 pP+p 56?3?) 43 cilﬁl;i)for Conversion
UAG lpspp+p | 24 6-7 | Spps | Direct
NA3 |pc.ntec| 19,4 6 sPS Direct
NA 24 P+P.m-+P 24 6-7 SPS Direct
WA 70 |[p+p .n:+ p 23 6-7 SPS Direct

E 705 | p+0. x!'+D 24 8 Fermilab Direct
E 706 |;>+C zt.c <t 10 IFermllab Direct

CDF p+p 2000 40 Ii::?;l.arb Direct

0o pP+pP 2000 ? Iﬁ;:b Conversion
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The R108 experiment and recently UA2 and UA1 are the only
experiments to use a conversion method to measure the direct photon
signal. Because the variety of accelerators used in all these
experiments we have, by now, measurements over a broad range of center
of mass energy (V" s). For our case only the earlier experiments at the
ISR are directly comparable with our data because they include
measurements at v s = 63 GeV. In chapter VI of this dissertation I will
discuss the results obtained by these experiments and compare them with
those obtained in the present experiment.

The major contributions from Fermilab will come presumably from
E705 (with a scintillating barium glass electromagnetic shower detector)
[cox82] and E706, a second generation experiment (from E629) based on
liquid argon calorimetry [FER86]. These are planned to run with
improved detectors especially designed to detect direct photons. In
addition the Tevatron collider experiments CDF [BLA88] and DO [D084] are
planning to look for direct photons.

For a detailed account of all of these experiments I refer to
the review article by T. Ferbel and W.R. Molson [FER84] or to the

specific references.



CHAPTER II

ACCELERATOR AND EXPERIMENTAL APPARATUS.

II-1. The Intersecting Storage Rings (ISR).

The Intersecting Storage Rings (ISR) was the first machine ever
to store two continuous proton beams and make them collide [HUB77]. The
ISR was composed of two almost circular rings in which protons
circulated in opposite directions. A layout of the ISR is shown in
figure II-1. Collisions occurred in 8 places, called intersections,
numbered from 1 to 8 (I1 to I8) where the two beams collided at an angle
of a = 14.77°. The protons were accelerated in the CERN PS (Proton
Synchrotron) and injected into the storage rings through two transfer
lines. The beam ejected from the PS was injected into one ring at a time
and accumulated by successively stacking. Only a small acceleration was
provided in the ISR to replace energy losses and maintain the same beam
characteristics for a long period of time.

Because the ISR was a collider machine, almost all energy which
was invested in the acceleration became available in the center of mass
for reactions or particle creation. However due to the crossing angle
between the beams, the proton-proton center of mass moved with a

velocity of [JACT5]:
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Figure II-1 : ISR Layout.
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B=v/c=sin(a/2)<p/E (II-a)

with respect to the laboratory frame, where p is the particle's momentum
and E is its energy. At the high energies at which the ISR run B8 was
essentially independent of the beam momentum (E = p) and was equal to
0.129. The square of the total energy in the center of mass is given by
[JACT5]:

8 = 4ep2ecos?(a/2) + 4em? = Yep2.cos?(a/2) (II-b)
where m is the proton mass.

The beams circulated inside vacuum pipes that had the cross
section shown in figure II-2. Also shown is a typical beam density
profile. The ISR could operate in a broad range of beam momenta and
currents. An important quantity is the counting rate or number of
collisions per unit of time which lead to a certain reaction. In a
collider the rate can be calculated from the geometry of the beams,
their density and their energy.

A usual way of giving the rate is to define the luminosity (L).
The luminosity is defined as the rate per unit of cross section. For
beams of rectangular cross section and uniform density, it can be shown

[HUB77] that the luminosity is given by:

Lee— — = > (II-c)
¢+ e e« h e tan (a/2)
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and Beam Density Profile.
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where I1 and 12 are the beam currents in Amps, o is the process cross-
section in cmz. dN/dt the counting rate, h the beam height in cm, e the
electron charge and ¢ the speed of light ( assumed to be the velocity of
the particles in the beam). L is normally expressed in units of
cm‘23’1.

In practice the luminosity was measured experimentally using the
rates measured in the MM counters (described in section II-10 of this
chapter). The experimental determination used the Van der Meer method
(VAN68]. To account for the non-uniformity of the beams, h in equation

(II-b) is substituted by an effective height heff' Then, the luminosity

can be written as:

L =10 ~h (I1-d)

where I1 and 12 are measured in Amps, heff in cm and the value of a for
the ISR was introduced.

The value of he is obtained experimentally by making a plot of

£t

the rate as a function of the vertical beam displacement (Az). A plot of

this kind is shown in figure II-3. It has been shown [VAN68] that heff

is given by:

area under the curve _
Pege = (anN7dt) (I1-e)

where (dN/dt)max is the maximum counting rate. Introducing the value of
hefr into equation (II-c¢) and knowing the beam currents the luminosity
can be calculated. The ratio of the maximum counting rate to the

luminosity is called the "monitor constant™ (K):
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Figure II-3 : Rate vs Beam Displacement.
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(dN/dt)max

K = T (II-1)

As the observed rate is o°L, K is the effective cross section
seen by the monitor. It depends only on the energy of the beams and the
layout of the particular monitor. Once calculated, the monitor constant
could be used directly (for a particular ISR stack) to convert MM counts
to luminosity by L = K » (MM counts). The highest luminosity ever
observed in intersection region I1 in proton-proton collisions was

reached for 63 GeV running and was 6.31 x 1031 cm—2s‘1.

II-2. The I1 Intersection.

The detector used in this experiment was located at the
intersection region 1 (I1), as shown in figure II-4. The p-p center of
mass for I1 was moving towards the outside of the rings.

As can be seen from equation (II-b) there are other alternatives
to increase the luminosity besides increasing the beam currents. One is
to reduce the crossing angle and the other is to reduce the height of
the crossing beams, that is what the "low-8" insertion does. I1 and I8
were the only two intersections equipped with low-8 insertions.

The beam height is determined by the focussing and the emittance
of the beam. The focussing is measured by the number of transverse
oscillations (Q) which the particle performs per revolution around its

equilibrium orbit. These are called "betatron oscillations". The area
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inside the locus of motion in the phase plane of betatron motion is a
beam characteristic and is called emittance (e). Since transfer from one
accelerator to another does not change its value, the emittance is
determined by the PS.

It can be shown [HUB77] that the beam height h is related to ¢

and Q by:
h = 2/ —fr——g— (II-g)

where R is the radius of the particle's orbit. The wavelength of the

betatron oscillations AB varies as a function of the azimuth (s). It can

be written as:

2 » m e+ R(s) _
AB Q (II-n)

or also expressed as AB = 2.7w+B(8) where B(s) is called the "betatron

function”. Therefore,

h~2wW —— ¢ 38 (II-1)

VI
where BVI is the vertical B-function in the intersectiont A low-B means
lower h and thus greater luminosity. Therefore, in order to increase the
luminosity it is sufficient to increase the focussing locally. This was
done by four quadrupoles lenses for each beam; two before and two after
the intersection. In the case of I1 a factor of 2.2 in luminosity was
gained over a standard interaction region. The 8 quadrupoles (LBQ1-LBQ8)

layout that provided the extra field for low-8 focussing is shown in
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figure II-U4., All data presented in this dissertation were taken with the
low-8 magnets on.
The I1 vacuum pipe consisted of a Tmm thick titanium cylinder

with conical ends (see figure II-15).

II-3. Apparatus Overview.

The R110 detector was designed for several specific physics
purposes. These were to study high mass e+e_ pair production and in
general high p.r processes where an electromagnetic energy deposition
trigger could be used. Over time other topics were also studied. These
included jet structure studies, pp—pﬁ comparisons, a-a, d-d and p-p
comparisons, direct photon production and high mass w° pairs. To achieve
these purposes an electromagnetic calorimeter with a large coverage was
designed to trigger on electromagnetic deposition. A charged particle
momentum measurement system was also included. The detector can be
separated into two main parts: 1) the electromagnetic calorimeter and 2)
the high magnetic field spectrometer composed of drift chambers and a
superconducting solenoid. Various scintillation counters and
proportional chambers were also included. The detector covered almost 2w
in azimuthal angle ¢ but with very different detector characteristics.
The figure II-5 shows a general view of the detector. The azimuthal
angle was divided in sextants as shown in figure II-6. Sextants 1, 3, U4
and 6 were covered by lead-scintillator shower counters and 2 and 5 by
the lead-glass Eerenkov arrays. The main components for the purpose of

this dissertation were the lead glass arrays in sextants 2 and 5. In the
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Figure II-6 : Sextant Definition.

Figure II-7 : System of Coordinates.
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trigger used for this dissertation one of the lead glass arrays, the one
used in the trigger, was moved away from the intersection region (back
glass front face at 236 cm) to increase the angular resolution of the
apparatus. The other array was kept in its original position (back glass
front face at 144 cm), closer to the 1n£ersection, as shown in figure
II-5. (Triggers were taken with each array alternately retracted). The
specifics of the trigger will be discussed later in the dissertation.
The system of coordinates used in the R110 experiment is (see
figure II-7): a right-handed x,y,z with: x, towards the inside of the
ISR rings; y, vertically up; z, along the solenoid axis (towards I8).
The 0,0,0 is at the center of the solenoid. For cylindrical coordinates
(r,¢, z) ¢=0 is along x, and the ¢ increases anti-clockwise (from x to

y), with -m < ¢ < m.

II-4. The Solenoid.

The magnet was a superconducting solenoid with a field of 1.4
Tesla [MOR77a, MOR77b]. The advantage of using a superconducting magnet
was that a high field could be produced while having a small amount of
material between the intersection region and the lead glass arrays
outside the magnet. The coil itself was 170 cm long with an external
radius of 89 cm and an internal radius of 70 cm. The magnetic flux path
was completed by soft iron pole pleces capping the ends of the solenoid
cylinder. Stray field not confined to the return yoke interfered with
the external detectors, thus preventing operation of the magnet at any

higher field. The uniformity of the field was checked to be within 1.5%
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over the warm bore (138 cm in diameter), with the worst non-uniformity
being near the holes in the iron end pieces through which the beam pipes
passed.

Particles reaching the B counters and the lead glass arrays had
to traverse the coil and its aluminum dewar. The coil winding was five
layers of a conductor that consisted of niobium-titanium superconducting
strands embedded in a copper wire matrix and given mechanical strength
by a steel core; strips of pure aluminum surrounding this matrix
provided a current path and thermal sink in the event of the magnet
going normal. The layers were partially wrapped in an insulator to hold
them apart while allowing free circulation of the helium. The total
average thickness of material in the solenoid coil was: 7.5 cm of Al,
1.25 cm of fiberglass, 0.12 cm of steel, 0.075 cm of Cu, and 0.025 cm of
Nb-Ti. This structure corresponds to a thickness of 1.0 radiation
lengths (see figure II-8).

While the magnet itself was quite reliable, the refrigeration
system was considerably less dependable; significant amounts of running

time were lost due to compressor problems.

II-5. The Drift Chambers

The drift chambers provided momentum analysis of charged
particles over the full azimuth by measuring their radius of curvature
in the magnetic field of the solenoid. Because of the high magnetic
field produced by the superconducting solenoid only a small lever arm

was needed to measure the momenta of charged particles up to a few GeV.
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The chambers were cylindrical, but constructed in sectors
previously assembled in the laboratory (see figure II-9) [CAM78]. There
were at least four sectors in any azimuthal direction and five in some
places. Three complete cylinders, DCM1-DCM3 were in place and six of
the ten sectors (DCM4,DCM5) of a chamber, (which prior to the addition
of the shower counters were used as a fourth complete cylinder), were
inserted in available spaces between DCM2 and DCM3. In front of the lead
glass acceptance they remained outside DCM3 (as indicated in figure II-
5).

Each sector had two drift chamber gaps of an adjustable field
design. A diagram is shown in figure II-10. There was an offset between
the drift cell in the two gaps to help in the resolution of the left-
right ambiguity. Every gap had a cathode plane on both its surfaces
consisting of printed circuit copper strips. The 20 um gold plated
tungsten sense wires, with a tension of 40 g, alternated with field-
shaping wires of 100 um copper beryllium stung at a tension of 100 g.
The gap width was 0.6 cm. The sense wires were held at 0.3 cm from the
cathode planes by means of glass beads placed every 50 cm along the wire
and maintained at a voltage of 1.7 kV.

The time recorded on a sense wire measures the azimuthal
coordinate of a particle hit. For the measurement of the Z coordinate
(along the wires) delay lines were glued opposite to each sense wire.
The times of the induced pulses (caused by electromagnetic shower
multiplication on the sense wires) in these were read out at each end.
The delay lines were chosen to have a high impedance (550 Q) and low
resistence/impedance ensuring good voltage/noise rejection and low

dispersion. Close tolerance specifications during manufacture led to
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Figure II-10 : Drift Chamber Cross-sectional View.
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line to line variation in velocity (2.3 ns/ cm nominal) being less than
3 % and the internal reflections less than 1 %.

The basic cylindrical shape of the chambers was formed of
moulded Rohacell (This is a polymethacrylimide foam manufactured by Rohm
Gmbh.). These main forms were mounted in precision diecast aluminum end
pleces. Since Rohacell is hygroscopic an outer layer of vetronite (fiber
glass) was added to exclude moisture. In the case of DCM1-DCM3 the end
pleces were semi-cylinders and contained several sectors. Each group of
sectors mounted in their end piece could be alignmened as a unit.

In order to compensate for the Lorentz force on the drift
electrons caused by the solenoid field, the voltages supplied to the
individual cathode strips were adjusted to result in a field pattern
with both a tangential drift angular component Ed, and a compensating
radial component Ec as shown in figure II-10. The voltage on the cathode
strips could be individually adjusted to account for the magnetic field
effect. The choice of Ec and Ed is dependent on the gas used in the
chambers. A monatomic gas would yield a drift velocity proportional to
the drift field, which would complicate the operation of the chamber
since a good position resolution requires a precise knowledge of the
time-distance relationship. This relation is less critically dependent
on the exact details of the electric field pattern in the chamber if one
chooses a polyatomic gas, in which excitation of low-lying energy levels
causes a saturation in drift velocities: once above some critical
electric field value a velocity plateau is reached. The gas selected
was a 50-50 % by volume mixture of Argon and Ethane, which resulted in

an Ed of 1.0 kV/cm and an Ec of 1.2 kV/cm. The drift velocity was
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approximately 0.5x107cm/s. For these chambers this corresponds to a
maximum drift time of 0.5 us.

The drift chambers were powered by DanFysik Supplies. Current
monitoring devices were set to turn off the high voltage if the currents
drawn by the chambers became too large. The voltages to individual drift
chamber cathode strips could be controlled using plug-in cards from the
counting room.

Placing the chambers in a test beam (at the CERN PS) allowed the
extraction of some chamber parameters such as the delay line velocities
[NIC82]. However, the presence of the magnetic field, the interacting
beams and the need of a precise chamber position (alignment) meant that
the other parameters had to be measured in place.

Alignment and the correct parametrization of the time-distance
relation are crucial for obtaining a good momentum resolution. The
alignment was carried out between running periods. Data were taken with
the magnet on using the "Y" counters (see section II-10.f) triggering in
cosmic rays. Tracks were fitted using a simple time-distance
relationship and the exact position of the chamber half-cylinders was
adjusted in the off-line analysis to minimized these residuals. This was
an iterative process.

The time-distance relationship has to be obtained for the actual
data taking conditions. The time-distance relation was parametrized by a
quadratic in time multiplied by a small angular dependence. These
factors were different for each gap. The best position resolution was
obtained with a r.m.s. of 400 uym. This was converted to momentum
resolution with a Monte Carlo which generated points of well defined

tracks and observed position resolutions. The overall momentum
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resolution obtained was Ap/p= 0.07+p (p in GeV), varying with the number
of points and event multiplicity between values of 0.03p to 0.15p

[NIC82].

II-6. The Back Lead Glass Arrays.

The lead glass arrays were the same as used in the R108
experiment [BEATY4,ANG78]. The operation of a lead glass detector is
based on the principle of total energy absorption. Photons or electrons
incident on the lead glass initiate a shower of secondary electrons and
photons. The refractive index of this SFS5 lead glass (for composition
see Appendix C) was such (1.67) that the electrons in the shower radiate
&erenkov light until they have a kinetic energy of less than 127 keV.
This light was collected by phototubes at the end of the glass blocks.
Provided that the lead glass array is made so thick that it contains all
the shower, the light collected will be proportional to the energy
deposited.

The back glass array of 17 radiation length-deep blocks (figure
II-11) ensured that the majority of the shower was contained within the
array. An array consisted of 168 SF5 lead glass blocks arranged in a 12
(vertical) by 14 (horizontal) matrix, the overall dimensions of which
were 180 cm by 210 cm. Each block was 15cm square, including its
wrapping which was aluminized vinyl and soft iron foil with an outer
mylar layer to ensure electrical isolation [BEATY4]. The blocks were
mostly U40cm long (17 radiation lengths) but the outermost blocks were

only 35cm and were arranged as seen in figure II-11. An RCA-8055 5"
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224 cm

Figure II-11

Back Lead Glass Array.
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photo-multiplier tube was glued to the back face of each block using HE-
10 optical glue. Every block had a small light source on its front face
to facilitate calibration (This will be explained later).

The high voltage supplies to the lead glass arrays were
Heinzinger HN 3200-0405. The output of fhese were fed into Oxford made
stepping boxes which supplied 20 outputs in increments of 20 or 40
volts. Matrix boards and Zener diodes pegs then allowed the individual
photomultipliers to be supplied to within 5V of the optimum value.

The tubes were surrounded by a u-metal magnetic shield and the
whole array was further shielded from the solenoid fringe field by an
iron cage consisting of a 6 mm thick plate of 247 cm by 224 cm front
face, and 1.5 cm thick, 88 cm deep sides. The arrays were mounted on a
train which permitted them to be withdrawn when the ISR was being filled
with protons. This feature was necessary to prevent radiation damage to
the glass (yellowing). They also provided mobility to allow the

retraction of an array as discussed above.

II-7. The Front Lead Glass Arrays.

Original to the R110 experiment was an extra lead glass Eerenkov
counter array in front of the old (back) array sandwiching the MWPC
(Strip Chambers). This new array consists of 34 blocks, of the same
material the back glass arrays were made of, arranged as shown in figure
II1-12. The overall dimensions of the array were 102 cm by 141.6 cm (Y by
Z). Each block was 10 cm square. The vertical blocks were 50.2 cm long

and the horizontal 35.2 cm long. The total array was then approximately
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4,2 radiation lengths in depth. The phototubes collecting the Cerenkov
light were at the sides (as shown in figure II-12), therefore the
collected light travelled perpendicular to the direction at which the
particles struck the glass. This made the light collection in the front
glass less efficient. Due to the complicated geometry of these arrays
they were used mainly for energy and not position measurements.

In order to improve angular resolution the strip chambers and
glass arrays were placed about two meters from the intersection. It was
undesirable to allow the shower to spread before measurements in the
strip chambers were made. The addition of this new array provided an
active converter close to the strip chambers. By requiring non-
conversion in the solenoid coil (using the B counters) the showers
measured in the strip chambers were restricted to those that have been

produced in the front glass array.

II-8. The Shower Counters.

The shower counters consisted of 32 azimuthal segments, grouped
into 4 sets of eight, two modules above and two below the intersection
region. Each set of eight (SCM1-4) was an independent instrument encased
in its steel box. The shower counter layout is seen in figure II-5.

Because of the return yoke of the magnet, a substantial fraction
of the so0lid angle could not be easily instrumented for electromagnetic
detection outside the magnet; the shower counters overcame this
difficulty by being inside the solenoid. The construction chosen was a

wedge-shaped sandwich of lead and scintillator the principle of which
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was to integrate the electromagnetic shower curve by sampling it at
several points in its development. The counters consisted of 16 layers
each of 0.5 cm thick lead followed by 0.4 cm thick scintillator. The
first four layers of scintillator were read out separately and called C
counters. The remaining 12 layers constituted the D counters. A shaped
supporting iron plate was necessary before the first layer of lead; this
was 0.6 cm thick for the upper modules and 0.3 cm for the lower.

The segments were individually wrapped in aluminum foil and it
was necessary to put two layers of 100 um thick mylar between segments
during construction (for lifting). The light from the scintillator was
collected at both ends of each segment. Thus each module of eight
segments was monitored by 32 phototubes, four per segment; two on each
end of a segment; one reading the first 3.6 radiation lengths, the other
the last 10.7 radiation lengths. The 105 cm long shower counters were
located inside the solenoid, but the phototubes were outside; 85 cm
long light guides going through holes drilled in the pole pieces were
employed. These butted onto the internal light guides via a dry joint,
close contact being insured by mechanical pressure.

For calibration purposes an optical fiber capable of delivering
a flash of 1light to each of scintillators was attached to each end of
each segment. These left the solenoid and were glued into a "flasher
box" containing a krytron light source. An additional fiber left this
box and entered a reference counter phototube. There was one flasher box

and one reference tube per shower counter module.
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II-9. The Strip Chambers.

The most important part of the detector for this dissertation
was the strip chambers. They were designed for the purpose of isolating
single photon showers produced in the front glass.

The chambers were multi-wire proportional chambers (MWPC)
[DIM78] with 200 cm (horizontal) by 180 cm (vertical) active area
sandwiched between the two glass arrays (see figure II-13). For photons
converting in the front glass, these chambers allowed considerably
better spatial resolution than that afforded by the back glass array
alone.

The 1000 anode wires per chamber were 20 um gold plated tungsten
strung vertically in a pitch of 2 mm and held in three places along
their length by support wires. They were maintained at 4.5 kV. The
support wires, which ran horizontally, were electrically isolated from
the anodes. There were cathode planes each side of the anodes at a
distance of 1.0 cm. They consisted of 0.8 cm wide 35 um thick etched
copper strips on a 75 um Kapton board at a spacing of 1.0 cm (resulting
in a 2 mm gap between strips). The 160 strips on the plane nearest the
intersection region ran horizontally, while the 192 strips on the other
plane ran vertically. Both sets of cathode strips were read out, so that
Y and Z coordinates were available. However, this gave projected signals
of the showers along Y or Z rather than a fully two dimensional view.

Figure II-13 shows a view of the chamber cross-section. The
walls of the chambers were constructed of 0.9 cm thick styrofoam to
which the cathodes boards were glued with abundant Epoxy (to give

support). All this was inside a 230 um thick polythene gas envelope.
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Furthermore, the whole chamber (including the first pre-amplifiers) was
placed inside a Faraday cage of aluminized mylar. Outside the gas bag,
but still inside the Faraday cage, towards the back glass, was a 0.91 mm
aluminum plate as a strong back for the chamber assembly. The resulting
total thickness was about 0.02 radiation lengths. In figure II-14 a
diagram of the total array is shown. The gas used was a mixture by
volume of T70% Argon and 30% Ethane with a 0.1% addition of Freon to help
prevent sparking problems.

The strip chambers were powered by DanFysik supplies. The 704
signals from strips in the strip chambers were fed immediately into
preamplifiers with an appropriate input impedance. These drove buffer
amplifiers, mounted near the chambers, via co-axial cable. The buffers
supplied push-pull outputs to 120 m of twisted pairs cable which went to
the counting room. ADCs designed and built at Columbia University then
digitised the pulse height from all strips [DIM78]. A hardware processor
supplied CAMAC with pedestal-subtracted digitized amplitudes for all the
ADCs with a non-zero content. In this way the amount of redundant

information written to tape was minimized.

II-10. The Scintillators.

a.- The A counters. The A scintillators formed a complete barrel

hodoscope of 32 counters 87.5 cm long around the intersection region at
a radius of 26.5 cm (figure II-5) between DC1 and DC2. They were 0.6 cm
thick and were physically demountable in two half-cylinders which had

0.1 em thick aluminum covers on each surface. The total thickness of the
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A counters was 0.036 radiation lengths. The counters were read out by
Mullard XP2230 high gain phototubes at both ends after a curved length
of light guide consisting of 1.88 cm diameter Perspex between 186 cm and
226 cm long. Because of the long light guides and thickness of the
scintillators the resolution of the A counters was limited by photo-
electron statistics; only a few per minimum ionizing particle being
expected.

The A counters were very close to the intersection region
therefore the light guide damage yellowing by radiation was severe; at
one time during the course of the R110 experiment it was found necessary
to heat treat the guides to recover transmission properties. Timing was
the primary function of the A counters. The phototubes selected had a
1.6 ns rise time. They could also give information regarding the number
of charged particles produced in an event or "multiplicity". Their times
were recorded in the same system as the drift chamber read out and were
used as the zero time of the event. Thus the resolution of the drift

chambers depended in part on the time resolution of the A counters.

b.- The B counters. These counters formed a partial cylinder of

184 cm long and 1.0 cm thick scintillator slabs at a radius of 90 cm
just outside the coil dewar, covering all the solid angle not covered by
the return yoke (figure II-5). There were 24 in all; each was 11 cm wide
and covered an azimuth angle of approximately 7°. The light guides were
short, and 56 AVP phototubes had sufficient gain as to be used. High
voltage for the B counters was supplied by means of two 32-channel
LeCroy HV 2032s which were adjustable to + 1 Volt. They also were used

to supply high voltage to other scintillators (ST and MM, see below).
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The B counters have been used in various ways in our experiment.
For the present dissertation, the most important was to indicate when a
photon had converted to charged particles and started a shower in the
coil. It was also possible to extract longitudinal position information
on the basis of time differences between the pulses from either end of

the counter, or from the relative pulse heights.

c.- The L counters. The L counters were maintained and operated

by the ISR division. A copy of the signals was supplied to the R110
counting room and used for background monitoring.

The L counters were 10 m upstream in pairs separated by 3 m and
measuring 25.5 cm by 21 cm, with 1 cm thick scintillator. A coincidence
was formed between the pair of scintillators in pairs and a background
count was recorded for each hit. They were useful to verify beam losses,
since as the beams spread the background rate measured by these counters
increased. The ISR operator acted to remove particles at the periphery

of the beams when the L count rate became too large.

d.- The MM counters. These were the main luminosity monitor

counters. There were eight scintillator slabs measuring 43 cm by 20.5 cm
mounted in pairs on four of the corners of the magnet. Due to the
presence of the low-B quadrupoles, our intersection was more crowded
than most intersection regions. Rather than placing the luminosity
monitors near the beam pipe, where they would intercept more events,
they were placed one on each side of the intersection, see figure II-15.

From the interaction region and looking inwards these appeared top-right
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and bottom-left, looking outwards they were top-left and bottom-right;
thus an interaction producing back to back particles would have hit two
sets of MM counters, one top set and one bottom set; a coincidence of
four scintillators in this combination was defined to be the real event.
As explained before, the rate of such coincidences was used to measure

the luminosity in our intersection.

e.- The ST counters. A 190 cm long vertical scintillator 7.5 cm
wide and 1.0 cm thick was positioned behind each glass array. They could
be moved by remote control behind each column of blocks in the glass
array. Triggering on energy deposition in the ST's ("straight through")
gave data containing a substantial proportion of muons or hadrons that
did not interact in the lead glass. These deposited a characteristic
amount of Eerenkov light in the lead glass blocks, which could then be
used as a calibration check and stability monitor. The ST counters were
read out at both ends and a trigger was defined as a coincidence between

pulses from each end.

f.- The Y counters. 105 cm long, 15 cm wide, 1.0 cm thick, the Y

counters were mounted on top of the return yoke and below it. There
were 12 in total, each read out at both ends. They were used for
triggering on cosmic rays to help in drift chamber alignment. These

counters were provided with high voltage by Fluke 415 B power supplies.



CHAPTER 1III

Data Taking and Calibrations

III-1. Control Room.

Most of the electronics and a Hewlett-Packard (HP) 2000 mini-
computer were situated in a room just outside the experimental area.
From there experimenters were able to monitor and control the collection
of data. Single-person shifts lasting eight to thirteen hours covered
the data-taking which, due to the high reliability of the ISR often
covered several days of continuous running.

The trigger thresholds were set by hand on the electronics and
rates were monitored during data taking. The HP 2000 mini-computer
allowed the experimenters to have on-line access to the data collected.
Event dumps and special histograms made it possible to monitor the data
quality.

The lead glass arrays were moved by remote control to the
desired position and fully retracted when the ISR beams were stacked.
The position and movements were viewed through a closed-circuit TV
monitor. Information from the ISR beams were constantly monitored and

direct communication was maintained with the ISR control room. This made

69
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possible interaction with the beam handling in order to reduce the beam-
associated backgrounds.

The writing of the data to tape was controlled by the HP 2000.
The speed of tape writing depended on the trigger selected and the
instantaneous luminosity of the ISR. A typical 1600 bpi tape for the
triggers under discussion was filled with raw events in about Uu5

minutes.

ITII-2. Calibrations.

Calibration refers here to the process of determining the energy
scale of the calorimeter. I will only describe in detail the calibration
of the lead glass arrays used in this dissertation.

We can distinguish two kinds of calibrations done during the
experiment. First is the initial calibration, where the calorimeter is
exposed to an energy standard to determine the energy-to-signal
relation. The initial calibration of each individual block of the arrays
was done with an electron beam at the CERN PS before our MSU group
jJoined the collaboration and is described elsewhere [NIC82]. The second
is maintanance calibration, an on-site calibration done during the
running of the experiment to track changes in the parameters determined
in the initial calibration. There are many time-dependent effects in the
energy-to-signal relation. An important factor in this experiment has
been the radiation damage of the‘glass and material of transmision
(wires and light guides). Other sources can include geometrical or

structural changes, aging of the electronic read-out, etc.
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I will describe here only the on-site calibration of the glass
arrays. The back lead glass arrays were monitored using light sources
produced by sodium iodide (Nal) crystals doped with Am2“!, The Am2*“!
decay produces 5 MeV a particles and these produce scintillation light
pulses in the Nal which are constant and well defined in nature since
the range of the a particles is much less than the size of the crystals.
Typical rates were 100-150 scintillations per minute. A source container
was in a small aluminum can with a glass window glued onto the front
face of the lead glass block. The lead glass calibration could vary with
time due to glass yellowing by radiation damage, or changes in the
phototube gains, etc. The Nal pulse heights were measured at the end of
every ISR stack (ISR running period, 3 to 12 days). The glass blocks
were cal;brated by the known energy equivalence of the Nal
scintillations (originally measured at the same time in the electron
beam PS calibration).

There were two problems associated with this procedure. First,
Nal i{s hygroscopic so the crystal must be well sealed. If moisture were
to enter the crystal, the light characteristics would be irreversibly
changed. At first 40% of the sources were found to have this problem due
to manufacturing errors. A second batch of sources, after many talks
with the manufacturers, was found to behave better.

To correct for this problem a second method of calibration was
also used for the glass. This used a special trigger called "straight
throughs". The ST counters situated behind the array triggered on
particles (charged hadrons) going through the glass blocks. The spectrum

formed by the Lerenkov light of these particles had a broad peak which
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was found to have an energy equivalence of about 450 MeV. These runs
were performed every two or three stacks and monitored Nal changes.

The front glass arrays were also calibrated using Am2*?! sources
in NaI. They were monitored by a flasher system similar to the one used
for the shower counters [NIC82]. The flasher system was used before
every ISR stack. The method of monitoring the glass blocks with respect
to the reference Nal was to generate a flash of light from a Krytron
tube, a fixed fraction of which went to each block and to a separate
"reference counter" phototube. The light from the Krytrons was fed to
the block beside the phototube end. The Krytron tubes were mounted in
small boxes ("flash boxes") from where the optical fibers carried the
light to the blocks. Measuring the Nal to flasher ratio in the reference
counter and the flasher to signal ratio in the blocks allowed one to
transport the reference to each block.

The calibration of the Nal to flasher ratio in the reference
counters and the flasher to a 4 GeV electron beam ratio was performed at
the PS and is described elsewhere [NIC82]. For the front glass a
correction was applied to the phototube voltages in order to account for

changes in the glass calibration.

ITI-3. Trigger Logic.

In collider machines at high energies the rate of interactions
is enormous, therefore it is necessary to select which events will be

recorded. The requirements for the data to be recorded are defined by
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the "trigger logic". In this experiment all the main triggers involved
electromagnetic energy deposition in the calorimeters.

The R110 experiment ran normally with four or five simultaneous
triggers. More than one trigger could be satisfied at the same time.
Since the trigger used to collect the data presented in this
dissertation required a different lead glass arrays position than the
other triggers, no other trigger involving back glass energy deposition
could run at the same time. However, triggers requiring energy
deposition only in the shower counters were taken simultaneously.

Our experiment had two levels of triggering decision. A fast
hardware (electronic) trigger made decisions using analog pulses from
the phototubes and controlled whether the event was digitized. Then a
software trigger using digitized data in a HP2000 mini-computer placed
more stringent requirements on the events. This latter will be referred
to as "on-line" filtering. The trigger used in this dissertation was
called "glass singles with half-back geometry". It was designed to
require at least one energy cluster in the back glass array with an
energy greater than a certain threshold.

The "glass singles" trigger looked for electromagnetic energy
deposited in the glass arrays, adding the energies in the front and back
glass arrays. The lead glass block voltages were adjusted so that a
given pulse height from any tube was equivalent to the same energy. Thus
the sum of pulses was in principle equal to the total energy deposited.

The trigger took advantage of the segmentation of the arrays to
attempt to trigger on single particles. The two photons from the decay
of a neutral pion of 5 GeV/c transverse momentum (in the ISR center of

mass) will fall within a 3 x 3 matrix of the glass 95% of the time for



te
&

iy

der

b

\



T4

the inside array and 98% of the time for the outside array. The
difference is due to the opposite sign of the Lorentz transformation in
the two sides. Requiring that the pulse height in a 3 x 3 matrix
exceeded a threshold would act as a good single particle detector.

There are, however, one hundred and twenty 3 x 3 submatrices in
each array and this would require an enormous number of discriminators.
To avoid this, a set of blocks in four adjacent rows and the set of
blocks in four adjacent columns defined what was called "roads" and
"cols". Each array was divided into six "roads"™ and five "cols", offset
from each other by two rows or columns respectively. Every possible 3 x
3 submatrix in a array lies entirely within exactly one overlap region
of a "road" and a "col". The trigger required that one "road" and one
"col" satisfy individual discriminator levels in coincidence with a
higher discriminator level being satisfied by the sum of the side.

Figure III-1 shows a flow chart of the "Glass singles" trigger
logic arrangement. The phototube signals were fed to a splitter-mixer
system where part of the signal (about 1%) was diverted from the ADC's
to the trigger logic electronics.

The splitter-mixer system provided four kinds of output (in
figure III-1). The first output defined the Nal trigger. Each signal
from an entire column of blocks was added and discriminated. A
multiplexer under CAMAC control then selected one column at a time
during the block calibration run to record Nal events.

The second and third outputs permitted one to look for energy
deposition in the 3 x 3 matrix "cluster". The second output sums all the

blocks in a column, then the column sums in sets of three in all
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possible combinations of neighboring columns (cols). The third kind of
output does the same for rows of blocks (roads).

A coincidence between a "road" and a "col" then defined a 3 x 3
array (cluster). The energy in this 3 x 3 array was added to the energy
found in the front glass array. If the total energy was greater than the
energy threshold taken, the event was recorded.

As previously stated, each lead glass array was set to produce
the same pulse height for the same incident energy. Therefore the
linear sum of the pulse heights in any set of blocks would be
proportional to the energy deposited. Since the arrays are
approximately at 90° to the beam line the energy deposited is
approximately equal to the transverse momentum. Thus an energy
threshold (pulse height cut) will generate a trigger for events
satisfying a minimum transverse momentum. This was made with the fourth
output. The threshold, cluster busy signal and an A counter signal were
then put in coincidence to define the glass singles. At normal ISR
luminosities reached in intersection Il (= 5x1031 cm‘23-1). the rate of
taking data resulted in about U4 events/sec.

Other triggers used in our experiment are described elsewhere
[ANG82, HUM88, NIC82, YEL81]. They included ETOT, the total energy
deposited in all electromagnetic calorimeters (jet studies); PAIRS, that
required two clusters, each above a given threshold, with the sum of
these being greater than a second threshold (electron pairs studies).
Some requirements in spatial position of the clusters could also be
demanded.

Another trigger used to gather data for the analysis presented

in this dissertation was the n° trigger. The hardware trigger consisted
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of "glass singles" events where either side could trigger. In addition
the B counters were used in veto and a requirement of a signal in the A

counters was also required. The logic representation of the trigger was:
(Az1)-{GI(3.0)°(Bu-BS'BB-B7-BB-B9)+GO(3-5)-(B16°B17-B18- -319-520-821)}

GI and G, represent "glass singles" hardware logic, with the energy

0
threshold used shown in parentheses. The B counter number used in the
veto appear as subscripts (see figure IV-3 for B counter number
definitions).

Another configuration used for the n°® data gathering was a
"double glass trigger" that took two cluster triggers having a summed

energy greater than a given threshold. More details of these n° triggers

are given in Appendix E.

III-4. On-line Programs.

Various checks on the detector could be requested via the HP
2000 mini-computer. There were programs to check minimum ionizing peaks
in the A and B counters, glass and shower counter calibration, ADC's and
TDC's pedestals and the drift chamber and strip chamber read-out. The
programs to control the front glass and the shower counter calibration
through the flasher system and the "straight through" program also were
run through the HP-2000.

An on-line filtering program sharpened the trigger by executing

a CAMAC read on the glass ADCs, going now to two dimensional 3 x 3
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clusters, not projections. The program searched for the highest energy 3
X 3 submatrix centered on a block with energy greater than 400 MeV and
required an energy threshold on each. This on-line filter was measured
to be 100% efficient (in terms of events eventually processed) and
decreased the trigger rate by a factor of four from the rate satisfying
only the hardware trigger.

The events which satisfied the trigger were then read in full by
the computer and written to a magnetic tape. Each magnetic tape, called
a raw tape, held about 8000 events. The information in the ADCs for the
lead glass and the scintillators, and the pattern units and scalers was
read first as a fixed length buffer. The scalers counted the number of
counts received from the luminosity monitors since the previous event
was read, the pattern units contained information about the kind of
trigger the event has satisfied.

This information was followed by the information from the TDCs
for the scintillators and drift chambers. During the reading process the
on-line computer compiled histograms on most of the information read.
These histograms were viewed regularly on a terminal to monitor the data

acquisition process.

III-5. The Data.

The data for this dissertation was collected mostly during 1983,

the last year of ISR running. We took a total integrated luminosity of

37

8.54x10 cm-z. A total of 928 raw data tapes were written resulting in

about 8x106 total events registered, with about 80% satisfying the glass



79

000°'€88°Z 826 9pe'esy /e 0LX$S'8 v1i0L
000‘zee‘e §S¢ LI6EYI /e OLXE€L'L  lg'p/5°€ InO/sul ¢8, eJojeg
apy vecES $9°0 ~__episino
000°'601°2 2se 98029 /6 0LX 60'2 S'v/S°€ episu €8, Buudg
000'895' J08 916€L « 2Le A®D S’y episu| o
60162 | 260" g2y episino |  €8. 18Q0KO0
0LXZZh | OPISUT pep 6y
¢ 149! 666€ LE
000'¥.6 0666 web/ele poxiw €8, Jequedeq
sode} mel Uo7 Uo 2-Wd
sade] mey obb }9S eje
uj sjueA3 SIUdAT | AysoujwnT 1 i S Bieg
*§19S BlEQ PUR S3T3TSOUTWNT ‘BlEq :|-ITI BTqel




80

Table III-2: Data. Con Tapes.
Integrated
CON Luminosit number | # of ISR
TAPE SET TRIGGER cm-2 y of events runs
MIXED . 37
1 DEC'83 1.27X10 39,990 145
4.5 GEV INS
37
2 oCT's3 45GEVINS 1.92X10 63,883 145
oCT's3 37
3 4.5 GEV INS 0.20X10 10,033 27
Sp. B filter
. 4.5(5) GeV 37
4 OCT'83 outside 1.29x10 79,109 165
37
5 SPRING'83 4.5GEV INS 1.83x10 43,000 173
37
6 SPRING'83 3.5GEVINS 0.26x10 19,086 37
37
7 SPRING'83 45 GEV OUT 0.64x10 53,234 73
4.5GEV INS 37
8 BEF'82 0.13x10 24,153 34
dedicated
45 GEV OUT 37
9 BEF'82 0.21x10 24,722 30
dedicated
MIXED 37
10 BEF'82 0.53x10 47,189 48
3.5/4.5 ins/out
MIXED 37
11 BEF'82 0.26x10 47,847 40
3.5/4.5 ins/out
37
total 8.54x10 452,248 917
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singles trigger. The corresponding total number of events written on the
condensed (CON) tapes, after various cuts described in the next chapter,
was 452,246.

Most of these direct photon runs were done in three periods of
approximately one month each, one in Spring, another in the Fall and the
last in December of 1983. Some runs from early 1982 are also included in
this dissertation.

A special n° trigger run was performed during Spring '83 where
an integrated luminosity of 1.91x1037 cm.2 was taken. The December'83
run was a combined direct photon/n® trigger trigger that collected a

37cm-2

.

luminosity of 1.27x10
The characteristics of the different data sets, run periods and

luminosities accumulated are shown in Tables III-1 and III-2.



CHAPTER IV

BASIC DATA ANALYSIS

IV-1. Overview of the Basic Analysis.

The method of analysis can be divided into two main stages. In
the first, performed mainly at CERN, we went from the raw data tapes to
the data summary tapes (DSTs) and then to so-called condensed (CON)
tapes. The second stage is the search for direct photons.

First I will describe all of the analysis up to the analysis of
the strip chambers information. This is the basic analysis with the
purpose of producing a clean sample of strip chamber showers (mainly
produced by neutral mesons or direct photons). The search for direct
photons was done by analysing the strip chamber data and will be
described in the next chapter.

This chapter describes the analysis from the raw tapes to CON
tapes and general cuts made afterwards. This includes re-clustering in
the back glass array, tracking, vertex finding and energy corrections.
The analysis of the CON tape includes cuts on the number of clusters in
the back glass, the fraction of energy deposited in the front glass and
the tracks pointed to the trigger cluster. Figure IV-1 shows a flow

chart of the analysis.
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For the making of a DST tape the B counters were put in veto.
This important cut will be explained in detail in section 5 of this
chapter. The strip chamber clustering algorithm is introduced at the end

of the chapter.

IV-2. Clustering in the Back Glass Arrays.

The standard R110 clustering algorithm to search for clusters in
the back glass was used at the CON tape analysis level. First a search
for all blocks with energy greater than a seed energy ESEED = 0.3 GeV
was done. These blocks were taken as seeds for clusters. Neighbors with
energies above a cut-off, EMIN = 0.02 GeV, were added to the seed block
and a cluster was formed.

These clusters were then checked to ensure that their shapes
were inconsistent with side splash (beam protons interacting in the
shielding) or cosmic rays. With this purpose a maximum number of rows,
columns and total number of blocks in a cluster was defined, ROWMAX = 4,
COLMAX = 4 and NBLMAX = 9, respectively. A minimum energy of a block
which can cause a cluster size to be considered too large was fixed on
EMCUT = 0.1 GeV. The clusters were also rejected if their energies were
above a maximum energy (BLKMAX = 50 GeV), discriminating against
possible Nal triggers, if the block with the maximum energy in the
cluster was in the edge of the array, or if all of their energy was
contained in one block.

At the DST level a different set of values was used for these

parameters to relax the restrictions and keep more data for further
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= t udies. They were: NBLMAX = 20, ROXMAX = 5, COLMAX = 5, ESEED = 0.15
G eV, EMIN = 0.02 GeV and EMCUT = 0.15 GeV.
The calculation of the cluster positions was done in two steps.

X xrx the first step the center of gravity of the cluster at the front face

o X the back glass was calculated as:

n n
Ccg8 n ' cg n
LBy LiarBy

wWh e xe n i3 the number of blocks in the cluster,(yi,zi) the coordinates

or their geometrical centers and lEI1 their energies.

The above calculation approximates an integral over shower shape
by putting all the energy in a block as concentrated at the geometrical
Center, which is obviously correct only when the block size is much
A S rger than the shower. The second step corrects for the fact that the
< e&nter of gravity of the energy deposition (cluster) is not at the front
T aAace of the glass and that the energy is not concentrated in the block
< enter.

The method [ANG82] is based on the study of the longitudinal and
€ r-ansversal development of a shower. Studying the longitudinal
de\mlopment of the shower inside the glass it was found that the maximum
O <curred around 14.3 cm deep in the glass. The center of gravity was
= 3 sumed to be at 15 cm from the front face of the back glass in the

A L rection of the shower.

An exponential shower profile [AKO77] of the form:
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E(;)- Eoenl;l/b was taken, where the shower was assumed to have a
radial symmetry, r is the radial distance from the center peak, E, is
the maximum energy at the center and b is a parameter to be adjusted
experimentally.

A routine was developed to take the first order position
calculations and correct them using a shift in distance due to the
exponential assumption. It can be shown [ANG82] that the corrections are
given by:

AY = b~sinh-1[(Y°/1)°sinh(1/b)]

AZ = besinh” '[(Zo/1)+sinh(1/b)] (IV-b)
where 1 is the half length of the front face of a block, 1= 7.5 cm; and
Y, and Z, are the positions of the first order center of gravity

).

relative to the geometric block center (¥°-ch_¥block’z°'zcg-zblock
The parameter b was empirically determined in a test performed at the
CERN PS resulting as:

b= (1.0+0.4/E)«(1.0+3.0+0) cm (IV-c)
where 0 is the angle of incidence in the XY plane or XZ projection
(according to the direction in which the shift is calculated) and E is
the cluster energy as measured in the back glass in GeV.

This correction has been shown to improve the position
resolution of the back glass. Although is not totally free from errors
since it does not include shower fluctuations, the fact that the
exponential profile is only a first approximation (a two component

exponential profile is more adequate) and the asymmetries caused by

angular differences of incident particles.
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IV-3. Track Finding Algorithm,

The track finding was a complex and slow process using an
average of 2 seconds of computing time per event on the CDC 7600. It has
been already fully explained elsewhere [YEL81, NIC82]. Tracks were found
starting from points in the outside drift chambers and working inwards.
Once preliminary tracks were found, they were fitted to circles in the
Xy projection, and straight lines in the radius-z projection. This was
possible due to the uniformity of the magnetic field over the volume
considered. The preliminary track list was then reduced by not allowing
more than one track to share a point, except in the innermost drift
chamber. A track was required to have at least five points.

When all tracks had been found and fitted, the track parameters
were written to DST's, together with all the space points used on the
tracks. The corresponding momentum was determined from the radius of
curvature of the circle that was the best fit to the points. The Ascoli
method [POR79] was used to fit the circle. Hhen the alignment constants
were changed, the tracks were refitted from the space points but without

going to the track finding again.

IV-4. Energy Corrections.

It was found during PS tests [NIC82] that the response from the
phototubes of the lead glass counters decreased when the incident beam
was not normal to the block faces. This is because the pulse height from

the phototubes is a measurement of the 8erenkov light actually
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collected, not necessarily proportional to the energy deposited. The
optical properties of the glass, geometry and properties of the
conection between phototube and glass influence the amount of light
collected by the photocathode.

Defining Eraw as the energy measured by the glass arrays by
adding the individual blocks of the clusters, then, the angular
dependence of the measured energy studied in the PS calibration has the

empirical form:

E,. = (1.0 + 0.22+0)°E

BG raw(Bg) (IV-d)

where 0 is the incidence angle of the particle with respect to the
normal to the face of the back glass array in radians. The angular
acceptance in this trigger resulted in a © range of 0 to 0.28 radians.
Therefore, the energy corrections were never greater than 6 %.

Due to the asymmetric geometry of the front glass, the front
glass energy measurements were less accurate. The clustering in the
front glass was done in two separate passes. First the blocks in the
array were associated with back glass clusters. In case of overlap
between front clusters the energy in shared blocks was allocated in
proportion to the total (front + back) energy of the two clusters.

The second pass considered blocks not assigned to clusters in
the first pass. Among these, blocks with energies above FGESEED= 0.05
GeV were potential cluster seeds. Each seed formed a cluster with its
immediate neighbors. As each cluster was formed its blocks are removed

from consideration as seeds. Only the first pass clusters were relevant
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for the energy of the triggering shower; but the second pass clusters
could be used, for example, in a cleaning cut.

Test data taken at the CERN PS [NIC82] used a small array of
blocks in a front-back geometrical arrangement. Angle and position
corrections were extracted for the raw energies measured by the

phototubes. The expression for the correction was:
Epg= [1/(14C,+0)1+[(1+A)/(exp(aL/a,)+Aexp(aLl/a,)] (IV-e)

where 0 is the angle of incidence to the face of the block in radians
and AL the distance between the incident particle hit on the glass face
and the position of the beam during calibration. The empirical constants

are: A = 0,126, A

short = 0f063, a,= 1650 cm, a,= 21.4 cm and C,= .U65.

long
The short and long subindeces refer to the block sizes.

To obtain the energy of the shower we should add the energy
losses of the shower going through the detector. Figure IV-2 shows an
apparatus diagram where is possible to see for a typical direct photon
trigger shower the parts of the apparatus crossed. The main energy
losses were due to the crossing of the magnetic coil and the iron walls
in between arrays. Since the events analysed in our case went through a
B-veto cut that assure non-conversion in the coil, there were
practically no losses in the coil. The most important loss was in the
iron cage of the back glass array.

The iron losses were estimated by running a EGS (Electron-Gamma
shower simulation Monte Carlo) simulation of the detector. The details

are explained in Appendix C. This simulation estimates a 5 % loss in

the iron for all energies. This value is consistent with the energy
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scale factor found to minimize the rms width of the n° mass peak in the
n® data. A small angular dependence of the correction was also found,
but in the angular acceptance of the trigger, this additional correction
was always less than 1%, and felt to be negligible.

Thus, the total energy in the glass arrays including

corrections, is:

Eglass - EBG * EFG (Iv-r)

«(1.05) (IV-g)

Eshower - E:glass iron losses

IV-5. DSTing and B-vetoing.

Each DST contained about 8000 events. They already included
different cuts to improve the data selection. The introduction of new
calibration and alignment constants produced a new energy re-evaluation
and some events were now rejected when the energy threshold was applied.
The introduction of a event veto using the B counters was of the most
importance.

The "B-veto cut" was very important for the analysis and
therefore will be discussed at several points throughout this
dissertation. The main purpose of this cut was to eliminate triggers
produced by conversions in the solenoid coil.

If the conversion (photon or multiphoton) occurred in the coil

the resulting shower will deposit the equivalent of at least one minimum
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ionizing particle signal in the B counters. This cut was implemented
when writing the DSTs from raw tapes.

In order to speed up the analysis, CON (condensed) tapes from
DST's were written which contained the relevant information in the
fewest possible words. This information excluded the track points but
included the track parameters and a vertex position. The maximun number

of events in a CON tape was about 80,000.

IV-6. The B-veto cut.

We rejected events that started showering in the magnet coil by
demanding no shower signal in the B counters, since such showers would
have spread more before reaching the strip chambers than showers
starting in the front glass. Then, the front glass was the prime
converter for the strip chamber shower sample.

The B-veto cut was performed in the following steps. First the
back glass cluster position (trigger cluster position) was projected
towards the event vertex and the B counter traversed was found, as shown
in figure IV-3. The pulse height signals of this B counter were
examined. If the pulse height from at least one phototube (left or
right) was greater than 50 counts, the signal was described as a shower.
A typical B counter pulse height spectrum is shown in figure IV-4, A
minimum ionizing particle signal in the B counter corresponds to 80
counts [ANG81].

If the pulse height in at least one counter end was then greater

than 50 counts, we checked the Z position of the shower as given by the
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counter. A typical AZ distribution is shown in figure IV-5, where AZ is
ZB- Ztrigger, ZB is the shower position as determined by the B counter

(see section I1I-10) and Ztrigger the projected back glass shower
position in Z. If AZ was less than + 20 cm, we concluded that the shower
registered by the B counter was associated with the trigger cluster.
Therefore, the shower started in the magnetic coil and the event was
rejected.

When the projected shower position was near the edge of a B
counter (within a 25% of the length to the border), the adjacent counter
was analyzed in the same way but adding the pulse height of respective
adjacent ends, since the shower could be shared between both counters.

The pulse height cut of 50 is below the minimum ionizing
particle peak of 80 counts, so we expect a good efficiency in vetoing
showers that originated in the magnetic coil. Charged particles from the

trigger cluster may also cause the vetoing of the event, the overall

efficiency of this cut is discussed in section V-6.

IV-7. General Cuts.

After track finding in the drift chambers, a common vertex was
determined in order to find out if the event was consistent with a real
beam-beam interaction. The vertex finding process was iterative. For the
first iteration the vertex was considered to have yo,= 0. The first
iteration vertex was then found by the average of the track
interceptions with the y = 0 plane. Then the tracks were approximated by

straight lines tangent to the point of nearest approach to this final
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vertex. For the second iteration a second vertex was found for these
straight lines. Tracks whose x? for pointing to the vertex were too high
(more than 30 away) were rejected. Iteration continued until no more
tracks were rejected.

The event vertex was required to be inside a volume defined by
the beam intersection region. Figure IV-6 shows a two dimensional
histogram of X-Z ("diamond") and a histogram in Y of the vertex
positions found in the direct photon data. The requirements for the
vertex were: |Xo| S5, -6 S yo S 20 and |z,| S 50, where X,, Yo, Z, are
the coordinates of the vertex in cm. Events with vertices outside this
region were rejected. Such events may be produced by a beam-vacuum pipe,
or beam-residual gas, or cosmic ray interaction.

Another cut made at this stage was to reject triggers caused by
charged particles interacting in the NalI sources intended for
calibrating the lead glass. The lead glass pulse heights summed over the
whole array were analysed using two different ADC gates, a long 600 ns
gate: (X), and a short 200 ns gate: (Y). Since the rise time of the
electromagnetic interactions (Eerenkov light) was shorter than the pulse
of the Nal scintillation, comparing the energy reading with both gates
it was possible to veto the Nal initiated triggers.

Figure IV-7 shows X vs. Y for the data collected. The events
under the diagonal are Nal trigger candidates ( X>Y ). A cut was
implemented requiring Y 2 (1.15:X - 45) for X 2 300.

The front glass array phototubes stood in front of the back
glass acceptance (see figure II-12). To reject events where part of
their energy could be produced by showering in the phototubes a fiducial

geometrical cut was proposed. A Monte Carlo study of neutral meson
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decays in the detector showed that for a trigger shower to have both
photons of the decay inside the front glass array 90% of the time, the
fiducial would have to be placed at 13 cm inside the front glass
geometrical boundary.

The B veto cut was, of course, not 100% efficient (see section
V-6). There were tracks pointing to the trigger zone (back glass
cluster) still after the B veto cut was applied. Figure IV-8 shows the
distribution of charged particles hits as extrapolated from the drift
chamber measurements in a Y-Z view of the front face of the back glass
array. Events with at least one charged track pointing to a region of #
25 cm in Y and Z of the back glass trigger position were vetoed. The
efficiency of this cut to discriminate between trigger associated
charged particles and charged hadron backgrounds will be discussed in
section VI-8.

The fraction of the energy of the shower deposited in the front
glass is of great importance. As was stated in chapter I, a
longitudinally segmented calorimeter could separate, using the
conversion method, direct photons from the neutral meson background. The
parameter used to measure the fraction of the shower energy deposited in

the front glass was defined as: Front/All (F/ALL) =

energy in the front glass
event total energy

» with all the corrections to the energy
discussed in section IV-6 applied. The front glass calibration constants
derived from the PS test data were obtained with a beam at normal angle
of incidence. A correction for extra front glass energy deposited at
finite angles had to be performed. The PS test data has shown that the
corrected form of F/ALL is given by:

F/ALL = (F/Ce) / E (IV-h)

shower
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where the angular dependence, fitting the PS data at different angle of
incidence, is given by:
Com Bi* B2/COS® + B4/c03°0 ; wWith B,= -2.946, By= 5.77 and B,= -1.818.

Figure IV-9 shows C_. vs (cos®). Figure IV-10 shows F/ALL distributions

]
for the direct photon data at different pT ranges. There was an
important cut applied to the data using F/ALL. The cut and its

efficiency will be discussed in section V-9.

IV-8. Strip Chamber Clustering Algorithm.

The strip chamber information is given by pulse height and strip
position, 1 to 160 in ¥ and 1 to 192 in Z. We use the notation (i.phi)
where 1 is the strip number and ph1 is the associated pedestal
subtracted pulse height.

The strip chamber clustering algorithm looks for strips with
pulse height greater than a given minimum value (in this case IPHCUT =
20,equal to the pedestal), to be used as a "cluster seed". All
contiguous strips with pulse height greater than 20 counts were added to
the "cluster". Figure IV-11 shows typical cluster frequency distribution
for the Y and Z projections.

For a uniform illumination of the chambers by charged particles
and a large mean separation between tracks, we expect that the
distribution of the distances (d) between the clusters will have the
form: e_d/k, where k is a constant (by analogy with Poisson statistics).

This would give a a straight line on a semi-logarithmic plot. Figure IV-

12 shows a semi-logarithmic distribution of the distance between two
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clusters in the chamber. We verified that each track is associated with
a cluster. Thus, the enhancement from the straight line at small values
of the distance indicates that we had artificially created extra
clusters and we should merge clusters with distances less than this
inflection point. In other words, clusters should be merged across a
"gap". This gap is defined as the minimum number of strips with pulse
height less than 20 counts needed to define a break between adjacent
strip chamber clusters. The plot in figure IV-12 suggests a value of 4
strips for the gap. A second method used to determine the gap was to
study the balance between the Y and Z planes signals (pulse height) as a
function of the gap. These studies suggested a similar value for the
gap.

Thus, we saw that the minimum distance between edges of two
distinguishable clusters was greater than 4 strips (4 cm). This was a
fundamental limit in our ability to separate multiphoton from single
photon showers.

Several parameters describing the clusters were calculated from
the pulse height information. The position was defined as the pulse
height weighted average location of the strips of the cluster.

L i- phy (IV-1)

T ph1

<i> is a real number. The width or span is essentially the number of

position = <i> =

strips belonging to the cluster (including any gaps). If L1 is the first

strip number of the cluster and L, the last, the width is defined as:

2

width or span = W = L, - L, +1 (Iv-3)
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the widths are expressed in cm. The R.M.S (o) is the standard deviation
of the pulse height distribution of the cluster calculated from a

continuous histogram, given by:

RMS2= g2 = <i2> - <i>? + 1/12 (IV-k)
where
) phi- i2
2 B —————
<i2> 7 phi

Histograms of total cluster pulse height and width for the
inside and for the Y and Z planes are shown in figures IV-13 and 14.

Each pulse height ,phi. measures the integrated signal along the
i strip. We did not have a two dimensional description of the shower in
the (y-z) plane, only a projection of the shower ionization along that
axis.

Figure IV-15 shows data histograms of ph1 for the y and z
planes. There is a ph1 cut of 20 counts at the hardware level. For both
planes an exponential fall-off is seen. The mean pulse height for the y
plane (389) is similar to the pulse height for the Z plane (311).

The variation of strip chamber parameters across the chamber was
also studied. The results are shown in figure IV-16. The values of
<PHy/E> vs. Z, <PHZ/E> vs. X, <wy/E> vs. ¥ and <WZ/E> vs. Z are plotted.
E is the shower energy, PH the total cluster pulse height and W the
cluster span. There is a small increase in pulse height as one gets away
from the center of the chamber. This relative variation can be as high
as 25% at the edges for the Z view, but smaller than 8% for X view.

However, there is no variation in W (span).
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CHAPTER V

SEARCH FOR A DIRECT PHOTON SIGNAL

V-1. Introduction.

The chief purpose of the multiwire proportional chambers in the
R110 detector was to identify multiphoton showers among the back glass
single cluster triggers.

In principle, each cluster in the strip chamber could be equated
with a single photon shower. Under this hypothesis, counting the number
of clusters in the strip chamber region in front of the back glass
trigger cluster one could measure directly the number of photons
contributing to the back cluster. In practice, this was not the case.

As will be discussed throughout this chapter, due to the
intrinsic fluctuations of the showers, the important contribution of
low-energy large-angle delta rays and the asymmetric properties of the
chamber read out, the task was much harder than expected.

To overcome these difficulties a special method of analysis was
developed. The method essentially compares a strip chamber shower
property of the data with Monte Carlo simulations of the same property

for single photon and multiphoton produced showers. The distribution
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from the data is fitted with the single and multiphoton distributions to
obtain their relative contributions to the data sample.

This chapter explains how the property for comparison was
chosen. The description of the single- and multiphoton- initiated shower
Monte Carlos and chamber simulation is included together with the method
of fitting the single and multiphoton distributions to the data. The
background and acceptance corrections are also discussed, and the

chapter ends with the description of the statistical error calculations.

V-2. Further Strip Chamber Cuts.

Two main cuts were applied to select from all strip chamber
clusters those associated with the shower: a matching chamber window and
a total pulse height cut for the cluster inside this window.

The ™matching window" is defined as the strip chamber region
around the projected back glass cluster position where one finds
activity associated with the shower. The determination of the matching
window is important because it has direct influence on the efficiency
and purity of the strip chamber information. A "matching window" of size
w in cm, is a window covering + w cm about the center position and is
thus 2w cm wide on each view. The same size was used in both Y and 2
projections.

Two independent determinations of the window were made, one for
the n® trigger and one for the direct photon trigger data. Most of the
single back glass clusters of the n° trigger sample (after a mass cut)

are produced by a single photon (see Appendix E). However, for the
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direct photon trigger most of the single back glass clusters are

(]

produced by w° + YY decays merged in the back glass. Therefore we
expect activity in a wider region for the direct photon trigger than for
the n° trigger.

In the chamber, the shower signal is superimposed on a
background produced, for example, by other particles of the same event.
Because of the jet structure of the events, we expected this background
to be concentrated around the trigger cluster, although the background
level had been reduced by cuts already applied to the data. Superimposed
on the background we expect a region of greater activity from the
trigger shower. The edges of this region would be characterized by a
strong variation of cluster parameters as a function of the window size.
This variation depends on the transverse shape of the shower and on
background properties. Several parameters have been studied as a
function of the window size. Figures V-1, V-2 and V-3 show parameter
variations with w (window's size) for the n° trigger data.

An inflection point in these distributions would give a natural
place to set the window values. However, the inflection points of the
curves are not very well defined. Analysing all of these curves we have
chosen w = 15 cm as the minimum size of the window that can be taken
without losing shower information for the n° trigger data. The same
parameters for the direct photon trigger are also shown in figures V-1,
V-2 and V-3. We have chosen a window of w=20 cm in this case.

Figures V-4 and V-5 show the distance between projected back
glass position and the cluster position in the Y-Z planes for direct
photon trigger data and for n° trigger data. For the direct photon data

there is a "two shoulder" structure as expected from having a second
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resolved photon from meson decay. Because we want both photons to be
inside the window for our study, we need w = 20 cm as the minimum
possible window. This agrees with our previous result of 20 cm as a
reasonable value.

A smaller window could be used for the n° trigger where no
second photon is present. Because we want the same window size for
comparison, we used a window of w = 20 cm for both analyses.

Another cut for cluster selection was done on the total pulse
height of the clusters. Figures V-6 and V-7 show total pulse height
distributions for all clusters with positions inside a w = 20 cm and a w
= 5 cm matching window, for the direct photon trigger and the n°
trigger.

An interesting pattern emerges for the 5 cm window clusters,
which are clusters whose positions match very well with back glass
showers. There are many low pulse height clusters, which we assocliate
with noise in the strip chamber. After a minimum, the distribution
begins to rise at higher pulse heights, which one could reasonably
expect of a shower. It iIs reasonable, then, to associate this 5 cm
window with the chamber activity of a single photon shower. We want to
cut out the noise without losing any shower signal, especially from low
energy photons of asymmetric meson decays. We chose the minimum possible
value of the pulse height that still rejected most of the noise. A value
of 400 counts in Y and 200 counts in Z was adopted. By studying charged
particles hitting the chambers, the pulse height associated with the
minimum ionizing particle deposition has been measured to be about 120

counts for the Y plane and 75 for the Z plane.
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Another chamber property extracted from the information in
figure V-7 is that the mean pulse height of the clusters in the Y view
(3440) is about twice the value for the Z view (1804). Figure V-8 shows
the distribution of the ratio (PHY-a+PHZ)/(PHY+a*PHZ) for all clusters
in a matching window of w= + 20 cm. A value of a = 1.75 was chosen for
plotting. As the mean of the distribution shown is greater than zero, a
larger value of a is needed to balance the Y and Z pulse heights. The
particular value of a depends of the cuts used to select the chamber
information. a values ranged between 1.7 and 2.1, but 2.0 was the value

used for the analysis reported here.

V-3. Search for a Variable to Distinguish Single from

Multiphoton Showers Among the Trigger Clusters.

The search for a variable to distinguish among single and
multiphoton initiated showers is, of course, the core of the analysis.

If we equate one shower to one strip chamber cluster, the job of
separating single- from multi-photon triggers is reduced to counting the
number of clusters within the chamber matching window. Figure V-9 shows,
in a matrix form, the fraction of clusters in the Y and Z matching
windows for different pT ranges in the direct photon trigger data. In
the matrices there are many off-diagonal counts (especially important
are the (1-2) and (2-1) components), making for a considerable ambiguity
in the number of showers associated with the event.

After analysing figure V-9 it can be asked whether the original

hypothesis of equating showers and clusters is correct. Looking at the
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single photon sample from the n°® trigger data we obtained the matrix
shown in figure V-10. It clearly shows that multiple clusters are
associated with a single photon shower. This is caused in part by shower
fluctuations (as was later demonstrated by the EGS simulation, Appendix
C). The inverse phenomenon is also expected to occur as two nearby
clusters can merge, producing a single cluster. For example, in meson
decay the photons can coalesce into a single chamber cluster. This is
made worse by the fact that we are only looking at the Y and Z
projections of the shower. Clearly, the geometry and properties of the
strip chamber make the direct method of counting the number of clusters
an impractical method of separating single and multiphoton triggers.

We then studied the shape of the clusters and the shape of the
chamber pulse height distributions in the matching windows on an event
by event basis. The shape of a distribution can be studied by analyzing
its moments. Figure V-11 shows the second moments (standard deviations)
for the individual clusters inside the matching window. There is no
obvious structure, for example in the form of a two component
distribution, to allow us to separate single from multiphoton showers.
The third (skewness) and four (kurtosis) moments were also studied, and
showed similar behavior.

An effort was made to adapt the "moments method™ [JOH75] to our
case. The motivation for the "moments method" is shown in figure V-12.
It tries to obtain the distance between two distributions by knowing
their standard deviations and areas. The total standard deviation is

given by:
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Figure V-12: Moments Method.
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°§0A§+ °§0A§+ u.Al.AZ.(°§+ o§+ D2)

= (A, + A2 (V-a)

[ BN

where o, and o, are the standard deviation of each distribution, A, and
A, their respective areas (energies) and D the distance between centers.
Assuming equal area and equal standard deviation of the two

distributions (clusters), the distance between means (cluster centroids)

is given by:
D=2+ yY'92 - 02 (V-b)
T s
where O is the joint standard deviation of both distributions and Og is

the standard deviation of each of the distributions. Full application of
the method requires two dimensional knowledge of the shower and
knowledge of the standard deviation of a single shower.

In our case, we defined a variable applying the formula for each

view:
d,= 2 « ¥'02_ = o2 d,= 2 « Vv o;t - o%s (V-c)

Y Yt Ys Z

and combined them as d = /‘d§ + d%

separation (d) in the case of symmetrical decays of the neutral mesons.

. This formula gives the correct

However, the asymmetry distribution of =#°'s, even after acceptance
effects, is almost flat between -1 and 1, figure V-13. (Asymmetry =
(E

- Ez) / ( E1 + E2), where E, and E2 are the energies of each photon

1 1
in the decay). After investigating the use of this variable it was
decided that the assumptions do not match the data closely enough, and
the uncertainties introduced by the assumptions are too important for a

good use to be made of this method.
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Another proposed method was to utilize the ratio of the energy
deposited in the front glass array (front) to the total energy deposited
(all) as a statistical method of separation. The method compares the
front/all distributions obtained from the direct photon trigger data
(figure IV-9) with single photon and multiphoton distributions from
Monte Carlo simulations.

In addition to the difficulty of the simulation (discussed in
section V-9) the separation power of this variable is very poor since
the single and multiphoton distributions overlap over a wide range,

making the separation either inefficient or ineffective.

V-4, The Main Method of Strip Chamber Analysis.

The variable finally chosen was the result of a simplification
introduced in the moments method. The variable 0, (total RMS) is defined

as:

o, =v 02 + o2 (Vv-d)

This variable directly combines the Y and Z plane standard
deviations (oy and °z) without the introduction of any extra
assumptions. Figure V-14 shows the 0, distributions for the direct
photon data trigger at different pT ranges. The ¥ and Z standard

deviations are calculated with all the strip chamber information found

in a 40 cm matching window (w = + 20 cm).
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Figure V-15: oy and o, Distributions for Direct
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Compared with other distributions discussed above, a remarkably
good two component distribution was found. It is interesting to notice
that this two component distribution is not shown in the projections o
and o, of figure V-15. Since the separation between two decay photons
from a neutral meson need not be aligned along either projection; only
when both are added do they produce a realistic picture.

Clusters were used to fix the lower and upper limits of the
strip range in which oy and o, were calculated. Only clusters with
positions inside the matching window and pulse height greater than 400
counts in Y and 200 in Z were considered. Figure V-16 illustrates the
criterion for limit selection. The left edge of the left-most cluster
inside the window was taken as the left edge, and the right edge of the
right-most cluster inside the matching window as the right edge of the
"information window".

A flow chart of the strip chamber analysis is shown in figure V-
17. The method consists in fitting the °t distributions of the direct
photon trigger data to simulated single photon and multiphoton (neutral
meson decays) distributions.

The single and multiphoton 0, distributions are based on EGS
shower simulations and Monte Carlo detector simulations. The EGS
(Electron-Gamma Shower) simulation is described in Appendix C. It
propagated through the detector single photon initiated showers in a
range of energies between 0.5 to 10 GeV. For each event generated, the
energy deposited in each chamber strip was obtained. Further simulation

of the strip chamber response translated this energy deposition to pulse

height counts. This "chamber response algorithm™ that transformed the
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energy deposited in each strip to pulse height counts will be discussed
in section V-8. A sample of single photon showers from the n° data
trigger (described in Appendix E) was utilized to normalize the EGS
output.

A sample of direct photons hitting the chambers was generated
via Monte Carlo (MC) in the energy range of 4.5 to 10 GeV. Strip chamber
pulse height information was attached to these strip chamber hits
("positions"). We then produced a simulated direct photon sample in the
appropriate energy range. The details of this MC will be explained in
section 6.

Another Monte Carlo, described in the next section, generated
neutral mesons and traced their decay photons into the detector. The
trigger and all other cuts were also simulated by this MC. The photon
positions at the strip chambers were calculated. As with the single
photon simulation, photons with appropiate energies were then taken from
the EGS generated strip chamber information ("EGS bank") and inserted at
these positions. A sample of neutral meson decays in the appropriate
energy range was thus generated. Again, the "chamber response algorithm"
was then convoluted with these energy depositions to simulate the pulse
height response to these multiphoton decays.

The simulated o, distributions for single and multiphotons were
then fit to the data. As described in section 8, a likelihood fit with
one free parameter gave the fraction of single and multiphoton produced
showers in the data sample. The fraction of single photon produced
showers was corrected for background and detector acceptance in order to
obtain the fraction of direct photons produced. These corrections were

evaluated using the single photon and neutral meson decay Monte Carlos
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mentioned above. An important background to single direct
photons,corrected with this MC information, came from the asymmetric
decays of neutral mesons in which one of the photons missed the detector

acceptance or was too weak to produce a signal in the strip chamber.

V-5. Simulated Neutral Meson Decays.

One of the most important parts in the analysis was to formulate
a Monte Carlo simulation of the detector in such a way thét by
introducing the various physics processes that we expected to observe,
we could calculate the acceptances, evaluate the main single photon
backgrounds, and create a pure neutral meson decay sample from which to
calculate the multiphoton oy distributions.

The main background processes in direct photon production are
those involving production of neutral mesons. The neutral mesons
included in the Monte Carlo are described in Appendix A. A detailed
description of the Monte Carlo is included in Appendix D. The MC
includes the geometrical acceptance of the apparatus, the trigger
requirements and all of the cuts (requirements applied to the data
during the analysis). It also takes into account resolution effects.

The MC was used in several ways. One was to calculate the
acceptance for the neutral mesons, Am' defined as:
total number of neutral mesons observed

Am - total number of neutral mesons generated (V=e)
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Since we generated neutral mesons in a specific interval in y (rapidity)
and ¢ (azimuthal angle), the A, calculated refers specifically to this
solid angle (Ay = +0.8 , A¢ = 0.6 rad).

Another important quantity derived from the MC is the number of
neutral mesons that manifest themselves as single photons in the
detector (especially in the strip chamber), because only one of the
decay photons is detected. The number of strip chamber single photons

produced by the decay of neutral mesons is given by the ratio:

Y . _single photons produced by neutral mesons

YY Imesons multiphotons produced by neutral mesons (v-r)

In the p, range of our experiment these single photons are produced
mainly from asymmetric meson decays and multiphotons are mostly double-
for

photons, predominantly wn° decays. Figure V-18 shows vs.

”7$' m Pr
the neutral mesons studied.

The MC also provides a sample of pure multiphoton decays as seen
by the strip chamber. Using this sample the o, distributions of
multiphotons used in the fits were created.

Another output of this MC is the number of events that do not
produce a signal in the strip chamber. These events produce showers
which are totally contained in the front glass and/or do not produce an
appreciable signal in the chamber. Combining the results of this MC with
the EGS simulation we can calculate the probability that this can
happen, shown in figure V-19 as function of Ppe

This probability was in fact observed to be much higher in the
data than predicted by the Monte Carlo. There are other possible

explanations for these events. They can be produced from beam-pipe or
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beam-gas interactions (side splashes,etc.) or by hadron interactions in
the lead glass. The total number of these events contaminating the data
was reduced by requiring more than 14 % of the total observed energy to

be in the front glass, as will be discussed in section V-9.

V-6. The B-veto simulation.

The B counters were used to veto all single photon triggers
converting in the coil. As explained before (section IV-6), the B-veto
was not implemented at the trigger level but was used early in the
analysis (while writing Data Summary Tapes, DST's) to include only
events that did not convert in the magnetic coil. As shown in table V-1,
the B-veto is, quantitatively, the most important cut applied to our
data. It is important, therefore, that we understand its effects and
make the appropriate corrections to the observed signal.

The cut has two parts. First we check for the pulse height in
both ends of the B counter hit by the tri<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>