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ABSTRACT

Muon Pairs and Associated Hadrons 1in Pion-Nucleon Interactions

This thesis is an account of the WAll experiment performed
at the CERN SPS in order to study the production mechanisms of muon
pairs and associated hadrons. Pion—nucleon interactions, with beam
momenta between 175 and 197.5 GeV/c, were detected in a large
acceptance magnetic spectrometer. The apparatus and triggers and

their performance are described.

The kinematical distributions of the muon pairs are presented
and discussed in the context of parton models. A comparison is made
between the production of the muon pairs from y decay and those of
the continuum. Results on the multiplicity, kinematical distributions
and quantum numbers of the associated hadrons are also used to provide
information on the production mechanisms. A study of the transverse
momentum structure of the events is used to investigate the origin

of the transverse momentum of the muon pairs.



PREFACE

The WAll Experiment was performed by a collaboration of physicists
from Saclay, Imperial College, Indiana and Southampton Universities.
Data taking began in September 1977 and ended in June 1980. The author
became a research student in the High Energy Nuclear Physics group at
Imperial College in October 1978, and then worked in the WALl Collabora-
tion at CERN from February 1979, returning to Imperial College in April

1980 to analyse the data.

Chapter 1 of this thesis contains a review of the physics involved
in the experiment. In Chapter 2, the WAll apparatus is described,
although obviously the author was not involved in its planning or setting
up. Chapter 3 contains a brief description of the data reduction procedure
which was the work of the Saclay group and CERN. The author's
contribution starts with the work on the apparatus and trigger perform—
ance discussed in chapter 3. The analysis discussed in chapters 4-6
is entirely the work of the author (except where otherwise stated in the

text).

During Summer 1979, the author was also responsible for tests of
an electromagnetic calorimeter in an electron beam at CERN, and the
subsequent analysis and writing of a report. This work, which was done
in preparation for the NAl4 photon experiment at CERN, is not

described in this thesis.
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1.0

CHAPTER 1

REVIEW OF LEPTON PAIR PRODUCTION

INTRODUCTION

There are good theoretical reasons for studying the production

of massive lepton pairs in high energy collisions of hadrons:

(1)

(i1)

(iii)

allow

¥ and

Information on the constituents of the hadrons and their
interactions can be extracted, complementing other approaches

such as deep inelastic lepton scattering.

The ¥ (cE bound state) was discovered [1.1]in pN = ¢ - e+e_,

and the T (bg bound state) [1.2] in pN - T.+ u+u-. Bound states
of new heavier quarks may similarly be observed at higher
energies. Such an observation would provide a useful starting

point for a further investigation of the resonance using e e

machines.

The neutral vector boson Z° of the weak interaction should be

observed in the lepton pair mass spectrum. Also, the production
. . +

at higher energies of the charged vector bosons W— can be

estimated from lepton pair data.

On the experimental side, the leptons e, u have properties which

them to be seen against a large hadronic background.

Models and existing data for the lepton pair continuum and the

T resonances are discussed in this chapter.



1.1 LEPTON PAIR CONTINUUM

1.1.1 Drell-Yan Parton Model

To explain the observed production of massive lepton pairs in
high energy collisions of hadrons [1.3], Drell and Yan proposed a
parton model approach[l.&]‘ In their model, when two hadrons hl’ h2
collide, a quark constituent from one annihilates with a corresponding
antiquark from the other to produce a virtual photon, y*, of mass m
and four-momentum Qu, which subsequently decays into a lepton pair
2+2—, as illustrated in fig 1.1. The probability that a quark (or
antiquark) has a longitudinal momentum fraction x of its parent hadron's
momentum, is expressed as a function q(x) (or a(x)). These parton
probability distribution functions (PDF) q(x), a(x), were assumed to be
the same as those derived via a similar parton model approach from deep
inelastic lepton scattering experiments, and to be similarly independent
of QZ, the large momentum scale involved in the parton subprocess.
(This property of the PDF was known as "scaling"). For the model to
apply, the kinematic region must be such that the partons involved in

the annihilation are instantaneously free; that is, during the inter-

action, their binding inside the hadrons can be neglected.

In the overall centre of mass (CM) frame , the hadron four-

momenta can be written:

) = (3/s, 15, 0, 0), h) = /5, -4/5, 0, 0) (1.1)

having neglected the masses of the hadrons compared to the total CM
energy vs. In this frame, if the partons have negligible tramsverse
momentum and are massless, and have longitudinal momentum fractions

X5 Xy their four—-momenta are:
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" = (/5 x, 15 %, 0, 0), a¥ = (45 x,, -1/5 x,,0,00  (L.2)

The mass m and longitudinal momentum PL of the lepton pair in this

frame are given by:

) (1.3)

= = | -
m X, X, S, P 2/3 (x1 X,

It is convenient to use the dimensionless variables X and v defined
by:
N TS TE—Hﬁ(=XX) (1.4)
A, IVs 1 272 s 1 72
The parton variables can be expressed in terms of the lepton pair

quantities as:

= %(/xi + 41 + XL) (1.5

%1,2

. 2 2 ..
In the region m~, s large, and m /s finite, where the masses
of the partons and hadrons and the transverse momenta of the partons
can be neglected,and the partoms have large values of x, the model

predicts:

2

d?‘c(hlhz > 0727+ ) _ _ 4ma” 5 1
Ix dx = Ilq; () (v (xp)aqy (x)) ) —5 ef & (1.6)
172 1 3m c

The sum is over the different quark flavours i =u, d, s, ..., and
4o 2 . . . .

— e is just the total cross—section for the electromagnetic

3m

process of quark-antiquark annihilation into a lepton pair of mass m,

where e, is the quark charge and o the electromagnetic coupling

strength. The factor ﬁl" where Nc is the number of quark colours,
c

occurs because the quark and antiquark must be able to annihilate to
produce a virtual photon, which of course carries no colour. From
equation 1.6 (setting Nc = 3), two other useful forms of differential

cross~section can be obtained:
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e sra? . 2 %1% - -
Tmdw C 3 Lo w4900 () .7)
L 9m i 1 72
3 do 8o 2 - - m2
—_— = o ( [
T dm -9 }i:ei I dx dxy =%, {q; (x))afxy)+q; (x))q; (x)) 18 (x x5
(1.8)

1.2 PREDICTIONS AND DATA

To assess the Drell-Yan (DY) parton model, its predictions
are compared with the data which existed from the following lepton

pair production (LPP) experiments:

(i) CERN-College de France-Orsay-Saclay (NA3) B.S}
150, 200, 280 GeV/e m, K, p beams H2, Pt targets
(ii) Chicago-Illinois~Princeton (CIP) : [1.6]
225 GeV/c w, K, p beams C, Cu, W targets
(iii) BirminghamCERN-Ecole Polytechnique (Q) [1.7]
39.5 GeV/ec 1w, K, p beams W target
(iv) Saclay-Imperial College~Indiana-Southampton (WA1l) [1.8]
150, 175 GeV/c 1 beams Be target.

Emphasis is given to those aspects which will not be discussed later

in the chapters dealing with the results of the analysis.

1.2.1 Scaling

If the parton probability distribution functions (PDF) depend

only on X1 Xy then the differential cross-section in equation 1.8
2

depends only on the variable T(E-%; ), that is:
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F(m) (1.9

To test this scaling prediction, data are needed at several different
values of /E, and for ranges of m which exclude the ¥ and T resonances,

where other processes may be involved.

The prediction is verified by comparing NA3 data at 150, 200,
280 GeV/c, to within the level of the experimental accuracy of + 157.
It is also supported by a comparison of the WAll data at 150, 175 GeV/c.
Further, on a plot of m3 %% vs T, the data of these two experiments
agree well with each other, over this rather limited range of s.
However, the Q data at 39.5 GeV/c are 207 higher (although their errors
are consistent with this discrepancy). Also, the CIP data at 225 GeV/c
are rather lower than the NA3 and WAll data. It should be noted that

such a comparison between experiments using different targets and

working in different kinematical regions is rather difficult.

1.2.2 Beam Particle Dependence

The ratios of cross-sections for different beams and targets are
predicted simply in terms of the charges and PDF of the annihilating
quark and antiquark constituents, as seen from equation 1.6. For the

. . . + -
ratio of lepton pair production (LPP) by m to that by ™ at large
2

m ies . .
enough re (= x ),where annihilation of a valence antiquark from the

X
172
plon beam and a valence quark from the isoscalar target N dominates,

the prediction is:
+
2 =7 N
c(n+N > 3t ) _ e,  d (xl)d (xz) o1 (1.10)
o(m N > 2+2-) e 2 :”—(x )uN(x ) 4 .
u 1 2

o+
where e 2 ar (x

4 ), dN(xz) are the charge squared and PDF of the d

1
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. . + .
antiquark in the m and d quark in N,respectively. (The relations
+

57 -1 N N .
d (Xl) = u (xl), d (XZ) = u (x2), which follow from isospin invariance,

+—
have been used). A rapid de i o PN > 2 %)
) pi crease 1in the ratio TN > 7D is also

2
m . . .
expected as e (= xlxz) ilncreases, since the pion has a valence anti-

quark,while an antiquark from the proton must come from the much

smaller sea contribution.

Both these fundamental predictions of the DY parton model are
well supported by the NA3, CIP, Q data. This is the most important
piece of evidence in favour of the electromagnetic nature of the

subprocess at the centre of the DY mechanism. .

1.2.3 Target 'A' Dependence

Since the model is based on the incoherent interaction of the
hard partons within the incident hadroms, the cross-section should
vary linearly with A, the number of nucleons within a nucleus of the
target. Thus o A® with a = 1 is expected, in contrast to soft
hadronic reactions where o = 2/3. The NA3 data using Hz and Pt
targets simultaneously support this prediction very well. However,
the CIP data with C,Cu, W targets give a = 1.12 + .05. This deviation
from linearity leads to the discrepancy between the CIP data and the
NA3 and WAll data as discussed in sectiom 1.2.1, where comparison

is made between cross-sections per nucleon,calculated wvia the A

dependence, from cross—-sections measured on heavy nuclei.

1.2.4 Transverse Momentum

Using the model, the only source of transverse momentum Prs for the
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lepton pair is the intrinsic transverse momentum kT of the annihilating
partons, associated with their confinement within the parent hadron.
The average value of the transverse momentum of particles produced in
the bulk of ordinary high energy hadron collisions is=350MeV/c, and
this value is used as a simple estimate of <kT>' The uncertainty
principle, applied to the size of a hadron gives a similar estimate.
These estimates, however, are not necessarily appropriate to hard-

scattering processes.

The data give a value of <py” which increases with lepton pair
mass up to a mass ofa4GeV/c2, reaching a plateau of 1.0GeV/c for
200GeV/c proton collisions and 1.2GeV/c for 200GeV/c pion collisions,
and these plateau values increase approximately linearly with Vs.

The model,including intrinsic transverse momentum,appears not to

account naturally for these large values or for their energy dependence.

1.2.5 Angular Distribution

When the on-shell spin} quark and antiquark of mass mq annihilate
via a virtual photon to produce a lepton pair of invariant mass m,
the polar angle 6 distribution of a lepton in the quark—antiquark CM
frame (which is also the lepton pair CM frame) has the form, given

by quantum electrodynamics:

do 5 1 -~ 4m 2/m2

99 . S

T(coss) v 1+ Acos B, A T 2/m2 (1.11)
q

having neglected the lepton mass. Assuming the quarks which
contribute have mq << m, gives A =2 1. Also, the azimuthal angle ¢
distribution of a lepton around the annihilation axis is expected to

be flat.
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1.2.6 Parton Probability Distribution Functions

Lepton pair production (LPP) can be used to determine the

parton PDF of hadrons (for example m, K) which are inaccessible other-

wiseessentially by analysing the data in terms of the DY differential

dzc

dxldx2

shape of the PDF of the valence quarks in pions is:

cross—section For example, the NA3 result for a fit of the

) XO. . (1-x.)

(x 1 1

™
qvalence

* 1

. . . . + - .
This is obtained by a subtraction of the m data from the m data, which

removes any effect of the sea quarks in the pion. The normalisation

1
is then obtained by requiring jo qTT (x

valence ) dx, = 1; that is,

1 1

exactly one valence quark in the pion (and one valence antiquark).
Similar shapes are found by the other experiments. Having found the
valence quark contribution, NA3 then extract the sea component and find
4.4%1.9

T (x ) v (l-x.) . The nucleon PDF are also measured, and
sea 1 1

X
14
are similar in shape to those obtained independently in deep inelastic

lepton scattering experiments.

1.2.7 Absolute Normalisation

The differential cross—sections for LPP by the DY mechanism
(equations 1.6-1.8) are determined in shape and amplitude once the
parton PDF are known. For the case of pN and pN collisions, these
parton PDF are measured in deep inelastic lepton scattering (DILS)
as well as in LPP. The NA3, WAll, Q -experiments all find that the
data fall above the expected value by a factor between two and three.
NA3 investigate this factor further, eliminating any possible purely
hadronic process which would contribute equally to o and ™ cross-

sections, by using the difference between these two sets of data.
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They also eliminate the possibility of having calculated with the wrong

A dependence,by using their small amount of data on a H, target.

2

1.2.8 Associated Hadrons

The DY process involves the annihilation of a quark from one
hadron with an antiquark from the other. The remaining constituents
of the initial hadrons continue to travel essentially along the
original beam and target directions, but must somehow rearrange them-—
selves into the hadrons observed in the final state. For example, in
collisions of a T beam with a nucleon target, a u valence antiquark
is removed from the ﬂ-,and the final-state hadrons travelling along
the original beam direction should reflect this fact. Additionally,
the transverse momentum of the lepton pair must be balanced by the
other final state particles, whose configuration may thus give some

hint as to the origin of such transverse momentum.

Thus, a study of the associated hadrons could give important
information on the process of LPP, complementiﬁg that obtained
directly from the lepton pair. The NA3, CIP, Q experiments are unable
to investigate this important aspect of LPP since they do not detect
the associated hadrons in the final state. The WALl experiment, omn
the other hand, does have the ability to perform this analysis of
associated hadrons, and much of the work described later in this thesis

is concerned with this previously unexplored approach to the subject.
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1.3 BEYOND THE DRELL-YAN MODEL

As discussed above, although the DY parton model successfully
predicts many features of the data on LPP, it has several problems,
mainly those of the transverse momentum of the lepton pair and the
absolute normalisation of the cross—-section. Some attempts to obtain
a further understanding of LPP in high energy collisions of hadrons
have been made [1.9 - 1.11] by extending the DY model in the frame-

work of quantum chromodynamics (QCD).

1.3.1 Higher Order Terms

Quantum chromodynamics (QCD) is an attempt to  describe the
interaction of the hadronic constituents, quarks and gluons, in terms
of a gauge theory. Each parton subprocess is considered as a term in
a perturbation expansion involving the lagrangian which describes the
interaction. The annihilation subprocess of the DY parton model
(fig 1.1) is considered as the term of zeroth order in'as, the
strength of the coupling between quarks and gluons. Some parton sub-
processes involving a gluon, which lead to contributions of higher
order in a_,are illustrated in figs 1.2 - 1.4,(the leptons are also

shown) .

This approach follows the one applied to deep
inelastic electron and muon scattering, which also involve a massive
virtual photon of four momentum Qu, but which is spacelike; that is,
Q2 < 0. In this QCD approach to deep inelastic lepton scattering (DILS),
as well as the subprocess of the original parton model description

illustrated in fig 1.5, higher order terms are also included such as

those illustrated in figs 1.6 - 1.8, (the leptons are also shown).
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Considering all the contributions of first order in o there are
"leading logarithmic terms' of the form ™ o 1n Q2/m§, associated
with divergences as the quark mass mq + 0. These leading logarithmic
terms can be absorbed into the parton PDF, which then become Q2
dependent ('"scaling violation"), but the original form of the parton
model description is restored. This result holds to all orders of

a .
S

Returning to the case of LPP, a similar result holds, as might
be expected from the similarity between the diagrams for LPP (figs 1.1 -
1.4) and for DILS (figs 1.5 - 1.8). 1In this case, the leading
logarithmic terms can be absorbed, part into the parton PDF of each
hadron, and the original form of the DY parton model description 1is
restored, but with PDF which are anow Q2(=m2) dependent, and

moreover are exactly the same as in DILS.

1.3.2 Reassessment of Predictions

The extension of the DY parton model in the framework of QCD
leads to modifications of its predictions. As discussed above, the
parton PDF become Q2(=m2) dependent and so equation 1.9 is

replaced by:

3 " do _ 2
L e F(t, m°) (1.12)

The parton PDF q(x, Q2) measured in DILS show only slight Q2 dependence
near X = 0.2, For the ranges of T and Q2 over which scaling is so
far tested in LPP, the scaling violations are expected to be small,

and would be smaller than the uncertainties in the present data.

The most appealing modification is that transverse momentum for
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the lepton pair arises naturally from the parton subprocesses of
figs 1.2, 1.3. In addition to any contribution from the intrinsic

kT of the partons, these first order terms give:

2
2 m
<pT>QCD N a. s . f(?;é (1.13)

which follows the observed energy dependence of the <p§>, but does
not account entirely for its magnitude ﬁdlél large values of <kT>

still being required.

Having absorbed the leading logarithmic terms into the parton
PDF, there are still 'mext-to-leading logarithmic terms'" of the
form v . C, where C is independent of Qz, which are thus down by
a factor anZ. These contributions are different for DILS and for
LPP because in DILS Q2 < 0 and the massive y* is in the initial state
of the parton subprocess, while in LPP Q2 > 0 and the massive y* is in
the final state, and this difference is numerically large for present
values of Q2 and s. As a result, the LPP cross—section m3 %% is a
factor K = 2 larger than that simply calculated using the DY prescription
with Q2 dependent parton PDF. This factor K depends on T , but is
almost constant over the present range of Tt covered. Of course, when
trying to use a perturbation expansion, it is rather unsatisfactory
that the first order terms produce a result as large as the zeroth

order, especially as the effect of even higher order terms is still

not clear.

In the subprocesses of figs 1.2, 1.3, the transverse momentum

of the lepton pair is balanced by a recoiling gluon or quark, whose

1

subsequent evolution may produce an observable "jet" of hadrons in

the final state.
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1.4 y AND T RESONANCES

1.4.1 Parton Models

Present models [1.13 - 1.15] for the production of the ¢ and T
resonances in high energy collisions of hadrons, attempt to describe
the process in terms of an interaction between constituent partons,
one from each of the hadrons. The resonance can then decay,via its
coupling to a virtual photon, into a lepton pair. This approach is
similar to that of the DY parton model for the lepton pair continuum,
and so the kinematics and differential cross-section formulae look
similar, although the mass of the lepton pair, which now results from
the ¢(T) decay, is fixed. The resulting differential cross—-section

for the xL-distribution of the ¢(T) has the form:

do(hlh2 > U(T)+x)

~ 1 2 {q (x)a, (x)F  (1.14)

. de m 4W
i

where g is the strength of the coupling of the partoms to the y(T),
and qi(xj) is the PDF for each type of parton i (quark or gluon)
within the hadron hj which contributes to the process. Other notation

is the same as for the DY model (section 1.1.1).

The various Parton models are described below with reference
to ¥ (CE bound state) production, but can be extended El.l8, 1.1ﬂ

to cover the heavier T (bb bound state) production.

1.4.2 Charmed Quark Model

An obvious choice for the partons taking part in the process,
is the charmed c quarks in the sea of each hadron, which fuse to

form a ¢, as illustrated in fig 1.9. 1In this model ﬁ413, 1.14, 1.16J
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2 -
g (cc ¥)
B b4r

from a comparison with coupling of p to light quarks), but the

the coupling strengt is expected to be large (of order 1,
measured PDF for ¢ quarks in the sea is very small and falls off
very rapidly like a large power of (1-x) as x - 1. In the cc fusion
mechanism the remnants of each hadron would contain non-zero charm
quantum numbers,and it might be expected that associated charmed
particles (e.g. D-mesons) are produced, unless the final state
rearrangement which produces the observed hadrons also neutralises

this free charm in some way.

1.4.3 Valence Quark Models

In these models,the light valence quarks u, d produce a ¥
either directly @.13, 1.14 ,1.17], as in figl.1lQjor via an inter-
mediate ¥ (charge conjugation C = +1) state [1.13] which subsequently
decays to Py, as in fig 1.11. Since the ¢ and x are colourless,
charge conjugation C = -1, +l states,respectively, the couplings

g(qa y) and g(qa Xx), are presumably provided by three gluons and two gluons

respectively and are thus much smaller than in the charmed quark

case. On the other hand, the PDF for these light valence quarks are much larger.

There is also the possibility of electromagnetic ¢ production

via a virtual photon, as illustrated in fig 1.12.

1.4.4 Gluon Models

In these models, since the y (C = - 1) cannot couple directly
to two gluons (from charge conjugation considerations),it is either

produced along with a soft gluon [l.lﬂ, as in fig 1.13,0or via an
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intermediate x(C = + 1) state [l.lS, l.lé], as in fig 1.14,
Furthermore, the gluons carry a substantial fraction of the momentum
of the hadrons, although their PDF still fall off more rapidly than

those of the light valence quarks.

1.5 PREDICTIONS AND DATA

The predictions of the parton models described above are

compared with the data which existed from the following experiments:

(i) CERN-College de France-Orsay-Saclay (NA3) DJZOJ

150, 200, 280 GeV/c T, K, p beams H2,Pt targets

(ii) Chicago-Illi mois—-Princeton (CIP). [1.21]
225 GeV/c m, K, p beams ¢,Cu, W targets
(1iii) Birmingham—CERN-Ecole Polytechnique $9)) [1.22}
39.5 GeV/c m, K, p beams W target

(iv) Saclay-Imperial College—-Indiana—-Southampton (WA1ll) [1.23]

150, 175, 185 GeV/c 7 beams Be target.

Due to the common parton model approach, the discussion of ¢ production
data below uses many of the basic ideas involved in the discussion of
the lepton pair continuum in section 1.2. Emphasis is again given

to those aspects which will not be discussed later in the chapters

dealing with the results of the analysis.

1.5.1 Ratios of Cross—Sections

From the observation that the ratio of ¢ resonance to background
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lepton pair production in hadronic interactions is about a factor 100
greater than that in ee” collisions, it may be concluded that the

Y 1s produced via a strong interaction process,rather than electro-
magnetically,in hadronic collisions. A similar conclusion may be

o(n+N > )

a(m N =+ ¢)

unity, compared with %-for the lepton pair continuum (section 1.2.2).

drawn from the result that the ratio is very close to

Measurements of an upper limit for the production of associated

charm by searching for extra leptons from semi-leptonic decays of
o (VDD)
a(y)

experiment for D decays into hadrons (K, m) give

charmed particles give < 0.0l. Searches in the WALl

g (yDD)
—ETET < 0.15.

These upper limits, and the smallness of the charmed quark sea
measured in deep inelastic lepton scattering, suggest that the

charmed quark process is not an important contribution to ¥ production,

Another important measurement is the ratio of ¢ production by
protons to that by antiprotons, The valence quark model predicts a
very small value since the proton has no valence antiquarks, whereas

the gluon model predicts a value of unity. The measured values for

g(pN -~ ¥)

O'(-ﬁN > lf)) are

0.19 * .03 at 39.5GeV/c, 0.50 = ,08 at 150 GeV/c, 0.71 + .16 at 200GeV/c .,

These values suggest that both mechanisms contribute over this energy
range, the quark mechanism being more important at lower energies,

and the gluon mechanism dominating at higher energies.

There are results from different kinematical regions
on the proportion of ¢ produced via an intermediate ¥ state, WALL
finding a value of 0.36 + ,05, from a search for photons accompanying

the .
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Drell-Yan varton model for lepton pair continuum production
via quark-antiquark annihilation.

Higher order parton subprocesses for lepton pair continuum
production.

Parton model for deep inelastic lepton scattering.

Higher order parton subprocesses for deep inelastic lepton
scattering.

Parton model for (p vroduction via charmed quark fusion.

1.10-1.12 Parton models for (b production via valence gquark fusion.

1.13=-1.14 Parton models for Lp oproduction via gluon fusion.
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CHAPTER 2

THE WA1l EXPERIMENT

2.0 INTRODUCTION

In this chapter, a general discussion of the method of detecting
lepton pairs in high energy collisions of hadrons is followed by a
detailed description of the CERN WAll experiment, the data of which is

discussed later in this thesis.

2.1 EXPERIMENTAL METHOD

2.1.1 Electron or Muon Pairs

Lepton pair experiments can be performed looking for either
electron or muon pairs, since both have properties which allow their
observation against the large hadronic background produced in hadromic

interactions.

For the case of electron pairs, the energy of the electrons is
measured as they produce electro-magnetic showers in a calorimeter. The
energy resolution is typically %?-Nygf, thus improving as the energy
E increases. The factor R depends on the characteristics of the
calorimeter, improving with the quality of the sampling of the shower,
typical values being 10% - 507 (FWHM) . The main backgrounds are
electrons from conversions of photons from 7° and 1 decays, and hadrons
misidentified as electrons. The first source is reduced by minimising

the amount of material between target and detector, while separation

of electrons from hadrons is usually assisted by Cerenkov information.
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For the case of muon pairs, the momentum of the muons is measured
by the curvature of their trajectories in a magnetic field. The
momentum resolution is typically %?-% Rp, thus deteriorating as the
momentum p increases. The factor R depends on the characteristics
of the magnetic spectrometer, improving with magnetic field strength and

length of measured trajectory. The identification of muons is obtained

by filtering out the hadrons with a suitable absorber.

2,1.2 Beam~Dump or Open—-Spectrometer

A further choice available to muon pair experiments is whether

to use a "beam—dump" or "open-spectrometer" set-up.

In a beam-dump experiment, an absorber (typically iron with a
core of a heavy material such as tungsten or uranium) is placed just
downstream of the target, to filter out the secondary hadrons and to
stop the non-interacting beam particles. This results in a clean trigger,
since the only particles detected are muons produced either directly in
the primary interaction or from particles which decay upstream of
the absorber. Consequently a high luminosity can be achieved. It
also allows the possibility of searching for extra muons from decays of
very short-lived particles. However, the muon pair mass resolution is
seriously deteriorated by the multiple coulomb scattering of the muons
in the heavy absorber, which occurs before the measurement of the
muon momentum. The standard deviation of the roughly gaussian-distribution
of net deflection angles resulting from small-angle multiple coulomb
scattering is erms = 7 mrad for a 25 GeV/c muon passing through 1.5m
of iron (these are typical values). This gives a mass resolution of
typically %? = 57, or Am = 150 MeV/c2 at the ¢ mass. The NA3, CIP,

experiments, whose results were discussed in chapter 1, all used this
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beam~dump design.

In contrast, an open—-spectrometer experiment attempts to measure
and identify as much of the final state as possible. The muon filter
is now placed downstream of the spectrometer and so the mass
resolution is very much improved. However, since all interactions can
now produce particles which enter the spectrometer, the luminosity
of the experiment (which is limited by the rate of particles in the
detector) is much lower. Unfortunately, in the space required for the
spectrometer (typically several metres), secondary hadrons may decay,
producing additional muons which contribute to the trigger. For

example, K = uv (mean life ¢T = 3.7m) and 7™ + uv (mean life ¢t = 7.8m).

2.1.3 The WALl Proposal

The proposal by a collaboration of CEN Saclay and Indiana University,
for an experiment to ''search for high mass states produced with the
¥ (3.1), in the West Area of the CERN SPS [2.{], was accepted in
February 1976, and became the WAll experiment. The original aim of this
experiment was to achieve an understanding of the production mechanism
of the recently discovered y. The ¢ was to be detected by its decay to
a muon pair. In order to look for hadrons from decays of any high mass
states produced with the ¢, (forlexample,fhe charmed hadrons expected
in the charmed quark model (section 1.4.2)) detection of as much of the
final state as possible was required. This was to be achieved with

an open—-spectrometer set-up.

Imperial College then joined the collaboration, providing an
electro-magnetic calorimeter for the set-up [2.2]. Electron detection

would allow a search for leptons from decays of any high mass states
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produced with the ¥, while photon detection would allow an investigation
of ¥ production and decay to yy. The possibility of detecting the y
by its decay to an electron pair was also provided. Data taking began

in September 1977.

2.2 APPARATUS

The WAll apparatus as used during the final year of running
(August 1979-June 1980) is shown in fig 2.1 ,and described in this

section.

2.2.1 Beam

A negative pion beam was used at momenta 175, 185, 192.5, 195,
197.5 GeV/c. A schematic layout of the H3 beam line in the West Area
of the CERN SPS is shown in fig 2.2, and a description can be found
in ref [2.§]. A pulse of 3 x 1012 protons yielded a pion intensity of
107 during a 1.5 second spill. The momentum acceptance was + 1%Z. The
fraction of contamination from other negative hadrons was negligible
(4 x 10-.3 for K , 5 x 10_4 for E); a good reason for using a negative
pion beam. Thin scintillator~strip horizontal and vertical hodoscopes
TO, Tl helped steer the beam onto the target, and were used in the data
analysis to help measure the beam trajectory. Veto counters AMUl, AMU2

helped reject the p-halo accompanying the beam (0.2 x 1O6H/ﬂ3jn

2.2.2 Target

A target of beryllium (A = 9, Z = 4) was used. This target, of

total length 18.8g;£m—2, was divided into three separate small blocks
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in order to reduce secondary interactions, especially photon conversions,

and to help check the vertex location.

This beam and target arrangement gave an event rate per pulse

of 107 . 18.8 . 6.02 x 1023 .0 =1.1x 1032 . 0, where g is the

. . 2 - .
relevant cross-section (in cm ). The total m p cross-section at these

=27

energies is=24 x 10 cmz, giving a total of=2.6 x 106 interactions in

the target per pulse.

2.2.3 Magnetic Spectrometer

The unique feature of WAll compared to other lepton pair
experiments was to be its ability to measure and identify as much of the
final state as possible, and so no absorber was placed between the

target and the magnetic spectrometer.

The magnetic spectrometer, providing momentum measurement,
consisted of 13 multiwire proportional chambers (MWPC) inside the
"Goliath" magnet, and 3 following it. The two smaller MWPC D14, D15

(of size 0.62 x 0.22 m2) each had three planes of sense wires; one
vertical (lmm pitch) and two tilted (2mm pitch). The other MWPC in
Goliath D3-D13 (1.80 x 0.74m2) each had four planes; vertical,horizontal
and two tilted (all 2mm pitch). Each of the three larger MWPC DO-D2
(3.1 x 2.1 m2) following Goliath also had four planes, similarly
arranged, but with 3mm pitch. To protect the beam zone of the MWPC,
thin mylar foils ("beam killers") were placed on each side of the sense
wire plane. These also killed some secondary tracks passing close to
the beam path and corrections had to be applied for this effect,

(section 5.1.1). The Goliath magnet had a vertical magnetic field of

1.5T, coil diameter 2m and gap 1.05m.
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These parameters of the spectrometer gave momentum and angular
resolutions for a muon track of momentum > 5 GeV/c (neglecting
multiple coulomb scattering which dominates at lower momenta)

%F = 0,9 x 10—3 p (in GeV/c) and AP = 1.2 mrad. A ¢ which is produced
at rest in the centre of mass system by a 185 GeV/c beam, and then
decays symmetrically, gives muons of laboratory momenta p = 15,4 GeV/c
and opening angle 6 = 200 mrad. The calculated mass resolution in

this case is %% = 1.5%.

The 4 x 7 cell threshold Cerenkov counter, for particle identifi-

cation, was filled with CO, at atmospheric pressure. The condition for

2

emission of Cerenkov radiation when a particle passes through a

medium is Bn > 1, where B is the velocity of the particle and n is

. [ A m
the refractive index of the medium. This can be rewritten as p > Joe
2¢e
1,

where m, p are the mass and momentum of the particle, and ¢ = n -
(e << 1). For CO2 at 1 atmos., € = 410 x 10—6, giving thresholds of

5, 17, 33 GeV/c for m, K, p respectively.

2.2.4 Muon Filter

The filter for the detection of muons and for the muon pair
trigger was composed of 2380 g.cm—2 of iron preceded by a horizontal
hodoscope H1H, and followed by horizontal and vertical hodoscopes H3H,
H3V. Each horizontal hodoscope was divided into four quadrants around
the beam axis, and had a central horizontal gap subtending + 20 mrad at
the target. The horizontal scintillator counters were arranged so that
the edges of corresponding strips in H1H, H3H pointed back to the target
in the vertical plane. After this filter came a wall of concrete
blocks, and another hodoscope PAPILLON, providing further filtering.

The outer limits of the hodoscopes subtended angles of + 250 mrad
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horizontally and + 160 mrad vertically at the target.

2.2.5 Calorimeter

The electromagnetic calorimeter was composed essentially of
lead - scintillator - sandwich modules for energy measurement, and
used the MWPC DO as a shower position detector. Horizontal strips of
scintillator sampled the shower after 2.9, 6.6, 35.2 radiation lengths,
while vertical lead-scintillator—sandwich modules summed the energy
deposited by the shower between 2.9 and 17.3 radiation lengths. The

AE 50%

energy resolution achieved with this calorimeter was — = 7= (FWHM) .

The calorimeter is described fully elsewhere [2.4].

2.3 TRIGGERS

2.3.1 Interaction Trigger

A beam particle signal "PINC" (Pion INCident) was given by a
coincidence of signals in the beam hodoscopes TO, Tl and the beam
defining counter S1 and no signal in either of the muon-halo veto

counters AMUl, AMU2 upstream of the target:
PINC = TO.T1.S1.AMU1l.AMU2 2.1

An interaction trigger "DIF" (DIFfusion) was given by a coincidence
between the beam particle signal, and a signal in each of the
interaction counters Wl, W2 placed above and below the beam at the

entrance to Goliath:

DIF = W1.W2.PINC (2.2)
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2.3.2 Muon Pair Trigger

This trigger attempted to enhance the signal of muons resulting
from ¢ decays,relative to the background from other sources. These
background sources included:

(1) The decays in the 8m between the target and muon filter, of
some of the particles produced in the interaction, mainly pions
and kaons.
(ii) The considerable flux of halo muons accompanying the beam.
(iii) The "punch~through" of high energy hadrons reaching the downstream

muon hodoscopes.
+ =, . . . .
The p p invariant mass mu+u- is given approximately by

2
4 = =P P .07 + - 2.3
TN [EL T VO Tt (2.3)

. +, - . .
where Pu+(Pu‘) is the momentum of the p (p )and 8u+u- is the opening
angle between them. Thus a high invariant mass,such as that of the ¢,

leads to high momentum muons with a large opening angle,

The trigger principle, illustrated in fig 2.3, combined the

following factors:

(1) Most muons of low momentum (S 5 GeV/c) were bent out of the
apparatus by the magnetic field of Goliath or failed to penetrate
the iron. Since the number of muons from pion and kaon decays
decreases as the momentum of the parent increases(due to the
Lorentz y-factor in the mean lifetime) this momentum cut-off
rejects mainly background muons.

(ii) A single muon track was required to pass through corresponding
horizontal strips of H1H, H3H and hence point to the target in
the vertical plane (the vertical component of momentum being

parallel to, and hence unaffected by, the magnetic field). This
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requirement, along with that of the veto counters in the inter-
action trigger, helped reject the muon-halo.

(iii) H3V was used to require the pair of muons to be in diagonally
opposite quadrants and, because of the gaps in H1H, H3H, to
have a minimum opening angle of 40 mrad. This favoured pairs of
muons of opposite sign with large invariant mass. (PAPILLON
was used to select muons of higher transverse momentum, and

provided an additional filter).

A resulting average trigger rate of 5 x 10_6 per incident pion
was obtained, leading to 50 triggers per pulse. Comparing this to the
total numbeg of interactions in the target (2.6 x 106), gives one
trigger per 50,000 interactions, showing the excellent selectivity
which can be achieved with a muon pair trigger, even in this open-

spectrometer configuration.

2.3.3 Electron Pair Trigger

An attempt to select electron pairs resulting from ¥ decays was
made using the calorimeter and Cerenkov counter. A large background of
electrons came from photon conversions and hadrons misidentified as
electrons. The resulting trigger rate was about three times the muon
pair rate, and was used only for a limited period. The electron pair

trigger is described fully elsewhere [2.5].

2.4 DATA ACQUISITION

Signals from the counters and chambers were read, via a CAMAC
interface, into the PDP 11/45 on-line computer, whenever the hardware

trigger was satisfied. As well as writing the data to magnetic tape,
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the computer provided information, including event displays, for
monitoring and checking the apparatus.- During the period August 1979-
June 1980, approximately 3000 raw data tapes, containing 40 million

triggers were written by the data acquisition system.
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Figures
2.1 WALl apparatus.
2.2 H3 beam line in the West Area of the CERN SPS.

2.3 Muon pair trigger principle.
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CHAPTER 3

DATA PROCESSING

3.0 INTRODUCT ION

The data reduction procedure, and performance of the WAll
apparatus and trigger as calculated by monte-carlo techniques are

described in this chapter.

3.1 DATA REDUCTION PROCEDURE

3.1.1 Strategy

From the appropriate cross-section for ¢ production and branching
ratio for decay to a muon pair, aﬁd the acceptance of the WALl
experiment, the expected number of ¢y -+ u+u— events was . 0.1l per pulse of
107 pions. Since the trigger rate was 50 per pulse, this means that

. . . + -
only one in 500 triggers was from a genuine ¢ - u u event.

Due to the complexity of the pattern recognition, reconstruction
for all of the large number of triggers written to tape would have taken
too much computer time, and so the raw data tapes were first passed
through a fast filter to improve the signal to background ratio. Those
triggers which survived this fast filter were then passed through the
reconstruction program. Finally, a special program used the Cerenkov

information for secondary particle identification.

The three stages of the data reduction process are illustrated

in fig 3.1, and described below.
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3.1.2 Fast Filter

The fast filter program analysed the raw data tapes on which the
triggers had been written by the data acquisition system. It checked
the hardware trigger logic and then, using the hit counters of the
muon hodoscopes, defined regions in the large MWPC D1, D2 through
which the muons should have passed. In these regions of the '"lever-
arm' MWPC D1, D2, the program then searched for "points'"y that is, where
a track had passed through the chamber producing signals on clusters
of wires. Using these points and a simple approximation for the
magnetic field, the program then attempted to construct muon trajectories
passing through the target and having momentum > 3 GeV/c. A trigger
was then rejected unless a pair of muons was found with invariant mass
> 2 GeV/cZ, as calculated from this rough procedure. This stage of
the data reduction process took 20 ms/trigger (on a CDC 7600) and

reduced the number of triggers by a factor of 25.

3.1.3 Reconstruction of Charged Tracks

Thé program "TRIDENT" (TRack IDENTification) analysed the tapes
written by the fast filter program, performing reconstruction of
charged tracks. It created tracks from the lever—arm MWPC D1, D2 and
followed them back towards the target, through the MWPC inside Goliath.
The resulting tracks were then fitted to a primary vertex and up to
five secondary V-zero vertices from decays of neutrals. This complex

stage of the data reduction process took 200ms/trigger.

The total computer time required by these first two stages of
the data reduction process was thus 20 + 5? X 200 = 28 ms/trigger, (that
is, 300 hours for 40 million triggers), a factor 7 less than if

reconstruction had been applied to all of the original triggers.
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3.1.4 Cerenkov Program

A subsequent program generated photons (using monte-carlo
techniques) along each track traversing the Cerenkov counter, under
each of the hypotheses that this track was an e, 7, K or p. It
followed these photons through the optical system of the Cerenkov
counter, thus giving the expected number of photoelectrons recorded at
the photomultiplier of each cell, under each hypothesis. This expected
nqmber was then compared to the actual number seen, giving a poisson
probability for each hypothesis. (Normalisation was obtained from

known tracks; for example: p from y, m from Ko).

The results of the reconstruction and Cerenkov programs for good

events were written onto data summary tapes for further analysis.

3.2 APPARATUS AND TRIGGER PERFORMANCE

3.2.1 GEANT Monte—Carlo

The performance of the WAll apparatus and trigger was studied
within the framework of the monte-carlo package ''GEANT" [}.ﬂ (Genvration

of Events ANd Tracks). This program performs four consecutive tasks:

(i) generation of kinematics;
(ii) @generation of tracks in space;
(iii) intersection of tracks with apparatus;
(iv) digitisation (and writing of '"data" tapes for subsequent analysis
by the data reduction programs).
Each stage which is required has to be supplied with appropriate user

routines which describe the particular experiment being studied.
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3.2,2 Kinematics

Six variables are required to describe completely a muon pair
(each muon has 3 components of momentum). It is natural to choose a
set which contains simple variables of interest. One such choice is:
{m, X > Pps U5 8, ¢}. The first four variables refer to the muons
as a pair: m and x are the mass and scaled longitudinal momentum, Pr
and w are the transverse momentum and its azimuthal angle around the
beam axis. The last two variables refer to just one of the muons:

8 and ¢ are the polar and azimuthal angles with respect to a particular

axis (defined in section 4.5).

The kinematical distributions of the muons measured in the
experiment are corrected for the acceptance of the apparatus and trigger
as calculated by monte—carlo studies. This could be done by generating
muon pairs at each point of the 6-dimensional array of variables, and
tracking them through the apparatus to see if they satisfy the trigger.
Each muon palr in the data would then be weighted accérding to the
acceptance calculated at the point of the array at which it occurred.
However, this procedure would require an unreasonably large amount of
computer time, and be extremely wasteful as it would populate regions

of the array where there were no data.

Instead, muon pairs are generated according to models which give
a realistic representation of the data. Then, the kinematical
distribution in any particular variagble of interest is corrected for
the acceptance as a function of that variable, thus involving an inte-
gration over the acceptance as a function of the other variables. The
weakness of this procedure is that the results can be model dependent,

and due consideration must be given to this problem (section 3.2.4).
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Two models were chosen, both of the parton-parton type, discussed

in chapter 1, since these are simple to use and of obvious physical

interest, as well as giving a realistic representation of the data.

These models were:

(1)

(ii)

(1)

(ii)

(iii)

Valence quark—antiquark annihilation, for the y resonance and
for the muon pair continuum.

Gluon—-gluon fusion, for the y resonance.
A muon pair was generated by the following procedure:

Partons were chosen with longitudinal momentum fractions x
according to the appropriate parton PDF for the beam and
target. The values of m and X for the muon pair are then
given by eqns. 1.3, 1.4 in terms of the chosen X5 X, values of
the partons.

An allowed value of Py was then chosen for the muon pair from

a distribution which fitted the data with <pT> =1.0 (1.2) GeV/c
for the ¥ (continuum). The w angle was chosen from a flat
distribution.

The 8, ¢ angles for one of the muons were then chosen according
to an angular distribution of the form:

dN

2
quj’\: 1 + Acos 9,

with A = O for the gluon—gluon (gg) model, and A = 1 for the

quark-antiquark (qq) model.

Having thus generated a muon pair, it was possible to apply loose

cuts in a short routine ("REACC") to see whether it could be rejected

in this first (kinematics) stage in order to save time. The muons were

required to have momentum > 4GeV/c, to have vertical projections such

that they would not be outside the limits or inside the gaps of the
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muon hodoscopes (allowance being made for multiple coulomb scattering)
and would form an "up—down" pair. (The vertical component of momentum,
being parallel to the magnetic field, would only be affected by multiple
coulomb scattering during the second (tracking) stage). Only those
muon pairs which passed REACC (less than half) were put through the

tracking stage.

3.2.3 Tracking

Each muon pair which passed REACC was then tracked through the
apparatus using routines for the magnetic field, the various media,
multiple coulomb scattering, etc. The following series of cuts, which

represent the muon pair trigger, was then applied:

(i) "PAP": a muon was required to give a hit in PAPILLON, the
muon hodoscope furthest downstream.
(ii) "H3V": a muon was required to give a hit in the vertical H3V
hodoscope.
(iii) "H3H": a muon was required to give a hit in the horizontal
H3H hodoscope, the number of the counter it hit being noted.
(iv) "H1H": a muon was required to give a hit in the horizontal
H1H hodoscope, and the counter it hit to correspond
to the one noted for H3H,
(v) "DIAG": a pair of muons had to form a "left-right" pair (combinin
g
this with the "up-down' requirement in REACC ensured
that the muons hit diagonally opposite quadrants of the

muon hodoscope).

Table 3.1 contains a summary, for each model, of the losses due to each

of the above criteria.
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3.2.4 Acceptance, Resolution, Efficiency

The (geometrical) acceptance of the set-up as a function of m,
the muon pair mass,is shown in fig 3.2. The acceptance as a function
of the variables X s Pop and cos6, for the Y (gg model) and continuum
(qq model), is shown in figs. 3.3 — 3.5. For any result on the properties
of the muon pairs (chapter 4), the quoted error includes a contribution
which reflects the change in the result produced by a change in the

model used to calculate the acceptance.

By passing the monte~carlo generated muon pairs through stages
(iii) and (iv) of GEANT, the experimental resolution was found to be:
%? = 1.2%, AxL < 0.01, ApT < 50 MeV/c. The overall efficiency for v
detection, including the fast filter and reconstruction programs, was

computed by mixing monte-carlo generated muon pairs with experimental

data, and found to be = 70% [ ef tvemts acepted by b bigger)
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3.1 LOSSES DUE TO APPARATUS AND TRIGGER REQUIREMENTS.

MODEL: QUARK-ANTIQUARK GUARKX~ANTIQUARK GLUON-GLUON
RESONANCE CONTINUUM RESONANCE
MUON PAIRS 50 000 (100.00%) 52 479 (100.00%) 48 661 (10Q.0C%)
GENERATED: -
LOSSES IN:
REACC: 33 271 ( 66.54%) 30 374 ( 57.88%) 28 093 ( 57.732%)
DAP: 6 649 ( 13.30%) 8 138 ( 15.51%) 7 414 ( 15.24%)
H3V: 16 ( 0.03%) 8 ( 0.02% 13 ( 0.03%)
T3H: 279 ( 0.56%) 335 ( 0.&4%) 320 ( 0.66%)
31H: 1348 ( 2.70%) 236 ( 1.78%) 1 667 ( 3.38%)
DIAG: 2 038 ( 4.08%) 1894 (1 3.581%) 2 506 ( 5.13%)

MUON PAIRS 6 399 ( 12.80%) 10 794 ( 20.57%) 3 668 ( 17.81%)
ACCZPTED:




- 55 -

3! DATA REDUCTION PROCEDURE.
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CHAPTER 4

PROPERTIES OF THE MUON PAIRS

4.0 INTRODUCTION

In this chapter, data on the kinematical distributions of the
muon pairs are presented, and discussed in the context of the parton

models described in chapter 1.

4.1 PREL IMINARIES

4.1.1 Data Sample

The data were taken at the WALl experiment during 14 ten-day SPS
runs between August 1979 and June 1980. From the triggers taken during
this period, good events were written onto data summary tapes by the
data reduction programs. Cuts were made on the quality of the muon tracks
(momentum uncertainty, number of measured points, etc.) to select events
with at least one pair of well measured muons originating from the main
vertex and with invariant mass > 2.5 GeV/cz. For those events with
more than two well measured muons,all possible pairs were considered.

A total of. 62 634 muon pairs satisfied these criteria, and these muon
pairs are used in the analysis. The number of such pairs produced at
the various beam momenta which were used is given in table 4.1. (Unless
otherwise explicitly stated, the data from all these momenta were
combined for the analysis, since the range of Vs covered was small:

18.2 - 19.3 GeV). The number of such pairs produced in various mass

regions of interest between 2.5 and 11.5 GeV/c2 is given in table 4.2.
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The raw mass spectrum (that is,uncorrected for acceptance) for
these muon pairs is shown in fig 4.1 (for opposite and like sign pairs
separately), on a logarithmic scale showing clearly the four orders
of magnitude covered between the signals of the ¢ and the tail of the
continuum. The raw mass spectrum for opposite sign pairs is also
shovn in fig 4.2, but on a linear scale. The narrow ¢ signal dominates

the spectrum.

4.2 MASS

The data are divided into three separate mass regions for the

analysis of this section: the ¥, the ¢',and the continuum plus T regions,

4.2.1 Y Region

The mass spectrum for the region between 2.8 and 3.4 GeV/cz,
corrected for acceptance, is shown in fig 4.3. The data in the regions
2.8-2.9 GeV/c2 and 3.3-3.4 GeV/c2 are fitted using an exponential which,
interpolated under the Y peak, gives an estimate of the background.

This fit is also shown in fig 4.3. Then, the data minus this background
are fitted using a gaussian. Although not an excellent fit, the gaussian
gives a good estimate of the centre and width of the peak. The results

of the fits are:

background: exp - om ; o = 2.46 + .05 (GeV/cZ)—1
fit
2 _ 2
resonance: exp = (m—my)~ m = 3.104+ .001 GeV/c
fit 70z > ¥ 2
P =38.2 + .2 MeV/c

g
v
(The Particle Data Group tables [4.1] give m, = 3.097 + .001 Gev/c?)

The width of the peak (due entirely to mass resolution effects, since
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the ¢ has a decay width of only 63 KeV/cz) demonstrates the excellent
mass resolution of the apparatus %? = 1,27 which agrees with the monte-

carlo estimate.

Special runs using an up-down trigger to collect like sign
pairs (instead of the usual diagonal trigger which favours opposite sign
pairs) indicated that the fraction of the background under the ¥ peak
due to 7w, K decays is = 407 (This was the work of other members of the
collaboration). The remaining = 607 of the background is assumed to
be due to prompt pairs produced as for the higher mass continuum. The
number of ¢ in the region 2.9-3.3 GeV/c2 is 36 330 + 720 (the error
includes the statistical error and a 107 error in the estimate of
background), This number of Yy is compared in section 4.2.4 to the number
of y' and T, to obtain ratios of cross—sections for these three

resonances.

4.2,2 ¢' Region

The ¥' peak emerges clearly and separately from the ¢ peak, in
contrast to the case of beam dump experiments where, due to multiple
coulomb scattering of the muons,it appears only as a shoulder on the
Y peak. The mass spectrum for the region between 3.4 and 4.0 GeV/cz,
corrected for acceptance, is shown in fig 4.4. The data are well fitted
using the sum of a gaussian and an exponential (xz = 55 for 55 degrees
of freedom (d.o.f». The gaussian and expomential fits are also shown

in fig 4.4. The results of the fits are:

background: exp - om ) 2.58 + .13 (GeV/cz)_1

fit

2 2
resonance: exp - (m—mﬂv) s m 3.697+ .004 GeV/c
fit i py v -

UN g

gt =431 %3 Mev/c?
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(The Particle Data Group tables [A.IJ give m¢, = 3.685 + .001 GeV/cZ)

It can be seen that there is a large amount of background
under the ¢' peak. The number of ' in the region 3.6-3.8 GeV/c2 is
660 + 84 (the error includes the statistical error and a 107 error in

the estimate of background).

4,2.3 Continuum plus T Region

The mass spectrum for the region between 4.1 and 11.5 GeV/c2 ,
corrected for acceptance, and fitted using a single exponential
(X2= 69 for 59d.0.f)is shown in figure 4.5. The result of the fit is:

. 2.-1
continuum: exp - am ; & = 1.08 + .03 (GeV/c")
fit
. . 2

The average muon pair mass is = 5 GeV/c™.

The background from m, K decays, estimated from like sign pairs

taken with the up-down trigger,falls off very quickly with mass, and is

negligible in this region.

The small excess between 9 and 10 GeV/cz, which is probably due
to the resonances of the . family (m,,[l = 9.46 GeV/c2 Enlj), corresponds

to 18 + 5 muon pairs.

4,2.4 Ratios of Cross-Sections ' -

The ratios of cross—section times branching ratio into muon pairs
for the three resonances (corrected for background and acceptance) are

found to be:

oy + - ' — v
Br@ > uu).ol) _ (154 .2) x107% (giving g—(“’—) = 0.13+.02)

Br(p ~ ' u).o(h) - ()
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+ - .
Br(T + p' 1) .o(T) 4 (here T includes all the

Br(p + uu).o(y)

=(2.2 *+.5) x10 resonances of the T family

between 9 and 10 GeV/cz)
These values agree reascnablywell with the other experiments at similar
energies [1.20, 1.2q . However, the ratio of ¢' to Y production at

the lower energy of 39.5 GeV/c is o(y")

oGy~ = 0+h [1.22].

The small value for the ratio of ¢' to ¥ production, considering
that the masses are similar when compared to Vs, suggests some
difference in production mechanism between the two resonances. This
could be due to the fact that some y production occurs via intermediate
X states [1.25], whereas there are no such x states which can decay in
the same way to give a ¢'. Also, the change in this ratio from the
lower to the higher energies suggests some change in production mechanism
over this energy range. This is also indicated by the change in the
ratio of ¢ production by p to that by 5 (section 1.5.1). Of course,
T production is expected to be highly suppressed because of the

much greater mass involved.

4.3 LONGITUDINAL MOMENTUM

The (dimensionless) longitudinal momentum variable used here is
X E%;%;’ where 153 is the longitudinal momentum of the muon pair¥,.
The xL—distributions for the ¢ and ¢' regions (2.9-3.3 GeV/c2 and 3.6-
3.8 GeV/cz, respectively) are corrected for background by subtracting

the distributions in the neighbouring mass regions (2.5-2.9 and 3.3-3.%6

GeV/c2 for the Y, 3.3-3.6 and 3.8-4.8 for the '), normalised appropriately.

This variable is not the same as the other variable which is used (the
pmax
momentum whicE the muon pair could have. 1In fact,

Feynman variable) Xg = , where py max is the maximum longitudinal

p max = %/E(L-E%—), so

that — = 1-%;. This ratio varies from 0.97 at the ¥ mass to 0.74 at

the T “mass, for a beam momentum of 185 GeV/c.
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(A check on this procedure is made by using narrower mass regions for
the ¢ and ', and comparing the resulting distributions). The

distributions are also corrected for acceptance. The resulting differential

cross-sectioné%ifor the ¢, P' and continuum alone (3.8-8.8 GeV/cz) is
shown in figs 4.6-4.8. (Insufficient statistics are available for a

proper study of the T distributiomn).

One clear general feature is that all the distributions are
centred about a positive non—zero value of X - This feature is also
observed in the other experiments. In the context of a parton model,
this suggests that the partons involved in the production mechanism
are harder in the pion than in the nucleon, since X=X T X, This
is to be expected as the pion has fewer valence constituents than the
nucleon, and hence from dimensional counting arguments, has harder
parton PDF. Also, the distributions are not symmetric, even about this

positive non-zero value, and fits using the common parametrisation

do _alsC
Egim (1 IXL B|)~ are thus unsuccessful.

Very good fits to all the x - distributions are obtained using

a B
the parametrisation do 1 Xl) (1 XZ)

de xl + x2

motivated by the parton models. This can be seen by substituting

. A fit of this form is

qu(xl) = A(l—xl)a, xzq(xz) = B(l-—xz)B (A, B constants) in the differential
cross—section formula for ¢ production, eqn 1.14. Thus, for the case of
the ¢(and ¢'), the functions (1—x1)a, (l—xz)B can be directly interpreted
as the momentum distribution functions of the colliding partons from the
beam and target. (The momentum distribution function is just xq(x), where
q(x) is the probability distribution function.) This direct interpretation
is not possible for the continuum case which involves an integration

over the mass region; however,the parametrisation is still useful. The

fitted functions are shown in figs 4.6~4.8, and the parameters of the
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fits, and the values of <xL>, are given in table 4.3. (As mentioned
in section 3.2.4, the quoted errors include a contribution which
reflects the change in results produced by a change in the model used

to calculate the acceptance).

Figs 4.9, 4.10 show the ranges of x,, x, covered by the raw

1’ 72

data in the ¢y and the continuum regions. It can be seen that a good range

of X is covered, but that the range of %,

making the determination of the momentum distribution function for the

is rather limited (xzé 0.4),s -

target (l-xz)B,less reliable.

Another feature is that the xL—distribution for the ¢ is much
narrower than for the continuum (this can be seen by comparing the values
of the exponents a,B8 ). This feature is also observed in the CIP
experiment [1.2£]. An attempt to fit the ¢ xL—distribution using the
valence quark and antiquark PDF measured by NA3 for the continuum [1.5]
is shown in fig 4.11. Clearly the fitted function is much too wide
(x2 = 800 for 24 d.o.f). This suggests that the partons involved
in the ¢ production mechanism have much more restricted momentum
distributions than those involved in the continuum production; the
possibilities being gluons or charmed quarks in the sea. The most
likely interpretation is that, at these higher energies, ¢ production
involves a large proportion of gluon-gluon fusion,(the main arguments
against the charmed quark possibility are given in section 1.5.1)
However, at the lower energy, 39.5 GeV/c, the shape of the xL-distribution
is found to vary smoothly as a function of mass, including the ¢ [l.ﬂ R
suggesting that ¢ production involves a large proportion of quark-anti-
quark annihilation at this lower energy. These interpretations would
be consistent with the results on the ratio of ¢ production by protons

to that by antiprotons (section 1.5.1).
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With this gluon-gluon fusion interpretation for the higher
energies, a, 8 are the exponents of the gluon PDF for the beam, target.
From dimensional counting arguments the values expected for these
exponents are o = 3 for the pion, and B = 5 for the nucleon. An
analysis of y production by real and virtual photons in terms of a photon-
gluon fusion model gives 8 = 5 for the exponent of the gluon PDF for
the nucleon[}.z], and an analysis of ¥ production in pN and 7N collisions
gives o« = 3 and B = 5 or 6[}.2} The CDHS group, analysing the scaling
violation in their neutrino data, find B = 5.6 B&Jﬂ . The value in
table 4.3 of B = 6.9 + .7 is slightly higher than that obtained in

these other analyses, (however the rather limited range of x, covered,

2

makes its determination less reliable, and this discrepancy is probably

not significant), while the value of a = 2.5 + .1 is in good agreement.

4.4 TRANSVERSE MOMENTUM

The Pp” distributions are corrected for background and acceptance
as in the case of the xL—distributions. The resulting differential

. 1 do
cross—section —

—— 1is shown for the ¥, ¢' and continuum in figs

4.12-4.14.

The distributions were first fitted using a simple gaussian form:

o] . . . . .
L dg N exp (—bp2 ). This parametrisation provides a reasonable fit
P de T

to the data for the lower Py values, but then falls away too quickly,
This feature is also observed in the NA3 experiment [1.2@] . The
parameters of the fits are given in table 4.4. Much better fits are

Pr 2«
obtained with the parametrisation: L do m (1+Cé?)2) which can

cope well with the whole range of Pp- The parameters of these fits

are given in table 4.4, and the fitted functions are shown in figs

4.12-4.14
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The small dip towards Pp™ O for the continuum data is not under-
stood. It is already evident in the raw distributions and is probably
not a result of an incorrect acceptance calculation. It becomes more
significant as the mass range increases. from 3.8-4.8 GeV/c2 to 4.8—8.8GeV/c2.

NA3 study 1 do for the continuum in various mass regions (4.1-5,

T
5-6, 6—8.5 GeV/c") and here too there is a flattening off and

eventually a small dip towards Pr= 0 as the mass range increases El.i].

The values of <Pp> and <pT2> are given in table 4.5, Similar
values are obtained in the other experiments at these energies. If
the Pr of the muon pair is due entirely to the(independent) sum of
the intrinsic kT of the partons, then <pT2> = <k 2> + <kT 2>.‘

T 2

Assuming equal gaussian distributions for both k. gives <kT> = 750-

T
850 MeV/c (<kT> = %/?:EEZ; for a gaussian distribution). These values
are much larger than might be expected from the simple estimates
mentioned in section 1.2.4., Other contributions to this pp may come
from the effect of any partons produced in the final state of the sub-
process, recoiling against the muon pair, as mentioned in section 1.3.2.

(A Y produced via, for example, a x(3.55), may also have a contribution

to its P> from the decay to ¥y, of up to 0.4 GeV/c).

4.5 ANGULAR DISTRIBUTIONS

The angular distribution of a muon in the parton-parton CM frame
gives information on the production mechanism of the muon pair.
Unfortunately, if the partons have some intrinsic transverse momentum,
then it is only possible to estimate the original parton-parton axis
from the initial hadron directions. One method is to use the beam
direction ("Gottfried—Jackson (GJ)axis") and another is to use the axis

which bisects the beam and reverse of the target direction ("Collins-
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Soper (CS) axis"). These axes and their corresponding angles are shown
in fig 4.15. In fig 4.16, where (cos eCS - coseGJ) is plotted as a
function of the muon pair Pp> it can be seen how the agreement between
these two estimates improves as the Pr of the muon pair decreases. 1In
the context of a parton model, the Collins-Soper axis is the most
natural choice, as it treats each parton equally on average, and it

is this axis and its corresponding angle which are used in the analysis

here.

The corrected angular distribution for the ¢, ¢' and continuum is
shown as a function of ICOSGCSI in figs 4.17-4.19. The ¢, '
distributions are reasonably well fitted using a flat function, while
the continuum is reasonably well fitted using the function 1+coszecs.
These features (for the ¢ and continuum) are observed in the other
experiments. The most important point is the difference between these
two shapes; the continuum distribution being consistent with the quark-
antiquark DY mechanism, while the y, ¢' distributions clearly require

some other mechanism which leads to an essentially isotropic decay (such

as gluon—-gluon fusion, or production via an intermediate ¥ state).

No deviation from a flat azimuthal angular ¢CS distribution

is found for the ¢, ¥' or continuum.

4.6 SUMMARY

The main results from the data on the properties of the muon pairs,

and their interpretation in terms of the models are:

(1) The small value for the ratio of ¢' to ¢ production. There is
a difference in production mechanism, perhaps explained by

some Y production occurring via intermediate x states.



(ii)

[
[
e

~

(iv)
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The narrowness of the y xL—distribution. A large proportion of
¢ production at the higher energies occurs via gluon-gluon
fusion,and the momentum distribution functions of the gluons can

thus be estimated for the pion and the nucleon.

The large values of <pT>. Perhaps there 1s a contribution to
the Pp of the muon pair from its recoil against some parton

produced in the subprocess.

The difference between the angular distributions. The
continuum angular distribution is compatible with the DY quark-
antiquark mechanism, while those of the Y, §' require some
mechanism which leads to isotropic decay, perhaps gluon-gluon

fusion or production via an intermediate X state.



- 68 -

references

4.1 Particle Data Group, Rev. Mod. Phys. 52 (1980).
4.2 V.Barger, W.Xeung, R.Phillips, Phys. Lett. 913 (1980) 253,
Z. Physik C6 (1980) 159,
4.3 A.Savoy-Navarro, Paper submitted to: Int. Coaf. on Neutrinos,.

Bergen (1979).



Tables

A

4.5

Figures

hol=h.2
Lo3=4.5
bL,6-4.8
4.9-4.10
4,11

4,12-4,14

l+ . 17-40 19

- 69 -

Number of muon pairs at various beam momenta.
Number of muon pairs in various mass regions.
Parameters of fits to xL distributions; values of <3L>.

Parameters of fits to o distributions.

Values of (?55, (pi).

Raw mass spectrum for muon pairs; logarithmic scale, linear
/ '3
Corrected mass spectrum for: 4), qi, continuum »lus N?.
- . ’ .
XL distripution for: 4), QJ, continuum,

X, versus x, plot: q), continuum,

XL distribution for Q).

. . . / :
pT distribution for: Q), Q), continuumnm,

Gottfried-Jackson and Collins-Soper axes and angles.

cos ecs-cos eGJ versus p,, plot.

T
cose distrioution for: q) Lb’ continuum,
CS ) 2

scale,



4,1l NOMBER OF MUON PAIRS
AT VARIQUS 3EAM MOMENTA.
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3EZAM MOMUGNTUM NUM3ER COF

GeV/c MUON PAIRS
175 4 635
185 16 032
192.5 26 549
195 12 020
197.5 3 398
TOTAL 62 634

4.2 NUMBER OF MUON PAIRS
IN VARIOUS MASS REGIONS.

MASS REGION NUMBER OF
Gev/c2 MUON PAIRS
2.5 - 2.9 13 477 )
2.9 - 3.3 43 232
3.3 = 3.6 2 095
3.6 - 3.8 1 407
3.8 - 4.8 1 439
4.8 - 8.8 674
8.8 -11.5 46
2.5 -11.5 261

TOTAL 62 634

OPPOSITE SIGN

LIKE SIGN
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VALUES OF (xL)

L

DISTRIBUTIONS;

p )gd.o.r. <=

MASS REGION (04
Gev/ca
(2.9=3,3)
qy 2.1+.5 Lo2+2.0 22/19 0.11+.03
(306-308)
CONTINTUM L.&+.2 Leo2+1.0 30/24 0.15+.02
(3.8-8.8)
4.4 PARAMETERS OF FITS TO P DISTRISUTIONS.
MASS REGION b X/zd.o.f. B c X/zd.o.f
GeV/c2 (GeV/c )"2 GeV /¢
qJ 0.74+.02 96/37 2.5+.2 6.3+.8 l4/36
(2.9-3.3)
qy 0.81+.08 20/27 1.9+.8 4.0+2.5 18/256
(3.6=3.3)
CONTINUUM 0.52#.03 51/37 3.1x.5 7.1+2.0  43/3%
(3.8<8.3)

4.5 VALUES OF <pT>,<p,§>.

2
MASS REGION » p
GeV/c? Ge\§/2> ( Ge§/§)>2
¥ 1.05+.01 1.49£.01
(2.9-3.3)
4 1.09+.05 1.69+,05
(3.6=3.8)
CONTINUUM 1.17+.03 1.83+.03

(3.8-3.8)
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CHAPTER 5

PROPERTIES OF THE ASSOCIATED HADRONS

5.0 INTRODUCTION

In this chapter, data on the multiplicity, kinematical distributions
and quantum numbers of the hadrons produced in association with the muon
pairs are presented. Emphasis is given to the forward direction for
reasons discussed later (section 5.1.5). The data are discussed in the
context of the parton models which were described in chapter 1 and used

in the discussion of the properties of the muon pairs in chapter 4.

5.1 PRELIMINARIES
5.1.1 Monte-Carlo

The parton model monte-carlos (section 3.2), used in the study
of the properties of the muon pairs, were adapted to include the
generation of associated hadrons. The average number of charged
particles <n>, produced in ordinary W_p interactions, with beam momentum
between 50 and 205 GeV/c, has been measured in bubble chamber experiments

and fitted [5.1] with the formula:

0.461

<n> = 2.02 (Vs) (/s in GeV) (5.1)

This formula was used to determine the average number of charged
particles <n> to be generated in the monte-carlo, by calculating the
appropriate Vs available, once the muon pair had been generated. (In
fact, all particles generated were pions). The number of pions

actually generated in a given event was then chosen from a poisson
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distribution with mean 1.5 x <n> (the factor 1.5 was used to allow for
. . . + - o .

the generation of neutrals). This number of pions (v , m , m with

equal probability) was then generated with momenta distributed

according to the remaining available phase-space (conserving four-

momentum) .

Each charged pion generated at this kinematics stage was then
tracked through the apparatus and required to be detected in a minimum
number of chambers (this meant being within the outer limits, but
outside the beam-killer zone (section 2.2.3)). Neutral pioms, although
possibly detected in the calorimeter, are not used in this analysis of
the data. The beam~killers were lined up so as to follow tﬁe (negative)
beam trajectory through the magnetic spectrometer and this resulted in
a difference in acceptance for high momentum positive and negative pions
in the forward direction. (Unless otherwise explicitly stated, "forward"
and "backward" refer to the 7N centre of mass (CM) frame). This was
the only loss in acceptance in the forward direction. The losses in the
backward direction were more serious, just due to the smaller solid
angle covered there by the spectrometer. The acceptance was = 1007
for charged pions with CM rapidity be, between -0.5 and +1.5, but fell

to < 10%Z for y <-1.6 and y >+3.0.
CcM CM

Corrections for acceptance as a function of You and qT(the
transverse momentum of the pions) could be applied during the analysis
if required. Most of the results presented later refer to a comparison
of the hadrons accompanying the production of ¢ with those accompanying
continuum muon pairs,and any such corrections are applied in a similar
way to each case. Alternatively, the data can be compared directly with

the monte-carlo events in which the muon pair was accepted.
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5.1.2 DIF Data

The data are compared with ordinary hadronic interactions at a
beam momentum of 192.5 GeV/c, recorded in the same set—up, but with

the DIF trigger (section 2.3.1).

5.1.3 Data Sample

For this analysis of the associated hadrons, those events with
just one pair of well measured muons of opposite sign(and invariant
mass between 2.5 and 8.8 GeV/cz)are used, so that the four-momentum
available for the hadrons is just the total minus that taken by the
one muon pair (as in the monte-carlo). The number of such events in

each of the various mass regions is given in table 5.1.

5.1.4 Nuclear Effects

The pion—-nucleon interactions discussed here took place in a
beryllium target, and so the secondary particles produced could
reinteract with the other nucleons of the nucleus. A recent review
which compares hadron-nucleon and hadron-nucleus interactions [5.2] showed
that this is more of a problem for the hadrons which are slow in the
laboratory frame (backward in the N CM frame) than for the fast hadrons

(forward).

5.1.5 What to Look For

The data discussed in chapters 1 and 4 on the properties of the
muon pairs suggest that, at the energies of this experiment, a large
proportion of y production occurs via gluon-gluon (gg) fusion, while
continuum pair production occurs via valence quark-antiquark (qq)

annihilation. These two production mechanisms are illustrated in
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figs 5.1, 5.2. The "spectator" partons (those not directly involved in
the muon pair production mechanism) are included in these illustrations
as they are involved in the production of the associated hadrons. The

bulk of ordinary hadronic interactions at these energies 1s assumed to
occur via collisions of ''wee'" partons, (quarks and gluons with small

values of x).

In ¢ production via gg fusion (fig 5.1) both of the valence
quarks d,u in the pion are spectators and continue to travel forward,
essentially along the original beam direction,somehow rearranging themselves
("fragmenting') into the observed hadrons. In continuum pair production
via valence qg annihilation (fig 5.2) the d quark is the only valence
quark which fragments in the forward direction. (This also applies
for those ¢ produced via valence qa annihilation). 1In all cases, the
sea quarks and gluons are also involved in the production of associated
hadrons, and since they carry a substantial fraction of the momentum,

cannot be neglected.

Similar arguments apply for the backward direction, but due to
the poorer acceptance, the larger nuclear effects, and the more compli-
cated fragmenting system (because there is an extra valence quark, and
the struck nucleon could be a proton or a neutron), emphasis is given

to the fragmentation in the forward direction.

The difference between the systems which fragment in the forward

direction for each process, may be observed in several ways:

(1) Colour-octet (¢ via gg) versus colour-triplet (continuum via qa).
The multiplicity in the case of the colour-octet system may be
a factor %-higher than in the case of the <colour-triplet, due

to the larger coupling to this former system of the soft

gluons which materialise into hadrons [SJﬂ.
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(i1) Two valence quarks (¢ via gg) versus one valence quark (continuum
via qa). There may be softer longitudinal momentum distributions
for the hadrons in the case of the two valence quark system,
since the momentum is already divided between these two partons
before fragmentation. Perhaps there may also be a difference in
the transverse momentum distributionms.

(i1i1) Charge = -1 (¢ via gg) versus charge =-%-(continuum via qq).
There may be a greater excess of negative over positive hadrons
in the case of the charge = -1 system [5.4]. Both fragmenting

systems have strangeness = O,

5.2 MULTIPLICITY

The average total number of charged hadrons produced at the main

vertex <n> for the Yy, continuum and DIF data, and for the ¥ and

TOTAL’
continuum monte-carlos, is given in table 5.2. The average number of

forward charged hadrons <n> for each process is also given.,

FORWARD
Unless otherwise explicitly stated all hadrons are assumed to be pions

for the calculation of kinematical variables. A few points should be

noted concerning these multiplicities.

(i) The values given are not corrected for acceptance. The average
acceptance correction factor to be applied to the data in the
forward direction is small (= 1.1), while in the backward
direction it is much larger (= 1.4) due to the poorer acceptance.

(1i) In the data and monte-carlos the massive muon pairs are produced
with <xL> > 0, This means that, in order to conserve four-—
momentum, there is more phase-space available for the associated

hadrons in the backward direction than in the forward direction.
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In the monte-carlos, the ratio of the number of pions generated
in the backward direction to that in the forward direction is
= 1.4, just due to this fact.

(iii) The formula (eqn. 5.1) used to determine the average number
of charged particles to be generated in the monte-carlos was
derived from 7 p interactions measured in bubble chamber
experiments. In the WAll data however, the nuclear effects
in the beryllium target may produce a slightly higher multi-
plicity (more important in the backward direction).

(iv) In K p interactioms at 110 GeV/c measured in a bubble chamber
experiment ES.ﬂ , 1t was found that 0> GRWARD 1.2 <O 4 CKWARD’
so that even when points (i) - (iii) are taken into consideration

it is still not expected that <n> = l<n>

FORWARD TOTAL.

Table 5.2 shows that the multiplicity is lowest for the continuum,
higher for the ¥, and highest for the DIF data. The values for the data

are slightly higher than for the monte-carlo.

The average number of secondary V-ZERO vertices <n> (from

V-ZERO

decays of neutrals) for the ¥, continuum and DIF data is also given in
table 5.2. These values follow the trend of the charged multiplicities

so that the ratio <n> /<n>

V~ZERO is the same (to within #+ 5%) for

TOTAL

each process.

Are the different values of <0 roTAL (and <n>FORWARD) for the

various processes simply explained by the amount of energy available

for the production of hadrons? To answer this question, the multiplicity
i idered as a function of the new variable vs_, . Thi i

is considere ction o aria HAD is syap 1s

the square of the four-momentum obtained by subtracting the muon pair

four-momentum from the total 7N four-momentum, (giving the four-momentum

available for the production of hadrons). For the DIF data, /géAD = Vs,
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In the "N CM frame the total TN four-momentum Pu is:
P o=(s  ,0,0 (5.2)

and the muon pair four-momentum Qu is:

I
Q

(\/ist2 + pT2 + 2, /5%, po) (5.3)

so that:

= @M - M2

%]
"

2
s+ T - ALZ +4(miap ) /s)  (5.4)

The average amount of energy available for the production of hadrons is

smallest for the continuum (</gﬁAD> = 12.8GeV), larger for the v

(<VEQAD> = 14.6 GeV),and largest for the DIF data (Vs = 19.0 GeV),
although there is a very large range of overlap between individual

values due to the large ranges of m, and p,, covered by the data.
L T

In figs 5.3, 5.4 <n> (and <n> ) are shown as functions

TOTAL FORWARD

of /gﬁADfor the y and continuum data. There is excellent agreement

between multiplicities for the two processes over the large range of

/EﬁAD' The values for the DIF data (also shown) follow the same trend.
Similarly in figs 5.5, 5.6 SB> 0o TAT (and <n>FORWARD) are shown for the

VY and continuum monte-carlos. As already noted, the values for the
data are slightly higher than for the monte -carlo, but show a very

similar trend.

Thus, it seems that the various multi’plicities are well explained

simply by the amount of energy Vs available for the production of

HAD

hadrons, and show no evidence for a difference between fragmentation

of a colour—octet and a colour-triplet system.
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5.3 KINEMATICAL DISTRIBUTIONS

5.3.1 Longitudinal Momentum

In figs 5.7, 5.8 the centre of mass rapidity Yeu distributions
for negative and positive hadrons are shown for the ¥, continuum and
DIF data. A few points should be noted concerning all the longitudinal

momentum distributions discussed in this section:

(1) The distributions are corrected for acceptance as a function of

the dr and y of the hadroms, for yCM between -1.6 and +3.0,

cM
Outside this range the corrections are too large and unreliable.
) . o . . Vs
(The maximum possible rapidity for pions 1is IyEQX! = 1n<% = 4.9,
b

for a beam momentum of 185 GeV/c).

(ii) The distributions are normalised to have total contents = 1, so
that it is only their shapes which are being compared, not the
absolute values, since the multiplicities are already known to
be different (section 5.2). (For example, L dN, is shown for

N, dy
+ 7 CM
positive hadrons).
(i11) Error bars are shown only for the continuum data (where the
statistics are lowest). As mentioned in section 5.1.5, it

is the forward direction which is of most interest in this

analysis.

For the forward negative hadrons (fig 5.7), the distributionms
for the ¢ and continuum hadrons are similar, while that for the DIF
hadrons is rather harder. For the forward positive hadrons (fig 5.8),
the distribution of the DIF hadrons is again the hardest, but now that
of the continuum hadrons is slightly harder than that of the ¢ hadrons.
Since the muon pair takes on average more of the original beam momentum
for the continuum than for the ¥ (<x,> = 0.4, 0.3 respectively), then

1

just from kinematical considerations it is expected that the longitudinal
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momentum distributions of the hadrons should be harder for the Y than
for the continuum (and of course hardest for the DIF data). The
P. .
xL-distributions for the data, (xL E-%é , where P, is the longitudinail
ivs
momentum of the hadrons in the CM frame) exhibit similar features.
In order to compare the longitudinal momentum distributions

after removing any simple kinematical effects due to the muon pair,

two new variables are used:

(i) XHAD: The longitudinal momentum of the hadron in the hadron

system CM_EramepL ,scaled by (half) the invariant mass of the
HAD
hadron system /;ﬁAD’ (This definition is similar to that of X

but is now with respect to the hadron system, rather than the

m™N system).

P
Lyap

xHAD = (5.5)

/Smap

s

(For the DIF data, XHAD = xL)
(ii) ZHAD: The longitudinal momentum of the hadron in the 7N CM
frame P> divided by that longitudinal momentum of the beam

remaining for the production of hadrons,(defined only for the

forward direction).

z. - P L
HAD = = = (5.6)
! -X -X
3Vs (1 l) 1-x
(For the DIF data, Z = xL)

In figs 5.9, 5.10 the XHAD distributions for negative and positive

hadrons are shown. For the negative hadrons (fig 5.9) the ¢y and DIF
distributions are similar, while that of the continuum is slightly
harder. For the positive hadrons (fig 5.10) this feature is the same.

In figs 5.11, 5.12 the Z

HAD distributions for negative and positive hadrons
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are shown. Again, the distributions for the continuum hadrons are

slightly harder than for the y hadrons.

Thus, it seems that the longitudinal momentum distributions
produced by the fragmentation of the single valence quark system are
slightly harder than those produced by the fragmentation of the two

valence quarks system.

5.3.2 Transverse Momentum

The distributions of the transverse momentum Ay of the hadrons
with respect to the beam axis are very similar for the ¥, continuum
and DIF data. All the distributions have an average value <qT> = 385MeV/c
(to within + 5MeV/c), while individual values of 4 extend up to about

10 times this average value.

The longitudinal momentum of the beam remaining for the
production of hadrons is %/;(1-xl), which has the average values: 6.5,
5.6, 9.5 GeV/c for the Y, continuum and DIF data,respectively.

Average values for the transverse momentum of hadrons, of 300-400 MeV/c
seem to be universal for all hadronic fragmentation systgls measured

at this momentum scale.

The transverse momentum of the hadrons 1s discussed in more

detail in chapter 6.

5.4 QUANTUM NUMBERS

5.4.1 Charge

The longitudinal momentum distributions for each process are

different for negative and positive hadrons. By subtracting the
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distribution for negative hadrons from that for positive hadrons, the
charge Q distribution is obtained. In fig 5.13, the charge distribution
as a function of Yem is shown for the y data (where the statistics

are highest). The charge distributions for the other processes have
similar features. A few poiﬂts should be noted concerning the charge

distributions discussed in this section:

(1) The distributions are corrected for acceptance, as in section
5.3.1.
(ii) The distributions are normalised by dividing by the total number
of events, so that the sum of the entries in the distribution

gives the average charge per event. (That is,

+ -
aQ . 1 ( &~ _ _dN ) is shown).
Yoy  Npvrs Yem ey

The general features of all the distributions are: an excess of
negative hadrons in the forward direction leading to a negative
charge, the converse in the backward direction, and a crossover at
You = 0. The rise in positive charge in the backward direction is
much more rapid than in 7 p collisions observed in bubble chamber (HZ)

experiments, presumably as a result of the nuclear effects. Again it

is the forward direction which is of most interest in this analysis.

The sum of the entries for Yem > 0 gives the average charge per

event measured in the forward direction <Q> There are several

FORWARD*
complications when trying to relate this value to the charge of the

original forward fragmenting system.

The case of ordinary hadronic interactions is first discussed.
At extreme energies where the interactions are via wee parton collisions,

the charges carried by the beam and target should remain in their
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respective fragmentation regions, not extending into the neutral central
region. By taking the sum (difference) of the charge distributions in
n+p and n-p interactions, the target (beam) fragmentation region can be
studied separately. 1In th interactions at 100 GeV/c it was found

in this way [5.6] that both regions extend past Yoy = 0 by about 2units
of rapidity, and there is no neutral central region. The crossover

at yoy = 0 is just due to the cancellation of the overlapping
distributions, which happen to be equal and opposite at this point.

The overlap decreases as Vs increases; values for <Q>FORWARD in w-p}(and
K p) interactions [5.7] changing from= -0.55 at % = 10GeV to = -0.70

at ¥ = 20 GeV,and as a function of (/E)_l tending to -1.00 as Vs + =

(see fig 5.14 which is taken from ref Ei.ﬂ ).

The case of Y production via gluon-gluon (gg) fusion should be
similar to that of ordinary hadronic interactions via wee parton
collisions, except for the different amounts of energy available for

the hadromns.

The case of continuum production via quark-antiquark (qq)
annihilation is discussed in the context of the Feynman-Field (FF) model
for quark fragmeritation [5.%].The basic idea is that when a quark "a"
emerges from an interaction with a large momentum, it creates a colour-
field between itself and the other interaction products in which a new
quark-antiquark pair '"bb" is formed. Quark "a" then combines with
antiquark "b" to form a meson "ab", leaving quark "b" to fragment in
a similar manner, but with the appropriately reduced momentum. Finally,

n_T"u

"z" from the last pair "zz

quark of the chain, combines with an anti-
quark from the fragmentation process of the other interaction products.
In continuum pair production via uu annihilatiom, the fragmenting systen

in the forward direction involves the remaining valence d (= down) quark.

Suppose this d quark fragments as in the FF model. When making the
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experimental cut at Yem™ 0 to select hadrons from the fragmentation of

the d quark, the final quark "z" of the chain is omitted and its

charge "leaks" into the backward direction. The average charge

measured for the hadrons in the forward direction is then: ed - <ez>.
"

Suppose that the new quark-antiquark pairs "bb", ..., "zz" are: uu
with probability Yy dd with probability Yqo and ss with probability Ys’

and that Yy T 2= v (so that Y = 1-2y). Estimates from K/7 ratios

Yd

measured in various processes suggest y = 0.40 =+ 0.44 (YS = 0.20 =+ 0.12)
so that the average charge measured from the fragmentation of a d

quark is expected to be <Q> = (-0.40) = (-0.44). 1In deep inelastic

d—-FRAG
VN scattering, the fragmentation of a d quark can be studied [5.@].

The average charge in the d quark fragmentation region as a function of
W-l (where W is the hadronic CM energy, equivalent to /EHAD of section

5.2) tends to -0.44 as W~ = , (See fig 5.15, which is taken from ref

[5.9]).

Another complication is that the acceptance correction in the
. . MAX
forward direction only extends to Ve = + 3.0, whereas+yCM =+ 4.9,

Also, there may be some (small) nuclear effects in the forward direction.

The values of <Q> for the Y,continuum and DIF data are

FORWARD

given in table 5.3. These values have been corrected for acceptance
(geometry) and efficiency (track reconstruction), and include an

. . . . MAX . .
extrapolation of the charge distribution up to +yCM . (This correction
for efficiency and extrapolation was the work of other members of the

collaboration).

For the DIF data at vs = 19.0 GeV, = -0.75. For

“@ poRWARD

. . -1 . . . .
comparison, <Q as a function of (Vs) in ordinary 7 p interactions

”FORWARD

I3

measured in bubble chamber experiments [5.i] gives a value = - 0.70 at

this energy (see fig 5.14). For the continuum data with </§HAD> = 12.86eV,
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-0.35. For comparison, <Q as a function of W_l in

“QLORWARD ” i-FRAG

deep inelastic VN interactions measured in a bubble chamber experiment
[S.Q]gives a value = -0.38 at this energy (see fig 5.15). The
corresponding values in table 5.3 are in reasonable agreement with
these values (which have been estimated, with errors = + .05, from

the figures taken from these references).

For the Y data, </§HAD> = 14.6 GeV, and the corresponding

average charge values at this energy are <Q>FORWARD =-0.65 in ordinary

w_p interactions and <Q>d_FRAG = -0.39 in deep inelastic vN interactions.
The measured value in table 5.3 (<Q>FORWARD = = 0.52) lies half-way
between these two values. Thus, if a fraction o of ¥ production occurs
via gg fusion (assuming the fragmentationis similar to that in ordinary
7 Ninteractions) and the remaining fraction l-a occurs via qq
annihilation (assuming the fragmentation is similar to that in deep
inelastic VN interactions), the above average charge values suggest that
o = 0.5. This value of o has a rather large error (= + .3); nevertheless

it does at least suggest that both production mechanisms are involved,

and is an interesting new technique.

In fig 5.16 the charge distribgtion as a function of Yeu is
shown separately for those ¥ with x < 0 and those with XL>O.4. As the x
of the Y changes from xL<O to xL>O, the crossover point (the point where the
overlapping beam and target fragmentation regions cancel)shiffs from yCM?O to
yCM<O. This reflects the fact that the longitudinal momentum of the ¢ is
balanced by that of the hadromns.

5.4.2 Strangeness

Charged and neatral strange particles are detected in the WAll

experiment as follows:
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(1) Charged kaons. The Cerenkov counter information and special
Cerenkov program allow separation of K (and 5) from w—, and
+ +
K (and p) from 7 , in the laboratory momentum range: 5-25 GeV/c.

(11) Neutral kaons and lambdas. The invariant mass spectrum for

+.
p

V-ZERO under each of the hypotheses: K° -~ n+n_,A - n-p, N>
is shown in figs 5.17-5.19. The acceptance for V-ZERO varies
with the distance from production to decay vertex, since close
decays are likely to be "absorbed" into the production vertex
by the pattern recognition program. .The validity of the
corrections applied to the number of successful fits to each

hypothesis, was checked by observing an exponential decay with

the correct mean life.

The average number of each type of strange particle <n>STRANGE
for each process is given in table 5.4 (the Cerenkov information

is not available for the DIF data). To allow for the different amounts
of energy available for the production of hadrons in each process, this

average number is then divided by <n> for that process. The

TOTAL
resulting values are equal (to within i_IOZ) for each process. This

result is also true for just the forward hadromns.

Thus it seems that there is no significant difference between
the fraction of strange particles produced in each process. This also
indicates that there is no excess charm (which decays to strangeness)

in ¢ production compared to continuum production.

5.5 SUMMARY

The main results from the data on the properties of the hadrons

associated with ¢ and continuum muon pairs and ordinary hadronic
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interactions, and their interpretation in terms of the various models are:

(1) The multiplicities for the various processes are well explained
simply by the amount of energy /gHAD available for the
production of the hadrons.

(ii) After the removal of simple kinematical effects due to the muon

pair, the longitudinal momentum distributions (in XHAD’ Z..~) are

HAD
similar for the ¢ and DIF hadrons, while slightly harder for
the continuum hadrons, perhaps as a result of ghe different
nature of the fragmenting system.

(1ii) The fragmenting systems for the various processes all produce
hadrons with very similar transverse momentum distributions, with
an average value <q.> = 385 MeV/c.

(iv) The average charges in the forward direction are consistent
with the result that the continuum production occurs via
quark—-antiquark annihilation, while ¢ production occurs via a
mixture of gluon—gluon fusion and quark-antiquark annihilation.

(v) The fractions of strange particles produced in the various processes

are similar.



A1
.
i

AN 1] N AV 1] \n
- L] . .
o \J + N

\n
.
g

- 95 -~

D.7ong et al., Nucl. Phys.
M.Faessler, CERN =P 81l-y2.

S.3rodsky, J.Gunion, Phys.

S.3rodsky,

R.Gottgens et al., CZRN =P

J.Whitmore et al.,

R.Gottgens et al,,

3102 (1975) 386,

Iev, Lett. 37 (1975)

N.Welss, Phys. Rev. D16 (1977) 2325.

OO43R (1980).

Phys. Rev, D15 (1977) 3137.

Z. Physik C9 (1981) 17.

R.7ield, R.Feynman, Nucl. Phys. 3136 (1973) 1.

J.Berge et al., Nucl. Phyrs.

BL3s (1981) 13.

402,



Tables

5.3

5.4

Fizures

5.7-5.8

549‘5-10

5.11-5.12

5.13

5 . 14‘5015

5.16

5.17-5.19

- 96 -

Number of muon pair
rass regions.

Values of <?>TOTQL’

Values of <§>FORWARD'

Values of <ﬁ>STRANGE‘

Lb production via gluon
Contizuum pair producti
F ooz Prorwarn 2
data.
as

Doorar’ Prozwarp
nonte-carlos.
Tou
continuum, DIF data.

istributi :
XHAD distributions for
continuum, DIF data.
ZHAD distrioutions for:

continuum data.

Q as a function of YCM

A <Q for:T.D and K—p,

function of
Q as a func yCM

S
+ - ——
V-ZERQO invariant mass spectra for: K~TT T, A-TC P,

plus associated hadron 2vants in

-gluon fusion.
on via valence
function oF

3

a function of

various

D oormazn’ Dv-zzmo

guark-antiquark anninila

/o

Vi

okol QJ, continuum

¢SHAD Zor: @), continuum

distributions for: negative, positive hadrons {for 4),

negative, positive hadrons for Q),

negative, positive hadrons {or QJ,

for Lp data.

VN

for Q) data in various XL regions.,

.
-

iosn.



- 97 -

5.1 NUMBZR OF MUON PATR PLUS ASSOCIATED HADRON EVENTS
IN VARIQUS MASS 2EGIQIIS.

MASS REGION NUMBER OF
Gev/c? IVENTS
2.5 - 2.9 11 596
2.9 = 3.3 40 142
5.3 - 3.8 3 145
5.8 - 8.8 1 913
TOTAL 56 796

5.2 VALUES OF <n>TOTAL’ <n>FOR'-.-'IARD’ <n>V-ZERO'

PROCESS  (Dpomyy,  Prommzn  Pvozemo
U] 6.36 3.59 0.327
DATA | CONTINUUM 5.75 3.12 0.308
| DIF 7.09 4,20 0. 350
wonre-{ 5.77 2.95  emme-
CARLO
CONTINUTM  5.10 2,38 emeee

; /
5.3 VALUES OF \Q>FORWARD’

PROCESS

&rorpazo
¢ -0.52

CONTINU'UM -0.35

DIF -0.75

5.4 YALUES OF {n) .,

TRANGE®
PROCESS K K™ KC A A
J 0.116  0.172  0.087  0.055  0.027

CONTINTUM 0,105 0.175 0.089 C.030 0.0253

DIF memem mmeee 0.093  0.040  0.038
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CHAPTER 6

EVENT STRUCTURE

6.0 INTRODUCTION

In this chapter, the structure of the events is studied with
reference to the transverse momentum of the muon pairs, in order to

investigate the origin of this transverse momentum.

6.1 PRELIMINARIES
6.1.1 Data Sample

For this analysis, the data sample is the same as that of
chapter 5; that is, those events with just one pair of well measured
muons of opposite sign plus associated hadrons. However, the data are
now studied with reference to the transverse momentum of the muon
pairs. The number of such events in various transverse momentum regions
between O and 4 GeV/c is given in table 6.1 for the ¢ and continuum

data separately.

6.1.2 What to Look For

The geperal features of the parton models for the production of
a muon pair with small transverse momentum py are illustrated in fig 6.1,
and the resulting event structure is illustrated in fig 6.2. The
configuration of the beam and target fragments around the beam axis
should be similar to that in the bulk of ordinary high energy hadron
collisions, and have a similar average value of transverse momentum

with respect to this axis; that is,<qT> = 350 MeV/c. TFor the production
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of a muon pair with large Prpo contributions to this pp may come from
the intrinsic kT of the partons, or the receil of a parton produced in
the subprocess. In both cases, the Pr of the muon pair must be balanced

by the other final state particles.

The general features of the former case are illustrated in fig 6.3,
and the resulting event structure is illustrated in fig 6.4. The P
is thus balanced by the beam and target spectator partoms, and later
by their fragments. The configuration of the beam and target fragments

in these events should now reflect the larger values of kT required.

The general features of the latter case are illustrated in
fig 6.5, and the resulting event structure is illustrated in fig 6.6.
The Pr is thus balanced by the recoil parton, and later by its
fragments. The configuration of beam and target fragments should
now be similar to that in the small Py case. However, there are
now the fragments of the recoil parton. These fragments should have
a configuration similar to that observed in other processes for "jets"
from the fragmentation of partons; that is, have a limited transverse

momentum with respect to the recoil parton direction.

The above illustrations and discussion are rather simplified.
In fact, both sources of Py may contribute in a particular event, and
their effects overlap. Also, there is always the problem of identifying
which particles belong to each of the fragmenting systems. It is
already known that slow beam’and target fragments overlap (section
5.4.1), and these probably also overlap with any slow recoil parton

fragments.

The structure of the events (that is, the number and configuration
of hadrons with respect to the various axes), 1s now studied in the

context of the above illustrations and discussion.
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6.2 MULTIPLICITY

In chapter 5, where all transverse momenta for the muon pairs were
considered together, it was seen that the various multiplicities are

well explained simply by the amount of energy /;ﬁAD available for

the production of hadrons. The expression for s (equation 5.4)

HAD

contains a Pr dependence, such that the larger the wvalue of Pr the

smaller the value of s . For the ¢ and continuum monte-carlos, the

HAD
average multiplicity <n>TOTAL falls slightly as Py lncreases, as
expected since SUAD decreases. In figs 6.7, 6.8, <n>TOTAL is shown

as a function of Pp for the ¢ and continuum data, and it is seen to rise,
similarly in each case, as P increases. The expression for SHADalso

i the lati <n> wit
contains X, W, S dependences, and variation of <n TOTAL ith
each of these variables separately is as expected just from the

variation of SHAD with that wvariable.

Thus, an interesting feature of the production of a muon pair
with a larger Prp is that, despite the smaller amount of energy

remaining, it is accompanied by a rise in the multiplicity.

6.3 TRANSVERSE MOMENTUM PLANE

In this section, the event structure is studied in the transverse
momentum plane, whose normal is the beam axis. In this plane, it
is the transverse structure of the event which is emphasised, rather
than the forward/backward structure discussed in chapter 5. A hadron
is described by its azimuthal angle ¢ around the beam axis with respect
to the muon pair, and itsAtransverse momentum q with respect to the
beam axis. These variables are illustrated in fig 6.9. "Same"("away')-

side hadrons are then defined to be those with values of [4| between
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0° and 90° (90o and 1800), as illustrated in fig 6.9, (These
definitions of same/away-side hadrons are thus independent of the

longitudinal momentum X of the muon pair).

Suppose all the associated final state particles were detected
and their momenta measured exactly, then the sum of their transverse
momenta QT = ZST’ would be equal and opposite to the muon pair By (to
conserve four-momentum). If § is the azimuthal angle around the beam
axis of Q with respect to p.,then in this ideal case, i3] = 180°. The
observed E—distribution is ;£own in fig 6.10 for the ¥ data with Py
between 2 and 4 GeV/c. It can be seen that the balance between QT (for
those final state particles which are observed) and o is reasonably

good.

The ¢~distribution for the hadrons (normalised by dividing by
the total number of events) is shown in figs 6.11, 6.12 for the ¢
and continuum data, for each of the various P regions. For the lowest
Pr region (pT < 0.5 GeV/c), the ¢—distributions are almost flat as
expected, (and as illustrated in fig 6.2). As the Pr increases,
however, the number of hadrons on the same-side falls slightly, while
the number on the away-side rises, and peaks towards |¢| = 180°%; that
is, directly opposite the muon pair. These general features are
similar for the ¢ and continuum data. In section 6.2 it was seen that
€n>TOTAL for the data rises as Pp increases; it can now be seen that
this rise is a result of the rise on the away-side being larger than
the fall on the same-side. A similar effect was found in the associated
charged particle multiplicities for high P (3-8 GeV/c) m° and Y events,
measured at the CERN ISR [}.1}. The multiplicity on the same-side was
found to be roughly constant, while that on the away-side rises as the
Pr of the trigger increases. For the ¢ and continuum monte-carlos,

there is a similar fall on the same-side but a smaller rise on the
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away-side; this results in the observed slight fall in <n> as

TOTAL

Pr increases.

<qp>as a function of |¢| is shown in figs 6.13, 6.14 for the
¢ and continuum hadrons, for each of the various Pr regions. For
the lowest Pr region, the distributions are almost flat with
<qp> = 360 MeV/c, as expected (and as illustrated in fig 6.2). As
the P increases however, the <qT> on the same-side stays roughly
constant, while on the away-side it increases and peaks directly
opposite the muon pair, with a value <qp> = 500 MeV/c. These general
features are similar for the ¥ and continuum data. (The wvalue <qT> =
385 MeV/c given in sectiom 5.3.2 is an average over all the various

Pr regions and ¢ values).

Thus, as the Pr of the muon pair increases, it is balanced by

a rise in the number of hadrons on the away-side and also by an

increase in the average transverse momentum of these away-side hadrons.

6.4 HADRON CONFIGURATION

In this section, the three—dimensional structure of the events
in the 7N CM frame is studied to see whether, in the larger P events,
it resembles either of figs 6.4 or 6.6; in particular to see whether
there is any evidence of a jet of hadrons opposite the muon pair. If
the Pr of the muon pair is balanced by such a jet of hadrons, this
jet and the muon pair will be roughly back-to-back; (they are back-to-
back in the parton-parton CM frame). Thus, events are selected in
which the muon pair is within 30° of perpendicular to the beam axis, so
that the separation between any recoil parton fragments and beam/target

fragments is improved, (this separation is optimal for the muon pair
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at 90° to the beam axis as illustrated in fig 6.6). Then, events are

selected in which D, Ay which is the number of away-side hadrons

CUT

with transverse momentum U > Ay s

is » 2. This dy cut removes
smaller transverse momentum beam/target fragments (and any slow recoil
parton fragments) emphasising the difference between the configurations
illustrated in figs 6.4, 6.6. The values of qTCUT used are

360 MeV/c (the average value of Ay in the low Pr events), 500 MeV/c

(the average value of q_ opposite the muon pair in the larger p,, events).
T T

Do the larger dp hadrons, remaining after the A cut, resemble
a jet opposite the muon pair? To help answer this question, the
momenta of these larger qp hadrons are summed, and their resultant used
to define a "hadron axis'". Then, the average momentum of these hadrons

parallel (<gq> ) and perpendicular (<q> ) to the hadron axis is

DOT CROSS

measured.

.The wvalues of <n> < for the ¢ data with

awaY’ “Ppor’ “Pcross

qTCUT = 360 MeV/c, are given in table 6.2. (The values are similar

for the continuum data, but the statistics are rather poor). The

value of <g> increases with P> reflecting the increase in <qp> with

DOT

; while <g> increases slightly with Prs with values > 500 MeV/c.

Pp

The average (half) opening angle of the hadrons with respect to the

CROSS

hadron axis 1is estimated from these values of <g> to be

por’ “’cross
=~ 40°, for 2 < pp < 4 GeV/e.

The above values are to be compéred with those measured in e+e_,
where there is good evidence for 2~jeat structure from the fragmentation
of a quark-antiquark pair. The most impertant evidence for 2-jet structure
comes from the ~ 1 + c052 6 angular distribution of a jet with respect
to the e e~ annihilation axis. Of course, in this process there are

no beam/target fragments to be removed. The average momentum of charged
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1

particles is measured parallel and perpendicular to the "jet axis"

(usually the "thrust" or "sphericity"axis is used). For

4+ -
2 < iEgMe < 4 GeV (the appropriate energy range for comparison with
2 < Pp < 4 GeV/c), the average values of momentum parallel and

1

perpendicular to the jet axis are found to be = 400 MeV/c increasing

R

to = 600 MeV/c, and = 250 MeV/c increasing to = 300 MeV/c, respectively
¢ g s e =,

[6.2]. The average total charged multiplicity in e e rises from

= 4 to = 5 over this energy range. The values estimated for the average

+ -
(half) opening angle in e e 2-jet events are 33° at JE.. = 2.5GeV,
p J M

. ) _
decreasing to 28 at %ECM = 4.7 GeV [6.2].

It seems that, for these values of Prs the away-side hadrons
are not as well collimated as the hadrons in ete” 2-jet events; there
is no evidence that they resemble a jet, even with the more severe
q%PT = 500 MeV/c. The possibility that some or all of the P of the
muon pair is balanced by a recoil parton, which does not, however,
produce an observable jet, is not excluded. Cleariy, larger values

of Pp would be desirable to improve the separation of any recoil parton

fragments from beam/target fragments.

Values of <kT> have recently been estimated in several hard-
scattering processes. As mentioned in section 1.3.2, even with the
QCD contribution to P> large values of <kT> are still required to
fit the lepton pair Pr data [}.12]. For example, a study of muon pair
data in pN collisions at 200, 300, 400 GeV/c gave <kT> = 800 MeV/c [6.€].
Studies of the transverse momentum structure of hadrons in deep inelastic
muon scattering data [6.%], and deep inelastic antineutrino scattering
data [6.5] gave <kT> = 700 MeV/c and <kT> = 600 MeV/c, respectively.
Thus, although the values <kT> = 750-850 MeV/c (section 4.4),which

would be required if the Pr of the muon pair were due entirely to the

intrinsic kT of the partons, are much larger than the simple estimates
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(section 1.2.4), they are only slightly larger than the estimates from

other hard-scattering processes.

Finally, for a few selected events containing a muon pair with

CUuT

> 3 GeV/c and n = 5 (with A = 360 MeV/c), the configuration

Pp AWAY

(in the 7N CM) of the muon pair, hadron axis and away-side hadrons is
plotted. In figs 6.15-6.17 the muon pairs are from ¥ decay, while

in figs 6.18, 6.19 they are continuum pairs. (The X-axis is parallel
to the beamyand the Z-axis is parallel to the magnetic field; that is,

vertically upwards).

6.5 SUMMARY
The main results from this study of the event structure are:

(1) The production of a muon pair with larger transverse momentum
Py is accompanied by a rise in the multiplicity,

(i1) On the same-side (as the muon pair), the multiplicity falls
slightly as P increases, and the average transverse momentum
of these same-side hadrons stays roughly constant. On the away-
side, the multiplicity rises faster (leading to the overall rise
in the multiplicity), and the average transverse momentum of
these away-side hadrons also increases, thus balancing the muomn
pair Pre

(iii) There is no evidence that the larger transverse momentum away-
side hadrons resemble a jet from the fragmentation of a recoil
parton; although values of P 2 5 GeV/c would probably be required
to see such an effect.

(iv) The hadrons accompanying ¥ and the continuum muon pairs have

similar features.
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6.6 OUTLOOK

There are still many interesting areas of lepton pair production
to be explored. For the continuum, these areas are currently centred
around the departures from the basic Drell-Yan parton model, as
predicted by QCD. A comparison of the Qz-dependence of the parton PDF
measured in LPP and DILS, and a study of the absolute normalisation
K-factor, are required over a large kinematical range. The search
for jets of hadrons balancing lepton pairs with large transverse
momentum is also an interesting new area. TFor the case of resonance
production, it is important to clarify the role of the intermediate ¥
states in ¢ production, and then to extend the whole analysis to T
production. The search for the z° and any bound states of new heavier

quarks is clearly an exciting new area.

No single experiment will answer all the remaining questions.
Rather, a patient study of the lepton pairs and associated particles
in various lepton pair production experiments, and a comparison with

other hard-scattering processes, will be required.
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6.1 NUMBER OF MUON PAIR PLUS ASSOCIATED HADRON IVENTS

IN VARIQUS ®m REGIONS.

P REGION NUMBER OF EVENTS
GeV/c ) CONTINUUM
O.= .5 10 639 354
5= 1. 13 943 707
1.- 2. 12 140 726
2e= 3. 1 334 103
3.= 4 86 23
TOTAL 50 142 1 913

6.2 VALUES OF (a),u,v » {Dpor + Dezoss *

Pp RECION Dumr  Door Deposs
GeV/c MeV/c MeV/c
O0.=- .5 2.78 576- 5105

.5- 1. 2.88 576 511

l.- 2. 3.C3 613 538

2.- k4, 3.16 631 533

( qu‘=36o MeV/c )
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6.15 () EVENT.
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6.16 { zvenr,
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6.17 ) EVENT.
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6.13 CONTINUUM EVENT.

-




- 127 -

6.19 CONTINUUM EVENT.
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