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AI~<;TRl\CT -·--
This thesis reports on an experiment using the Hadron Spectrometer 

'facility at Fermi lab, Batavia, Illinois, in which high energy muons were 
scattcrd from a proton target. 

Results are presented on hadron production in the interaction 

ll + p + µ + Anything 

Hadrons were identified in a large multi cell Cerenkov counter positioned 
downstream of the spectron:cter magnet. A discussion of the design and 
construction of this counter and the use of the information obtained from 
it is given. 

A search for charmed D-meson production in the reaction 

p+p+ µ +D+X 

through the invariant mass spectra of the hadronic D decay channels 
K±rr+ and K=~~~+ is presented. No enhancement in the invariant mass 
distributions in the vicinity of 1.87 GeV/cZ is observed. 

For XBj < 0.1, Q2 < 1.0 (GeV/c2)2, no 
at a level of 6.9 nbarn with 90% confidence, 
at a level of 7.2 nbam with 90°• confidence. 
itati\.-e agrec::ie.-it with QCD predictions. 

0-meson production is observed 
and for l < Q2 < 80 (GeV/c2) 2 

. These results are in qual- . 

+ - - . 
K + K - P + P -Particle flux ratios 

function of z and PJ.· The 
hadrons are measured to be 

1~ , /n , /n , /n are reeasured 
particle fractions (f~, fK• fp) of all 

as a 
charged 

fn = 0.854 ± 0.014 
fK = 0.12 ± 0.027 
fp = 0.026 ± 0.013 

Proton ~!eduction i1 compatible with background. A rise in the ratios 
K /n+, ~ 1~- with Pi is observed for z < 0.3 but not for 0.3 < z < 0.9. 
As z ~ 0, K+j"+ + 0.15 ± 0.03 and K-1~- ~ 0.11 ± 0.03. These limits are 
not well determined as z ~ 1. 

The results are in qualitntive agreement with low energy data 
and with Q.C.D. and quark-parton model predictions • 

. . . 
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1. 

CHAPTER I· 

ni:r:P INELASTIC MUON SCATTERING AS A PROBE OF NUCLEON STRUCTURE 

1.1 INTRODUCTION 

Investigation of scattering processes has been the principal 

source of information on the nature of matter in re~ent years. The 

hope of the physicists carrying out these experiments is that by under

standing the interactions between particles some insight into the nature 

of the particles themselves might be obtained. Experiments carried out 

by Rutherford and co-workers scattering a beam of alpha particles with 

an energy of a few MeV on a gold target revealed the. charge distribution 

of the atom. ·From the results they concluded that the atom consisted 

of a positively charged central core containing most of the atomic mass. 

surrounded by a cloud of negatively charged particles - the first 

indication of internal structure in atoms. In the SO or so years since 

these pioneering experiments were carried out. scattering experiments 

using beams with energies ranging from 1-1011 eV have revealed first the 

substructure of the nucleus as a botmd state of charged and uncharged 

nucleons and are now revealing substructure in the nucleons thernsel ves. 

The ultimate goal is an understanding of this structure and how it 

leads to the multitude of 'elementary particles' observed in these 

interactions. 

11le subject of this thesis is the hadrons produced in deep

lnclastic scattering of muons from protons in the reaction 
+ . + 

µ +P~µ +X 

Charged leptons interact with matter primarily via the electromagnetic 

. current which is well understood by QED (their weak and gravitational . 
lntcractl~~ is negligible at our level of precision)~ ·It is therefore 
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possible to separate the effects due to the probe (the muon) from those 

Juo to_ the target proton and thereby obtain a clear picture of any · -.J 

structure in the proton.· In order to justify this assumption it is 

essential to know how well QED predicts the electromagnetic interaction 

of the muon. A necessary requirement is to show that the muon is a true 

Dirac point particle. [It must be noted, however, that deviation from 

QED in the photon propagator cannot be distinguished from non-point-like 

behaviour at the muon vertex and will also be observed as a deviation 

from point-like behaviour.] 

If the muon were not a point particle but had a charge distri-

bution over a finite radius R, then its form factor must be modified to 

(1) 

~:..1 

where F(O) = 1 is the static form factor and Q2 is the negative of the 

four-momentum transfer squared. The standard form taken for f(Q2 ) is 

1.2 

where A is interpreted as the mass which determines the characteristic 

scale for the muon. Naively speaking, the magnitude of the four-

tlOmenturn transfer is related via the Uncertainty Principal to the 
h 

resolution attained in the _interaction (ox~ VQ!). A glancing b~ow -

·low Q2 can resolve only large distances whereas a 'hard' collision -

high Q2 can probe short distances. Eqn...... 1.2 would therefore imply a 

characteristic 'radius' of the muon R ~ h/A. Clearly A = ~ for a 

Dirac point particle. Limits on A can be obtained by comparing theoretical 

calculations with experimental results(2l. The best lower limit is 

ohtained from the cross-section for the. reaction e+e- + u•u- which gives 

}. ~ 27 GeV/c2 at 9S~c> confidence. QED therefore predicts the behaviour of 

the muon down to distances of order 3 x io-16 m • . ,.,,. .. 
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Having established the validity of QED for the muon, relevant: 

fl>rmul•LC will now be given. The differential cross-section for µ-p 

elustic and inelastic scattering \·lill be presented in Section 1.2 and 

., brief historical development of the subject in Section 1. 3. The 

theoretical framework, within which hadron production in deep-inelastic . 

5cattcring is described in this thesis, will Be outlined in Section 

1.4. 

. -· . . . .. 

' ~- .· 

·~f- •. 
I 
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J. 2 ELASTIC AND INELASTIC SCATTERING CROSS-SECTIONS 

rta~tic Scattering --
111c first order Feynman diagram for µ-p elastic scattering is 

shown in Fig. 1. la (one-photon exchange). · The electromagnetic coupling. 

constant a is small and t·herefore higher order diagrams (e.g. Fig. l. lb) 
I. 

C3tl be neglected in the calculation of the cross-section. Moreover, 

since the interaction is ·elastic, it is described by a single independent 

v~riable (e.g. Q2 or v). 'Ihe cross-section for scattering one.Dirac 

part~clc of mass MR. from a second, unlike Dirac particle of mass M 

can be calculated exactly from the first order Feynman diagram, 

Fig. l.la (by considering the proton a point particle):{!) 

qi. - 2sQ2 + 2(s - Mi - H2 ) 

l(s, H
1

, H) 1.3 

Definitions.of the variables are given·in Fig. 1.1 and Table 1.1. 

Neglecting the lepton mass terms, {which is justifiable in µ-p 

scattering since H
1 

>> U) , Eqn. 1. 3 reduces to: 

where the factor (1 + 2 (E/H)sin28 /2) is due to the nuclear recoil. 

However, the proton is not a point particle and Eqn. 1.4 must be .. 

tio<lificd to include effects of proton structure. 

da 
1 

. e ast1c 
dQ2 

. 41Ta2 
= n..--. Q 

l 

1.5 

This is the Rosenbluth formula. ~··and C.i are the electric and magnetic -...,J· 

fot1:1 factors, so called, since in the Breit frame of the nucleon. they 

to:-rcsp6i,id· exactly to the electri.c charge and magnetic dipole moment 

·~l"lt-rihution of thP. nnc-lNm. 
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E~-perirnentally, the proton form factors are fotmd to have the 

dependence (3) 

n2 _ 
= (1 + ~) 2 o. 71 

where µ is the magnetic moment of theproton. Elastic scattering is 
p 

therefore strongly dependent on Q2, for large Q2: 

da 1 · 1 1 1 
ed~itic ~ ~(Q2)2]2 ~ Q1 2 

where a factor 1/Q4 is coming from the photon propogator and a factor 

1/Qa from the form factor dependence. It is therefore extremely tm-

likely _that a proton will not break up when struck by a highly virtual 

photon. 

Inelastic Scattering 

Fig •. 1.2 shows the first order Feynman diagram for the process 

+ + 
µ + p-+ µ + Hadrons. In calculating the cross-section it is assumed 

that this is the dominant diagram (i.e. one-photon exchange). A comparison 

of 1+N with 1-N can be used to obtain an estimate of the two-photon. 

exchange contribution - the sign of the interference term between the 

two amplitudes changing sign for the different beams. Experiments (4) 

have shown e + p and e -p to be equal to within 2%. Comparison of µ +N and 

µ-N(S) indicate a contribution from two-photon ~xchange of less than a . 

few percent. It is therefore reasonable to calculate in the one-photon 

·exchange approximation. The form of the inelastic differential cross

section is then(6) 

averaged over initial lepton and proton spins and summed over final spin ... 
··"· .. 

states. 
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"' . Neglecting terms of order 11~, and using the relation q2 "' 4EE' sw20 /2., 

1:qn. 1.6 can be re-written as: 

d2o 4na2 E' 29 2 + __ ..,...d_ = Q1+ E [cos /2 w2 (Q ,") 
JQ·- v 

. 1.7 

The fl.Dl.ctions w1 and w2 which describe the photon-nucleon vertex 

arc called the deep-inelastic structure functions. In general they can 

be a fl.Dl.Ction of the two independent invariants chosen to describe the 

interaction., e.g. (Q2 ,v) or (Q2 ,x). Comparison with Eqn. 1.5 in the 

case of elastic scattering shows: 

G_ 2 + G2.. Q2 /4l12 

W2 = -E . M cS(v -~~) 
1 + Q2 .4M2 

1.8 

\"i rtu:il Photon Cross-section 

An equivalent formulation of the deep-inelastic cross-section, 

in tcnns of the absorption cross-section for transverse virtual photons 

{d"T(Q2 .,v)) and longitudinal virtual photons can also be made. C7) The 

S~«ttcring muon is considered a source for these virtual photons: 

d2a 
dQ2 dv 

\411}\QrQ. 

t-.; tht• flux 

= r (E,E' 0) [0T(Q2 "") + (e + o)crL(Q2 .,")l 

r(E, a K 1 
E' 0) = - . 

.t . 21T qr • E2 (1 - £) 

of virtual photons. 

1 e = ~~--~~~...,,.----,,_...,..-1 + 2(Ql + v2)tan~6/2 
Q . 

Q2 C. 1 - llll.n) 2 Qz 

l"r~'f""uri·:• the -longitudinal polaris~tion of the virtual photon. 

1.9 

.. ._; 
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2m2 (1 - e:) 
µ 

~ = -~---QL 

· i 5 ·a srnal 1 kinematic factor which can be neglected at high Q2. 

w2 - t.t2 
IC = 2M 

is the 'equivalent photon energy'. - it corresponds to the energy 

rcqui red by a. real photon to produce the final mass state. 

~n = 2EE' 

m2v 
- µ l1 -EE"' 

2 IE.I l!' I 2m2 
µ 

+ higher order terms 

is the minimum value of Q2 _allowed by the kinematics of the interaction. 

It should be noted that K is a somewhat arbitrary factor, being 

constrained only by the condition that K + v as Q2 + o. ~ is required 

for real photons. It then follows that the definitions of oL and a
1 

arc arbitrary to the extent that they depend on the definition of K • 

'Ibe principal significance of this formulation is that a connection 

can be made between real and virtual photoproduction cross-sections. 

~Y gauge invariance, as Q2 ~ O, cL(v) + 0 and oT(v) + oyN(v): i.e. 

aT becomes the total photoproduction cross-section for photons of 

energy v. 

Comparing Equations 1.6 and 1.9 yields the relationships between 

~p WV oT and aL: 

1.10 

R(Q2 .v)] 

"here by definition 

R(Q2 .v) 

ls the r.itio of longitudinal to transverse virtual photon cross-sections. 

Frequently, the deep-inelastic cross-section is given in terms of 

""""itt "nd R: • ~~- . 

i 
J 

I 
I 

i 
·1 
I 

T 

I : 

_.,•-- - ' 



( 
I 

( . 

i 
i 
I 
I 
I 

(: 
I 

vW
2 [(2EE' - Q2/2) 

v 

1 
+ R] 

Separation ~f W1 and w2 , or equivalently of w2 and R. is· difficult 

since at low scattering angles, the cross-section has .only a weak 

dependence of w1 (or R). However, the measurement of a single structure 

function can be made on the basis of an assumption about the other (or 

about the value of R). R has been measured in high statistics electron 

scattering experiments (S) which given an average value of R = 0.25 ± 0.10, 

the large error being determined by systematics. However, in the experi-

rncnt described in this thesis• data was taken at three incident beam. 

energies and therefore allowed a measurement of RC9). The average value 

of R obtained in. the kinematic region where all three data sets overlapped 

was R = 0.44 ± 0.24. This value of R was used to calculate vW2 • The 

effect of systematic errors in R was investigated by calculating v\'12 

for the range 0.19 < R < 0.69. Maximum differences of 10-20% were 

obtained, with average differences of a few percent. 

I ___ .,_., .. -~-----'--~~~~~~~I' ~ 
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-w Historical Review of Deep-Inelastic Scattering 1 • ..1 

Hany reviews of the experimental and theoretical status of deep- -

. h . d(S,10) 
inelastic scattering av~ been presente . • A brief sununary of the 

· rcatures will be given here. 
~=u n J.' 

Electron-nucleon scattering experiments have been carried out 

h . d . . l . (ll) since 1955 and at t at time were use to investigate nuc ear resonances • 

However, it was not until the prediction of 'scaling' by Bjorken (l
2

) in 

1969, and its rapid experimental discovery (l
3
), that the process of 

deep-inelastic lepton scattering became one of the principal probes of 

nucleon structure. Using the methods of current algebra, Bjerken pre

dicted that in the limit Q2 -+CD, v -+CD' while the ratio :x: = Q
2

/2f'N 

remained fininte, the structure functions vW2 and 2Hl'l1 , normally functions 

of both Q2 and v, would become fl.mctions only of the dimensionless. 

variable :x:. Introducing the scaling structure functions F1 and F2, this 

can be expressed as: 

2Ml11 (Q
2 , v) Fl (x) 

l...im q2 -fo CD 

v .... CIJ 

x finite 

vW2(Q2 ,v) ~F2 (x) 

. . J.-im Q2 -fo CD 

V -fo CO 

x finite 

Thli1 behaviour is termed Bjerken scaling and the variable x = Q
2

/2Mv is 

tJ~ti.'1 ly denoted ·x 
Bj9 

In addition to the scaling behaviour, Bjerken also predicted that 

th., inelastic cross-section would fall off more slowly than 1 /Q1~ The 

a,.,h:av1our uf ... the inelastic structure ftmctions is therefore very different 
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from th=it of the elastic form factors. Recalling, that a point-like 

cross-section would fall off as 1/Q4 , this behaviour could certainly be 

vbtained from quasi-point-like scatte.ring. 

· Closely following the discovery of scaling, Feynman (l4) showed 

that in a constituent model of the nucleon, in which the virtual photon 

~catters incoherently from point-like particles, exact scaling would be 

obtained (the 'parton model'). 111is intuitively attractive model has 

become the standard framework within which deep-inelastic scattering is 

Jcscribed and will be discussed in some detail in the following section. 

1he subject has progressed rapidly both experimentally and 

thcorctical ly in the 10 years since the prediction of scaling. Following 

h d . . h" h . . . (lS) . h 1 t is pre iction, ig statistics experiments using t e e ectron 

beam at the Stanford Linear Accelerator verified scaling at surprisingly 

low values of Q2 and v. Nevertheless, physicists were quite happy with 

the situation, the parton model became firmly established and the partons 

hccamc associated with Gell-Mann's quarks.ClG) 

Experiments were then designed to test the validity of scaling 

:it. shorter distances using a high energy muon beam available at the·• 

fcnnilab accelerator which was then under construction. (The experiment 

ch-scribed in this thesis is the third stage of one of these experiments -

~lS/E3~8, carried out by a Chicago-Harvard- Illinois-Oxford collaboration.) 
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In 1975, deviations. from scaling were 
. (5) 
h"Tin target. and were subsequently 

observed in muon scattering on an 

confirmed by the 0!10 collaboration(l?), 

Which used hydrogen and deuterium targets. A first guess was that the 

~c~llng region of q2 and v had not yet been attained. Tile scaling 

'\:fArl.thlc x' given ~y 

x x' = --......... -K2 x 
1_ + qz 

'!ll.\Vi. improved scaling for W > 2.6 H~V in low energy data .. ClS} with 
'\, 

l!.~"- 0 0 !) f,nh2·. • • h • l" • d 
-~ x• asymptotically approaches x in t e scaling iIIU.t an 

I 
. I 

I 

I 
l. 
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restore scaling in the muon data for K2 ~ 1.5 Gev2.Cl9) arpearcd to 

?lo.reover, the 1jl meson had just been observed, indicating the 

existence of a fourth quar~. This fourth quark could cause the observed 

rise of F
2 

at low x. However, this violation of scaling could also be 

predicted in .an asymptotically free gauge theory, (Quantum Chromodynamics). 

Further experiments at higher beam energies were planne3 and have now 

been reported(19 ,
20). Deviations from scaling of the order of l0-2m> 

have been ccnfirrned at low x. 'Ihe theoretical picture is unclear as to 

how much of th~ deviation_is due to the (now well-established) 

charmed quark and how much is due to intrinsic scaling violation in the 

theory. 

To date, few very high energy experiments have id~ntified the 

hadrons produced in the interaction. In the experiment described in this 

thesis, such identification was possible in a limited kinematic region • 

A direct search for charm production via the identification of 0-meson 

decay was also carried out. 'Ihe results obtained will be discussed in 

terms o.f the quark-parton model described in the following section and 

~ivc information both on the deep-inelastic process and on the quark 

fragmentation description of hadron production. 

...... 

' ;. 
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J .4 R.clnted Theoretical Topics 

ra rt on flode ls 

Constituent ~odels of the nucleon of the type developed by 

(14 ?1-24) . . 
fc.')1lman and others ' - are referred to by the generic name 

'l'arton model'. The basic hypothesis of these models is that at 

large v and Q2 , the virtual photon scatters incoherently off point-

like, free constituents of the nucleon. These constituents are the 

•p:irtons' of the theory and correspond to the bare field particles of 

the state-function describing the nucleon. The justification that these 

constituents can be considered as free objects during the interaction 

("hilc in the environment of strong nuclear forces) is usually given in 

the infinite mo~entur.: frame of the nucleon. In this frame, the time 

between parton-parton interactions is slowed down by time dilation 

until they appear. to be non-interacting particles (from the point of 

Ylcw of a non-infinite momentum virtual photon). Incoherent elastic 

~<:attcring can then occur from a single parton (Fig. 1. 3). Free partons 

hm•cvcr, are not observed among the final state hadrons. Various parton 

confinement theories (2S) have been proposed to deal with this problem. 

The problem is usually avoided in the parton model by stating that the 

tl~~~calc of parton recombination to form the final state.hadrons is 

•'Kh larger than the characteristic time for the interaction ("'1 I~. 

lnd'lstic scattering is then given by the incoherent sum o~ elastic 

SC:4\t tl-rinr. from all the partons in the nucleon (an impulse approximation). 

""Thus the naive part~m model allows the calculation of the structure 

~nc.tlo11s in terms of numbers, charges and momentum distributions of 

~~ f"' rtons. 

i\n immediate development of the parton model was the association 

o.f ~0.rtd>ii~~ With quarks. The standard framework for the study of dcep-

\-n~lqst; c. ..... tt . · (22) 
. ·•l.:u . cring is now the Kuti-Weiskopf quark model where 

w~ av.ct~5 •;; .• 
I arc treated as partons. In this model, baryons consist of: 

j 
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3 \'alencc. quarks; a core of quark-antiquark pairs (the sea); and 

1 ll " (the· exchange quanta of the force fie'id between quarks) •. The t: uo - . 

three valence quarks are cho~en from SU(3) predictions, qq pairs and 

~tuons are chosen from a suitable distribution (e.g. using an asymptotically 

free gauge theory such as Quantum Olromodynamics and synunetry requirements). 

n1c development to include charmed quarks is straightfon.·ard. 

This model provides good agreement with the experimentally 

observed behaviour of the cross-section. 

Firstly, the point-like behaviour of the interaction results in a 

l;Q~ dependence for the cross-section. Secondly, exact scaling can be 

d~rivcd in this model. Assur.iing the transverse momentum of partons to 

be small and finite (the observed <Pl_> ~ 0.4 (GeV/c) 2 of the final state. 

hadrons is the b.asis for this assumption), the momentum of the parton 

cnn be expressed as a fraction of the momentum of the nucleon ~P. (in 

the large but not necessarily infinite momentum frame). Similarly, 

nc&lccting the parton mass, the energy of the parton is approximately ~E. 

1hcsc results are clearly more justifiable at large momentum, where 

•~asses can be neglected. (The only problem exists when ~p "' transverse 

r1n::icntum of the parton and is considered in Ref. 22). ~p scaling is 

therefore expected - i.e. the cross-section only depends on the scaling 

vnrlablc t. The cross-section can then be calculated, and the structure 

functions extracted, (22) giving for scattering off a single parton of 

'1MW1CQ2 •") = e~f. (x) 
l. 1 

= 0 

·~". . 

for spin 0 and spin ! partons 

for spin l partons 1.11 

for spi~ 0 p_artons 
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x = Q /2ffV is the Bjorken scaling variable 

c. = charge on parton i in units of electron. charge 
1 

f. (x}lx = number of partons o:: type i with momentum between x 
1 

and x + dx. · 

su~':li.ng over parton types (or flavours) in the proton gives the structure 

functions: 

F~(x) 
n 

= l e~xf. (x) 
. 1 1 1 i= 

n 
~l (x) l e~ f. (x) 

. 1 1 1 1-

whcrc the sum runs over both quark and anti-quark flavours. 

1.12 

For an 

unchanncd SU(3) quark distribution n = 6 (i.e. u, d, s and antiquarks). 

Some interesting deductions can be obtained from this result: 

Firstly, Equations 1.10 and 1.11 give in the scaling limit 

C1 L F2/x - Fl R = - = --:. ___ _ 

OT Fl 

= co for spin 0 partons 

= 0 for spin i partons. 

l11c observed value of R"' 0. 2 suggests that the majority of partons 

ire spin i (strictly, this conclusion refers to the charged partons). 

Secondly, it is necessary to assume that part of the momentum 

ls carried by neutrals. The total momentum carried by the.quark flavour 

l is given by: 

n. = f
1
xf.(x)dx 

i · J
0 

i 

Considering now the simple case of only the Gell-Mann quark assignment 

for the proton (uud) and no antiquarks, gives: 

··" ... 

J
l 

· l (x)dx = 2 
0 u 

I:~(x)dx = 1 

' I 
I 

I 
I 

~' 
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In addition to these integral relations, SU(3) synunctry requires 

cr.cx) = 2~(x) for all O < x < 1. Clearly, to go further, a model is 
u 

d ·r /(x) say - for simnlicity take a uniforr.i distribution. require .1.or· u ···r 

lt is then straightfonvard.to calculate 

J
l p 

0
F2(x)dx = }(2eu + ed) = ! 

The measured value of this integral is (9) 0.167 ± 0.006 and 

this rcsul t would show that in this rather unphysical model, over half 

of the proton's momentum must be carried by neutrals, (the gluons?). 

An outline of a more reasonable derivation of this result wil 1 now be 

&ivcn as in addition it gives a useful introduction to the quark frag

~·ntation scheme. Following the definitions of Feynman, C23) let 

u(x) = No. of up quarks with momentum x to x + dx in the proton 

d(x) = No. of down quarks with momentum x to x + dx in the proton 

s(x) = No. of strange quarks with momentum x to x + dx in the proton 

Similarly u(x), a(x), s(x) the numbers of anti-quarks, and neglecting 

charmed quarks, then charge conservation gives 

2f l tJl 1 = - [u(x) - u(x)]dx - -3 o[d(x) - acxJ]dx 
3 o. 

The isospin of the 

1 -1J1 
. 1 proton is 2 .. giving 

lJl 2 = - [u(x) - u(x)]dx -
2 0 2 [d(x) - acxJ]dx 

0 

lhc strangeness of the proton is zero, giving: 

J:[s(x) - S(x)]dx = O 

Tho solution to these eq~a~ions is: 

J:[u(x) - U(x)]dx = 2 

f
1

£d(x) acx)]dx = 1 
0 

·~JI . 
,. n [s (x) - s (x) ] dx = ~· 

lf l 
3 

[s (x) 
0. 

s(x)]dx 
. . 
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1 .~. the net number of quarks is given by the simple 3-quark model. 

'fhe str~cture fllllction F2 can be evaluated in terms of these 

•\~:;irk distribution functions (Eqn. 1.12): 

p 4 -
F
2

(x) = x[9(u(x) + u(x)) + 
1 
9cd Cx) + d.(x)) 

1 
+ 9(s(x) + s(x))] 

ii ving 

IP = JF~(x)ox =. ~ + ~ ~ ~ 
~.here 

U; J:x[~(x) + ii(x)]dx etc. 

f~ can be obtained in a similar fashion, noting that by isospin 
,; 

1.13 

rd-lcction, the null'.ber of u quarks in the proton is the same as the number 

of the d quarks in the neutron, giving 

In = J.u + ~ + !s 
9 9 9 . 

1.14 

If chilrrned particle production is important equations 1.13 and 1.14 must 

4 b(I r.io<lified by the addition of a term gc. 
Calculation of these integrals in a reasonable model of the quark 

tli,tribution functions leads to the prediction that some 49% of the 

«o~·ntum is carried by neutrals (26) • These neutrals are associated 

•lth the exchange quanta of the ·quark interaction field - the gluons. 

A ~ti-Wcisskopf tnie model is thus seen to be a reasonable framework 

wif~ln which to describe -_deep-inelastic scattering with only one addition, 

fl\e. frittoduction of .a further degree of freedom to maintain Fermi-Dirac 

s-iotistics - colour. c27J 

~q~Ujar.mcntation in the Parton Model (26128- 31) 

-~ 

i 
i 

I 

I 
I. 
i 

-~· 

11\c general picture of final state hadron production in the parton • ; 
•· . Uoi-lleJ ~>· • 

·• i iv 1 ~ a cascade process (Fig. 1.4): the initial baryon consists of 
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iiu.trks xya; the struck quark, a, creates a colour field in which a quark-

. tiquark pair, bo, are fonned; 
·'· l 

ao combine to form a meson and the 

ca~c~Jc continues via the quark b lllltil one ~uark recombines with the 

r~::"..~ining quarks fro~ the initial state, completing the description of 

thl· interaction. [It should be noted that the fragmentation scheme does 

ri.'t include baryon production - experimentally fotmd to be smal 1.] · The 

principal ass!llilption 

hadron/Pparton • • p , • z 

of the model is that, defining the variable 

the hadron distributions scale in z. This is 

referred to as "Feynman scaling'. Quark fragmentation functions can then 

t·~ defined by DK(z) dz as the number of mesons K in the range z to a 

: • dz produced in the final state from a quark of flavour a. The 

further assumption of minimal coupling via the charge of the quark 

~llows the final state hadron distributions to be expressed in terms of 

the quark distribution functions and the fragmentation functions. Con-

~c-n:ition of momentum requires that: 

il1t' integral 

J
l 

z . 
Dh(z)dz 

a 
nu.n 

f:rr this definition gives the mean multiplicity for particles of type h 

•Hh l > z 1 . f . . min resu ting rom an interaction with q1:13-rk a. 

In invcstigat-ing hadron production therefore, assuming the quark 

~\~it r lhut ion functions are known, or can be calculated in some model, 

t-he. prchlcm red b · · f · f · h . uces to o taining rag!-entation unctions sue as 

Tr+ K+ • ir 
Du (z), D (z), Dd(z) etc 

. .. · s 
(rQ~hlctin_.,,.t; d·. . 

~ tc iscussion to SU(3)). 

I 
I 
t 
I 
I 
I 
I 

I 
! 
i 
I 

I 
! 
i 
I 
I 
! 
f 

i 
i 
' ! 

I 

. ~ 



I 

I 
c' 
I 

i 
I 
i 
I 

~I 
! 
; 

c. 

1· 

1 
I 

. I 

j 

i 
I 

(j 

I 

Charge-conjugation and isospin. invariance reduces the number of 

lndL·pcrulcnt. D~ functions to 

+ - + 
011' (z) D1T (z) 1T rr = ou (z) = oa (z) u d 

+ + 
D~ (z) D'IT (z) rr 1T = = na (z) = D- (z) u u 

+ + 
0,.. (z) D'IT (z) 11' 1T . ) = = D- (z) = D- (z 
s s I s s 

six independent fragmentation .functions are required to describe kaon 

production: 

+ K - DK- (z) 
K+ 

DK (z) = D- (z) . = D- (z) 
u u • u u 

+ K-
DK- (z) 

+ 
DK (z) 

·K 
= D- (z) . = D- (z) • s s s s 

K+ D~- (z) DK-
(z) 

K+ 
Dd (z) = ; = na (z) d d 

At this stage it is necessary to build a model and calculate the 

h:iJron distributions either analytically or using 1!onte-Carlo methods• 

e.g. the nllliher of positive pions produced in scattering from a proton 

target which is described by a a quark distribution • 

. 
P(x) = u(x) + u(x) + d(x) + a(x) + s(x) + s(x) 

ls given by (omitting explicit x dependence) 

Th . . . h b . d b 1 th (26.28-31) ese integrations ave een carr1e out y severa au ors 

""' lnr. models to des~ribe the fragmentation functions. The particle 
+ . 

r.iuo:• ~_ (z) K+ (z) etc obtai·ned from these 1 1 t• h b n (z) • 1T- (z) . • ca cu a ions can t en e 

c10"'f>G\n:d with the experimental values. 
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•.,•df1r Meson Dominance 
~ ___ ...- . 

An alternative description of ~eep-inelastic scattering considers 

f 
1 

r:;t that the virtual photon 'turns into' a neutral vector meson which 

t!.rn i ntcracts via the strong interaction with the proton (Fig. 1 .5). 

t:i its early stages of development the model only considered the well 

) r:>n.-n \'cc tor mesons (p, 4>, ·11 and more recently 1/1, '.fl') • However, to 

.l:r<.1r.:::i.Jc.l:ltc the observed scaling in deep-inelastic scattering required 

.:'-·:1cralisation to a spectrum of vector meson states - G. V .M. D. C32J The 

~c.k 1 has some predictive success but the required spectrum of vector 

rl'\q_,.;ons has not been observed. In addition to this major disagreement 

w~th experimental evidence, the model also has the disadvantage that it 

f12.t'i aces a known interaction, yp, with an nnknown strong interaction, Vp. 

Asy~npt:o::ic Freedom 

A discussion of the theory of deep-inelastic scattering would not 

b~ cor.:plctc without at .least a brief mention of asymptotically free 

gt~g~ theories. These relate scaling to the behaviour of an nnderlying 

fl~lJ theory through the techniques of the renormalisation group and 

-lhel. operator product expansion C33). It was found t.hat Yang-tlil ls gauge 

f"e.tirlcs have the property of as}rrnptotic freedom. This statement refers 

\e the fact that in such theories the effective coupling constant is 

d«pcu:,\cnt on distance and goes to zero as momenta become large. The 

·nvzory is called Quantum Chromodynamics C34) if the gauge group chosen 

l~SU{3) (3 colours,. and as many flavours as necessary up to the re-

t\brrn~tl :>at ion limit of 16). Asymptotic freedom thus forms the basis· 

-for tlit- p:irton modei .. justifying the impulse approximation at large 

f\'\O~-t~. 

Me<lif .. 
llcviations from scaling behaviour can be calculated in this 

.. 
·~,. . 
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1bis theory does not yet provide a complete description. Free 

t\li.;1rks have never been observed - one unsolved problem is to devise 

A theory which accounts naturally for this confinement. C24) 
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TABLE 1.1 

DEFINITION OF VARIABLES 

m = mass of muon· 
µ 

M. = mass of proton 

pl = (E, P) f-::>ur momentum of incident muon 

P2 = (E'' ~') four momentum of scattered muon 

q = pl - p2 four momentum transfer from 

= (\I' g_) muon to proton 

P3 = (M, 0) four momentum of incident proton 

Q2 = i . 
-q q:. 

1 

= 2EE' 

(invariant mass2) of virtual photon 

2!Pl IP' lease - 2 ~- ~ 4 EE'sin28/2 

= 2Mv for elastic scattering 

v = (P2 .q)/H laboratory energy of virtual photon 

e . = muon scattering angle in laboratory 

a = fine structure constant. 

s = 2ME + 1¥- + m2 Total energy) µ 

. W2 = 2Hv + 1·'1 Q2 Invariant mass of final hadronic system 

A(x, q, z) = x2 + y2 + z2 - 2xy - 2xz - 2yz 

~j = Q2. /2Hv Bjerken Scaling Variable 

I 
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First Order Elastic Scattering 

f2 = CE'.,f') 

q=CF)-f2l 

p .. 

Fig. 1-la 

Possible Second Order Corrections to Elastic: Scattering 
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Fig. J-1b 
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P2 = ( E' IE' ) 

fJ = (M, 0) . 
Final State Hadrons 

Fig. 1-2 

Parton Model Description of Oeep-rnetastic Scattering 

Final State Hadrons 
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Fig. 1.3 
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CHAPTER 2 

nIE APPARATUS 

2.1 INTRODUCTION 
• 

The data analysed in this thesis was taken in the third stage 

of an experiment on muon scattering which was carried out over several 

years by a Chicago-Harvard-Illinois-Oxford collaboration usin~ the 

muon facility at Fermilab. 1be aim of this experiment was both to 
- - -

measure the differential cross-section d
2

0' d" ff b -. dvdQ2 at i erent eam energies 

(and thereby t~e proton structure functions F1 and F2) and also to study 

the hadrons produced in the interaction. 

Tite beam energy used for this final run was 219 GeV/c2~ the 

highest available at the accelerator consistent with a reasonable muon 

flux. The same basic equipment was used as for the previous runs at 

98 and 149 GeV/c2 • However, the addition of a large multicell Cerenkov 

counter and additional.proportional charr.bers downstream of the target greatly 

improved the ability to study tne hadrons produced in the interaction 

with which this thesis is concerned. The apparatus can be split 

logically into three elements: the beam transport system; the beam 

defining elements; the_ analysing spectrometer. These will be discussed 

in some detail in the following sections • 

.· 
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·• .. ... t!llON BEAH TRA.~SPORT 

lh';1m Line 

The muon beam is produced by the decay in flight o.f secondary 

5,,t,n$ and kaons produced in high energy proton nucleon collisions. 

l?:crcfore, the aim of the bea.Jn transport system is to collect these 

":cond:iries,, allow as many to decay as possible,, remove all unwanted 

r~rticlcs (hadrons and muons with the wrong momentum or charge) and 

then transport the final muon beam to the experimental area. 

A schematic of the Fermilab muon line is shown in Fig. 2.1. A 

400 GcV proton beam extracted from the main ring is transported over 

0 kilometre to a production target of 30 cm of aluminium (one inter-

~ction length). Secondary pions and kaons produced at small angles 

c~2 mrad) are strongly focussed by a quadrupole triplet onto a 500 m 

c\·acuated decay pipe. There are no further elements to contain the 

beam tmtil the end of the decay pipe. Then follow two bending stations 

separated by a quadrupole focussing station to deflect the charged 

beam from the neutrino beam and focus it onto the hadron absorber, 

allowing a further 400 m of decay path. These elements also provide 

Domcntum selection, the momentum band of the beam belng reduced to ~1%. 

Of the secondaries,, 95% of the pions and 90% of the kaons do not decay, 

nnd these plus any other hadrons are removed by an absorber packed into 

the third stage of bending magnets (D3). The absorber consisted of 

21.3 m of high densith polyethylene which reduced the contamination, 

giving an/µ ratio of 2 x 10-G. The final set of Q quadrupoles (Q4) then 

focusses the muon beam onto the experimental target. Momentum selection 

ls made at the last bending station (04). The muon beam had a momentum 

s.prcad of ±3% and an angular divergence of "'l mrad •. The cross-sectional 

•trca wa~ approximately 100 cm2• 
~., .. 
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Intensity 

n + µv decay produces muons with a uniform laboratory energy 

spectrum from ~E to 0.57 E • A maximum muon flux is obtained by 
n · n 

selecting a pion momenttim slightly higher than the muon momentum 

required as this allows pions to decay right up to the absorber. A 

maximum flux of secondary pions and kaons of approximately the required 

momentum is therefore required. This is obtained by selecting a pion/ 

kaon momentum which is roughly half the priw~ry proton momentum. 

In this experiment the primary proton momentum was 400 GeV/c 

and the muon beam-line magnets were set to pass 220 GeV/c particles 

within a band of 1%. A µ/p ratio of approximately 10-7 was obtained 

resulting in 106 muons per beam pulse. 

This procedure produces a polarised muon beam, its spin being 

oppositely aligned to its momentum vector. As yet, this polarisation 

has not been used in deep-inelastic scattering at the highest energies. · 

Halo 

A major problem in the design of a muon beam is that l.Dllike 

hadron or electron beams, particles which leave the beam can travel 

large distances before being absorbed. These particles are called 

'halo'. 

The beam-line optics are not completely matched and.therefore 

despite earth shielding along the length of the beam-line, muons 

leaving the beam in.the upstream elements result in halo over a large 

area of the experimental hall. In addition, muons scraping the benrn-

1 inc magnets but not quite leaving the. system give rise to close-in 

halo around the beam. For this data, the ratio of h3lo to beam varied 

from 2:s ~ith most of this halo within SO cm of the beam. 
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The trigger requirements necessary to minimise the effects of 

halo are discussed in Chapter 3. However, the halo was extremely useful 

in the setup stage of the e~perirnent when it was used to plateau all 

counter hodoscopes in situ. 

Pion Contamination 

A measurement of the pion contamination was not carried out at 

this energy. However, this can be estimated from data obtained with 

a 150 GeV/c be~m(3s~· The-absorption length at 220 GeV/c is estimated 

to be 1.6 m. 21.3 m of absorber were used giving a ~/µ ratio of 

2.3 x 10-6. 

R.F. Structure 

In a proton synchro-cyclotron, the radio-frequency cavities 

used to accelerRte the beam tend to bunch protons around the accelerator 

ring. At Fermi lab, bunches are 2 nsec long and are separated by 

18 nsec. TI1e structure of the tertiary muon beam reflects this frequency 

with muons arriving in 2 nsec 'buckets' and separated by a minimum of 

18 nsec. As a 2 sec. spill-length was used, there is only a small 

probability of more than one muon in any r.f. bucket c~1%). Uneven 

and spiky beam spill can increase this however. 

.. 
~.£.. • 

\ 
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2 • .3 BEAM DEFINITION AND MmffiNTln.f MEASUREMENT 

Beam Dcfini tion 

·The beam defined for the experiment is selected at the final 

dipoles in the beam-line 04 (Fig. 2.1). These dipoles provide the 

momentum measurement of the incident beam and the purpose of the 

defining elements is to restrict the beam to those particles which pass 

cleanly thro~gh ~hem. This definition is carried out by a sequence of 

counters in coincidence and anti-coincidence to form an electronic 

collimator (Fig. 2.2). 

Counters Vl, V2, V3 match the apertures of the last two bending 

magnets (10 cm x 9 cm) and are used to veto scraping beam. BH1-BH6 

are each 8.elernent scintillation counter hodoscopes. BHl consists of 

c 1.2 cm scintillator covering an area 20 cm x 20 cm. The remaining 

five hodoscopes are 15 cm x 15 cm in area and use 0.6 cm scintillator. 

BHl, 2, 3, 5 are arranged in vertical strips to provide x readout. 

BH4 and 6 provide y readout (Fig. 2.3). The beam is defined by.a 

coincidence between one element in BHl and BH2, one element in either 

BH3 or BH4 and one in either BHS or BH6. Co.tmteIS Vl-3 are required in 

anticoincidence with this signal to veto scraping beam, and the halo 

veto wall is also required in anticoincidence to remove halo. The 

beam hodoscopes were also latched for use in beam reconstruction. 

Beam Momentum Measurement 

A measurement of accurate knowledge of the beam particle's 

trajectory through the bending plane of the analysing magnet system. 

This is carried out using the be~m hodoscopes BHl-6 used in the beam 

definition and 6 multiwire proportional chambers. The l1WPCs are 
•· I 

20 cm x 2o cm in area, with a wire spacing of 2.0 mm. Those with 
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vertical readout wires are described as X chambers and those with 
< 

horizontal wires as Y chambers. The beam hodoscope information 

corresponds to the beam cha~her information at each beam station. 

Stations 1 and 2 have an X hodoscope and chamber pair, stations 

3 and 4 have both X and Y hodoscope and chamber pairs. As the bending 

takes place in the X-Z plane, all four stations can be used to re-

construct the momentum of the beam particle, with the xy points at 

stations 3 and 4 providing the momentum vector of the incident 

beam into the laboratory. The beam hodoscopes were all positioned 

downstream of their corresponding chambers to prevent the chambers 

from seeing any knock-on electrons which might cause track confusion. 

( 
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I 
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2 .4: TIIE SPECTRm!ETER 

111is section briefly discusses the various components of the 

spectrometer. In part they ~ave been described in much greater detail 

elsewhere and the appropriate references are given. A diagram of the 

spectrometer apparatus used in this analysis is shown in Fig. 2.4. 

Coordinate System 

1his is an appropriate place to define the experimental coordinate 

system. 1he centre of the momentum analysing magnet {the Chicago 

Cyclotron Hagnet) is taken as the origin. The nominal beam direction 

defines the positive z-axis, the horizontal beam left direction the 

x-axis, and the vertical direction in a right-handed sense the y-axis. 

Target 

1he target flask is positioned approximately 6 m upstream of the 

Chicago Cyclotron Hagnet~ It is 18 cm in diameter and 120 cm long. 

Filled with liquid hydrogen this corresponds to an approximate target 

thickness of 8.3 gm/cm2, with the target flask material representing 

only 0.4 gm/cm2• The flask was designed so that it could be emptied 

and filled quickly to enable target-full and target-empty running to 

be evenly distributed through the data set. 

Halo Veto Wall 

1he halo veto wall stands iJllJilediately upstream of the target, 

covering the entire area of the halo veto which is mounted on its 

'Upstream side. Consisting of 1 m thick concrete blocks with a hole 

to allow the beam through, its function is to prevent any backscattered 

particles from a real event hitting the halo veto and thus vetoing 
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Im x Im Mul tiwirc Proportional thall'bers 

A bank of 8 lm x Im ?~'lPCs (36 ) with 1.5 mm wire spacing are 

arranged with alternately X and Y readout immediately downstream of the 

target flask. An additional pair with X and Y readout are positioned 

near the centre of the Chicago Cyclotron Magnet. Their wire spacing 

provides a spatial resolution of O.S mm r.m.s. and their gate pulse of 

typically 120 nsec sets their timing resolution. They detect all 

forward going charged particles from an interaction in the target. In 

this respect their time resolution is important as there is a large 

flux of beam and close-in halo through the central region which might 

otherwise cause serious confusion. 

The Chicago Cyclotron Magnet 

The momentum analysing magnet for the spectrometer is the former 

Chicago Cyclotron Magnet. It is a large volume magnet with a pole 

tip radius of 2.2 m and an aperture of 1.25 m. The magnet can produce 

a maximum field of 1.5 Tesla> drawing a current of 5000 Amp at 400 volts. 

However> for this data the field used was 1.4 Tesla corresponding to 

a current of 4200 Amps (Fig. 2.5). The magnetic field has cyclindrical 

synunetry and has.been mapped to determine its uniformith and fringe 

field.C 37J The field map was accurate to ±4 Gauss. and the field is 

stable over periods of rtmning to within 0.2%. The field polarity 

was set to bend positive particles towards negative x. Acceptance of 

charged hadrons by the downstream spectrometer is determined by the 

momentum cut-off of the C.C.M. At 1.4 Tesla this is 6 GcV/c • 

.. . 
-; ..... 
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For this run, five additional proportional chambers were positioned· 

between the last two 1 m chambers to improve the low momentum particle 

acceptance. Each chamber had two readout planes and had an area 

80 cm x 80 cm. The wire spacing was 3.2 mm. The planes were arranged 

in an XYXYUVU'V'XY_ pattern •. The tilted planes were 'X:'i planes tilted 

-1 1 d at an angle e(= tan 8) and -e between the x-u an x-u' axes respectively, 

and were required to resolve xy aIThiguities in trackfinding. These 

planes were used primarily for a low momentum analysis of strange particle 

production. C3s) 

The Downstream Spark Chambers 

Immediately downstream of the C.C.M. is a bank of twelve 2m x 4m 

spark chambers with 1 mm wire spaci~g.C35:39)As they-were required to 

operate in a large fringe field ('\.0.5 Kgauss) these planes used shift 

register readout. At approximately 9 m do"ffistream of the magnet and 

downstream of the Cerenkov counter there is a further bank of eight 

2m x 6rn spark chambers~3S)These planes also had 1 nun wire spacing and 

used capacitive readout. The downstream trackfinding was carried out 

in these 20 planes to obtain the space tracks of particles passing 

through the C.C.M. However, the y track projection could not be 

obtained directly as the extent of these chambers prohibited the 

stringing of horizontal wires with this spacing. In both banks there 

. -1 l are UX, VX and UV planes with wires strung at e = tan 8 and -0 to 

the vertical and these are used to obtain the y projection. The 

2m x 4m planes had a live time of 1 psec and the 2m x 6m planes a 

live time of 3 µsec. This results in them 'seeingt many stale halo 

and beam tracks which then add to the trackfinding confusion. The 

2m x 6ll\. planes had a mylar deadener in the beam region to overcome 
·..... . . 

thi~ nrnhlPm. 
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· TI1e Cerenkov Counter 

There is an 18 cell nitrogen filled Cerenkov counter ·between 

the 4 m and 6 m ch~rnbers. Each cell w~rror is 60 cm x 100 cm and 

they are mounted in two banks of 9 mirrors above and below the 

median plane of the apparatus. The overall size of the counter is 

2.6 m deep by 2.5 m high by 6 m broad. The counter plays an essential 

part in this analysis and is discussed in detail in Chapter s. 

Muon Identification 

Muon identification in the spectrometer is provided by a hadron 

absorber consisting of an iron wall approximately3m x 6m by 2.5 m 

deep. This is positioned roughly 20 m downstream of the spectrometer 

magnet. Immediately behind the absorber is an array of hodoscopes and 

veto counters used in the trigger. Beyond this array there is a bank 

of four 2m x 4m spark chambers,C 3s) each with two readout planes. These. 

planes use magnetostrictive-wand readout anrl are constructed in a 

similar fashion to the 6m chambers to obtain space reconstruction of 

tracks. 

Muons are identified by their ability to penetrate the hadron 

absorber and set the counters behind. The pion punch-through probability 

is extremely low (10- 5/pion). Multiple coulomb scattering causes the 

only identification problem as it can deflect the muon by up to 40 cm 

at low momentum. 

Additional Particle Identification 

Between the final six metre plane and the hadron absorber 

there is a system of filters and chambers designed to obtain some 

identi'(ication of e, y 1 ir
0 and neutral hadrons. This consists of 

~""'· "' 

.: .. .; .. .: .. 11., .. .t1 r.m (3 r.l.) steel plate followed by a bank of spark 
I 

-----------------------:_____:=__~· -· ... 
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chambers. Through spark counting in these planes one would observe 

electron cascades from electron bremsstrahlung and y conversion in the 

steel plate. Immediately. do~nstream of this bank of chambers is a 

o.3 111 thick lead wall to stop the electromagnetic element in the shower. 

Development of neutron induced hadronic cascades can then be observed 

in a second bank of spark chambers. In practise> this system failed 

as the spark chambers were inefficient and unreliable - no attempt 

has been made to obtain any information from them in this analysis. 

The Trigger Hodoscopes 

The apparatus is triggered and read out when a particle is seen 

to leave i:he beam and is observed downstream of the hadron absorber . 

The downstream signal for this is obtained by 4 banks of scintillation 

counter hodoscopes> and one array of beam veto cotmters. Figures 2.6-

2.11 show the counter arrangerr.ent in these banks, labelled: G, H and H' .. 

M and N, H'.. and K (the veto) • 

The arrays G, H and H' form a crossed counter array immediately 

downstream of the final 6m plane and before the steel wall. Four of the 

G CO\.lllters are displaced to form a hole in the beam region and two of 

the H counters have a section of scintillator in.this region replaced 

by lucite·. The H' array surrounds this hole and can be moved laterally 

or vertically to change its size. 

The arrays M, N, M' form a second crossed array of counters 

downstream· of the hadron absorber. Again counters in the beam region 

·in banks M and r.1' are displaced. The N col.lllter is on a trolley which can 

be moved laterally to cover this hole. By moving the N and by removing 

appropriate elements of it from the trigger, the composite H hole can ...... 
be made to match the beam veto. 
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( 
The beam veto is the K hodoscope, which is also on a trolley to 'wtflf' 

enable it to be moved laterally. 1his freedom is necessary as it was 

necessary to determine its· final position experimentally (Chapter 3). 

Air light guides were used on this hodoscope as Cerenkov radiation in 

the lucite of the alternative would give rise to unwanted vetos. The 

phototubes used were RCA 8575 which give a fast rise time. The pulse 

was shaped to minimise deadtime. 

Further details of the operation of these hodoscopes and their 

use in the experimental trigger are given in Chapter 3. 

c 
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CHAPTER 3 

DATA TAKING 

The principal advantage of an electronic particle-detection 

system is that one can trigger the system only when an event of interest 

has occurred, thereby greatly reducing experimental dead-time and the 

amount of data processing required. The signal that an event has occurred 

is usually obtained from some scintillation counter system which prod-

duces fast light pulses following the passage of charged particles 

through it. 1bese pulses can be detected by photomultipliers which then 

provide output pulses which can be detected electronically. Fast electronic 

logics circuits can then be used to trigger the rest of the apparatus: 

chamber firing, latching and data-readout etc. 

The experiment described in this thesis was designed to investigate 

inclusive and semi-inclusive muon scattering and the trigger used was 

quite straightforward. The only requirement was to detect a beam muon 

which scattered in the target. Muons were identified by their ability 

to pass through 2.4 m of iron absorber (Fig. 2.4). Details of the trigger 

hodoscopcs, their function and the logic used is described in Sections 3.2 

and 3.3. The data readout sequence is briefly described in Section 3.4 

and details of on-line checks and equipment checks carried out during 

data taking are described in Section 3.5. 

~\ ... 
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3.2 TIIE TRIGGER 

The positions of the downstream elements of the trigger are 

shown in Fig. 2. 4. A schematic of .the complete trigger system is shown 

in Fig. 3.1. The timing resolution of the system is detennined by the 

iengths of the various hodoscope elements. Thus the incident beam 

resolution is ~s ns and the scattered muon resolution 20-30 ns. 'Ibe 

minimum resolving time is therefore approximately 30 ns. 'Ibe detailed 

discussion of the trigger is given in teTI!lS of its two logical sections: 

·the definition of a good incident muon; the detection of a scattered 

muon. 

Beam Signal 

A provisional beam signal is defined by the logic: 

T = BH1.BH2.(BH3 or 4).(BHS or 6) 

where BHl represents any-element in the hodoscope BHI being set etc. 

Four sets of vetos were applied to this coincidence signal to provide 

the 'good beam' signal: 

(a) VA.Vs. VC 

(b) VH 

(c) BH2 > l.BH3 > l.BH4 > l.BHS > l.BH6 > 1 

- BH > I 

(d) B~t .. 

(a) VA, VB, VC - These are three pairs of counters which match the 

entrance and exit apertures of the three dipole magnets comprising 04 

(the beam momentum analysing magnet) (Fig. 3.1, 3.2). Used in veto they . ......., 

ensure that all beam particles pass cleanly through this magnet and ... 
therefor~··· ~llow an accurate determination of their moment a 

I . 
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(b) VH - Mounted upstream of the experimental target there was a 

hodoscope consisting of an 18 element hodoscope array covering 3m x Sm 

with a large hole in the beam region and 4 small counters which accurately 

Jcfincd the ~earn hole (Fig. 3.3). The hodoscope matches the muon hodo

scopes in the trigger and was used to veto halo. Wide angle halo is 

removed by the main hodoscope area. Close-in halo and marginal beam is 

removed by the four small counters (the veto 'jaws'). These also 

restricted the beam spot to an area completeley within the target. A 

halo muon will satisfy the down.stream requirements of the trigger and 

only requires to be in coincidence with a beam particle which fails to 

set the K-veto in order to trigger the apparatus. This coincidence can 

occur most likely either as a result of inefficiency in the K-veto or 

of a real scatter in the iron absorber, (coincidence with a real event 

trigger is improbable). Th B . R . 11 2 1 o-q e rate B was typ1ca y x • The ratio 

of beam to halo was large, being about 1 to 3. Therefore, even assuming 

99% efficiency in the halo veto, a trigger rate of 3 x 10-G is obtained 

from 'halo' triggers. Clearly, a highly efficient veto was essential. 

(c) BH > 1 - This signal was used to detect and veto events in which 

two muons passed through the apparatus within the 5 ns resolution of the 

beam counters. In such an event, if one of these muons were to interact 

in the target the second would still veto a trigger by setting the K-

veto. Asswning a uniform spill structure, the probability of two muons 

arriving in the same ~.f. bucket was approximately 1%. However, spikes 

in extraction (as was the case for sections of the data) would increase 

this probability. 

Muon scatters in material in the beam line (especially u-e 

scattersl"·c-an also give rise to two particles in the· beam. If the 

........... ~ ... ,.,.,.,,,.,.f'rl uustream of the beam analysing magnet, these particles 
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would be swept out of the beam. However, if this did not occur (e.g. 

fol lowing an interaction in SH3 or 4) the muon would definitely 

trigger the apparatus since having much lower energy would cause it to 

be bent out of the beam veto by the c.c:M. 

The effect of this veto was a 3-5% reduction in useable beam. 

(d) B6t - Muons can generate large electromagnetic showers on passing 

through the hadron absorber. The large pulses induced by such showers 

in the K-veto counters could disable their phototubes. A muon passing 

through the apparatus while these were inactive could then trigger the 

apparatus simply as a result of a random coincidence between a G and an 

M counter. Therefore, each beam muon vetoed the r.f. bucket following 

it (18 ns later) . 

The Scattered Muon 

The definition ·of the scattered muon was simply a coincidence 

between an element in the G or H hodoscopes with one in any of the M, M' 

. or N hodoscopes and in anti-coincidence with the K-veto. The logic is 

S = (G + H) • (M + M' + N) • K 

where the symbol '+' represents a logical 'OR'. 

In the R we have the signal that the assumed incident muon has 

left the beam, (M + M' + N) that a muon (presumed to be the scattered 

muon) has been detected elsewhere in the apparatus downstream of the iron 

absorber. The coincidence with (G + H) was required both to cut down 

random coincidences due to noise, and because a wide angle scatter in the 

hadron absorber could also provide an Mu. K signal (Mu = (M + H' + N)). 

One may note that as G and H, and M, M' and N are in logical 'OR', 

the efficiency of these counters can be measured _directly from the 

exnr~~mnn~~i data in the regions where the hodoscopes overlap. 
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Combining the beam and scattered muon signals provides the event 

trigger. 

Trig = B.R. (II + G). (M + M' + N) 

where 

.. , . . 
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THE FAST ELECTRONICS 

The description 'fast electronics' refers to the electronic logic 

u:;cd to form a trigger signal. following an interaction and- the various 

subsidiary circuits used for normalisation and for monitoring the 

experiment (Fig. 3.4). The setting-up and efficiency of this system 

was crucial to the successful operation of the experiment. 1he efficiency 

was mainly determined by the detection efficiency of the hodoscopes 

forming the trigger. However, electronic and timing inefficiency in 

the logic circuits also required careful consideration. 1he procedures 

used in the setting-up of the fast electronics will be described here 

in some detail. The setting-up was largely czrried out several months 

prior to data-taking using parasitic beam, although the electronics 

was completely checked again in the first few d;:i.ys of data-taking. 

Plateauing Hodoscopes 

To ensure optimum efficiency, the best operating voltage for.each 

phototube must be determined. This procedure is called 'plateauing'. 

'Ihe scheme used to plateau a counter (i.e. the phototube viewing a 

scintillation counter) is shown in Fig. 3.5. Counters c1 and c2 in 

coincidence (S1) define particles which are passing roughly through c3 

(the counter to oe plateaued). The signal at C~ is set to be in-time 
..> 

With s1 at the coincidence unit s2• 11lerefore, the rate 521s1 gives a 

llleasure of the efficiency of counter c3• Variation of the voltage on 

the phototube of c3 g~ves the 'plateau curve' for c3• A typical curve 

is shown in Fig. 3. 6. At low voltages, the gain of the tube is low and 

therefore the efficiency is low (Region 1). The efficiency then rises 

to a plateau region as tne voltage is increased (Region 2) followed by 

a sharp lnci'easc in rate as the voltage is increased further (Region 3). 

Rc'!.ion 3 is the noise region in which electrons emitted from the photocathode 
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( nnd dynodcs due to thermal noise are being ampl ificd and swamp s2 

~ith accidental coincidences. The operational voltage.is chosen to be 

below the noise region, to reduce accidentals. but sufficiently.far 

onto the plateau to obtain a stable high efficiency. Typically this is 

chosen to be 100-150 v onto the plateau. 

There are two further points to note concerning this procedure. 

Firstly. the transit time for electrons in a phototube changes with 

voltage at approximately 1 ns/100 v. Therefore, if the plateauing 

is carried out over a large voltage range, care must be taken to ensure 

that c3 is in-time with S, over the full range. In practice, this can 

be achieved by making the signals s1 and c
3 

sufficiently wide to cover 

this variation. 

The second point is directly concerned with the size of the 

downstream hodoscope elements. The aim of plateauing is to make these 

counters (which are two to three metres long) efficient over their full 

length. To do this one must plateau for light collection from the end of 

the counter furthest from the phototube. This could be done for all 

hodoscopes as they were arranged in two sets of crossed arrays. Appropriate 

elements could be selected to give the required trajectory, and wide 

angle halo used to provide the 'beam'. 

Every counter in the apparatus was plateaued using tnis general 

procedure - some 200 elements. 

TI ming 

The trigger electronics is required to detect the pulse produced 

by the same particle in different hodoscopes and then to correctly 

associate these pulses using a coincidence method. TI:ie difference in 

arrival times between any.two pulses determines whether they are considered .. 
to be in-ti~e or not. In this experiment a coincidence was defined by 

>'·-- .. -···---~ >"'> _,. __ 
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anY overlap of the two pulses and therefore the determining factor is 

the width of the pulses. If the timing criteria are too loose (i.e. wide 

pulses) spurious events may be taken as a result of random coincidences. 

1 f, however, they are too tight (i.e. narrow pulse widths) real triggers 

~ill be lost due to fluctuations in signal propagation times. Therefore, 

in addition to ensuring that all counters in the trigger produce a pulse 

at the same time at the event trigger coincidence unit, one must also 
. 

ensure that pulse widths take proper account of the intrinsic resolution 

of the counters. 

All counters in the same hodoscope were connected to the fast 

electronics oy equal lengths of cable. This allowed the entire hodo--

scope to be timed in by timing in a single element. The beam and halo 

veto counters had the problem that their signals must travel up to 200 m 

to the fast electronics (which was situated behind the hadron absorber) 

(Fig. 2.1). The counters in these hodoscopes were OR-ed together in the 

enclosure and the resultant signals transmitted via fast air-cored 

coaxial cable to the fast electronics. Signals for VABC' VH and BH > 1 

were formed and transmitted in a similar fashion. 

The construction of the BH > 1 signal for each hodoscope was 

quite straightforward. The output singals from the discriminator on 

each counter were summed via a linear fan-in. Tilis sununed output was 

then attenuated by a factor of ten and passed through a second discriminator 

With a threshold of 110 mV. A double Nim-level signal attenuated by a 

factor of 10 is 150 m~ and therefore this second discriminator would 

only fire if at least two cotmters in the bank were set. 

-The remaining hodoscopes were sufficiently close to the fast 

electronics to allow their individual signal cables to be brought there 

directly f:r;om the phototube output. An OR-ed output was then formed •. ,, . .. 

for each hodoscope. -
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The fast electronics.therefore used the discriminated ouputs from 

the counters rather than their direct signals to detect an event. The 

thresholds for these discriminators were set below the level for minimum 

ionising particles but above noise levels (50-100 mV). All phototube 

outputs were clipped to reduce dead-time (Fig. 3.7a). 

The timing resolution of the trigger is determined by the width 

of the OR signal for each hodoscope. These in turn are principally 

dependent on the length of the counters in the array. The typical jitter 

in a phototube is 1-2 ns. However, the transit time of light in scintillator 

is 7ns/m and this causes the variation between hodoscopes. The widths 

are therefore: S ns (BHS, 6); 10 ns (all other beam hodoscopes, BH > 1, 

and Bat); 15 ns (VABC' N, K); 20ns (M'); .25ns (H,. l\r• M); 30ns (G). 

1bese widths were set up at the 'equal-time' fanouts indicated in Fig. 3.4 • 

. ! Apart from BHS-6, the output widths for the equal-time fanouts were 

produced using a clipped output pulse from a discriminator (Fig. 3.7b). 

. ' 

Thus for example, the 30 ns G pulse was produced with a discriminator output 

width of 15 ns tied to a shorted.· 71 ns clip cable. As the discriminator 

cannot accept a second pulse until after the trailing edge of the first, 

this reduced the electronic dead-time from 30 ns to 15 ns in this case. 

'Ibe signal BHS, 6 determined the relative timing of the apparatus. ·~t 

? · was therefore made as short as possible using an E.G. and G. fast discriminator 

~hich had a rise time of ~2 ns, and could produce a narrow pulse. 

The use of equal-time fanouts enabled the easy fonnation of the 

many scalars which were required for setting-up, monitoring, and normalis

ation of the experiment. A second bank.of fanouts whose outputs were 

"delayed by 54 ns relative to the first (not shown in Fig_. 3.4) were 

Used to measure random rates • 
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The usual procedure was followed to time the beam telescope. 

Firstly, signals were timed visually on a cathode ray oscilloscope by 

comparing the arrival times of pulses from the various counters with that 

from BBS, 6. (Beam vetos VABC and veto.jaws were moved into the beam to 

make this easier.) Although this could be done quite accurately (±1 ns) 

a delay curve was also obtained about the visual value to confirm the 

result (Fig. 3.3). Timing of the downstream counters with respect to the 

beam was complicated both by the length of the counters and their 

positions. In this case the timing was only done visually using the counter 

most accessible ta the beam in each hodoscope. Allowance was then made 

for transit time in the scintillator. Thus: G, Mand M' were timed at 

their furthest edges from their phototubes and therefore the pulses 

corresponded to the latest pulse possible from these counters; the H 

counter was timed with particles passing its centre. The relative timing 

of these hodoscopes is shown in Fig. 3.9. 

~. ' 

Latching 

All counters other than the K counters were latched and read 

out for each event. 1be same problems occur with the latch gate timing 

as with the trigger timing for the downstream hodoscopes. A similar 

procedure was used to ensure 100% latching efficiency. Latch gates 

were 20 ns wider than the pulse they were latching. 

The fast electronics had built into it a system to provide a fake 

pulse input in coinciqence for all counters in the trigger. This could 

be used to check out both the discriminators and logic units in the trigger;-" 

and the counter latching. 
, 
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Sc31ars 

The equal-time fanouts were used principally to form the many 

coincidences \.;hi ch required to be scaled for monitoring and normalising 

the experiment.. 54 ns was chosen for the delayed equal-time fanouts 

used to measure random rates as this corresponds to a delay of 3 r.f. 

buckets. 1be electronics provided both 'gated' and 'ungated' scalars 

for visual and CMIAC readout. A discussion of the gating signals is 

given in section 3.4. 

The K-Veto 

The K-veto is the most important hodoscope in the apparatus as its 

function is to veto the unscattered beam. A failure to veto will allow 

a random coincidence between say the G and M hodoscopes to trigger the 

apparatus. TI1e K-veto must therefore have high efficiency. The efficiency 

of this counter. was measured by temporarily fixing a small counter (C) 

inunediately downstream of the K and measuring the rate BB:cK· A value 

of 2 x-10-6 was obtained. 

The vertical and horizontal positions of the K-veto were fixed 

P • d k" A • f h B.t< d r1or to ata-ta ing. vertical scan o t e rate ~ was ma e on a 

counter by counter basis (Fig. 3.10). This scan was used to position 

the central veto counter (6-7) on beam centre. The positioning however 

was fairly rough. The horizontal position of the K-veto could be readily 

changed as the hodos~ope was mounted on a trolley. The spectrometer 

acceptance is determined by the inner edges of the combined M hole in 

the beam region. Clearly, the K-veto must be positioned to match this 

hol A . . . h B. K f e. minimum in t e rate S- or a horizontal scan was chosen to fix 

this position. (Fig. 3.11). 
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3.4 · DJ\TA READOUT 

The computer used in this experiment for data readout and on-line 

da.ta monitoring was a Xerox E~ with the following peripherals: a card 

reader, a teletype, a lineprinter, two 9-track tape drives, a 750K word 

drum and a Tektronix 611 storage display scope. The computer was inter-

faced via CAMAC to the fast electronics and the chamber scanners. 

Details of the scanners used to read out the spark and proportional 

chamber information can be found in references 35, 36, 40. Standard 

Lecroy CAHr\C latch and scalar.modules were used for the counter and 

scalar readout. Readout of the Cerenkov counter pulse heights were by 

two LRS2249A twelve·channel analogue to digital converters. 

·A description of the data acquisition program and interrupt-

servicing routines can be found in ref. 41. A brief general description 

will be given below (Fig. 3.12). 

The t3 has a hardwire interrupt structure reasonably suited to 

its operation as an on-line computer. Each interrupt has tw~ status 

controls: armed/disarmed; enabled/disabled. The highest priority 

interrupt which is ho.th armed and enabled is se-:-viced first and automatically 

suspends operation on any lower level interrupt. ·while a particular 

interrupt is being serviced, that interrupt is disabled and no further 

interrupts can be accepted at that level until the task has been completed. 

Having completed the task corresponding to the highest priority interrupt, 

control passes to any which have been suspended in order of priority. 

Data readout and tape writing WE'.re assigned the two highest 

priority interrupts (13 and 12 respectively). However, tape was normally 

only written at the end of each spill, events being written to disk 

during the spill and copied ta tape fallowing it • . 
~·'. . 
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AlthougT1 no major analysis was carried out on-line, various 

sampling routines and a crude track-finder were used to monitor the 

operation of the apparatus and to display selected events. These 

operations were handled by loi\'cr priority interrupts. The particular 

mode required was selected by one of 32 toggle switches which were 

periodically tested and up-dated by the on-line program. 

The Run Box 

Overall program control was carried out from a panel containing 

only four buttons termed the run-box. 

Switch 1 (Begin Run) 

This armed all interrupts and sent a request to the teletype for 

operators conunents (run nu~ber, target status etc.). Following this in-

put at the teletype, all scalars and latches were cleared and a 'Begin-

Run' record written to tape. 

Switch 2 {Run) 

This was a simple switch which completed the electrical circuit 

for the priority 13 interrupt and then allowed data to be taken. 

Switch 3 (Stop) 

This was a switch which could disable the priority 13 interrupt 

at any time during the run to suspend data taking. 

Switch 4 (End-Run) 

'lb.is disabled all interrupts· at the end of a run. An 'end-run' 

record was.., then written on tape and a summary of performance of the 

snec~Tnmetcr during the run printed (a 'SAGA'). 

J • 
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The switches had to be presse~ in the correct sequence to initiate 

J:ita taking - Begin Run; Run; Stop; End-Run. Stop and End-Run could 

be used as often as desired during a run to suspend and restart data 

taking. 

Trigger and Interrupt Sequence 

The pulse sequence required to issue an interrupt to the computer, 

latch counters, fire chambers and then initiate data-readout was generated 

by electronics known as the 'event-box'· (Fig. 3.13). The timing diagram 

for this electronics is shown in Fig. 3.14. 

Immediately following a trigger, the event-box issued a 'prompt,-

out' signal which prepared the computer to accept the interrupt, latched 

the counters and then fired the spark chambers. The computer was 

deadened for 3 rnsec while the chambers were. fired and then when all 

electrical nciise had died away, the interrupt \:as sent to the computer 

to initiate data readout. On completion of data readout, the computer 

issued a reset to the master flip-flop in the event box. The event box, 

howe.ver, could not accept another trigger until a fixed SO msec block 

was removed. This b~ock was required to ensure in particular that the 

capacitors used to fire the 6m spark chambers were fuily recharged 

) before another trigger was received. 

There were three other inhibits operating on the master event 

flip-flop. A signal .obtained from the accelerator at the start of the 

beam spill was used tQ gate the trigger on only during the spill. The 

spill length used was either 1 sec or 2 sec depending on the accelerator 

rode in operation (principally dependent on cycle time and power 

consumption). In practice, the spill structure tended to be spiky at the 

beginning ~nd the end of the spill, therefore the first and last SO ms 
.!'.. • 

were gated off. An experiment in a neighbouring beam line which used 

I 
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fast spill at intervals throughout the slow spill required the inclusion 

of the 'ping-circuit'. The arrival time of these pulses could be · 

I. obtained from the accelerator clock and these were used to generate an 

inhibit on the master flip-flop for 1. 5 ·msec covering the fast spill 

f pulses. The final inhibit ~ RUNBAR - was produced from the run-box. 
I 
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I 
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·111is inhibited the master flip-flop when the STOP switch was used to 

suspend data-taking. 

Gates 

Three gates were generated by the event-box for use in the experi-

ment. However, only two were used for gating scalars (Spill Gate and 

Event Gate) - the beam spill gate was simply used ~o monitor the start 

and finish of slow-spill. The Event Gate inhibited all scalars for the 

duration of a trigger. Thus the Event-Gated beam scalars deter.nines the 

normalisation for the experiment. The Spill Gate only gated off scalars 

while the spark chambers were firing and was used to obtain total beam 

rates (e.g. for an estimate of dead-time). 

'"· ~--. 
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3.S TIIE RUN 

The data analysed in this thesis was taken in a period of 9 weeks 

from October to December 1976. During this period, the. accelerator 

operated quite smoothly on a schedule of 12 days running followed by 

t~o days of maintenance. There was only one major breakdown lasting 

several days in the middle section of the run. Two spill lengths were 

used depending on the cycle time of the accelerator. Slow spill ~l sec 

was used with a cycle time of 10-12 sec and ~2 sec used with a cycle 

time of 18-24 sec. For most of the data the spill length was ~2 sec. 

The experiment was run with typically 1013 protons/pulse on target 

resulting in a muon flux of 106 µ•s/pulse. An integrated flux of 

7.5 x 1010 P's was obtained giving 730 K triggers with target full and 

175 IC triggers with target empty. 

Overall, the apparatus functioned well throughout the run. Major 

equipment failures occurred relatively infrequently (less than one a 

week) and usually only required 4-6 hrs. work to repair. However, minor 

problems such as electronics failures (mainly as a result of overheating 

or bad cables) occurred quite often and required continuous monitoring . 
. , 

A comprehensive monitoring system complete with checklists was 

used to detect and rectify equipment failure as soon as·possible. If 

the prob lerns detected could not be rectified by the shift personnel, 

experts on the various parts of the apparatus could be called. As was 

ticntioned in Section 3.4,. the on-line program had access to various 

sampling routines. From these one could obtain beam chamber histograms, 

5park distributions for the downstream chambers on pulse-height distributions 

for the Cerenkov counter cells throughout a particular run. In addition 

0nc could obtain a current 'SAGA' output at any stage of a run to carry 

out a detailed check of the apparatus. (Fig. 3.15). A final SAG,\ was 

.obtained at the end of every run and checked for peculiar distributions. .. 
·~... .. 
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.\~ "ell as the computer based monitoring system, one also ho.d to check the 

r?lrsical conditions of the apparatus. This included checking high· 

\·oltage settings on phototuf;les and chambers against written values, gas 

(lo\ol rates and gas supplies. These checks were carried out once per 

:.1ohift (every 8 hours). Normally this would only result in changing a 

~;15 bottle once every few days. 

In addition to these checks, for every run as a backup and · 

1 check of the computer readout, various important scalars for the run 

(beam and selected randoms) were written down on a 'run-sheet' and 

entered into the experimental log. The currents drawn by both the spec-

trometer magnet and the beam momentum analysing magnet (04) were also 

noted. Fig. 3.16 shows a typical run-sheet and various rates occurring 

in the experiment. 

The final stage in data taking was to copy the raw data tapes 

and ship the copies to Oxford for processing. The tape processing will 

be discussed in the following chapter. 

• \ 
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CHAPTER 4· 

DATA PROCESSING AND EVEl~T RECONSTRUCTION 

INTRODUCTION 

Processing of the raw data was carried out in two stages. In 

th<: first stage. the spark data was unpacked from the set-wire addresses 

writ ten on the raw tapes and re-written in tenns of the experimental 

coordinates (x, y, u. v) onto a second set of data tapes, ('secondary' 

or 'scaled' data tapes). In addition, at this stage the counter latches 

.lnJ scalar information were unpacked and the raw dat:a checked for bad 

rc-cords. In the second stage, the scaled data tapes were used as 

input to the trackfinding routines for the production of a third set of 

t:ipcs written h'i th reconstructed even ts ('tertiary' tapes) . These tapes 

"ere then used as the basis for physics analysis. Some 200 data tapes 

"ere written during the experiment. This was reduced to roughly 60 

secondary tapes and finally 10 tertiary tapes - a reduction partially 

dm: to a higher tape density (6250 BPI for secondary and te.rtiary c. f. 

800 BPI for raw data). 

Much of the procedures used for event reconstruction are similar 

to those used in earlier rans of this experiment and a more detailed 

~iscussion of some of them can be found in ref. 35, 37 and 42. 
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·~... .. 

.• . II 



l 
' ,..__ 

-! 

( 

~-

\ 
I 
I 

,. 
i. -
I 

l 

.. 
51. 

.s. 2 SECONDARY TAPE PRODUCTION 

As can be imagined, the major effort in secondary tape production 

is in obtaining the space coordinates of sparks from their set-bit addresses-

the s~alars and latches being virtually a straight copy. In fact the 

~~jor problem is in ensuring the correct relative alignment of the many 

co~ponents in the apparatus. 

The initial alignment was carried out using beam triggers taken 

•·ith the C.C.M. off. The resulting muon trajectories- are therefore 

~traight lines through the apparatus. Beam stations 3 and 4 had been 

accurately surveyed by Fermilab (Fig2.2) - their separation of some 31 m 

together with their high resolution serves to define the position of the 

r;.;on track to within ±! nun at any plane in the apparatus. The deviation 

of the observed spark position from the projected one can be used to 

obtain a correction for each plane which minimises such deviations over a 

!Section of data from each run. Non-linearities in the magnetostrictive 

WJnds of the Harvard spark chambers (due to irregularities in the wands) 

<t>uld result in up to a 2 mm variation and required run-:by-run consider

"tion. A three pass iteration was used to correct for these variations. 

from the first 400 events of a run, a simple trackfinder seeded from 

C\'\Y three out of the four 6m spark-chamber gaps was used to obtain the 

ctorrcctions for al 1 2 x 4m and 2 x 6m planes. These corrections were· 

~en used for a second 400 events and the process repeated to obtain 

U€ttcr values. The process was repeated a third time and the tape was 

~'ln rewound and the whole run reprocessed using the corrections. The 

·~c.:alcd 1 · spark data, scalars, unpacked counters and Cerenkov ADC information 

~t.f"~:written to tape. 
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52. 

. In addition, at.this stage, each run was scanned.for major 

failures such as high inefficiencies or missing fiducials in the 

chambers, or bad counter distributions. Any run which had such a major 

equipment failure was removed from the data sample . 

I 

.. 
' 



( 

.; 

i 

i. 

: .. 
i 
J 
I 

I 
I 
t 
~ 

' . 
t 
f 

I 
i 

I 

53. 

4.3 TRACKFINDING A.~D TERTIARY TAPE PRODUCl'ION 

Tue scaled data tapes were used as input to trackfinding routines 

for the production of a t~ird set of data tapes - the tertiary tapes. -

111c track trajectories, momentum and timing infonnation on tracks as well 

as the vertex and scattered muon pointers determined by the track-

finding routines were recorded for each event written. As such, the 

tertiary tapes contained all necessary information for physics analysis. 

In addition, sufficient infomation was written on them to allow all 

r.::ijor sections of proces_sing except for the downstream track finding to 

be repeated (timing, linking, vertex fitting, selection of the scattered 

r.uon, and trackfinding in the proportional chaJ11bers). 

Trackfinding was carried out s~parately in four regions of the 

spectrometer: the beam telescope; the upstream proportional chambers; 

the downstream hadron chambers, and the muon chambers. The separate 

Tracks were then linked to form particle trajectories through the spectrometer. 

'!be COlmter information was applied to remove stale (out-of-time) or 

spurious tracks. Linkb.g between in-time hadron chamber tracks and muon 

chamber tracks was used to determine the scattered muon track in the 

hadron chambers. The upstream links to this track and the beam muon 

track were then used to determine the interaction vertex. All momenta 

were then calculated using the vertex and downstr~am tracks assuming a 

hard core model for the C.C.M. field. 

A brief description of the event reconstruction procedure will be · 

gi vcn in the following sections. 

!!_cam Reconstruction 

Good beam reconstruction was required on all events processed. 

1 f thri'· incident beam muon could not be determined or hnd a badly <lefineU 

.. 
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ct.1d: the event was rejected. Both the counter elements set and the hit 

wires in the beam proportional chambers at each beam station were used 

to define a good incident muon. The fol lowing cri tcria were used (in 

orJcr of decreasing preference)> the precise ones applied at each beam 

station depending on the resolution required: 

(1) A single set wire masked by a single lit beam counter. 

(~) A single set wire and no lit counter. 

(J) A single set counter and no set wires. 

( .s) A single set counter and a number of set wires. 

The incident muon t'!"ajectory is important both for determining 

its momentum and for determining the position of the muon at the target 

(~nd thus the interaction vertex). Therefore~ the most stringent 

conditions were placed on the closest beam stations which define the 

trajectory of the muon after the beam mo.:r.ientum analysing magnet. A 

~:1ccessfully reconstructed oeam track was required to pass all of the 

following cuts: 

(3) Beam stations 1 and Z satisfy any of 1-4 above. 

(b) Beam Station 3 satisfies any of 1-3 above in bo.th x and y views. 

(c) 

(d) 

Beam Station 4 satisfied any of 1 or 2 above in both x and y views·. 

The x-track upstream of the bending magnets (as defined by 

beam stations 1 and 2) is required to link within 8.75 mm with 

the x-track downstream of the bending magnets (as defined 

by beam stations 3 and 4). 

!~) The trajectory.is required to be inside the entrance~ centre 

and exit apertures of all the bending magnets. 

~!!T~tional Chamber Tracks 

Traei:~finding was carried out separately in the x and y views of i' 

t~~ Im 2 proportional chal'I'bers. A simple track finder using two sets of 

'" 
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1
,1anes fitted any three and four point tracks which pointed to 

s12~ -
wi~?iin 25 cm of the target. The chisquared for the tracks w~s calculated 

u~Pll: the measured chamber resolutions and tracks with less than 2% 

_ ~ ·iuility rejected. Chamb~r resolutions were measured from the imbedded 
{>j:"•'·'·. i - • 

~ll:J triggers interspersed with event triggers (the apparatus was triggered 

!Jr every 2 million muons to provide this sample). These triggers 

..:lc::irly have only one track in the spectrometer and deviations from the 

fitted track give the chamber resolution; typically O'rms "' 0.4 mm. 

Finally, following the downstream trackfinding (discussed later 

sn this section), a routine using downstream tracks with no link to one 

of these upstream tracks was used to recover some tracks lost through 

rroportional chamber inefficiency. A road defined by the impact parameter 

of the downstream track and the vertex was searched for hits. TI1e track 

was fitted if two or more hi ts were found (the vertex and impact 

jl.lrameter were not included in the fit). A chisquared for two-point 

tracks was defined by the deviation in impact parameter from· the seed 

\'alue. A maximum chisquaret! of 2 was allowed for these tracks: 

Tracks with two or more sparks in cor.unon were considered the 

S:\mc. The track with the best chisquared was taken, with preference 

being given towards three and four-point tracks. 

t1on Chamber Tracks 

Trackfinding in the muon chambers made use of the fact that these 

Planes are closely spaced compared with their distance from the C.C.M. 

Tiic algorithm used (FINDIT) considered all the planes simultaneously. 

firstly, correlated xy pairs were formed from the xuv sparks in the read

nut. A straight line fit was made througT1 sparks which grouped together 

tn X. lf·the track passed a simple chisquared cut (corresponding to 

i ~cviation of 1.25 nun per x point on the track) the co=responding y 
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,·;alucs were searched for a track. The y resolution was much poorer as 

lt is derived from uv information and a chisquared cut corresponding 

to a deviation of 15 nun per y point on the track was used to reject tracks. 

Track Finding in the 6m and 4m Spark Chambers 

As with the muon chambers, the 6m planes are closely spaced and 

the same algorithm used in the muon chambers was used to provide 'seed' 

hadron tracks. These tracks were projected through the twelve 4m 

planes and a search made for further sparks within a road of 3 cm. The 

,.-hole track was then refitted using any extra sparks. If no sparks were 

. found in the 4m planes, the road was allowed to swing by up to 2.5 cm 

in an attempt to pick up additional sparks. In typically 30-90% of 

th~ 6m plane seerl tracks, additional sparks were found in the 4m chambers 

with the resultant track passing chisquared cuts ( x2 < 50) . In 10% of 

the tracks a swing was required to pick up extra sparks. C43 ) To be 

effective, this procedure clearly requires a high efficiency in the 6m 

chal!lbers since if the seed track is not identified, then the whole track 

is lost. Thus this algorithm was inefficient particularly in the beam 

region where the beam deadener in the 6m chambers removed all sparks 

·and outside this area, halo often produced many extra sparks which led 

to confusion. (43) 

··A second independent trackfinding algorithm (SWEEP) also operated 

on the hadron planes~ This used the impact parameter of an unlinked 

upstream proportional. chamber track together with an xy spark in one 

of the last two 4m chamoers to define a road of 0.5 cm in which to search 

for further sparks. Al though a minimum of 7 sparks were required to 

dc_fine a track, no 6m chamber sparks were required in this algorithm. As 

"ith FINDIT>'the SWEEP road was allowed to swi~g oy·up to 2 cm in an 

, ..... 
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u\-\Gn>i to pick up the required tracks. A simple chisquared cut 

1
-;cd again to reject poor tracks and then the corresponding y 

vz.ft9. 

Y,t>i:it 5 searched to obtain a y track. Throughout the downstream spec-

\..rc~tcr the chisquared cuts for y correspond to position deviations which 

Qr'2 .. :s times more than for x - reflecting the poorer y resolution given 

-11 . 
l.. I UV wire angles ±tan -8 to the vertical. 
\1~ t lC 

A Jbnte Carlo program was used to estimate the efficiency of these 

<:\t't,ori thms. This inserted sparks along a 'fake track' according to 

ft;c measured chamber efficiencies and resolutions (Fig. 4 .1). Inefficiency 

lri the beam region is appare~t but even there the reconstruction 

cfiiciency of the two algorithms is better than 80%. Outside the beam 

rr~ion the inefficincy is consistent with that resulting from chamber 

;n~f ficiency and the minimum spark cut. 

ii ming 

1he lm2 proportional chambers have a live time of ~100 ns and 

therefore give reasonable timing resolution on the upstream tracks with 

little contamination from halo. The downstream spark chambers however 

have a live time varying from 1-10 µsec and therefore contain many sparks 

c!uc to stale beam (coming before and after tne trigger) and halo in 

addition to the event associated tracks. The good timing resolution of 

the downstream trigger hodoscopes . (20-30. ns) was used to sort out event 

•ssociated tracks from accidentals. 

To compensate for poor resolution 7 the edges of all counters were 

tnlarged by 3cm. The counters through which each track passed were 

tested to see if the counter had fired. The track was then given a 

tl~ing status depending on the number of counters pointed at and lit. 

lil!llng status was given separately to tracks found in the muon and 
~.,. . 

h;adron chambers. Tile timing status given was as fol lows:-
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(a) Class 1 timing:-

three counter~lit out of three counters pointed ~t; 

two counters lit out of three counters pointed at; 

two counters lit out bf two counters pointed at; 
. 

one counter lit out of one counter pointed at. 

' 
(b} Class 2 timing:-

one counter lit out of three counters pointed at; 

one counter lit out of two counters pointed at. 

Class 2 timing is clearly of poorer quality than Class 1. Tracks 

"ith no counters 1i t were deemed out-of-time. Neglecting the small 

counter inefficiencies,theseare either spurious or stale tracks. 

At this point, one might consider the problems involved in 

~btaining the counter positions. The scheme described in Chapter 5 

"hich was used to determine the edges of the Cerenkov counter mirrors is 

i variation of that used to determine counter positions. Details of the 

Jchcme used to determine counter positions are given in reference 42. 

~inking 

.The linking of tracks found in the muon chambers with those found 

ln the hadron planes, and the tracks found in the hadron planes with those 

ln the lm proportional cham0ers was carried out independently of the 

ti~ing. Two different_procedures were used since the.two regions 

i'>!>e quite different problems. 

. · ·The lm proportional chambers do not provide sufficient information 
. · ...... :Jo· ... : .. 

t.> ·allow stereo construction of tracks. Linking must therefore be carried 

~~l s . d cparately in the x and y views, but was simplified by the cylin rical 
I . 
tt::ictry of the C.C.M. field.· As a result of this symmetry, both upstream 

.... . . 
•· .. ! downstream tracks should have the same slope and intercept in v 

. -..JI 

. •"'' 
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(neglecting helix corrections). In x. the impact parameter of the 

Joi.mstream track should be the same as that of the upstream track 

(Fig. 4.2). This led to simple linking criteria for upstream and 

Joi-:nstream tracks. A downstream track was labelled as linking to an 

upstream x track if their x-intcrcepts differed by less than o.~ cm. 
\ 

lCylindrical synunetry implies that u/s and ~/s intercepts, at z = O 

arc equal.) (Fig. 4.3). 1be matching of slope and intercept was con-

sidered simultaneously in y. A downstream track was labelled as linking · 

to an upstream y-track if: 

< 1 (Fig. 4. 4) 

Linking of muon charrber tracks with hadron chamber tracks required 

consideration of multiple scattering in the hadron absorber. This 

!ffect depends on both the energy of the muon and its trajectory through 

the hadron absorber (as this determines the length of iron traversed). 

['lue to the poor y resolution, the main criteria were based on the x 

slopes and intercepts (taken in this case at the centre of the iron 

nbsorber). High energy muons were required to have slopes matched to 

within 12. 5 mrad and x-intercepts matched to within 3. 7 cm. These cuts 

..,.ere increased by up to a factor of 9 to allow for multiple scattering 

by low energy muons ("-20 GeV/c2 ). The y slope and intercept comparisons 

11 crc only used to discriminate between similar x candidates. 

~~•on Selection 

Hadron tracks were labelled as muons if they either linked to an 

'
0 ·timc track in the muon chambers or pointed at a lit muon counter. 

iht· rn1' n1· mwm tr"ck .... requirements were: at least one G or H counter set on 

''11'! h .. d •. " ron tratk~ at least one upstream link on the hadron track, at 

........ 
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}ca.st one M or M' counter lit along the muon track.· Sefection of the 

scattered muon gave preference to hadron tracks linking to in-time 

muon chamber tracks and which had the best timing and upstream linking~ 

Vertex Fitting 
\ 

The interaction vertex was determined using an iterative procedure 
' 

,;hich, given a set of x and y tracks with their error matrices returned 

thcbest estimate for the vertex(3S). Initially the incident beam track 

and the upstream links to the scattered muon track were used. At least 

an x link was "required as· this improves the momentum resolution. If the 

y-link was missing. the downstream y slope and intercept were used 

instead. If a good vertex was found, any additional upstream tracks 

which linked to downstream tracks were added and the vertex refitted 

incorporating them, and thus improving resolution (Fig. 4.5). 

Momentum fteasurement 

The incident beam momentum was calculated from its trajectory 

through the magnets 04. The magnetic field was known for these magnets. 

The currents drawn by them were continuously monitored and the field used 

to calculate momenta was itself calculated from the measured current 

in any particular event. 

A calculation of the momentum was only made for in-time hadron 

chamber tracks (Class 1 and 2) which had at least one upstream link to 

n proportional chambe~ track. The interaction vertex and the slope and 

impact parameter of the downstream track were used to calculate its 

i::~mcntum (Fig. 4. 6). An x-link was not required since the downstream 

lr.ipact parameter had higher resolution (1 mm compared with 3 mm for 

Proportional chamber tracks). Use of the interaction vertex also results 

In improved resolution as it contains the high resolution of the inco11ling 
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beam coupled with nny proportional chamber tracks which could be 

included in the fit. A hard edged mbdel for ·the C'.C.M. field was used 

~ith an effective field of 1 ~4 Tesla and a radius of 2.47 m. These 

values were calculated from a fit to a tull set of field measurements. 

The current drawn by the C.C.M. was also monitored continuously and the 
. \ 

value measured for each event used to calculate moment~. 

Calculation of track momenta was the final stage in event re-

construction prior to w-ri ting the event to tape. However, two further 

procedures were run following this on these tapes to produce a slightly 

znodified version of the tertiary tapes with re-calibrated momenta and 

additional track-sorting information. These will be discussed in Sections 

4.4 and 4. S. 
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J • .t f.fOMENTUr.1 CALIBRATION 

Calculation of a particle's momentum requires a knowledge of.the 

=lgnetic field and of the bending angle in the field. Particle momenta 

arc.measured by the beam magnet and the spectrometer magnet, and 

clearly internal consistency between them is necessa1·y. The magnetic 

field of both magnets were very well known through care'ful field mapping. 

llo.wever, measurement of the bending angle assumed that the axes on which 

the chambers had been aligned were the sarae on both sides of the field. 

Relative rniscalibration can occur in part as a result of a rotation of 

beam stations 1 and 2 in the alignment procedure. As a result, 

different momenta would be obtained by the C .C.M. and by D4 for the 

same particle. A second source of miscalibration is a relative rotation 

of the axes used in the downstream chambers with respect to the upstream 

chambers, again during the alignment procedure. An overall normalisation 

is also necessary. Fortunately, these effects can be separated using the 

large number of µ-e scatters in the data as they affect positive and 

negative particles differently. 

For the C.C.M., the particle momentum Pis given by:-

Pe = K 4.1 

where e is the magnitude of the bend imparted by the field, and K is 

the transverse momentum imparted by the field. For this data the value 

of K was 2.08 GeV/c. 

Fig. 4. 7 show~ the effect of an angular misalignment of the 

downstream chamber axis.6 with respect to the upstream chamber axis a by 

:an ·amount e: • a and 6 are assumed to be same by the analysis which 

=:icasurcs e• and e- for positive and negative particles respectively 

li\•ing by Eqn. 4 .1 

"•'. 
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p:een 
K p - K 

= - = + seen e e 
and therefore 

+ K 
p~ 

K 
pt = = . + . ce- + £) (6 - El 

.£ 

4.2 

If the miscalibration of the C ,C .M. relative to 04 is o then 
\ 

Eqns. 4 .1 and 4 • 2 give ' . 
. + 

= (1 + a) (e - £) Pt+ 
e+ 

= (1 + o) ce- + c) p~ 
e 

4.3 

Muon electron scatters are elastic events with one particle of 

cJch sign downstream and 4. 3 therefore gives: 

ptotal= p+ + p- = (1 + o) 
seen seen seen 

since o and c are assumed small terms in oc are neglected and this 

reduces to: 

or 

~ ptotal = (l + o) p (l _ ~(Pl1 
seen beam K t 

Ptotal = 
seen 

-oP + ~(P - P )P beam K µ e beam 

4.5 

4.6 

Where, since P , P are large (40-160 GeV/c) and the differences 
µ e 

from the true values are small, the measured momenta can be used. 

6 and c can therefore be obtained from a plot of P - P against 
µ e 

~t. (Fig. 4.8). Imbedµed beam events can also be used with Pe - 0 and 

tlvc the point at large positive (P µ - Pe) in the plot. 

Having determined the relative momentum calibration as described 

' 1·0 vc, the overall momentum normalisation was calculated. Again this 

i•roccdure us.ed µ - e scatters. For these 
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Q2 - 2· m v = 4EE'si·n2! + q2 - e 2 • min 4.7. 

9 t-.('fC 

Q
2
min 

\ 
4.8 

The measured scattering angle was compared with the calculated 

u? UC for various normalisation factors B defined by P = BP ld' new o 

The known angula·r resolu.tion ("--0. 6 mrad, obtained from the spatial 

~;:.olution of the proportional cha~bers and their lever arm of "'lm) was 

.~d to calculate a ch_isquared distribution over a sample of events 

:.: each value of B. The·value of Bat the minimum was used as the 

•.':::-.1lisation factor (Fig. 4.9). 
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4.5 TRACKSORTING 

The philosophy used in trackfinding was that any track with a 

reasonable number of sparks (7) and a reasonable chisquared could be 

~ritten on the tertiary tape. Timing and linking cuts could then be 

3pplied 1n further analysis to reduce the nllr.lber of spurious tracks. 
' . ~ 

However, the poor y resolution led to groups of tracks with essent~ally 

the same x parameters but with varying y parameters and these could not 

.be removed on the above cuts alone. A further source of spurious tracks 

~as the region of high halo intensity close to the beam. Here again the 

above cuts were not wholly successful in removing the stale tracks as 

invariably the counters close to the beam would be set. (Fig. 3.15). 

A scheme was used whereby tracks were awarded points on the 

following criteria: 

1. 30 points for duplicates (i.e. same x slope as another track 

but with a different y slope). 

2. 20 points for unphysical behaviour (P.l. > Pmax, momentum 

greater than 1.1 x Pb ). earn 

3. 10 points for raaking the total momentum downstream greater than 

1.2 Pb after all high quality tracks had been counted. earn. 

4. 1-5 points for various minor 'misdemeanours' (few sparks, shared 

timing). 

This information was written to tape but not implemented. The 

user could then consider it when tracksorting if desired. 1his information 

was used in the analysis described in this thesis (allowing some poor 

behaviour but nothing major). Multiparticle events are necessarily 

fairly messy. Fig. 4.10 shows one such event before and after tracksorting. 

Use of the Cerenkov counter information relies on identifying 

(larticlcs whl~h fail to ligTlt the Cerenkov counter Cell they pass through. 
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spurious tracks will certainly not light the Cerenkov ce_ll and must be 

removed or they would provide an unacceptable background to the kaon 

and proton signals • 

For comparison, Figs. 4.ll-4.14 show other typical event triggers. 

fig. 4.11 shows a mu-electron sca.tter which is easily recognisable from 

the observed small angle of scatter in the upstream view and with only 

the scattered r.mon and one negatively charged particle seen downstream. 

Fig. 4 .12 shows what is probably a radiative tail event where the muon 

has radiated a high energy photon in the target. However, the signature 

is not \lllique as there is no efficient photon identification in the 

apparatus. Fig •. 4.13 is an example of tne most frequent (and unwanted) 

trigger in the experiment - a halo trigger. Finally Fig. 4.14 shows a 

hi&h multiplicity deep-inelastic scattering event. 
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.$. 6 TRIGGER AND EVENT RECONSTRUCTION EFFICIENCY 

To obtain a correct measurement of the inclusive and semi-

inclusive cross-sections for deep-inelastic scattering, corrections 

~ost be applied to the nprmalisation to· account for inefficiency in the 

trigger and in the reconstruction programs. The effect of these in-
\ 

efficiencies can be considered as a reduction in the observed muon flux 

b·y an amount: 

where 

data. 

£ 1 = trigger inefficiency 

£ 2 = beam self veto probability 

£ 3 = beam reconstruction efficiency 

£4 = proportional chamber efficiency with tfie required 

linking. 

Es = hadron chamber trackf inding efficiency 

£ 6 = muon detection efficiency. 

Fortunately all these correction factors can be estimated from the 

An obvious inefficiency inherent in the apparatus is the 

Probability that the trigger hodoscope system would not detect the 

scattered muon. Inefficiency in tf1e beam telescope is clearly irrelevant 

to the beam normalisation - one is simply rejecting some fraction of 

£0 od beam. 1he efficiency of the downstream hodoscopes can be estimated 

">' measuring the efficiency of their individual counters. Except for a 

few odd_ counters, these efficiencies are better than 98~ci and rarely less 

than 90%{4 3-). 1he 'OR' logic used for both sets of hodoscope _planes in 
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the trigger therefore gives an efficiency better than 99.98% for 

Jctccting the scattered muon. TILe trigger inefficiency is tJ.erefore 

small enough to be neglected (e: 1 = O}. 

\ 
A further inefficiency in the trigger system is in tT1e beam 

' 
'; self-veto rate whereby an event is vetoed if two beam muons arrive 

i 
i 
i 

t 

i 

' • } . 
; 

• t 

"ithin the resolving time of the trigger counters. The fraction of beam 

which would thus be lost could be measured by the rate B.B~t/B. (BAt 

corresponds to a beam signal from 3r.f buckets earlier than B), where one 

assumes a uniform probability distribution for the beam. This rate was 

not scaled, but can be estimated from the rates 
T.Tfit 
T and 

B /T where B 

and T are as defined in Chapter 3 and Tat is the random T signal defined 

by 

TAt:: BHI. BH2. (BH3 or 4). (BHS or 6) At 

where ~t corresponds to a delay of 3 r.f. buckets. The measured 

rates were: 

T.T~t 

T 

B 
T 

= 0.054 ± 0.015 

= 0.51 ± 0.15 

1be values have been averaged over the data and the errors are 

an estimate of run to run variations (statistical errors on any single . 

Oclsurement are very small). 

However, the effect.of the BH > 1 veto llIUSt be considered 

ln making this calculation. This will only fail to veto if both muons 

{lass through the same counters in the beam telescope. The probability 

that this "'\~iI 1 · occur can be measured by comparing tne beam counter 

• 
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signature of one beam event with that from the following one. This 

probability is measured to be . 

-3 a = 7.04 ± 0.63 x 10 • 

The beam self veto probability is then given by: 

= 1.93 ± 0.80 x 10-~. 

\ 

The beam reconstruction progr~"JS had stricter cuts on good beam 

than that defined by the beam telescope. As failure to reconstruct the 

beam caused the event to be removed frora the data, this is effectively 

a reduction in the incident fltLx. The beam reconstruction efficiency 

..,;as measured from the imbedded beam triggers taken throughout the data 

(taken for every 106 beam particles initially and decreased to 2 x 106 

for later runs). 1he reconstruction efficiency was between 55% and 

75% for most runs, its average for the data gave: 

E3 = 0.616 ± 0.05 

1 m Proportional Chamber Efficiency 

The analysis described in this thesis required both the s.cattered 

~uon track and all hadron tracks to link to both an x and a y proportional 

chamber track. The.linking efficiency was measured directly using the 

•... 
·~· . 
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scattered muon. First of al 1, muon tracks which were •perfect• in 

all respects downstream were tested for an x or y link. 111is efficiency 

was found to be 

ca = 0~964 ± 0.003 

. The sample of tracks with an x or y link was tested. to obtain the 

' proportion with an x link and those with an y link to obtain 

x linking efficiency e:b = 0.972 ± 0.003 

y linking efficiency e:c = 0.952 ± 0.009 

giving €:4 = 0.892±0.01 

c
5

: Hadron Chamber Efficiency 

The downstream trackfinding algorithms FINDIT and Sl\'EEP 1·equired 

few sparks in the road to operate. FINDIT required 3 sparks in the 4m 

planes plus the seed track 2nd SWEEP required a minimum of 7 sparks with 

at least three 4m.plane sparks. The gap efficiencies were measured 

using the data C43) The efficiency is the probability that 

there will be sufficient sparks on the track and can be estimated from the 

gap inefficiencies to be 

£5 = 0.995 ± 0.005 

c6: Muon Chamber Efficiency 

Muon identification was principally made on the muon hodoscopes 

nndtheprograms only looked for clusters of sparks in the rough vicinity 

of the projected track. Muon chamber inefficiency therefore had no 

tffcct on the data. However, muons were required to have perfect timing -....J 

which is estimated to give an inefficiency of less than 0.1% (ref. 43) 

i.e.·-~ .... · .. €:6 > 0.999 ., 

.,. 
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1he inefficiency in the experiment for detecting on analysis 

~ri event therefore corresponds to a reduction in tne observed muon flux 

by an amount 

£ = 0.549 ± 0.01 

lnis gives a corrected flux for the full data sample \ 

N £ ·.= O. 35 x 1010 muons. µ . . 
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0 is the centre of the magnetic field 

A is the centre of the. path taken by the particle . 

eb is the total bend in the field 

~ is the impact parameter 
•••• & 

P is the radius of curvature of the particle track 

· FOR A HARD EDGE FIELD IN WHICH 

Bo is the effective field in kilogaus·s 

R is the effective field radius in metres 
• . 1 . . 

P = AD + DC = ( R 2 - b 2) !12 Cot ( 9
2 
b ) + b 

P = cBap : Q.QJ 8 0 p where P = momentum in GeV/c 

-~ . 

. . • 

1010 
c = velocity of light in metres/sec 

.. ... \. : 
~!g. 4.6 - ... 
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CHAPTER 5 

THE CERENKOV COUNTER 

I 
S.1 . INTRODUCTION 

I I A particle moving in an isotropic medium emits electromagnetic 
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raJiation if the velocity of the particle is greater tha~ the velocity of 

' 1 i ght in that rr.edium. This is known as the Cerenkov effect and was 

!i rst observed by Cerenkov in 1934 (44 ). Subsequent experiments were 

carried out by·Cerenkov and Vavilov to determine the source, intensity 

·and spectral di~tribution of this radiation. These resulted in a 

classical interpretation of the effect by Tamm and Frank(4S). This 

~hcory gives the following inportant results: 

A particle moving in an isotropic medium with dielectric constant 

c. and magnetic permeability µ = 1 emits radiation of frequency 

v at an angle e to its direction of motion given by 

1 
cose = en(v) for en(v) > 1 (5.1) 

·v 1 = - and n(v) = is the refractive index of the 
c ./e:(v) 

where 13 

medium. 

(b) For a particle of unit charge, the radiation energy per unit 

path length is given by 

~~ = Z~~J (1 -4-z.)wdw (5.2) 
c ~n>l . B n 

where w =.!.and Z is the charge on the particle. Equations 5.1 
\) 

and 5.2 do not ·depend on the mass of the p~trticle. Therefore 

particles of different mass emit Cerenkov light in a given medium 

at the same B and therefore at different momenta. One can then 

use either the angular dependence of the radiation or its 

th~~shold behaviour to differentiate between particles of unequal 

mass. 

' 



I r 
t 

i 
i 
I 

I 
I 
I 
' 

i 
- I 

I 
; 

( 
' -

-·--· 

A 

\ .. 

i 
t 
i 

~ 

t 
I 
i 
f 
~ 
1 

l 
( 
~ 
t 
~ 

1 
·} 
.-. 

1 
t 
t -. 

73. 

A quantum mechanical treatment of Cerenkov radiation reproduces 
.· 

the results of the Tamm and Frank 1beory. Detailed discussion of both 

the classical and quantum.mechanical treatments of Cerenkov radiation 

and the experimental verification of the results obtained can be found 

in reference 46. 

The remainder of this chapter describes the Cerenkov counter used 

in the spectrometer and discusses the information which can be obtained 

from it. The various off-line data checks carried out to obtain an 

estimate of the particle identification efficiency are also discussed. 

.. 
·:'. 

------
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TllE CERENKOV COUNTER 

A Cerenkov counter is a system designed to de_tect the Cerenkov 

·f'\O•~tion emitted from a charged particle traversing some medium and 

t.off(C.tly associate the radiation with that particle. In practice, the 

\l~c..isc design depends on whether one wants to be sensitive to the 

(Qf'toi.OV angle e or simply detect the radiation. Typically,\ a closed 

~ 1 s used containing the radiator and an optical system' consisting of 

@.cn;:-ror or lens which focusses the radiation onto the photocathode of 

~photonultiplier and thereby detect it. In this eA-periment, the counter 

\.O'\Srcquired to provide particle identification over a large area for 

<Z.VllfltS with high multiplicity. To minimise confusion between different 

Qnrhc.lcs 1 a multicel.1 design using an array of mirrors reflecting onto. 

~co<re::ponding array of photomultipliers was used. This design was 

G\\W r. .... c~ssary from a constructional viewpoint as the counter was 

t~;rrJ to cover an area approximately 6m by 2m normal to the beam. 

·TI1c containing box had dimensions 6 m by 2.5 m by 2.6m deep. It 

~~·J of a steel frame covered with 3rnrr. aluminium sheet on the four 

s1cle6 ;.1rallel to the beam and with an opaque mylar window 0. S mm thick 

c:nHit:z.u1,str~am and downstream faces (Fig. 5.la). All joints were sealed 

w•"'- @pPxy ·resin to make the assembly light-tigflt. 

ll1c light collection system consisted of 18 mirrors mounted in two 

ht!!i~CPf nin~ near the downstream window. These focussed onto corres

\>b.,'d1rgj•!1otornultipli_crs mounted above and below the active area of the 

<...cxt:.-.i'&t-(n g. S. lb). The mirrors were 6 mm sheets of perspex formed 

~tt..: q l'"Q·!ius of curvature of 2m and dimensions 0.6 x lm. A film of · 

o.\~...-\,,.:,\.crr.a CV"' d f . d d • .. porate onto the convex sur ace prov1 e the reflective 

c..oo. h~ TI ( ) 
• • 1 1c photomultipliers used were RCA 4522 47 which have 5 inch 

£l,Ct\"\4~fnh (48) 
r•0 tocathodes. They were mounted in Winston cones . to 

... . . · .. \. .. 
'-'Y'1f~C'_€. \iant. collect1· on 

~ efficiency. 

......... 

' 
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'f: rror Alignment -- The target is seen dmrnst:ceam as a point source in the Y-Z plane 

~n extended source in the x~z plane due to the deflection of 
,~J as ... 

#.articles by the C .C .M. (Fig .. 5. 2). The mirrors were aligned so that 
I 

11 ,ht from a track hitting half way up a mirror was reflected into the 

crntrc of the photomultiplier. In the Z-X plane all mirrOfS pointed at· 

the centre of the C.C.M. since the transverse momentum kick of the magnet 

("·: GcV/c) was greater than the average transverse mor.ientum of hadrons · 

rn the interaction ("-'500 HeV/c). 

<'.!iiclding . 

1be fringe field of the spectrometer magnet was approximately 

!-0 &auss in the vicinity of the photo-tubes and these required subst~ntial 

'~iclding to operate in this field (Fig. 5.3). 

A 1000 turn bucking coil covering the length of the dynodes was 

f:ttcd between the photomultiplier and its mu-metal mounting. A second 

~rction of mu-metal 6 mm thick surrounding the entire photomultiplier and 

•inston cone completed the mounting assembly. An additional layer of 

~hiclding ·surrounding this was required to completely absorb the fringe. 

Held. Cylinders of conetic shieldi~g material C49 ) (which has a high 

field saturation level) could oe obtained conveniently and this was used 

!o complete the shielding. This level of shielding was sufficient to 

t:iable the photomul ti pliers to operate in the fringe field of the C .C.M. 

frsulting from a full-field strength of 1.4 Tesla. The currents 

rrquired in the bucking coils were typically 1 amp. 

...... ,,.. .. 

. ,~t1on and Readout 

The base circuit and resistor chain for the photomultipliers is .. 
'~oloo'n • .,, .• 

in Fig. 5. 4. This was set up to provide maximum gain as the yield 
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of photo-electrons from the first dynode was small. Typical operating 
. . 

,.0 1 tages were in the range 2-2. S kV. 

Readout was via a 12· bit analogue-to-digital converter (LRS2249A) 

~ouplcd to the anode of the phototube. The ADC's had a full range from 
\ 

o-256 pc covering the readout range 0-1024 counts. The pedestals on the 

AflC's were set at 10-20 counts, corresponding to 2.5-S pc. A cell was 

considered 'lit' when the pulse height recorded in the ADC was greater 

than the pedestal. Typical pulse distributions obtained with tracks 

toing through cells 4 and 13 are shown in Fig. S.S. 

In tests at the start of data-taking, a high inefficiency was 

observed in cells in the beam region (cells 5 and 14). This inefficiency 

~ls due to the flux of particles in the beam and near-beam region causing 

saturation in the phototube bases. To enable these cells· to work 

efficiently outside the beam region, a deadener 35 cm x 25 cm was inserted 

to prevent light from particles in this region from reaching the mirrors • 

·~\. . 
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.. 

3 . THE CERENKOV ~tEDIIJ~I AND EFFICIENCY s. 
A single Cerenkov counter does not permit a complete identification 

or pions, kaons and protons at the same momentum. If one can only detect 

the presence or absence of Cerenkov radiation (as in this counter), then 

the threshold behaviour of the radiation completely deter~ines the level_..,".,·:, · 

of separation possible. Therefore, from Eqn; 5.1, in ~ny given.medium 

. th 
~here Pw,K,p is the threshold momentum for w, K, p to emit Cerenkov 

radiation. For a particle with momentur:i p, the following separation can 

be obtained: 

(a) 

(b) 

(c) 

(d) 

p < pth 
11' 

pth < p < 
1J 

No identification possible since no . 

hadrons will emit radiation. 

Particles which emit radiation are 

definitely pions. Those which do not 

may be kaons or protcns. 

Particles which emit radiation may be 

pions or kaons. lhose which do not are 

protons. 

No identification possible since all 

hadrons will emit radiation. 

The above classification clearly assumes perfect efficiency. 

tnt:!fficiency (e.g. as ·results from quantum inefficiency near threshold) 
I 
·••traduces ambiguity into those classifications which depend on no 

'.'.:i::rcnkov radiation being observed. Hoi-:ever, no ambiguity exists in pion 

~lassific~t'i~n (b) which al though possibly inefficient is the sole 
y 



( 

pasitive identification available in this counter, whereas classification 

(d) is useful in measuring inefficiencies. 

Choice of Medium 

An important factor in the choice of medium is to maximise the 

range of momentum over which the above separation is possible. A second 

ioportant consideration is to have as many photons as possible emitted by 

the particle when radiating in order to obtain good detection efficiency. 

Particles observed downstream in tne spectrometer have momenta 

greater than 6 GeV/c and therefore a corresponding a very close to 1. 

lhis then requires n(v) close to 1 to obtain the required ranges in 

threshold momenta for n's. K's and p's. However, as can be seen from 

dW Eqn. 5.2, as 8 + 1 and n + l,d1 , the radiated energy per unit path 

length decreases. Therefore. the detection efficiency becomes important, 

;articularly as the length of radiator had been constrained by other 

equipment in the spectrometer to be a maximum of 2m. 

For Cerenkov radiation incident on the photocathode of a photo-

lll:ltiplier. the number of secondary electrons arriving at the first 

~mode is given by(46l 

t = 

Sn > 1 

(i - l ) S ( ~) d;\. 
jZil2" ·. ;\. 

collection efficiency of the first dynode 

Collection·efficiency of the optical system 

a = fine structure constant. 

A · ->. = transparent region of the phototube window. 'llll.n max 

(S.3) 

S(>.) = q~antum efficiency of the photocathode as a function of 

wavelength . 

. 
.... , . ··" 

...... ~, ... 1 ••. 9; ....... . 

I ._,, 

1r••"':"."• •·,- • •• 
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A graph of the quantum efficiency for an R.C.A. 4522 phototube is 

shown in Fig. 5.6. A fourth order polynomial fit through 12 points takel}_ 

from this graph was used to· obtain S (),) (Fig. 5. 7). The transparent 
0 

r:inge of the quartz window used was 2200-5900 A. 

By neglecting any light collection inefficiency in the optical 

system, the maximum number of photo-electrons arriving at the first 

·dynode can be calculated from Eqn. 5.3. Graphs of N as a function of 

comentum for ~·s, K's and P'~ in Nitrogen, Neon and Freon 13 (refractive 

index 1.00029, 1.00007 and 1.00072 respectively) are shown in Fig 5.8 . 

was assumed to oe ~o.s. The calculation gives the maximum numbers of 

photo-electrons to oe roughly 12, 2. 5 and 32 for Nitrogen, Neon and Freon 

13 respectively. Nitrogen was chosen as the radiator: it gives better 

separation than Freon 13, much better quantum efficiency than Neon and 

is the least expensive. These calculations, however, do not agree with 

the measured inefficiency_of the counter cells. This will be discussed 

further in Section S.S. 
. 

During the initial part of the run, the counter was filled with air 

to allow easy access. However, ·the main section of the data was obtained 

with a filling of dry nitrogen at atmospheric pressure - no difference 

could be observed between the two data sets. 

Variation of Refractive Index with Temperature and Pressure 

The dependence of the refractive index of a gas on density.is given 

by the well-known Clausius-Mossotti formula 

_n __ - _1_ CIC '5 
n + 2 

~here n is the refractive index of the gas and p its density. 

·.~ . 

5.4 
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Variations of temperature and pressure of a gas, which affect ,,,,_, 

itS density therefore alter its refractive index also. This variation 

is approximately given by(So) 

P[l + P(~l.3 T) x 10-10] 
l) x 96095.4 x (1 + 0.003661T) 

"' assuming pair "' PN
2 

at S.T.P. 

where 

n· s is the refractive index of nitrogen at S.T.P. 

p is the pressure in N/m2 

T is the temperature in °C. 

5.5 

Pressure and temperature monitors were installed in the Cerenkov 

counter to measure these variations at two heights. 1bese never worked 

in a reliable fashion and there was insufficient time to repair or 

replace them before data-taking began. To access the counter once it had 

been filled with _nitrogen would .have taken one day of pumping air as a 

minimum and two days to refill. At that stage in the experiment, the 

tionitors were abandoned. It is nm1 apparent that this was not a major 

loss of information. 

Table 5.1 shows the refractive index at three pressures and four 

temperatures as calculated from Eqn. 5.5 The values chosen correspond 

to reasonable variations which might be expected during the autumn at 

Fcrmilab. 1be average value of the refractive index for the 12 points 

in the table is 1.000291 with a standard deviation of 9.8 x 10-s. 

lbe maximum variations from the mean are -15.6 x 10-s and +15.8 x 10-s • 

Hg. 5.9 shows the variation in the Cerenkov thresholds for n's. K's 

and P's as a function of refractive index. Clearly this variation is more 

iTnportant fo{ K's and P's but the threshold momenta change by "-l GeV/c 
.,,, . 
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;H the range 1.000230 < n < 1.00030. This variation is not quite 

.·~ligible and had a minor effect on the final particle classification 
••'l(.I 

, ·heme described in Section 6 • .. ~ 

!.~qucncy Dependence on Cerenkov Thresholds 

As the refractive index of nitrogen depends on frequency, the 

·. Cerenkov momentum thresholds also depend on the frequt::ncy of the 

radiation eroi tted. Fig. 5 .10 shows this dependence assuming 

I\, (51) 
n . ().) 'V nN p.) . Two other frequency dependent effects must also 
air 2 

be cons idercd simultaneously with th is: 

(a) The Cerenkov radiation spectrum has a ! distribution. 
0 

(b) The transparent region of the quartz window is 2200-5900 A. 

Together. these effects restrict the principal variations to the 
0 

range 2200-4000 A. Since the refractive index in this region is roughly 

1.000280-1.000310 the effect of frequency variation can be dealt with 

using the same criteria as that of temperature and pressure variation. 

A shift in threshold ~omenta from their mean values was made to obtain 

some little contamination just below threshold from extreme variations 

as will be seen in Section 6. 

·. 

.. ... 
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5.4 PARTICLE CLASSIFICATION 

As was observed in Section 5.3, Cerenkov thresholds in nitrogen -.-1 

-~ arc smeared by frequency variations in rcfracti ve index. This variation-

I 
t. 
I 
! 
' I ! 
f 
' f j 
l 
i 
1, 

f 
J 
i 

~ill be disreg~rdcd in this· description ·of the rough particle classification 

and the standard value of refractive index for nitrogen at atmospheric 

pressure and 20°C usedCsl), (1.000290). ~th is therefore 0.99971 and 

the momentum thresholds for Cerenkov radiation can be determined from 

equation 2. 1 :-

(a) 

(b) 

(c) 

Pions 

Kaons 

Protons 

.. . 

. . 

. . 

5.8 GeV/c 

20.S GeV/c 

38.9 GeV/c 

Hadrons can then be classified according to their momentum and the status 

of the Cerenkov cell they pass through. 

(a) Hadrons with a momentum in the range 6-20. 5 GeV /c which light 

the cell they pass through are definitely pions. (Class 1). 

(b) Hadrons with a momentum in the range 20.5-39 GeV/c which light 

the cell they pass through are either pions or kaons. (Class 2). 

(c) Hadrons with a momentum in the range 6-20.5 GeV/c which fail to 

light the cell they pass through are either protons or kaons. 

(Class 3). 

(d) Hadrons with a momentum in the range 20.5-39 GeV/c which fail to 

light the cell they pass through are definitely protons. (Class 

4). 

(e) All particles ~ith a momentum greater than 39 GeV/c should light 

the cell they pass through. 

The above classification assumes 100% efficiency in the Cerenkov 

Cells. These efficiencies are therefore critical to any statement made 

above par~i~lc classification and should be understood completely. 

Near threshold, quantum inefficiency in the phototube require~ detailed 

JI. 



r consideration. In particular, a high inefficiency will cause major 

b:ickgrounds in classes 3 and 4 from pions Nnich fail to ·light .the cell 

they pass through. TI1e remaining sections are devoted to various off-

' estimates of this : }inc inefficiency and techniques for minimising it. 
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5,5 ESTHtATES OF CELL INEFFICIEi'\CIES 

~irror Positions .-
A reliable estimate of the cell inefficiencies requires an accurate ~ 

knowledge of the mirror positions in the exi>erimental coordinate system. -

uowcver, the use of these po.sitions was complicated by the smearing 

effect of. the Cerenkov light cone (for B = 1, cos a c = ~ which corresponds 

to a l·adius in nitrogen of 4. 7 cm over 2 metres) and also by the possibility 

of light collection inefficiency at the mirror edges. 

Experimentally, the edges were determined in the following manner 

(in an identical fashion to the determination of counter edges C42 )). 

.Good dm..-nstream tracks were picked in the vici;dty of the edge to be 

determined ( 2o cm) - these positions were roughly known from survey 

~casurements. Tracks which fall definitely within the x limits(horizontal) """"" 

of the cell were used to determine the y edge (vertical) and vice versa 

for the x edge. Then in bins of 1.25 cm vertically (horizontally) 

across. this strip the ratio 

was measured, where N is the number of tracks in each bin and NLit 

is the number which 1 it the cell in question (Fig. 5. ll) . 

(a) 

{b) 

(c) 

.The following cuts were made on tracks to reduce background:-

Class 1 timing. 

Downstream track linked in x or y to an upstream track. 

No other track in the central region of the cell. 

Muon and hadron tracks were both used for this analysis. 

lypica_l distributions for neighbouring cells are shown in Fig. 5 .12. 

Statistics limited the accuracy. with which the edges of the outer cells could 

be determined to ±1 cm. The edges of the inner cells could be determined 

~o ±0.S cm. The position of the beam deadener was determined in a similar 
... 

fashion. (Fig. 5.13) 

~ 
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b.W~~ination of Cell Inefficiencies Using the Scattered Muon 

n1e momentum threshold for muons to emit Cerenkov radiation in 

.\ (l\\\r.·:.:l·n is 4.2 GeV/c. The acceptance of the spectrometer required 

~t~ll scattered muons had a momentum greater than 10 GeV/c and there

for,Q.qll muons should have lit the Cerenkov cell they passed through. 

\hf2•Q.f~irc, particles that had been identified as muons by the track

~u·\c\•n.3 programs (i.e. nave passed through the hadron absorber) could be 

'-'\<:i'7c\to determine cell efficiencies. There was, however, the disadvantage 

-I 4-h0\.\-ci:1ly half of the Cerenkov cells could be analysed by this method -

i 
I 

c 

. i 

' I 
I 

I 
)_ 

°'"l~ those through which positive particles pass. In fact only six 

c..<l.\\~b.l2.re illuminated by muons with sufficient statistics to allow a 

ch.\Q..rt\in:ition of their inefficiency. 

As a first step in removing spurious tracks, the standard cuts on 

dvp\1c:atcs, timing, linking and vertex pointing were raade on the muon 

+re..t:.;.\:.~(Chapter 4). In addition, the muon tracks which passed the above 

'-4~·5~c required to point outside the K-veto and within the outer limits 

of th1Z.~1 hodoscope. These cuts were sufficient to define good muon 

-l-i-1<\<-~-~ Two standard· geometric cuts were used to restrict particles to 

k,~:°h€(ficiency regions of the counter: 

Tracks were required to point at least 2.5 cm inside the 

l•oundary of the cell. This allowed for the Cerenkov cone, any 

tll~:c inefficiency and any p track pointing uncertainty. 

lhc track must point outside the deadener. 

A final requirement, which was only used in this part of the 

c:\nQ.\'j'i>iS· ~;5that there be only one track in the cell. 

HQVing made these requirements, the number of tracks passing 

+l-.rc'-'3\..-. +b~ccll and the number which fail to light it throughout the data 

~IZ.\- "-.)~(.e.~se.it t f" d h · f" · bl 5 2 o m t e inef 1c1ency. Ta c . shows the average 

.' "'Q.f{,c._fi.nr::..../ for ~e~ls 3-5 and 12-15 using thls mcth~d for the entire 

.... , ..... 
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data set (integrated flux of 3.8 x 1010 µ's). The errors given are 

statistical. The average inefficiency is dominated by cells 3, 4, 12 

and 13 and is 1.7 ± 0.2%. To investigate any variation of efficiency 

with position, the cells were divided into three horizontal and 

vertical bands ·and the same analysis carried out (Fig. 5.1'4). The results 

' 3re sho\·:n in Tables 5. 3 and 5.4. The data are primarily in the central 

band of the cells (Region lv) and statistics are clearly limited. 

However, no significant variation with position was observed 

Determination of Cell Inefficiencies from the C!Jserved Pulse Height 
Distribution 

The photo-cathodc/d)~1ode system of a photomultiplier gives rise to 

an inefficiency due to quantum fluctuations in the number of photo-

electrons collected by the first dynode. If the mean number of photo-

electrons collected is n the number collected for any pulse (m) follows 

a Poisson distribution with mean n and variance n. Therefore, the 

probability e-n is the probability that m = 0 and is an estimate of the 

quantum inefficiency of the phototube. 

For an observed pulse height distribution with mean ii and variance 
2 

o2 , ~ gives an unbiased estimate of n - the mean number of photo-electrons 

collected. This can then be used to calculate the corresponding quantum 

inefficiency e. If there are N entries in the pulse height distribution 

then the relative error on n is ~ and this can be used to calculate upper 
IN 

+ -: and lower errors on E, (a ,, o ) . A great advantage of this technique 
1" 

\las that relatively little data (""50 events) allowed a reasonable estimate 

Of the inefficiency and more important, all cells could be analysed. 

The standard cuts described in this chapter were used to define 

hadrons and the pulse height for those which lit the cell they passed 

, ___ _1 _t ___ _! _.._~ -- -~ ..._t__ __ _ 
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Jistributions was then calcUlatcd and the corresponding cell inefficiency 

~~Juccd. A variation of pu~se distribution with momentum is predicted 

by Eqn •. 5.3 and therefore this pulse analysis was carried out for three 

1!'.0lllcntum bands for hadrons, and for muons:-
\ 

(a) Hadrons with momenta in the range 6-18 GeV/c. 

(b) Hadrons with momenta in the range 22-40 GeV/c. 

(c) Hadrons with momenta greater than 45 GeV/c. 

(d) Muons only. 

The average inefficiencies for these classes of particles are 

given in Tables 5. 5-5. 8. To investigate any variation of inefficiency 

with position, vertical and horizontal scans were carried out where there 

were sufficient data to obtain meaningful results (Tables 5.9-5.15). 

All particles with a momentum greater than 45 GeV/c should have 1i t the 

Cerenkov cell they passed through. Therefore, the failure rate of this 

~ class also gave a direct measure of the inefficiency. The average in-
, 

efffciency for the cells illuminated by these tracks is given in Table 5.16. 

A horizontal scan was also possible (Table 5.17). 

This analysis produced a large amount of data on cell inefficiencies. . 
l' TI1c results are consistent with:-
~ 

(a) No large variation of inefficiency among the cells. 

(b) No observable variation with position in the cell. 

(c) No observable variation with momentum. 

Elastic p Mesons 

+ -1be p + n n decay could also be used as a source of particles to 

use in a measurement of the Cerenkov cell inefficiencies. Moreover, one .. 
~· . . ~ 

might hope to obtain a reasonable direct estimate of inefficiencies in the 
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. Elastic p ·mesons were sclect.ed using the foiiowl.ng simple cuts 

. (Fig. 5.15) :-

(a) A single muon observed downstream. 

(b) 

(c) 

(d) 

(e) 

(e) 

Only two hadrons downstream with one positive and pne negati~e. 

Each hadron track links to both x and y proport'ional chamber 

tracks. 

~lissing energy in the event was required to be less than 20 GeV/c2 . 

Laboratory opening angle greater than S .S mrad. 

IM + - - U I <O. 4 where M + - is the invariant mass of the 
u ~ p u ~ 

dipion system. 

The standard Cerenkov geometrical cuts were then applied to the 

hadron tracks and the failure rates measured for the various cells 

illuminated (Table 5.18). Statistics are poor, particularly in the 

region of most interest (the outer cells). Clearly this only provides a 

consistency check on the previous estimates of the cell inefficiencies. 

·. 

·.\-· . 



!,........ 

c 

,. . 
~ . . 

$.6 REM..\RKS AND CONCLUSIONS 

Tiirqe methods of estimating cell inefficiencies and one consistency 

c:-:timate have been made. A comparison of the experirr.cntal measurements 

of cell inefficiencies of Section 5.5 shows:-

(a) 1he direct measurement of cell inefficiency and the indirect 

method of estimating the efficiency from the pulse distribution 

are consistent within experimental errors. The direct measure-

ments using pions from p decay are also consistent with these 

results though with large errors. 

(h) Vertical and horizontal scans across the mirrors show no 

statistically significant variation of efficiency. 

(c) The average inefficiency of the counter cells as a whole was 

2.0 ± 0.1% corresponding to a mean effective number of 

photo-electrons collected at the first dynode of 3.95. 

From these results it is clear that the theoretical estimate 

of the number of photo-electrons collected at the first dynode was 

incomplete. The two most obvious sources of errors are the estimate of 

the light-collection efficiency of the phototube-mirror system and of the 

quantum efficiency of the photocathode. No more reliable estimates of 

these can be obtained in the experimental operating conditions than those 

already given. Assuming the measured efficiency, however, one can use 

the estimate of the quantum inefficiency to obtain another set of curves 

0 £ the mean number of pnoto-electrons collected as a function of momentum 

{Fig. 5.16). This then introduces the fact that the quantum inefficincy 

h:i:; a significant effect on particle identification. Moreover, the 

effect of threshold smearing must also be included. 

It was decided to obtain as large a kaon identification range as 

:i(lssible •eoAsistent with nigh 'detection efficiency. The following 

!'omr.n~ ... ..,,.,.P. therefore used for the selection criteria: 



( 

; 

i. 

( 

90. 

(a) 12 .4 GeV/c - the momentum at which 95~., of all pions should light 

the Cerenkov counter. 

(b) 21.2 GcV/c 
th . 

the maximum value for PK possible in the transparent -

region (the ·minimum· is 20 GeV/c). 

(c) 31. 4 GeV/c - the momentum at which 90% of all kaons, should light 

the Cerenkov counter. 

(d) 38. 2 GeV/c - the minimum momentum at whicn protons should light 

the Cerenkov counter. 

The 95% confidence level for pions is necessary since these 

compose approximately 90% of all hadrons and would therefore produce an 

unacceptable background below this level. Even a 5% failure rate results 

in a background of 20% in the kaon signal. The 90% level for kaons 

was chosen to provide a reasonable range over which to search for protons. 

Kaon inefficiency would then result in a total background of 1% failures 

for all hadrons. Clearly any proton signal would be required to be 

significantly greater than this. 

Smearing in tI1e Cerenkov thresnold due to variations in 

refractive index will only result in a maximum of 10% of kaons in momentum 

range 20.0-21.2 GeV/c lighting the Cerenkov counter. 11lis would only 

cause an insignificant background to the pion signal while significantly 

increase the range over which kaon identification should be possible. 

111e choice of 38.2 GeV/c, the minimum momentum at which protons emit 

Cerenkov radiation, ensures an unambiguous interpretation of failures 

below that momentum a? protons if inefficiency is negligible. 

With these reservations, the following particle selection criteria 

~ere determined:-

. 
~ ..... 
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5. 

91. 

Momentum < 12.4 GcV/c: Lit: 

Unlit: 

12.4 < Momentum < 21.2 GeV/c: Lit: 

·Unlit: 

21. 4 < ?-!omen tum < 31. 4 GeY / c: Lit: 

Unlit: 

31.4 < 1-lomentum < 38. 2 GeY /c: Lit: 

Unlit: 

Momentum ~ 38.2 GeV/c: Lit: 

Unlit: 

t. 

Defin~tely pions 

Kaons, protons and a 

large pion background. 

\ 

Pions with a very minor 
f 

kaon. background. 

Kaons, protons and a 

maximum pion background of 

59" o. 

Pions and kaons up to 90%. 

Protons, kaons below 90%, 

arid pion background of ~3%. 

Pions and kaons. 

Protons, a 2% pion background 

and a 1% kaon background, 

(maximum). 

All hadrons 

Inefficiency of ~2%. 

These criteria were used to determine the classification of hadrons 

into pions, kaons and protons in the analysis discussed in· the following 

chapters . 

.. 
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TABLE 5.1 

VARIATIO;-..f OF REFRACTIVE INDEX WITH TH!PERATURE J\ND 
PRESSUH.E 

0 
T°C 15 . 21 27 

(in Hg) .. -,-;-
. . ".: ... 

29 288.l 281.l 275.4 

30 296.9 290.8 285.0 

31 306. 8 300.5 294.5 

.\ 

.32 

.. 

.. 

270.9 

280.0 

289. 7 

(N . - 1) x 106 \'lhere NT.P is the refractive 
T~P , 

index at T0
, Pin. 

<o> = 291 for 15 < T < 32°C 

a = 9.8 for 29 < P < 31 in. Hg. 



( 

. 
. , 

, 

i .. 
~ 

I 
r 
! 
( 

f . 
! 
i 

I 
f 
t 
j 
I 
! 
l 
< 
i 
I 
t 

l 
i 
~ 
; 

• I . . 
{ 
l 
I 
> . , 
~ 

t 
J • . 
< 

t 
i 
' 

. TABLE 5.2 

AVERAGE CELL INEFFICIENCY FROH lfJON FAiqJRE RATE 

Cell 

3 

4 

5 

12 

13 

14 

Inefficiency 
(%) 

3.8 

1.2 

5.9 

5.8 

1.3 

0.0 

1.2 

0.3 

5.7 

1.6 

0.3 

S.6 

Average overall is 1. 7 ± 0.2%. 

TABLE S.3 

llORIZO~:TAL INEFFICIE~CY SCA.'l FRO~f NUON' FAILURE RATE 

Region lH Region 2H Region 3H 

Inefficiency (%) Inefficiency (%) Inefficiency 
Cell +1- +1~ +1-

3 0.0 11.0 2.7 1.9 4.6 

4 1.0 o. 7 1.0 0.3 0.6 

5·. 2.9 0.8 5.5 1.5 2.9 

12 8.3 8.3 . 4.3 3.1 7.8 

13 2.7 1.2 0.9 0.3 1.3 

14 2.2 0.8 1.9 1.8 0.0 

(%) 

1.9 

0.2 

2.0 

2.5 

0.3 

19.0 

/I 
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TABLE 5.4 \ 

VERTICAL INEFFICIENCY SCA!~ FRmt ~RJON FAILURES 

Region lv Region 2v 
Cell Inefficiency (%) Inefficiency (%) 

;. 
.,_ .,_ 

( 
3 3.6 1.3 6.7 6.7 

4 1.2 0.3 4.8 4.8 

' 
5 12.5 12.S 0.0 8.3 

; 
' . 

f 12 5.2 1. 7 14.3 10.1 ;· , 

13 1.3 0.3 0.0 3.0 

f 14 0.0 3.5 0.0 16.7 
' t 
> 
.I 
t ·-,. 
I . 

~ 

l . . . 
f 
l J. 
1 
~· 

( 
. _i. 

~·". . 



;--- TABLE S .S 

. ,\\'ERAGE INEFFICIE~CY FROH PULSE HEIG!lT DISTRIBUTION FOR 6 < PHad < 18 GeV/c 

. 
~ 

> +,_ 0-+: 
.. 

<N Inefficiency (%) 0 Cell > -· pe \ 

2 3.6 0.6 2.7 _, 2.1 1.2 
1 • 

3 4.7 0.4 0.9 0.5 0.3 
:1 
t 4 4.0 0.7 1.8 2.0 0.9 
' ~ 
2 s 2.6 1.1 7.6 15.8 5.1 l 

•· 
6 2.7 0.5 6.6 4.0 2.5 

7 4.8 0.5 0.8 0.6 0.3 

8 3.2 0.5 4.2 2.8 1. 7 

9 14.1 10.0 0.0 - 1.6 0.0 
( 

l ;-
i 11 3.3 0.6 3.6 3.2 1. 7 

12 3.2 0.3 4.3 1.6 1.2 

13 3.5 0.6 3.1 1.5 1.4 

14 4.8 2.0 0.8 5.5 0.7 

15 3.3 0.6 3.7 3.1 . 1. 7 

16 2.5 0.3 7.9 2.4 1.9 

17 3.2 0.6· 4.0 3.3 1.8 

18 2.9 2.6 5.3 68.1 4.9 

.. . {- . .. 
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· . ,\VERJ\GE 

Cell 

3 

4 

5 

6 

7 

12 

13 

14 

15 

16 

. !. 

TABLE 5.6 

INEFFICIENCY FROM PULSE HEIQIT DISTRIBUTION FOR 22 < PHad < 

.._, 
40 GeV 1c 

• I 

\ 
+ Inefficiency (%) o+ <N > /- 0 pc 

8.0 3.5 0.0 1.1 0.0 

3.5 0.4 3.0 1.3 0.9 

3.7 1.0 2.S· 4.2 1.6 

3.9 0.4 2.0 1.0 0.6 

4.7 2.8 0.9 14.8 0.8 

5.3 2.4 0.5 4.9 0.5 

3.4 0.3 3.2 1.2 0.9 

3.4 0 .. 8 3.2 3.7 1. 7 

4.4 0.4 1.3 0~1 0.5 

3.0 1.5 4.7 17.1 3.7 

I 
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TABLB S.9 

. ..,,. .. CELL INEFFICIENCY FROM PULSE DISTRIBUTION FOR 6 < Pllnd < 18 GcV/c - HORIZONTAL SCAN · 

. ·. ! 
I 
' 

Region lH Region 211 Region 3H 
Inefficiency 

c5 + 
Inefficiency 

c5 + c5-
Inefficiency + -CelI (%) c5- (%) (%) 0 c5 

' 2 s.s 13. 7 4.1 3.3 5.1 2.0 1.4 2.4 0.9 
I 
I 3 1.8 1.8 0.9 0.9 0.9 0.4 0.3 o.s 0.2 . ' 

4 1. 7 2.7 1.0 3.3 6.8 2.2 o.o 0.6 o.o 
s U.9 37.9 10.2 .u 7,3 30.9 S.9 

I 
6 12.9 34. 2 9.4 2.7 5,4 1.8 7.6 6.1 3.4 

i 
7 o.s . 0.8 0.3 0.9 ." l. 2 o.s 1.2 1.8 0.7 

8 3.6 3.7 1.8 6.8 8.6 3.7 1.0 6.3 0.9 

9 o.o 1.6 o.o . 1.0 6.3 0.9 

11 0.2 4.6 0.2 0.6 2.2 o.s 11.6 10.0 S.4 
. I -12 5,3 3,8 2.2 3.6 2.4 1.4 4.0 3.S 1.9 

13 2.3 . 3.1 1.3 2.4 S.1 1.6 8.9 19.9 6.1 
'14 o.o 2.7 o.o o.o 9.4 o.o:: .3. 9 . 21.6 3.3 

. i 
15 1~7 13. 2 i". s 0.9 2.9 0.7 7.4 6.9 3.6 
16 s.s 3.9 2.3 6.3 Z.8 2.4 13.1 6.4 4.3 
17 1. 7 2.9 1.1 6,4 9.6 3.8 10.8 21.0 7.1 
18 S.3 4.9 .. 

l ( l 
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TABLE S.10 

CELL INEPPICIENCY PROM PULSE HEIGHT DISTRIBUTION FOR 6 < .Sffad < 18 GeV/c • VERTICAL SCAN 

Cell Region ly Region 2v Region 3v 
Inefficiency 

+ - Inofficiency 
6+ 

Inefficiency + -c~•) 6 6 (\) ' 6- (%) 6 a 

1 1.8 lB.4 1.6 

2 3.1 3.4 1.6 3.3 s.o 2.0 1. 7 12.4 1.S 

3 0.9· 0.7 0.4 0.6 0.8 0.3 0.7 4.2 0.6 

4 1.6 1.8 0.6 4.1 3.9 2.9 0.7 29 .1 0.7 
s 14.0 31.8 9.7 3.0. 49 .s . 2.S 0.2 99.0 0.2 
6 3.2 3.7 1. 7 13.8 11.5 6.3 0.1 7.5 0.1 

7 3.0 1.6 1.0 S.4 4. 7. 2.S 12.4 17.8 i1. 3 
• 8 3.6 3.8 1.8 9 .1· 8.8 4.5 . 14. 7 21.6 8.8 

9 21.0 63.6 15.8 

10 4,7 42.7 4.2 

11 8.0 8.1 4.0 0.9 2.6 0.1· 3.3 20.4 2.8 

12 6. 7. 2.7 1.9 7.8 4.S 2.9 9.8 -. 16.6 6.1 : . 
~13 12.9 7.0 4.6 2.2 4.4 l.S 7.4 31.0 6.0 
14 0.1 17.4 0.1 o.o 19.2 o.o 0.3 . .. 9.8 0.3 
15 .8.0 5.7 3.4 3. 3' 9.3 2.4 13.5 27.S 9.0 
16 6.9 2.9 2.0 12.6 6.5 4.3 s.s 14.3 5.3 

17 . 8.2 6.4 3.6 2.7 5.S 1.8 18.4 42.S 12.8 

18 6.1 53.8 s.s - f. 



TABLE 5 .11 

~· CELL INEFFICIENCY FROM PULSE HEIGHT DISTRIBUTION FOR 22 < PHad < 40 GeV/c - HORIZONTAL SCAN 
•· 

Cell Region lH Region 2H Region 3H 
Inefficiency 

o+ 
Inefficiency 

o+ 
Inefficiency 

o+ (%) 0 (!'o) 0 (%) 0 

3 o.o 13.S 0.0 0. 2 7.6 0.2 

4 3.7 4.1 1.9 4.0 2.5 1.5 0.7 1.1 0.4 

5 1. 3 7.9 1. 2 7.7 26.1 5.9 1. 2 6.2 1.0 

6 1.6 1. 3 0.7 1. 7 1.4 0.8 5.1 6.1 2.8 

7 1.3 22.0 1. 2 I 

12 0.8 20.9 0,8 2.8 49.0 2.6 0.1 3.3 0.1 

13 2.4 3.2 1.4 1.9 1.4 0.8 5.9 3.5 2.2 

14 ' 0.6 5.6 0.5 3.4 12.6 2.6 - 4 .1 6.9 2.6 

15 1.0 1.0 0.5 1.0 1.0 0.5 4.5 6.0 2.6 

16 1.4 13.7 1.3 
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·TABLE 5 .12 

CELL INEFFICINCY FRO.\I PULSE HEIGHT DISTRIBtrrION FOR 22 < PHad < 40 GeV/c -

Cell 

3 

4 

s 

6 

7 

12 

13 

14 

15 

16 

........ 

VERTICAL SCA~ 

(Insufficient dJ.ta in Region 3v) 

Region Iv Region 2y 
Inefficiency 

d+ 
Inefficiency 

.s· (%) 6 - (\) 

o.o 3.3 o.o 0.0 3.9 

2.5 1.2 o.s 4.3 7.2 

2.4 S.3 1.6 4.7 15.2 

J.8 0.8 0.6 . 2.6 7.6 

6.5 23.l s.o 

25.2 35.0 14.7 2.7 21.0 

9.1 2.4 1.9 3.2 4.4 

10.0 8.7 4.6 6.4 11.4· 

4.6 1.7 1.2 2.0 4.0 

2.0 14.3 1.8 

&-

o.o 
2.7 

3.6 

1.9 

-
2.4 

1.8 

4.1 

1.3 

•j 



Cell 

4 

5 

6" 

13 

14 

15 

TABLE S.13 

CELL INEFFICIENCY FROM PULSE HEIGHT DISTRIBUTION FOR Pllad ~ 45 GeV/c - HORIZONTAL SCAN 

Region 
Inefficiency 

(%) 

1.6 

1. 2 

0.6 

0.5 

ltt 

cS+ 

4.0 

1.9 

1.6 

1.1 

cS 

1.1 

0.7 

0.4. 

0.3 

Region 
Inefficiency 

C'o) 

3.1 

0.6 

0.1 

4.3 

3.4 

2H Region 

cS+ 
Inefficiency 

cS (%) 

11.6 2.5 0.2 

4. 6 . o.s 0.7 

2.3 0.1 

11.2 3.1 2.7 

8.5 2.9 o.s . 

3H 

+ 
cS cS 

o.s o.: 

0.4 o. 2 

2.8 1.4 

. o. 3 0.2 
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Cell 

3 

4 

s 

6 

12 

13 

14 

15 

) 

I TABLE 5.14 

CELL INEFFICIENCY FROM PULSE HEIGHT DISTRIBUTION FOR MUONS - HORIZONTAL SCAN 

Region 
Inefficiency 

(%) 

0.0 

3.2 

2.2 

o. 2 

0.2 

0.9 

0.4 

o.o 

lH 

o+ 

0.6 

2.1 

1.0 

16.0 

7.8 

0.9 

0.3 

43.0 

0 

o.o 

1.3 

0.7 

0.2 

o. 2 

0.4 

o. 2 

o.o 

Region 7tt 
Inefficiency 

o+ -(!'a) 0 

2.2 3.2 1. 3 

0,7 o. 2 0.2 

6.0 2.8 ·1.9 

4.4 7.0 2.7 

1.5 o.s 0.4 

0.9 1.0 0.4 

Region 3H 
Inefficiency 

o+ -(!lo) 0 

2.2 2.2 1.1 

1.0 0.3 o. 2 

0.3 0.9 0.2 

5,7 4.0 2.4 

1.5 0.4 0.3 

0.2 0.6 o. 2 
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TABLE 5.15 

CELL INEFFICIE:\CY FRm! PULSE IIEXGliT DISTRil3UTION FOR HUONS VERTICAL SCAN 

Cell 

3 

4 

5 

12 

13 

14 

(insuf ~icicnt data in Region 3V) 

.. 

Region lv 
Inefficiency 

(%) o+ 

2.2 1.5 

0.9 0.2 

1.5 34.S 

11.S 4.4 

5.4 0.8 

7.5 26.0 

··" .... 

0.9 

0.2 

1.4 

3.2 

0.7 

5.8 

' Region 2v 
Inefficiency 

(%) o+ 

0.0 3.0 

1.4 8.1 

0.0 3.7 

7.1 25.6 . 

3.6 7.6 

3.8. 51.1 

0.0 

1.2 

0.0 

5.6 

2.4 

3.6 

JI 

.._, 
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TABLE 5.16 

AVERi\GE INEFFICIENCY FROH FAILURE IV\TE FOR PHad > 45 GeV/c 

(errors arc statistical) 

Cell 

4 

5 

6 

13 

14 

15 

Inefficiency 
(%) 

. 0.6 

3.9 

2.8 

4.2 

2.7 

1.9 

TABLE 5.17 

0.6 
\ 

0.8 

1.6 

1. 7 

0.7 

1.3 

. CELL I:NEFFICIENCY FRml FAILURE RATE FOR PHad > 45 GeV/c - HORIZO~TAL SCA.\l 

Cell 

4 

5 

6 

13 

14 

Region lH 
Inefficiency 

(%) 

13.2 

3.3 

11.1 

s.o 

1.9 

3.9 

(errors are statistical) 

Region 2H 
Inefficiency 

(%) 

4.8 

8.3 

0.0 

4.0 

3.3 

4.8 

5.9· 

7.1 

4.0 

3.3 

Region 3tt 
Inefficiency 

(%) 

0.0 

2.8 

3.4 

1.3 

0.8 

0.7 

1. 7 

0.5 

t 
i 15 2 3 1 6 
i ------~~~·~~~~~·~~~~~~~~~~~~~~~~~~-' 0.0 7.1 

i 
) 

t 
t 
j 
' • l 
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TADLE 5.18 

-..-; 

' 
CELL EFFICIE:-!CY (1 - e:) usrnG ELEA.STIC p-NESON EVENTS 

.• 

~ 
No • of Pions No. of Times CeH Efficiency .;; 

~ Cell Through Cell Cell Lit (1 - e:)% ± ;. 
i ., 
i 

2 ~ 1 2 100 
1 50 

i, 

! • 2 10 7 70 14 I 
I 

10 62 1 3 16 12 • t 
r 

f 4 40 39 98 2 
t 
f 

32 29 91 5 ! 5 
l 
i 6 22 19 86 7 

f 7 5 3 60 22 _.,,,,, 
I • 

f ' t 8 6 4 67 19 

I 
t 9 2 2 100 so 
f 
I 10 3 2 67 27 t 

f 11 - 8 3 38 17 

I 12 15 12 80 10 

$ 13 35 34 97. 3· t • ~ 

~ • 14 79 76 96 2 r 

I 
" 15 26 25 96 4 , 

l 16 12. 10 83 11 
J 
~ 

' 17 4 4 100 22 .. 
~ 

~ 

! 
18 f 4 3 75. 22 

;.. 

" 
( 

~: 

-...,,,,; 
,. 
, 
• 
1 
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CHAPTER 6 

SEARCH FOR CHARHED D-~!ESON PRODUCTION 

6.1 INTRODUCTION 

Experiments carried out in the last four years have established 

the existence of a new quantum number - charm. Initially this was 

inferred from di-muon production in v. v interactions. Conclusive 

evidence was obtained from .the discovery of long-lived high mass 

+ -resonance states in e e annihilation, and electron-positron production 

(52-55) . -in pp collisions - the 9 states . These are interpreted as qq bound 

states of the quark associated with this new particle (analogous to the 

vector meson states p, 9; w etc.) and therefore have no net 'charm'. In 

( addition to these states however, it is now believed that associated 

f 

l 
l · 

I 

• + -charmed meson production (the D-mesons) has also been observed in e e 

. h. 1 . (S6) d 1 . t . . . (S 7) • A ann1 1 ation • an more recent y in neu rino scattering. t 

this time however, detailed investigation of these states is only 

+ -possible in.e e annihilation, in which the D mesons are identified with 

narrow resonances in Krr, K2lT (and in general Km7r) systems of mass 

I ~1.9 GeV/c2 and widths a few keV. 

f 
Assuming the charm hypothesis, the strong decay of the lowest 

mass meson would be forbidden by charm conservation - and therefore 

i 
I the state would be long-lived. For charm changing decays, the Cabibbo 
• I 
i 

favoured weak decay requires 6C= 6S and therefore a strange particle in 

l ,.- t 
\ 

~ 

I 

the final state - a~ observed experimentally. Electromagnetic production 

via a virtual photon would result in associated production of charm-anticharm 
~ 

: .. . pairs of m~sons. The D-mesons are observed to recoil against a mass 
• ~ 

\ 
l 

greater than 1.9 GeV/c2 - supporting the hypothe.sis of associated production. 
·~.. . .. , 

i 



93. 

In a<l<lition, the chargcd_D-mesons are observed to decay via an exotic 

+ -++ ·++-
r,.odc (e.g. D ··-+ K 7T 7T (fi.C = t.s). rather than K 7T 7T (6C=-6S)). 

On this evidence, ~he D-mesons are strong candidates for (and 

have now been accepted as) states con faining charm, i.e. with C = ±1. 

In the style of the quark model, one must now define the quark associated 

with this new particle. The quanttL'll numbers of the charmed quark are: 

1 
B = 3 

I = 0 

Q -
2· 

+-
3 

s = 0 

c = I 

The introduction of a new quark has an important effect in deep-

inelastic scattering. As was mentioned in Chapter 1, the structure 

ft.mction F
2

(x) must be modified to accot.mt for charmed quarks in the 

'sea': 

P' p 
F

2 
(x) = F

2
(x) + x(c(x) + c(x)) 

with the requirement that 

J:(c(x) - C(x))dx = 0 

Where c(x) is the momentum ·density of charmed quarks in the proton. In additic 

associated charm production must be expected in deep-inelastic scattering 

via the interaction of the virtual photon with a charmed quark in the sea. 

This quark can then combine with a second anti-quark from the proton 

'bag' to form a charmed meson in the final state (fig. 6.1). The 

residual quarks, missing a chaTmed quark, also have net charm and give 

rise to a second charmed meson of opposite charm to that of the struck "'1tll 

quark. An estim::i.tc of this cross-section clearly requires some guess at 
..... 

. the charmed part of the proton sea distribution. This will be discussed 
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further in Section 6 .S - rough estimates vary from 2--20% of the total cross-

section below x8j n.. 0.1. 

In addition to direct production of charmed particles, threshold 

effects as c(x) becomes important will give rise to apparent scaling 

violations. Clearly, as q2 and v increase threshold effects will become 

less important and the structure functions should then re-scale. 

Scaling violations of the order of 20% have been observed, and 

contradict the naive parton· model. Alternat:;.ve theories (Asymptotically 

Free Gauge Theories) can produce agreement with F2 by allowing intrinsic 

scaling violation. The observed scaling violations can therefore be 

attributed to a mixtutre of intrinsic scaling violations and charm 

threshold effects, but the relative contributions are not well known. 

Investigation and rr~asurement of direct char.a production in deep-

inelastic scattering can therefore rerr~ve some of this uncertainty. 

Section 6. 2 gives a description of an acceptance Hon te Carlo 

for D-mesons and its use in the data analysis. Sections 6.2 and 6.3 

present two approaches used to obtain invariant mass spectra for the 
+·+ +:; ::+ 

D decay channels K-n and K-n n • Finally, a summary of results and 

a brief comparison with theoretical predictions is given· in Section 6.5. 

·.\· 

' 
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6.2 SPECTRO:,IETER ACCEPTANCE FOR D HESONS 

The standard procedure used to identify resonance particles is 

by the enhancements they ~ause in the invariant mass spectra of their 

decay products. Having identified such an enhancement, a background 

subtraction can be made and a production cross-section calculated if 

the branching ratio for the decay channel observed and the acceptance of 

the apparatus ~or the decay products are both known. 1be mass of the D 

mesons, and the branching ratios of several of their decay channels are 

now reasonably well known. The only tmknown required therefore, in a 

calculation of their production cross-section, is the acceptance of their 

decay products. Unfortunately, a calculation of the decay product 

acceptance is model dependent - both on the production mechanism and on 

the D decay scheme. 

A description of the model used and the results obtained from it 

will be given in this section. An estimate of the model dependence 

will also be given. 111e philosophy use~ is straightforward. A ~fonte 

Carl.<> program is used to produce a D meson momentum vector distribution 

in the laboratory according to the. model. 1be D is allowed to decay and 

the products tracked through the spectrometer to check for acceptance 

(Fig. 6.2). 

.D. Production Hechanism 

Following the standard picture of deep-inelastic scattering, the 

· incident muon beam is considered as a source of virtual photons defined 

by the variables Q2 and v. 111e reaction envisaged is thus 

y* + p .+ D + X 

~here. y* represents the virtual photon 
.... . . 
D represents the observed D meson 



c 

. 

X represents all other hadrons produced 

(conserving quantum numbers in the interaction). 

Clearly, the ideas used in the production mechanism must be 

borrow.ed, at least to begin with, from normal (tmcharmed) meson production. 

TI1cse can then be modified as necessary to account for any experimentally 

observed differences in charm production. In addition, angular and 

momentum dependence from the kinematics of the virtual photon must be 

f included. A typical function for the D momentum vector might depend on 
~ 

; 
! the following (Fig. 6. 3) 
j 

p2. 
.L 

4>o 
i 

the modified Feyrur~n x variable defined by 

pll 
:::-----~ 

(P2 _ p2)! 
max l. 

where P
11 

is the momentum 

of the D in the direction of the virtual photon, 

and P the maximu:n momentll!:i allowed. 
max 

the squared transverse momentum of the D relative 

to the virtual photon direction. 

the azimuthal angle of the D momentum vector 

re la ti ve to the muon scatte.ring plane. 

the kinematics of the virtual photon. 

the azimuthal angle of the virtual photon 

relative to a suitable plane in the experimental 
l-. 

~ coordinate system (this is not a kinematic 

variable, but may affect acceptance) . 

. The variables xF, Pi and cp
0 

are defined in the y*-proton centre 

of mass system. 111e variables Q2 , v and 9 * are defined in the laboratory 
y 

~ system. 
•· ..... 
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The kinematics of the .virtua1 photon enter the description both 

via the determination of the direction vector of the c~ntre of mass 

frame in the laboratory and in the determination of the value of P 
max 

The direction of the centre of mass frame relative to the incident 

muon particle is defined by (es, ey*) ~here: 

e m2v2· 
Q2 = 4E(E - v)sin2

; + ECE-v) 

with 

E the incident beam energy 

lfis the scattering angle 

m the mass of the muon. 
µ 

. P is determined by having a D recoiling against a D-proton max 

system moving at the same velocity. This gives: 

where 

s :;: m2 + 2m v 
p p - q2 : centre of mass energy squared 

m = proton rest mass 
p 

mo = D meson rest mass 

Clearly this requires an addition of a threshold such that: 

s > sth = (m + 1ll\J)2 (=21.8 (GeV/c2)2) 
p . 

A ·simple step function was used since threshold behaviour should 

be relatively unimportant. typically v ~ 150 GeV/c2 inside the experimental 

acceptance giving s >> sth. 

lb.ere are three further general points to note before discussing 

the exact model used: 

(a) The D meson is an extremely narrow resonance K?-40 HeV) and it is . ._, 

reasonable to consider the inass as a delta-flUlction at 1.87 GeV/c2. 
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(b) ·Assuming a sea quark production mechanism, the channed quark 

dis~ribution functjons are expected to cause some x8 j dependence 

(c) 

on the cross-section: / . 

TI1is analysis covers a small range of x8j (0.0001 < x8j < 0.1) 

and the charmed quark distribution was assumed to be constant. 

The variables chosen for the model are not unique. In some 
E 

models, z (= D /v) is preferred to xF and Pl rather than Pi· 

Moreover, some Q2 dependence might be required from charm threshold 

effects. 

A discussion of the distributions of the variables used in the 

Monte Carlo, and the methods of obtaining them wi 11 now be given. 

. xF Dependence 

Uncharrned hadron production in muon scattering has an xF 

dependence of the form e-bxp with b ~ 3.S~S8) There is some evidence 

however, that charmed particle production does not have an exponential 

d . t "b . b h h . f d" · b . ( 20) F xF is r1 ut1on ut rat er as a uni orm z istr1 ut1on • or 

z ~ 0. 2_, xF and z are approximately identical and a uniform z distri-

bution implies a uniform xF distribution. Tite two distributions 

D ( ) -3.Sxp xF . = e and D(xp) = Constant were used to calculate the acceptance 

as a check on model dependence. Only the range 0 < xF < 1.0 (current 

fragmentation) was considered. 

Pi Dependence 

This again requires consideration of uncharmed hadron production 

-bP2 
in deep-inelastic scatter~ng, which has a dependence of the form e l 

•;.,,.(59) 
With b 'I. 8 • Model dependence was tested using two input distributions! 
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n (Pi? = Constant 

A cut-off at P = P was applied. J. max 

¢
0 

Dependence 

In the naive parton model, no azimuthal dependence is expected 

about the virtual photon axis, since the system has cylindrical symmetrf. 

~D was therefore chosen uniformly in the range 0 < ~D < 2n. 

g2 and " Dependence 

d2cr Q2 and " must be chosen according to the cross-section dQZdv 

for deep-inelastic scattering, such that the scattered muon falls 

within the acceptance of the spectrometer. A cut was also imposed on '-' 

Q2 and " corresponding to the cuts applied in the data analysis. 

~y* Dependence 

There is axial synnnetry about the incident beam direction. ~Y .,, 

was chosen tmiformly in the range O < ~ * < 2n relative to a known Y 
y 

axis perpendicular to the incident beam direction. 

The methods chosen to generate these variables in the Monte Carlo 

were quite straightfonrnrd. A random nwnber generator was used to provide 

the uniform ¢ distributions. A distribution of the form e-Ay can be 

1 generated from the distribution y = - A !n y' where y' is chosen uni-

formly in the range 0 < y' < 1. A cut-off was then applied at Xp = 1 
r 

,-' 

and PJ.. = p • max 

· A file containing all even~s used to measure F2 (x) was used as 

a source for Q2 and "· Acceptance cuts on the scattered muon were then '-' 

applied. To complete the description of the interaction, the vertex was 

choscn····uniformly within the target volume, and the incident beam track " 
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Having obtained the momentum vector of the D-meson in the 

y*-proton centre-of-mass frame, it is straightfonrnrd to transform into 

the laboratory system using.standard rotation matrices and Lorentz 

transfor1:iations. 

Decay-Product Generati"on 

-+- +- + +++ Only the decays D0 
-+ K ir , D0 -+ K n and o- -+ K 1T-1T- were 

considered. An isotropic decay distribution was used for the two body 

decay and a uniform phase space distribution for the three body decay. 

The decay products were considered to cor:ie directly from the interaction 

vertex. A simple hard core model was used to project the decay products 

through the spectrometer magnet. '!be particle trajectories could then 

be tested for acceptance. Additional cuts on morrentum and opening 

angle could also be applied to 'particles' accepted by the apparatus 

as required. 

General Results 

The acceptance Monte Carlo served two purposes in the analysis. 

Its first objective was to obtain an acceptance for each of the four 

decay channels averaged over all kinematic variables. Its second 

ftmction was to determine acceptance distributions for several of these 

variables. These distributions could then be used to detennine data cuts 

which would maximise detection sensitivity. 

An investigat:ion into the model dep_endence in the Monte Carlo 

Was carried out by considering two different ftmctions for both the Pi 
and xF distributions: 

..... 

...... 
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(a) 

(b) 

(c) 

(d) 

A tmiform xF distribution in the range 0 < xF < 1.0 

An exponential xF distribution of the form e-3.Sxp in the 

range 0 < xF < 1.0. 

A uniform Pl distribution in the range 0 < Pl< 9 (GeV/c)2. 

-8P2 
An exponential Pl distribution of the form e l in the 

range 0 < Pi < P . max 

Each xF distribution was used in conj:.:nction.with both Pi 

distributions to produce four different functional inputs to the 

111odel . 

The muon-kinematics acceptance distribution and the analysis cuts 

made on this also affect the resultant model distributions. The 

analysis cuts used were: ..._,, 

(a) 

(b) 

(c) 

1 < Q2 < 2 (GeV/c2) 2, 120 < v < 200 GeV 

140 < v < 200 r~v 

Q2 > 2 (GeV/c2 ), 10 < v < 200 GeV 

These cuts correspond to a muon accpetance greater than 10% in 

all regions of the kinematic plane. The input zD distributions obtained 

from each of the four (Xp Pl.) distributions 1 are. shown in Fig. 6. 4 

for Q2 > 1.0 (GeV/c2) 2 • The results are weighted by the raw (Q2 _,v) 

distribution observed in the spectrometer follo~ing analysis cuts. The 

"' cut-off at zo"' 0.1 is a direct result of the muon kinematics. z . nu.n 

is clearly obtained at xF = 0, PJ.. = 0, v = v , Q2 = o2 • .. where the max 'min 

meson is produced at rest in the y*-proton centre of mass frame which 

has the highest energy possible. Retaining only terms in v in the· 

transformation to the laboratory frame gives 

"' z • "' n11n /2m v 
p 

Th~ .ID!iform Pi distribution clearly 
. ._,_ ... 

= 0.096 

distorts the z distributions 

resulting from both xF distributions. The acceptance as a ftmction of 
/l 
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p2 (and P.l:) was found to be flat. Therefore, the observed differences 
. .l-
are simply a result of the intrinsic P..]_ dependence in xF' which is most 

pronounced at high Pl and lo\v. xF. However, these distortions are the 

result of a violent change in the Pl distribution. All measured un

charmc~ meson P.l distributions show an exponential fall-off with Pl 

which can be paramcteriscd as a function of·Pi or Pl. (SS) Any reasonable 

function of this type can be expected to give sinular z distributions. 

Major differences will only occur as a result of improbably high values 

of P.l. or at low z (as can be seen in Fig. 6.4). Above z > 0.6 the 
"' 

distributions are simila.r for both Pl distributions. 

The hadron arm in the downstream spectrometer was centred on the 

nominal beam centre of the apparatus. The geometric acceptance for positive 

and negative particles is therefore approximately the same. as should 

be the acceptance for the products in charge conjugate isotropic decays. 

Within statistics, all acceptance distributions (momenttnn, opening angle. 

xF' z) were folllld to be the same for the charge conjugate decays. The 

average acceptance for charge conjugate decays agree to within ±0.02 

for all models (Table 6.1). As this is the case, explicit reference to 

the sign of decay products will now be omitted in the remainder of this 

section. Thus the reference D -+ Kir should be taken as referring to both 

decay channels (D0 -+ K-:-ir+. i)iS" + K+1f-). 

Since the spectrometer acceptance is flat as a function of P.J.., 

t~e·acceptance as ~function of xF (or z0) determines the accepted 

xF(z0) distributions resulting from the four input distributions. 

Figure 6.5 shows the acceptance as a function of xF and z for the two 

·-. 

input Pl. distributions (averaged over all accessible Q2 ,v). The acceptance 

follows the same trends for both Pi distributions. At low xF (or z0) 
... , ... 

> 
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the Llcceptance is poor·, as would be expected in a downstream spectrometer. 

Acceptance increases rapidly with z0 as more decay products gain sufficient 

·momentum to pass throl!gh tJ:le spectrometer magnet. The Kirrr acceptance is 

consistently lower than that for Kir, reflecting the lower average 

rnomcntum of the decay products. 

Convoluting the input xF distribution with its acceptance will 

reproduce the xF distribution observed downstream. The resulting z 

distributions for the four models are s.hown in Fig. 6.6. For the 

distributions obtained from a uniform XF input distribution, the acceptance 

is clearly the dominating factor, weighting events to high z. In 

· · h . - 3 .SxF d" "b . h" h . d . contrast 1t 1s t e input e 1str1 ut1on w 1c 1s Oill1nant over 

the acceptance and produces a distribution weighted to low z. As a 

resul t
1 

the average acceptance in the two e - 3 .SxF models is 30% lower 

than that in the models with a uniform xF distribution (Table 6. I)~ 

Both the KiT and K1T1T decays follow the same general shape. 

The effect of spectrometer acceptan_ce on two additional variables 

was investigated with regard to possible data cuts. These were the 

momentu.~ distribution of the kaon and the angular distribution of the 

kaon relative to the momentum vector of the D in the y*-proton centre of 

mass frame (SK). eK is input as a uniform coseK distribution in both 

isotropic and phase space decay schemes. As was· shown in Chapter S 1 the 

momentum of the kaon must lie in a narrow band to obtain identification 

from the Cerenkov counter. The opening angle distribution is a standard 

procedure used to identify uncorrelated tracks which appear as spikes 

at cose "' ±1. 

The momentum distributions show the same trends fo·r all models 

and in both decay channels. (Fig. 6.7) The kaon momentum peaks around 
\ 

IS GcV/c ~d· falls away slowly on a long tail out to 100 GeV/c. The 

·., 

' 
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2 -SPl -3.Sxp 
~harpcst peak occurs in the distribution with both e and e 

'1.S expected since this weig~ts towards low :xF and P .l.' Both uniform xF' 

and uniform Pi distributions tend to broaden this peak. As expected 

from the decay scheme, the kaon from the three body decay has a lower 

average momentum than that from the two body decay (Table 6. 2). The 

peak in the momentum spectrum is also lower. 

For all models, the opening angle distributions in both channels 

show a sharp fall-off at coseK "' ±1 (corresponding to forward-backward 

decay) (Fig. 6.8). Therefore, any opening angle cuts used to remove 

spikes will not greatly alter the overall acceptance. A cut in opening 

angle which removes all events where jcosaK[ > 0.90 changes the overall 

-SP2 
spectrometer acceptance from 0.46 to 0.44 in the case D-K~, for e l.., 

uni form xF input. 

However, the effects of this cut must be considered in conjunction 

with the data analysis cuts used to obtain a cross-section. These also 

affect the angular acceptance _and will be discussed as appropriate. 
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6.3 D-~~SON ANALYSIS 1 

As was outlined in Section 6.1, the aim of this analysis was to 
. . + i + ; ; 

search for enhancements 1n K-n and K-n n invariant mass spectra in 

the neighbourhood of 1. 8 GeV/c2 • In this search, the information 

provided by the Cerenkov counter was used to identify the kaons (since 

kaons with a momentum less than 21.2 GeV/c do not emit Cerenkov radiation 

in the counter). As was shown in Chapter S, there are two backgrounds 
• 

which also give this signal. 

1. Protons. These also fail to emit Cerenkov radiation in this 

momentum range. 

2. Pions. Inefficiency in the counter, particularly quantum 

inefficiency at low momentum can result in pions failing to 

emit Cerenkov radiation. 

In the usual picture of deep-inelastic scattering,, the downstream 

products come from the fragmentation of the virtual photon and the 

target proton is given little momentum. Baryon anti-baryon production 

from fragmentation should be highly suppressed relative to meson production 

and the ·target proton should rarely be seen by the downstream spectrometer. 

Proton contamination is therefore expected to be small.· A measure~ent 

of proton production was made at higher momenta~ at which protons can 

be identified unambiguously by the Cerenkov counter· (Chapter 7) • 

1his was found to be consistent with background and therefore proton 

contamination was neglected in this analysis. 

The mean n/K rati9 observed in the experiment was approximately 

6:1 (Chapter 7). A small inefficiency in the Cerenkov counter can 

therefore lead to a high backgrotmd contamination in the kaon signal 

due to pions -· an inefficiency of S~.o corresponds to a contamination of 

over 20~ .. ~ .. This effect determines the minimum momcntur.'l at which kaons ) 

can be identified for a given pion contamination. 
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Several schemes were used to classify particles: 

Particles with a momentum between 12.4 GcV/c and 21.2 GeV/c 

. which fail to ligh~ the Cerenkov counter are classified as kaons, 

(corresponding to the 95% pion efficiency level and the kaon 

Cerenkov threshold respectively). All other hadrons are con-

sidercd to be pions. 

Particl~s with a momentu.'11 between 8.0 GeV/c and 31.0 GeV/c 

which fa5.l to light the Cerenkov counter are classified as 

kaons (corresponding.to the 90% pion efficiency level and the 

90% kaon efficiency level respectively). All other hadrons are 

classified as pions. 

C Particles with a momentum between 12.4 GeV/c and 21.2 GeV/c 

which fail to light the Cerenkov counter are classified as 

kaons. Particles with a mornentwn less than 21.2 GeV/c which 

light the cotmter are classified as pions. No other particles 

considered. 

Clearly, these examples form only a subset of the possible 

criteria which can be applied to the identification scheme. The choice 

Of criteria used to obtain a final measurement was determined by the 

basic result of this analysis. No enhancement was observed in the 

"vicinity of the D mass either in Krr or Knrr combinations. Schemes B and 

C above both suffer from the problem that the momentum depenQ.ent quantum 

inefficiency must ~e incorporated into the acceptance Monte Carlo. 

Scheme 'A' provides_lOO%·acceptance for D decays producing a kaon 

Within the given momentum range, provided all decay products are 

accepted by the spectrometer. This scheme was therefore chosen to 

obtain an upper limit on D-rneson production. 
.... . 
1he event kinematics and acceptance cuts used were: 

I 
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10 < v < 200 GcV, 2 < Q2 < 80 (GeV/c2)2 

120 < v < 200 GeV, 1 < q2 < 2 (GeV/c2)2 

140 < v < 200 <;leV, 0.8 < Q2 < 1 (GeV/c2 )2 

160 < v < 200 GeV, 0.5 < ·q2 < 0.8 (GeV/c2 )2 

170 < v < 200 GeV, q2 < 0.5 (GeV/c2) 2 

(b) XBj < 0.1 

(c) w2 > 22 GeV2 

(d) The interaction vertex was required to lie inside the target 

area in x and y, and within three standard deviations of the 

target in z. 

(e) lhe scattered muon was required to have Class 1 timing and 

both x ar!d y links to proportional chamber tracks. The downstreara 

muon ·track was required to pass outside the K-veto hodoscope and 

inside the outer limits. of the M and H' ho dos copes. Finally, the 

downstream track was required to project within 3 cm of the 

interaction vertex in y • 

. Hadron identification was based on the tracksorting scheme 

described in Chapter 4. Only tracks with Class 1 timing were allowed. 

In addition to passing the duplicate and quality_ tests of the track 

sorter, hadron tracks were required to link to both x and y tracks in 

the proportional chambers. A pointing test was applied to these links, 

requiring: 

(x . 
proJ 

x )<3£ +Smm vert x 

Cy Y ) < 3 E + 8 mm proj - vert · y 

where (x ..... , y .) are the (x,y) coordinates of the track at the vert"cx;~ 
. proJ proJ 



( 

' j 
( 

ex , y ) the coordinates of the vertex; and e: y is the error 
vert vert · x, 

on the (x,y) coordinates of the vertex. 1be minimum value of 8 mm 

ensures that if the vertex is well determined, the track pointing 
•'. 
j 

I 
l 

i 
rcquire~cnts are not unreasonably strict (Fig. 6.9). 

•. 
t 
i 

. Candidates for kaon tracks were only selected from those hadron 
·i 

tracks which passed outside the Cerenkov beam deadener and inside the 

mirror 'window-frames' as described in Chapter 5. All hadrons which 

either failed this geometric test or the kaon criteria were classified 

as pions. 

The invariant masses of the various cor.hinations were then obtained 

for each event, a.1d entered in the appropriate plots. Hul tip le entries 

were allowed for each event in different plots, e.g. a combination 

+ - -K ~ ~ would enter once in the three particle plot, and twice in the 

two particle plot - this should only affect low mass backgrormd. 

Data analysis was carried out in two regions of 

1 < Q2 < 80 (GeV/c2 } 2 

High Q2 : 1 < Q2 < 80 

A search for D meson production was ma.de in this region following 

schemes A and B outlined above. An analysis of the four separate 

+ - - + + - - - + + . -
channels (K rr , K TI , K rr TI , K rr ~ ) could not be made as there was 

; 
1 insufficient data. Following the symmetry arguments given earlier, 

charge conjugate decay channels were co~hined. The invariant mass 

spectra for Krr, KrrTI and. their sum are shown in Figures 6 .10 and 6. 11 for 

schemes A and B. CoseK distributions are shown for the two schemes in 

Figures 6.12 and 6.13, where eK is defined as the angle between the kaon 

1nomentwn vector and that of the combined mass M in the laboratory, 

.. 
lllcasurcd ·in the rest frame of H (Fig. 6.14). zM distributions are shown, 
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Ef·1 
in fif·.rrcs 6.15 a..'!d 6.16, where z

14 
is defined as /v. 

Schemes A and B were expected to give similar results. However, 

' ' despite an increase in backgretmd from pion contamination, it was hoped 

that scheme B \\ould give increased sensitivity (as it has a higher 

:icccptance for kaons). The general features of the three distributions 

are the same for both schemes. No en.liancements which cannot be attributed 

to·simply sta!istical fluctuations are apparent in the mass range 

1.6-2 .O GcV/c for either scheme. The observed opening angle distributions 

agree qualitatively with those obtained in the Monte Carlo. Features 

~~ich Fight justify an opening angle cut on the data are not apparent 

(e.g. spikes at cos9K"' 1). therefore no ope.ning angle cut was used. The 

observed zU distributions are also similar to those obtained from the 

Monte Carlo. This however, must simply be an effect of acceptance, 

and general meson production since it is clear from the scatter plots 

shown in Fig. 6 .17 that low z entries in the data come predominantly 

from low mass combinations. The only reasonable conclusion from this 

analysis is that there is no observable D-meson production. The fol lowing 

scheme was then used to calculate an upper limit on D-meson production. 

This was only carried out for scheme A., as it was only for this scheme 

that the acceptance could be calculated with confidence .• 

The overall spectrometer acceptance (a) for the four decay 

channels is shown in Table 6.3. The D~rneson production model used 
2 . 

. f d. -SPJ. d" "b . Th b h" was a uni orm xF 1stribution and an e 1str1 ut1on. e ranc 1ng 

ratios for the decay channels (B) and the values a.B are also shown in 

Table 6.3. It is apparent that within errors> all channels have the 

same a.B. Since charged and neutral D-meson production should occur 

·With equal probability and have nearly the same mass, it is a reasonable 

approximation to.sum all four channels (which will increase sensitivity). 
' 
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111e resultant distribution - D - can then be assigned a mean o. .B for 

use in calculation of the cross-section upper limit. This however, 

also requires an estimate of the maximum number of D-meson events . 

It was chosen to estimate this, by the number required to give a 1.64 

standard deviation above backgrotmd (90% confidence level) in the region 

of the D mass (1.87 GeV/c2 ) within the resolution of the spectrometer. 

The combined invariant mass plot· is shown in Fig. 6.10. The 

background under the D is fairly flat and was estimated by the average 
; 

number of events in the range 1.75-1.95 GeV/c2 . The mass resolution of 

the spectrometer was measured to be 40 J.!eV /c2 cr rms from the width of 

K;C3S). The background estimate is therefore given by the total number 

of events in the range 1.83-1.91 GeV/c2 • The results are shown in Table 

6.5. An upper limit of 2200 D-mesons produced in this data set was 

obtained. Cerenkov counter information was available for only a section 

of the total data and comprised of an integrated flux of 3.95 x 1010 µ's 

in which there were a total of 4398 deep-inelastic scattering events. 

(A discussion of the normalisation is given in Chapter 8, and results 

in Tables 8.1 and 8.3.) 

The Q:O% confidence level on the total cross-section u + p ~ µ + D + X 

based on this analysis, in the region l < Q2 <·so (GeV/c2 ) 2 ~ 10 < v < 200 G 

is 

23.4 ± 7.6 nbarns 

and the contribution of charm production to the total cross-section in 

this region 

so± 16.3% 

The error in the measured branching ratios (26%) was combined in 

quadrature with an estimated error due to averaging a.B (33'°,;) to obtain 
··". .. 

the relative error in the cross-section. I 
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The results of the high Q2 analysis indicated that no increase 

in sensi ti vi ty would be obtained by identification scheme B. Therefore 

only identification scheme A' was used in the low Q2 analysis. Again, 

statistics lirr~ted the investigation to the co~hined decay channels 

+ + + + + 
Ctr , lC'!T n • 

The invariant mass spectra for Kn', Kmr and their sum are shown in 

Fig. 6.18, zM and coseK distributions are shown in Figures 6.19 and 

6.20. Again, no enhancements in the invariant mass spectra which are 

not consistent with statistical fluctuations are observed. ·The zM and 

coseK distributions show no anomalous behaviour, and again no opening 

angle cut was applied to the data. An upper limit on the D-production 

cross-section was therefore calculated, folle1dng the procedure described 

in the high Q2 analysis. 

From Fig. 6.18 it is clear that the background in the vicinity of 

the D-mass, for the summed 4 channel plot, is relatively flat. 

1he average number of events in the range 1.7-2.0 GeV/c2 was used as an 

estimate of backgrotmd. The spectrometer acceptance a, and a.B are 

shown in a Table 6.4 for this Q2 range. A large variation is apparent 

for the four channels, but errors are also large and the approximation 

that these be represented by an average value is not unreasonable 

(particularly as the analysis is an estimate of an upper limit). The 

results-obtained are shown in Table 6.5. An upper li~it of 1642 D-

mesons produced in this kinematic region was obtained. This corresponds 

to a .total cross-section for D-meson production of 14.8 ± 3.9 nbarns, 

and corresponds to a contribution of 34 ± 8.9~a to the total deep-inelastic 

cross.:.section in this region. The error, due to averaging a.B was 

• combin-9d. in qu:idrature with that in the measured branching ratios to 

obtain the quoted errors. J 
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6.4 D-MESON ANALYSIS 2 

The D-meson acceptance f.1onte Carlo predicted a large fraction of 

decays, which were fully accepted by the spectrometer but in which the 

}:aon had a momentum greater than 21.2 GeV/c (Fig. 6.7·, ·Table 6.6). Since 

the analysis which used the Cerenkov counter identification of the kaon 

had resulted in too small an acceptance to provide a useful upper limit, 

a scheme involving these high momentum kaons was considered. The only 

major problem to be overcome is that of multiple combinations as some 

30% of the hadrons observed .in the spectrometer had a momentum greater 

than 21 GeV/c (Fig. 6.21). 

lbe general method used was to consider each hadron with a 

D10mentum greater than 21.2 GeV/c as a kaon and co~bine this with all 

. other hadrons in the event. Distributions for Kir and Kmr using this 

simple rrethod are shown in Figures 6. 21 and 6 .22. Clearly a detailed 

understanding of the background resulting from multiple combinations is 

required before a reliable estimate of D production can be made. This 

indicated the use of a second Monte Carlo, and therefore the simple 

approach was rejected. 

The general characteristics of D-meson production, predicted from 

the ·Monte Carlo were used to remove the effects of multiple combinations 

in a second approach. As the spectrometer acceptance was predominantly 

at high z (Fig. 6 .S) it is reasonable to assume that only one of the 

pair of D mesons can be observed in the spectrometer. It was therefore 

chosen to make only ~ entry per event in any of the plots - the 

combination with the mass closest to the D-mcson mass was selected. 

The event and hadron selection criteria given in Section 6.3 were 

also applied in this analysis. Plots were accumulated for the following 

classes in each event: 
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J. The two particle mass closest to 1.86 GcV/c2. 

(K-n+ or K+n- but.not both). 

2. The three particle ~ass closest to 1.86 GeV/c2. 

- + + + - -(Kn n, Kn n but not both) . 

3. The invariant mass combination closest to 1.86 GeV/c2 • 

4. Results were further classified in two zM bins: 

0 < ZM < 0.4 ; 0.4.< ZM < 1.0. 
...__. 

The invariant mass distributions for decay channels containing 

. + + - + - - - - + - + -either a K (i.e. Kn or Kn n) or a K (i.e. Kw or Kw n ), 

resulting from this procedure are sho~n in Fig. 6.23, for zm > 0.4. 

In both plots, but particularly in that for the channel containing a K-, 

there is an enhancement in the vicinity of 1.85 GeV/c2 • It was then 

necessary to determine whether this was a real D-meson signal, or a 

rcsul t of the mass selection procedure. To investigate this, a second 

series of plots were obtained in which: 

A only hadrons with momenta greater than 21.2 GeV/c were chosen 

as kaons 

B Only hadrons with momenta less than 21.2 GeV/c were chosen as 

kaons. 

The momentum cut of 21.2 GcV/c was chosen to allow the use of the 

Cerenkov counter to reject pions in Class B ultimately. 

Fig. 6.24 shows the invariant mass distributions for K+ and K -

iri the two momentum bands for zH > 0.4. The enhancement is clearly 

Visible in the K- plot at low momentum, and perhaps also in K+. 
t 

However, ~o· enhancement is apparent in either plot for selection A above •. 

. I 
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fig. 6 .25 shows coseK distributions obtained using selection A for 

masses greater than 1 GeV/c2 , clearly indicating a preference towards 

fon'lard decay. However, no anomalous behaviour is apparent. An upper 

limit could therefore be obtained from scheme A, further investigation 

was required for scheme B. 

A first stage in investigating the enhancement observed in scheme 

B was to obtain finer mass binning. This is shown for the summed 

distributi~n (K+ + K-) in Fig. 6.26 for the ranges 0 < zm < 0.4, 

zm > 0.4, 1 < Q2 < 4 (GeV/c2 ) 2 , 4 < Q2 < 80 (GeV/c2)2~ No Q2 or z 

dependence is apparent, and the enhancement is no longer clear. This 

suggested that the enhance~ent was a statistical fluctuation amplified 

by binning and mass selection. Nevertheless, a second stage of investi-

gation was pursued using the Cerenkov cot.mter information to reject 

pions (tmfortunately also reducin~ the data set available). The 

object was to detect as many pions as possible and no geometric cuts 

_were applied to tracks (such as in Chapter 5). Selecting only those 

hadrons which also failed to light the Cerenkov counter as kaon can-

didates clearly produces a much purified sample, even allowing for 

detection efficiency (a minimum of 50-60% kaons). Fig. 6.27 shows 

the result of this cut on the invariant mass distributions. The most 

striking fact is the large reduction in the number of entries (a 

factor of 10). A comparison of zm and coseK distributions, with and 

without pion rejection, are shown in Figures 6.28 and 6.29. In both 

cases, the cut does not affect the general shape of the distributions, 

and both are in semi-quantitative agreement with Honte Carlo predictions 

(particularly the observed peaking at cos9K "' 1). The breakdown of 

the summed distributions into z and Q2 bins is shown in Fig. 6.30 • 
....... .. 

Statistics are very poor,. and no conclusions can be drawn. 
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115. 

As was the case in Analysis 1, the conclusion of this analysis 

is therefore that there is no observable D-meson signal in the four 

+- -+ +-- -++ channels K n , K n , K n n , K n n • An upper limit will be estimated 

following the procedure given in Section 6. 3. This will he made for 

the following criteria: 

(a) 

(b) 

PK > 21.2 

PK < 21.2 

·rejection 

GeV/c, z > 0.4, 

GeV/c, z > 0.4, 

of pions 

Q2 > 1 

Q2 > 1 using Cerenkov· counter 

(c) PK < 21.2 GeV/c, All z, Q2 > 1 using Cerenkov rejection 

of pions 

(d) 

"(a) 

PK < 21.2- GeV/c, All z, Q2 > 1, without rejection of 

pions. 

The four channel summed distribution for this class is shown 

(A2) 

(B2) 

(C2) 

(D2) 

in Fig. 6.31. 'Ihe distribution is relatively flat in the range 

1.75-1.95 GeV/c2 and the average value in this range was chosen as an 

estimate of the backgrotmd. A table of acceptance for this class of 

events is given in Table 6.6 from which a mean value of a.B was obtained. 

Details of the results are given in Table 6.8. An upper limit of 

1760 ± 526 D-rnesons was obtained. The full data set was used. for this 

measurement, and the normalisation is given in Tables 8.1 and 8.3 

(Data set A). 

·The 90% confidence level on the total cross-section for D-meson 

production is 9.9 ± 3.0 nbarns, corresponding to a contribution to the 

total deep-inelastic cross-section of 21.2 ± 6.3%. 

..... . " 
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(b) 

116. 

PK < 21.Z GcV/c, z > 0.4, 1 < Q2 < 80 (GeV/c2) - Including pion 

Rejection. 

The acceptance for.this class is given in Table 6.7. Summed 

distributions for the four channels are shown in Fig. 6.27. The 

invariant mass distribution is flat and the average in the range 1.5-2.2 GeV/c2 

was used to estimate the background. Details are given in Table 6.8, 

the 90~.; confidence level was measured to be 1281 ± 478 D-mcsons. 

Normalisation is from Data Set B in Tables 8.1 and 8.3. A limit on the 

total cross-section of 7.2 ± 2.7 nbarns corresponding to 15.4 ± 5.8% of 

the total deep-inelastic cross-section is obtained in this region. 

(c) PK< 21.2 GeV/c, All z, 1 < Q2 < 80 (GeV/c2) - Including pion 

Rejection. 

The l-Ionte Carlo calculation of acceptance for this class is given 

in Table 6.7. The four channel summed invariant mass distribution is 

shown in Fig. 6.32. Again, this distribution is flat and the average 

value in.the range 1.6-2.0 GeV/c2 was used to estimate background. A 

90% confidence level of 1340 ± 413 D-mesons was ~btained (details arc 

given in Table 6. 7). The relevant normalisation is Data Set B in Tables 

8.1 and 8.3. 'lhis gives a 90% confidence level on the total charm 

production cross-section of 14.2 ± 4.4 nbarns, corresponding to 30.5 ± 9.4% 

of the total deep-inelastic cross-section. • 

(d) PK < 2i..i GeV/c, All z, I:< Q2 <.80(GeV/c2) 2 - No pion Rejection 

1be aim in calculating an upper limit from this class was to 

use .the full data set in an attempt to obtain a consistency estimate 

with t~~e previously given. 
' 
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The acceptance for this class is given in Table 6. 7. The summed 

inVal:iant mass distribution is shown in Fig. 6. 33. This is not wholly 

consistent with a flat distribution, but for an estimate of the back-.· 

ground in the vicinity of i.85 GeV/c2, it would be reasonable to take 

the average val uc of the distribution in the range 1. 75-1. 95 GeV/c2. 

Details are given in Table 6.8, a 90% confidence level of 2978 ± 918. 

D-mesons was obtained. Tirn normalisation is given in Tables 8 .1 and 

8.3 for Data Set 3. This gives the 90% confidence level for the total 

D meson cross-section of 16 .·7 ± 5. 2 nbarns, corresponding to a contri-

bution of 35. 9 ± 11.1% to the total deep-inele.stic cross-section. 

Low Q2 ~n < Q2 < 1.0 (GeV/c2)2: 

Only two categories were investigated in this region: 

1. The kaon·chosen only from hadrons with momenta greater than 

21.2 GeV/c (where no pion rejection. is possible). 

~- 1he kaon chosen only from hadrons with momenta less than 21.2 GeV/c 

which failed to light the Cerenkov counter (using the loose cuts 

of this section). 

A comparison between the invariant mass spectra of K+ and K

channels for the above categories and zH ~· o.4 is shown in Figures 

6.34 and 6.35. Scatter plots against z for~". 0.4 are shown in Fig. 6.36. 

No statistically significant enhancements in the vicinity of 1.85 GeV/.c2. 

are apparent in any of these distributions. The ~ost striking feature 

is that pion rejection again reduces the number of entries in the plots 

for classification 2 to approximately 1 /10th of those for classification 

1. An interesting backgro~nd is apparent in the scatter plots where 

~· 

elastic p events are clearly visible at z "' 1 and a mass of M l\i mp + ~ - mn. 

Fig. 6.37···shows a comparison of the cosOK distrib.utions for PK> 21.2 GeV/C. 

an r1 o < .., l ? r.,." /,. Nn d oni fi cant deviations from Monte Carlo nredictions 
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were apparent, therefore no. opening angle cut was applied to the data. 

Again, the conclusion of this analysis was that no observable 

D-meson signal \·Jas apparent in the data, and an upper limit on the cross-

section was obtained fol lowing the procedure described in Section 6. 3. 

This was carried out for the four classifications: 

(a) PK > 21.? GeV/c, Q2. < 
Jill.n 

Q2 < 1.0 (GeV/c2) 2 • 0 < z < 1 m 

(b) PK > 21.2 GcV/c, ~- < Q2 < 1.0 (GeV/c2) 2 , 0.4 < z < 1 
1n m 

(c) PK < 21.2 < GeV/c, ~ < .n 
Q2 < 1.0 (GeV/c2)2, D < zm < 1 

using pion rejection, 

(d) PK < 21.2 GeV/c, ~n < Q2 < 1.0 (GeV/c2)2, 0.4 < zm < 1 -

using pion rejection. 

1hc four channel sur..med invariant mass distributions for these 

classifications are shown in Fig. 6.38. Tables 6.9 and 6.10 give the 

acceptance values from the ~.tonte Carlo using a nniform xF distribution 
2 . 

d -BPJ.. d. 0 b . . . Th B . h an an e 1str1 ut1on as input. e errors on <a. > in t cse 

:. tables are calculated from the spread in a.B, and the measured error 

in B combined in quadrature. Results are given in Table 6.11, back-

ground estimates were taken as the average number of events in the 

.. ranges i~dicated on Fig. 6.38. · The normalisation given in Tables 8.1 

"and iL3···far the appropriate data sets gives the following upper limits 

on D-meson production for Q2 < 1.0 (GeV/c2)2; 

(a) PK> 21.2 GeV/c, 0 < zm < 1.0 (E2): 

A ·total 0 cross-section of 8.0 ± 2.5 nbarns, corresponding to 

18.8 ± 5.9% of the deep-inelastic cross-section . 

(b) PK> 21.2 GcV/c, 0.4 < zm < 1.0 (F2): 

·'..A ·maximum D production cross-section of 6. 9 ± 2. 2 nbarns, 

" corresponding to 16 .2 ± 5 .2~.; of the deep-inelastic cross-section. 
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(c) 

(d) 

119. 

PK < 21.2 Gc\'/c, 0 < z < 1 (G2): 

A rnaximura D production cross-section of 11. 2 ± 4. 2 nbarns, 

corresponding to 26.3 ± 9.9% of the deep-inelastic cross-section, 

was obtained though statistics are poor in this plot. 

PK< 21.2 GcV/c, 0.4 < z < 1 (H2): 

There are very few entries in this plot. A maximum D production 

cross-section of 8.2 ± 3.5 nbarns, corresponding to 19.3 ± 8.2% 

of the deep-inelastic cross-section. 

..• 
. ' 
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i:i.5 . DISCUSSIO;\ or RESULTS 

111e calculati~n of the charm contribution to deep-inelastic 

$cattcring is important in the tmderstanding of the scaling violations 

observed in the.inelastic structure functions at small x. A comparison 

of the upper limit obtained in this analysis with various theoretical 

estimates will be made. Some recent experimental results will also be 

given. 

A summary of the results obtained in Sections 6.3 and 6.4 is 

given in Table 6.12. It is clear from this analysis that the spectro

meter had a very low efficiency for the detection of the hadronic decays 

;· of D-mcsons. Moreover, the Monte Carlo used to calculate final values 

of acceptance was the most favourable possible - if D-rnesons are produced 

with an xF distribution similar to non-charmed hadrons, (i.e. weighted 

towards low =<:r.) then the acceptance is essentially zero. In addition, 

coupled to this low acceptance there is the disastrously low branching 

ratios of the two and three body hadronic decay channels of 2-4%. 

The probability of observing a D-meson decay is therefore a number of · 

order 0.1 x 0.03, and the results reflect the very low sensitivity. A 

single event therefore represents an enormous cross-section - most of 

~~ the. lfmi ts obtained would correspond to an observed signal of only 10 

events but nevertheless represent a contribution to the total cross-

section of some 20-30%. 

The various estimates of an upper limit on charm production do 

not represent indcpendent·measurements: rather they represent measurements 

on the same data using analyses of different sensitivities. Therefore, 

it is reasonable to take the lowest 90"c> cl in each Q2 region as a best 

estimate on charm production {since this corresponds to the analysis 

with highest sensitivity). 

I• 

... 
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Explicitly defining the regions of integration (corresponding 

to the analysis cuts) gives: 

J
l.O 

~n 

f200 . 
V'\.1140, x

8
.<0.1 

' J 

D + X) < 6.9 nbarns 
"' 

(representing 16.2% of the total cross-section in this region). 

ro 200 

Q'=l Jv=lO, x8j<0.1 

d2a 
dQ2dv (µp + µ + D + X) ~ 7.2 nbarns 

(representing lS.4% of the total cross-section in this region). 

However, the errors on these limits are some 30-40%. 1he means of the 

kinematic variables in these regions are: 

c~) Q2 = ~n - 1.0 (GeV/c2)2 

. <Q2:> = 0.25 (GeV/c2) 2 

<v> = 183 GeV 

<S> = 344 Gev2 

<X> = 0.0007 

(b) Q2 = 1.0 - 80.0 (GeV/c2)2 

. <Q2> ; 5.1 (GeV/c?) 2 

. <v::i> ::: 141 GeV . 

<S> = 200 GeV2 

<X> = 0.023 

f .Q!her Experimental Results 
.. 

One other experiment has estimated the contribution to the 

decp..:.inelastic cross-section from charmed D-meson production. C20) 

This estimate was inferred: from the observed rate of dimuon production """"' 

relative to the normal deep-inelastic process which gives a single 
•. + + ± 

llluon in th~ final state (i.e. a(u + + P + ll + + ll + X)) _ • 
a(µ + p + µ + X) 

,. 



However, again this rcsul t relics on a 1riodel dependent calculation of 

'i"-\ acceptance for the muon from D-decay. An upper limit on the contri-

( 

' 

bution from charm production in deep-inelastic scattering of S~o was 

obtained. 

Although the processes arc not directly related to deep-inelastic 

muon scattering, it is interesting to compare the cross-sections 

+ -obtained for D-meson production in e e annihilation and neutrino 

scattering with the results presented in this thesis. The vector meson 

t1J(3772) lie5 just above D threshold and decays completely into D0 '0". 

The total cross-section for this reaction (56 ) is 

+ e + e ~ ~(3772) is 9.1 ± 2 nbarns 

at a centre of mass energy of 3.772 GeV. 1he branching ratios to the 

two possible decay channels were also measured: 

8[~(3772) ~ D0 D°] = 0.56 

. + -
B[~(3772) ~ D D ] = 0.44 

(where the difference is a result of a slight mass difference). 0° 

and W production have been observed in neutrino scattering, directly 

from. their hadronic decays(S7) (it is interesting to note that the 

! 
} charged meson D± has not been observed within the experimental resolution). 
? 
' 
~ 
1 A contribution from D0 production to the deep-inelastic neutrino 

scattering of 17.5% was obtained. However, as was already mentioned, 

neither of these results can be directly related to charm production in 

muon scattering. In e+e- annihilation the picture is of resonance 

production via the ,;; (3772) and would only be relevant in some G. V .M. D. 

t.:odel of diffractive D production where the virtual photon 'turns into' 

a vector meson (t!i (3772) or hi ghcr mass), which then decays to D mesons. 

In neutrino scattering, the interaction is mediated by the weak current 

anu comrarison of results requires quantitative predictions in a unified 
~- . . 

gauge theory of weak and electromagnetic interactions. 
, 



( 

t 
t 
I 
; .. 
i 
i 
I 
t 
l 
I 
I 

I 
1 

( I 

' • • 
l 
j 
' t 
! 
J 

l 
l 
f 
i 
l 
, 

J 
f 

l 
~ 

? 

-
' 

·( 

111coretical Est:im.:itcs of Charm Production 

Estimates of charm production have been calculated in two 

basic models: the GcnerCllised Vector Meson Dominance model and 

asymptotically free g~ugc ~heorics such as Q.C. D . 

. G V (Sg) d" . "b . • • M. D. pre 1cts a coutri ution to the cross-section from charm · 

production of "'13% for large Q2 and v at x"' O. At finite Q this 

result must be reduced by a factor 

M2 + Q2 
11> 

2 , I 2 2 Thus in the region Q < 1.0( GeV c ) G. V.M.D. predicts a contribution 

of "'1!'£, and in the region 1 < Q2 < 80 (GeV/c2)2 6-7~.;. 

Several field theory calculations are available. Gluck and Reya(60) 

"' """""' calculate a contribution of 509.> from charm production at x "' 0 and "'30% 

at x "' 0.1 (assrnning a sm~ll uncharmed SU(3) symmetric sea and a charmed 

sea component consistent with neutrino <la.ta). Barger and Phillips (6 l) 
ac . 

estimate /aAll = 0.09 for <x> = 0.05, <v>= 140 GeV, <Q2> = 6.5 (GeV/c2)2, 

using a quark parton model with an SU(4) symmetric sea. (This calculation 

was relevant to the results presented in reference 20). In a recent 

publication by Leveille and Weiler(6Z), both the total charm production 

cross-section and the contribution to F2 are calculated for Q2 ~ 2.$(GeV/c2)2. 

. (Moreover, the results are presented in a form which facilitates comparison 

with experiment.) They calculate a contribution to F
2 

at x"' 0.1, 

q2 "'5 (GeV/c2)2 of 0.022 from charm production. The value of F2 at the 

mean value of x and Q2 used in this analysis (high Q2) is 0.4(9)~. 

1berefore, the calculated contribution corresponds to "'6% of the total 

cross-section.* 

* Unfortunately, there appears to be an error in the paper· in the 
Value of the total cross-section. In the text a value of "'23 nbarns is 
quoted. for muoproduction at a laboratory energy of 275 GcV whcrc:is a 
figure "{Fig. 3) in the paper gives "'2 nbarns. TI1e correct value is 
2.3nba1,1s.(7S) · · 
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The limits on charm production are in agreement with that 

obtained b)· Chen et al ( 20). The results arc also in semi-qunntitative 

. agreement with theorctic3l predictions. H0t\'evcr, a true test of these 
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predictions and of the models used cari only be obtained from a measurement 

of the Q2 dependence of charm production. 
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c . TABLE 6.1 

MODEL DEPENDENCE OF AVERAGE SPECTROHETER ACCEPTANCE 

Acceptance for 01annel 
K-K+ +-~ - + + + - -K ir K ir 1T K ir 1T 

Input Distributions 

-3.5xp 
e • e -8Pl 0.46 0.30 0.15 0.15 

' . i 
! . 

Uniform e-8Pi , 
0.46 0.46 0.31 0. 32 XF, 

i 
! 
j 
~ 

-3.5xF 
Uniform Pl 0.25 0.25 0.14 0.15 e ' . -

l 
! 
> 
! 

( 
I 
1 
~ 

! 

Uniform xF, Uniform Pi 0.42 0.42 0.28 0.29 

{ 

J 
,. 

' 

f 
.j TABLE 6.2 

, 
' i 
j 

Accepted Kaan Momentum Distributions: a, b GeV /c, mean kaon momentum, 

' , . 

• and standard deviation respectively 
! 
' 
~ 
l 

-. 
? ... 

Channel 
--

~ 
Input Distribution - + + - ·- + + + - -K 1T IC 11' K ir 1T K 1T ir 

; 

e -3.SxF , e-8Pi 30. 3,24 28.1,20 24.3,17 24.3,17 

Uniform xF, e-8Pi 44.2,33 38.5 ,27 34.7,24 32 .6 ,21 
~ 

. 

( 
e-3.5xF Uniform Pi 33.3,24 33.0,24 27.4,19 27.3,19 , 

Uniform xF' Uniform p2 
..L 

35.9,24 35.3,24 45.0,32 44.4,31 

... \.· 
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.. TABLE 6. 3 

Spectrometer Acceptance: 1 < Q2 < 80 (GeV/c2) 2 (using 

Cerenkov Cut.mter Identification Scheme A) 

Channel Acceptance 
'l 

0.08 

0.06 

Branching Ratio 
B. 

0.022 

0.039 

1. 76 

2 .34 

<a.B> = 2.05 ± 0.67 x 10-3 (error in B combined in quadrature with 

variance of a.B) 

·TABLE 6.4 

Spectrometer Acceptance: q2 < LO (GeV/c2 ) 2 · (u~ing Cerenkov 

Colmter Identification Schc~e A) 

Channel Acceptance a.B 
a x103 

+ -K 1T 0.098 2.2 

- + K 11' 0.071 1.6 

K+'ll'-11' - 0.084 3.3 

JC + + 11' 11' 0.076 3.0 

<a.B> = 2.52 ± 0.66 x 103 (error in B combined in quadrature with 

variance of a.B). 

• ... - . 
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TABLE 6.5 

!,I,er_~ _ _r Limits on Charmed Meson Production (Analysis I for an 

integrated flux of 3.95 x 1010 µ's) 

Q2. - 1.0 
nun 

1.0-80.0 

Background 
Estimate 

6.4 

7.2 

Events for 
1.64 Deviation 

4.14 

'4.4 

TABLE 6.6 

<a.B> 
(x 103) 

2.52 

2.05 

90% c. l. 
(Events) 

1642 ± 430 

2200 ± 719 

Spcctroncter Acceptance for Analrsis 2: p,, > 21.2 GeV/c, 
----~~~~~~---=--~~~~~~-----~~~~~~-~~~~~~-

Channel 

- + K n 

+ -K n 

- + + K n 1T 

+ - -K. 1T 1T 

1 < Q2 < 80 (GcV/c2 ) 2 , z > 0.4 

Acceptance 
a 

0.30 

0.32 

o~ 19 

0.19 

a.B 
(xlO~) 

6.6 

1.0 

7.4 

7.4 

<a. B> = 7 .1 ± 2 .1 x 10- 3 (error in B combined in quadrature with 

variance of a.B) • 

. . ...... .. 
II 
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TABLE 6. 7 

§.P.cctrcr.i.eter Acccptc.ncc for Analysis 2: pK < 2.12 GeV/c, 

1 < Q2· < 80 (GcV/c2 )2 

Channel 

- + K 'Ir 

+ -
Kn 

K- + + 
1T '11' 

+ - -K n '11' 

Acceptance 
a 

(0 < z < 1) (0.4 

0.135 

0.148 

0.114 

0.119 

<a.B> = 3.83 ± 1.18 :x: 10-3 

az a.B 
< z. < 1) (x 10 ) 

0.076 2.97 

0.089 3.26 

o.oso 4.45 

0.085 4.64 

a • B z 
(:x: 10 ) 

1.67 

1.96 

3.12 

3.32 

<az.B> = 2.52 ± 0.94 x 10-3 (error in B combined in quadrature with 

variance of a, az.B). 

TABLE 6.8 

!PPer Limits on Charmed r.feson Production Using Analysis 2: 

Kinematic Cuts Background Events for <n.B> 90% c.1. 
Estimate 1.64 a Deviation (x 103) Events 

PK> 21.4, z > 0.4 57.9 12.5 7.1 1760 ± 526 

PK~ 21.4, z > 0.4 3.~8 3.23 2.52 1281 ± 478 
v. 

PK< 21.4, z > O.+C 9.8 5.13 3.83 1340 ± 413 

PK < 21.4, z > 0 48.4 11.4 3.83 2978 ± 918 

C denotes rejection of pions on Cerenkov information. ' 
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TABLE 6.9 

~pcctro:nctcr Acceptance for Analysis 2: pK > 21.2 GeV/c, 

Q2 < 1.0 (GcV/c2) 2 

Channel Acceptance 
a 

a.B . az.B a z 
(0 ·< z < 1) (0.4 < z < 1) (x 102) (x 102) 

- + K ir 
0.52 0.42 1.14 0.92 

+ -K 1T 0.49 o. 38 1.08 0.84 

- + + K 1T 11' 0.36 0.33 1.40 1.29 

+ - -K n 11' 0.36 ·o.33 1.40 1.29 

<a.B> = 1.29 ± 0.29 x 10- 2 

-2 . 
<az.B> = 1.08 ± 0.34 x 10 (error in B combined in quadrature with 

variance of a, az.B) • 

TABLE 6.10 

Spectrometer Acceptance for Analysis 2: pK < 21.2 GeV/c, 

0 2 < 1.0 (GeV/c 2) 2 

Channel 

-· + Kn 

K- + + 
'II' 11' 

co 
a 

< z < 

0.15 

0.16 

0.13 

0.14 

Acceptance 
az 

1) (0.4 .< z 

0.06 

0.01 

0.06 

0.07 

<a.B> = 4.34 ± 1.63 x l.o-3 

a.B 
< 1) (x 103) 

3.30 

3.52 

5.07 

5.46 

az.B 
(x 103) 

1.32 

1.54 

2.34 

2.73 

<az. B> =·~! .pB ± O. 84 x 10- 3(error in B combined in quadrature with /< 

Variance of a, a .B). 
. 7.. 

~·. 
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TABLE 6.11 

_!!ppcr Li mi ts on Ornrrned ?le son Production Using Analysis 2: 

Kinematic Backgrpund Events for <a.B> 90% c.1. 
Cuts ·Estimate 1.64 a Deviation (x 103) (Events) 

PK >: 21.2, z > 0 120.5 18.0 10.8 1667 ± 525 

PK > 21.2, z > 0.4 90.5. 15.6 10.8 1444 :!: 455 

PK < 21.2, z > 0 10.8 5.4 4.34 1244 ± 467 

PK < 21.2, z > 0.4 1.15 . ·I.81 1.98 914 ± 388 

I· 
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TABLE 6 .12 

SUH!·L\RY OF RESULTS 

90 c.1. on 
Cross-Section (nbarns) 

90% c.1. 
on Contribution (%) 

; ~--~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~---! 
t ' 
i Analysis 1, 

f 1 < Q2 < 80 (GeV/c2) 2 23.4 ± 7.6 so ± 16.3 
{ 

. f Analysis I, 
l 

I q2 < 1.0 (GeV/c2) 2 14.s ± 3.B 34 ± 8.9 

i 

i 
Analysis 2, 

1 < Q2 < 80 (GeV/c2H A2 9.9 ± 3.0 21.2 ± 6.3 

Analysis 2, 

1 < Q2 < 80 (GeV/c2) 2, B2 7.2 ± 2.7 15.4 ± 5.8 

!Jlalrsis 2, 

1 < Q2 < so (GeV/c2)2, C2 14.2 ± 4.4 · .30.S ± 9.4 

Analysis 2, 

1 < Q2 < 80 (GeV/c2) 2, D2 16. 7 ± 5 .2 35.9 ± 11.1 

I Analysis 2 . 
I J 

Q2 < 1.0 (GeV/c2) 2, E2 I 
J 

8.0 ± 2.5 18.8 ± 5.9 

I Analysis 2, 

Q2 < 1.0 (GeV/c2) 2, F2 6.9 ± 2.2 16.2 ± 5.2 
; 

t ·Anal rs is 2, 
t Q2 < 1.0 (GeV/c2) 2, G2 11.2 ± 4.2 26.3 ± 9.9 

Analysis 2, 

Q2 < 1.0 (GcV/c2) 2, H2 8.2 ± 3.5 19.3 ± 8.2 

. ' 
JI 

'-"'· 
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CHAPTER 7 

PARTICLE FLUXES 

7.1 INTRODUCTION 

As was observed in Chapter 5, the Cerenkov counter yielded efficient 

pion identification in one narrow momentwn band (12 .4-21. 2 GeV/c) and 

fair proton identification in a second, highe!' momentum hand (31. 4-38 .2 

GeV/c). 111is identification makes possible a first measurement of 

parttcle fluxes at a large centre of mass energy in deep-inelastic 

scattering. There are three problems associated with this measurement: 

(a) Inefficiency in the Cerenkov counter can cause pions to be 

misidentified as kaons or protons, and kaons to be misidentified '-' 

as protons. The magnitude of this effect can be estimated from 

the measured Cerenkov counter inefficiency, and a correction 

applied. to the data. 

(b) Although the.do~nstream hadron chambers were aligned syli1r.letrically 

about the beam axis, the Cerenkov counter beam deadener, and 

the deadener in the six metre spark chambers resulted in different 

acceptances for positive and negative hadrons. The hadron 

acceptance was not calculated in this analysis and therefore a 

measurement of the positive to negative ratio was not possible. 

However, the ratio of positive to positive and negative to 

negative is independent of acceptance and these ratios can 

there fore be obtained. 

(c) Electrons from the large number of ~-e scatters observed in the 

data (see Chapter 8) would be mis-identified as pions and would 

completely swamp the pion signal at low Q 2. The ~-e filter 

deyeloped for use in.extracting the structure functions was only 

75% efficient. This was not sufficient to recover the pion 
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signal. The region below Q2 of 1.0 (GeV/c2 )2 was therefore 

removed from the analy~is to avoid contamination . 
+ -

K I + K I - p/ + p -Measurements of ~ , n , ~ , /n as a function of z will 
. . 

be presented in Section 7. 2 and as a function of Pi in Section 7. 3. 

The muon kinematics cuts used were: 

10 < v < 200 GeV 

· This resulted in 

<s> = 252 .4 GeV2 

<v> = 141 GeV 

<x8 j> = 0.033 

Subsidiary· cuts on Q2 were made for one section of the analysis. 

For .the region Q2 = 1.0-4.0 (GeV/c2 ) 2 , the means of the kinematic 

variables were: 

<s> = 283 Gev2 

<v> = 154 GeV 

<xBj> = 0.009 
.~ 

For the region Q2 = 4.0-80 (GeV/c2 )2, the means of the 

kinematic variables were: 

<s> =:= 214 GeV2 

<Q2 > = .11.7 (GeV/c2) 2 

<v> = 120 GeV 

<x8 j> = 0.06 

Conclusions and comments will be given in Section 7.4. 
.... . 
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7.2 

.Lt.I. 

PARTICLE FLU:~ES AS A FIT;CTIO~ OF z 

TI1e standard definition of z applies to this analysis 

Phad "' Eh ad z = --.'V --
. v ET 

where Ehad is the energy of the hadron, Phad its momentum and ET is the 

energy given to the hadronic system in the laboratory. It is seen that 

for z > 0.2, z corresponds to the Feynr.1311 scaling. 

Having obtained the momentum bands in which particle identi-

fication was possible, the procedure used to obtain particle fluxes 

was quite straightforward. The event selection criteria applied to the 

scattered muon track ~ere the same as those used in Chapter 6. Good 

hadron tracks were then identified using the hadron selection criteria 

given in Chapter 6. These hadron tracks were then required to pass 

outside the beam deadener, within 80 cm of the central edges of the 

Cerenkov counter mirrors and also within their window frames (as described 

in· Chapter 4). The selected hadrons were· then subdivided into the two 

momentum bands in which identification was possible and the remainder 

rejected. Hadrons were then further divided into two classes for each 

momenttun band: those which had lit the Cerenkov, and those which had 

not. Finally, these classes were binned as a function of z and charge, 

where the z bins were chosen to provide reasonable statistics. 

Therefore, neglecting inefficiency in the Cerenkov comiter, 

this classification scheme provides the following information: 

(a) 12.4-21.2 GeV/c 

Lit tracks are pions, tmlit tracks are kaons or protons. 
+ 

Therefore in this band thc±ratio Unlit-(z)/Lit±(z) gives an 

K I ± K n 
tJPP..~i: lirni t on the ratio ;r , or All , All as desired. . .. 
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(b) 31.4-38.2 GeV/c 

Lit tracks are pions or kaons, unlit tracks are protons. 
+ 

Therefore in this band the ratio Unlit- (z)/Lit±(~) gives an 
+ 

upper limit on the ratio p-/(n + K)±. 

The raw event distributions for these classifications are shown 

in Fig~ 7.1-7.4. A note on the binning is necessary. 

The minimum z in Figures 7.1 and 7.2 is determined by the 

minimum momentum (12.4 GeV/c) and the maximum v (200 GeV) · 

giving roughly z . ~ 0.05. ·similarly in Figures 7.3 and 7.4,z . is 
run mn 

determined by the kinematics to be roughly 0.15. 

It is im.~ediately apparent from these distributions that proton 

production is at best only 10% of kaon production ~hich is itself only 

roughly 15% of pion production. 

A convenient distribution is the particle flux ratios relative to 

all hadrons prcduced in the interaction. The flux ratios ir /All, JC /All. 

p /All are shown in Fig. 7 .5, extracted from the raw event distributions 

before correction for Cerenkov cotmter inefficiency. At this point, 

it is necessary to digress into a brief review of the quark parton 

description of meson production in deep-inelastic processes given in 

Section 1.3, in order to explain Fig. 7.Sc. In this model, the virtual 

photon interacts with a single quark in the proton, which is then 

dressed with other quarks to form the mesons observed in the final 

state. Thus z is the fraction of the momentum of the struck quark 

carried off by the observed meson. This fraction is given a 'fragmentation 

function' D(z), \.,rhich represents the probability of obtaining a given 

meson with a fraction z of the momentum of the struck quark. In the 

model, D(~) depends on the flavour of the quark struck and on the final 

state m~son produced. but not on the energy or momentum given to the 

" struck Quark (Q2, v) - i.e. D(z) scales in the variable z. Therefore the ratic 
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p 1T K 
i\iT(z), Al 1 (z), J\l l (z) are independent of the momentum at which they 

were measured and hu.vc the relationship: 

Ail (z) + A:l (z) + A~l (z) = 1 

for all values of z, if it is assumed that only protons, pions and 

kaons are being produced. TI1is assumption is correct to within 10% 

at least, given the results on charmed meson production obtained in 

Chapter 5. A bin-by-bin subtraction of the proton contribution from 

the pion failure distribution then provides the kaon distribution 

(Fig. 7 .Sc). 

In addition, an estimate can also be obtained for the fluxes 

+ 
'Ir + iT 

+ -K + K p + p 
and 

All Hadrons All Hadrons All Hadrons 

+ If the acceptznce for positive particles is n and that for negative 
+ 

particles is n a·nd one defines n "" ~ then~ 

+ 
'II' + iT 

All Hadrons 
True 

= 

a 

+ + 
ex 'II' 

a+ All+ 
+ 

+ 
obs 

.·+ .-
air ·+ ir 

a 7l' 

a-All 

obs 

obs 

At low momentum, differences in acceptance for positive and 

negative particles should be negligible as all hadrons will be bent away 

from the deadeners.by the spectrometer magnet. Therefore, 

-. + + . 
11' + 1T 'II' + 'If 

All Uadrons True 
All- + All 

obs 

and similarly for kaons. 

'lb.is equality is not necessarily correct in the momentum region -..,,,,, 

in whic~ protons can be identified, but should still remain a reasonnble 
•.\ . 

~~--~-·--:mnrm:imation for the calculation of the ratio P/All. These distributions' 

---·----,-

• .n 
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a1·~ shown in Fig. 7 .6, where again a bin-by-bin subtraction has been 

used to obtain the kaon flux. 

Identification Efficiency 

At this stage however,. the results, especially those shohn in 

Fig. 7.Sb and 7.Sc were open to question as the data had not been 

corrected for Cerenkov incfficie~cy. In the monentwn range 12.4-21.2 

GeV/c, the relevant inefficiency mcasurerr.ents are given in Table S.S. 

These rneasurerr:ents were obtained from the pulse height distribution in 

the cells. The average ineffi,ciency was estimated from the average 

number of photo-electrons collected in each cell. The average number 

of photo-electrons collected and its error is given by: 

µ 

1 az 

= 

= 

I 
i 

I 
i 

N. 
1 

D 
1 

1 
-"'"2 E. 

l. 

I 1 
i E.2 

l. 

The lilean number of 

photo-electrons collected 

The variance of the mean 

·where N. is the mean number of photo-electrons collected by each cell, 
1 

and E. is the error on this measurelT'.ent. Moreover, as the errors, 
1 

Ei, were obtained statistically from the populations in each cell, 

this automatically weights the estimate of µ by the observed event 

distribution. From the results given in Table 5.5: 

. µ = 3. 38 
1 

a1 = 0.14 

Similarly, Table 5.6 gives the results. relevant 

to the proton identification range: 

'·• \12 = 3.58 

a1 = 0.17 

t 

I 
f 
I 

l 
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These results give the fol lmdn·g inefficiencies (%): 

1. 12 .4-21. 2 GeV/c: = 3 40+0.Sl 
. -0.40 

~ 2. 31.4-38.2 GeV/c: = 2 79+0. 36 
• -0.44 f . 

; 

' l Corrected Results 
\ 

Fig. 7 .Sb is clearly consistent with a flat z distribution. 

'Ihe average values obtained, using all points are: 

p 
All+ 

p 
All-

= 0.064 ± 0.015 

= 0.062 ± 0.016 

These values are only two standard deviations above the rate 

expected from the measured inefficiency in this region. The result 
. 

is therefore corepatible with backgrouild. If however, this result 

represents a true proton signal, then a maximum contribution is of the 

order 1-2% with large errors. Further com~cnts on this result will be 

given in Section 7.4. 

Since evidence to the contrary is unconvincing, in the extraction 

of the _corrected kaon distributions the proton distribution function 

was taken as zero for all z. This assumption immediately implies, for 

Fig. 7.Sa~ that those hadrons which fail to light the Cerenkov counter 

are either kaons, or pions which failed through inefficiency. A bin-by-

bin correction for a flat 3% inefficiency (e:) was applied to the data -

using the prescription: 

N'7T = N'TI' (1 + e:) 
true obs 

K 
=Nb 0 s 

neglecting ter~s of order e:2. 

11' 
d~ b 0 s 
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The.resulting corrected distributions arc shown in Fig. 7.7. 

Clearly, there has been no change in shape as a rcsul t of this 

correction, indicating that the rcsul ts obtained are not an effect of 

the Cerenkov inefficiency. 

Figs. 7.8 and 7.9 show, for cor.iparison, the corrected and 

uncorrected K/ir flux ratios assuming no contribution from protons. 

It is seen that the .correction for Cerenkov misidentification results in 

a 2% reduction in relative normalisation, with no change in overall 
+ 

shape. The K-/ir± corrected flu.x ratios are sho\m in Fig. 7.10 and 

show a similar behaviour. 
. K 

It was also possible to investigate the /rr ratios in two z and 

two Q2 bins. The results are given in Table 7.1. Statistics ~re poor 

at high z and the results are inconclusive. Assuming no variation with 

Q2 h . 1 f hi(/ .. h . or c arge gives an average va ue or t e rr ratio in t e region 

0.3 < z < 0.9, 1 < Q2 < 80 (GeV/c2)2: 

+ 
= 0.33 ± 0.07 

1T 1T 

At low z (0.1 < z·<O. 3) statistics are reasonable and there is 

apparently a variation with Q2 which is roughly a 3 standard deviation 

effect for the positive charge ratio. It is possible that there are 

systematic errors which have not been considered in this region and the 

result requires a more accurate measurement of the fluxes before any 

effect can be claimed. Clearly, such a result is important as it 

contradicts one of the hypotheses of the quark model- namely independence 

of Q2. ·Investigation into the effect of v could not be carried out, 

since it was impos~ible to obtain two non-overlapping v bands which 

could provide sufficient statistics. · .. .... . 
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Systematic and Statistical Errors 

This analysis relies on the measured efficiency of the Cerenkov 

counter. This was estimated from pulse height distributions, which may 

result in a bias due to the trajectories and momenta of the particles 

selected. However, as the measurements were chosen to correspond to 

the momentum ranges used in the analysis, such a bias if it exists 

should be small. Clearly, statistical errors on the measured 

average efficiency arc small and would cause no significant changes 

in the results. Quantum inefficiency has been automatically included 

in the measured efficiency. Overall, an error of 1-2% would represent 

a reasonabic estimate of these cumulative effects. 1here is also an 

error introduced by the neglect of proton contribution, which may be 

1-3% at }0\'1 z. Therefore, overall systematics may be as high as 1-5% 

in the low z region. 

Further discussion.and comments on these results will be given 

in Section 7.4. 

·.\. ... 
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7. 3 PARTICLE FLUXES AS A FUNCTION OF Pl 
The second interesting variable in understanding hadron production 

in the quark-parton model is the transverse momentum of the observed meson 

with respect to the momentum vector of the struck quark. In deep-

inelastic scattering, as the virtual photon only interacts with a 

single quark, the momentum vector of the struck quark is that of the 

virtual photo::-i. This is measured, and therefore the transverse momentum 

of the mesons produced can be calculated. Whether one uses the variable. 

P.l. (= transverse momentum) or Pi_ is a matter of choice (and model). 

The standard parameterisation of Pl distributionsat low P.l. is as a 
. . _p2 
ftmction Ae l(where A is a constant), therefore the fluxes were 

presented as a function of Pf. Moreover> this is the standard variable 

of Q.C.D. 

A similar procedure to that used to obtain the z particle ratio 

distributions, ;·1as used to obtain Pl distributions out to a value of 

Pl of 1.6 (GeV/c)2 for 1 < Q2 < 80 (GeV/c 2) 2 in the regions z < 0.3, 

z > 0.3. Statistics limited the r.iaxinun rJ. used in the analysis. Poor 

statistics also prevented investigation of 'protons' for z > 0.3. The 

raw event distributions and particle flux ratios obtained from them are 

showi:i in Fig. 7.11-7.13. ·In accordance with the results obtained in 

Section 7.2, no proton contribution was considered in the kaon fluxes. 

However, this conclusion can also be drawn from the measured PJ. 

distributions. From Fig. 7 .13 the mean values of the fltLx ratios in the 

proton identification region are: 

Unlit 
+ 

= 0.033 ± 0.014 
All+ 

Unlit-
= 0.037 ± 0.015 .. , All-

~ 

"l""'h.bc:~ ~:re clearly consistent with the background estimate due 
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to inefficiency given in Section 7. 2. Moreover, for both charges, the 

Pi ratio distributions arc consistent with being flat, which would be 

expected if the gource of the fail urcs was detection inefficiency. The 

fluxes sho\\TI in Fig. 7. p and 7 .12 were therefore obtained from the rmr 

data assuming no proton contribution. · The expected relative increase 

with P.l of kaons over pions is clearly shown in the raw data at low z 

it will be shown that this effect is not a result of Cerenkov cowiter 

inefficiency. 

A bin-by-bin correction for a 3% jnefficiency was applied in the 

same fashion as for the z flux distributions. The corrected data and 

the ratios .of K /Tr as a function of Pl are shmm in Fig. 7 .14-7 .16. 

Again, the only ~ignificant effect of the correction procedure is a 
K 

relative reduction in the ratio =by 2%. The relative increase in kaons 
1f 

over pions with increasing p2 is 
..1.. 

still apparent at low z. For z < 0. 3, 

a straight line !'it of the form: 

K(P2) 
1f J..: = al + a2P1 

gave the following results: 

1. 
K+ 

0.14 ± 0.03 al = 
+ 

·1f 

a2 = 0.14 ± 0.10 

·K-
2. --- al = 0.10 ± 0.02 

1f 

0.12 ± 0.09 
.. ... 

a2 = .. 

For z > 0.3 the position is unclear as errors are large. The 

K + . h h K- d. . b . B h +distribution is significantly higher t an t e - 1str1 ut1on. ot 
1f 1f 

however, are consistent with being flat as a fllllction of Pi and 

have large errors. Improved data are clearly necessary in this 

region before a reasonable interpretation can be made; as the differences 

may simpry be statistical fluctuations. 
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7.4 CO!:PAlnSON OF RI:SULTS wrm Tl-IEORETIC:'\L PREDICTIONS ,\,"JD OTHER 
tx1~1If!TIT~ts 

/\s has been sho1m, apart frol!l inefficiency in the Cerenkov 

coun tcr, only kaons and protons should fai 1 to light the Cerenkov 

counter in the momentum band 12 .4-21.2 GeV/c. In this region, 

17. 7 ± 1. 2~.; of all charged hadrons were observed to fail to light the 

counter, COJ:JParcd with a ineasured inefficiency of 3 .4 ± 0. 2%. Correcting 

for this inefficiency gives the rate for pro~on and kaon production as 

14.9 ± 1.4%. It was also possible to separate protons from pions and 

kaons ii1 the momcntur:i band 31. 4-_38 .2 GeV/c, since in this region only 

protons should fail to li~~t the Cerenkov counter. A failure rate of 

6.0 ± 1.l~o was observed in this region, compared with a measured 

inefficiency of 3.6 ± 0.2%. 1be maximum level of proton production is 

therefore 2.6 ± 1.3% of all charged hadrons, and is consistent with 

background. 

Further separation can be obtained if: 

(a) Feynman scaling is asswr.ed to hold throughout the accessible 

kinematic region; 

(b) Scaling violations in deep-inelastic scattering are neglected 

(a 10-20% effect). 

The particle ratio distributions are then independent of Q2 and v, and 

of the momentum band used for identification. Separation of the particle 

production fractions is then possible. 1bis gives the fraction of all 

f = 0.854 ± 0.014 
'II' 

fK = 0.120 ± 0.027 

fp = 0.026 ± 0.013 

Assumptions (a) and (b) 3re necessary in the extraction of particle 
.... .. 

. ratio distributions as a function of z and Pl· In particular, if 
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asswnption (a) is incorrect then the distributions as a function of z 

· are implicit ftmctions of v. The variation of acceptance then results 

in these distributions also having a Q2 dependence (i.e. low v corres

ponds to high Q2 , and high v' to principally low Q2). 

Comparisons with Other Experiments 

Having made the above assur:ptions, it is reasonable to compare 

h d . h h . f . . 1 t (63 ,64 ,65) A t e ata wit. ot er experiments o a simi ar na ure. 

recent experiment has reported on proton production in deep-inelastic 

electron scattering(63 ). However, the centre of mass energy in this 

experiment is considerably lower than that for the data presented in this 

thesis (s = 7-31 Gev2 c.f. <S>= 252 GeV2). In addition, the results 

. arc principally concerned with 'residual anti-proton production in the 

target fragmcnta·tion region. For positive z in the range 0.1-0.3> they 

obtain the result P/n~ = 0.041 ± 0.007> which is higher thah that 

obtained in this analysis~ The data are at low s and sorre overspill 

from the target fragmentation into positive z may occur. However, no 

data on proton production was presented in this paper and a firm con-

clusion cannot be drahn. 

It is also possible to compare this data to that obtained in 

. + -
e e annihilation, with three further assumptions: 

l. Quark fragmentation functions are only dependent on the 

~uark flavour, and not on any particular interaction (implicit 

in the quark cascade model for hadron production). 

2. Valence quark contribution is unimportant:-

as the majority of the data is at low z, this is valid if hadron 

production proceeds via a cascade type process such as described 

ii'hSection 1.4. 

3. Sea quark distributions of the proton are approximately the same 

I 

~· 
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as the probabi 1i ty distributions for creating qq pairs from 

the vacuum (- this assumption can be ne~lected if assumption 

2 is valid). 

+ - 2 Inclusive hadron pro.duct ion in e e annihilation at <s> = 53 GcV-

has been reported by D. G. Aschman et af~4)A cor.i_parison of the particle 

production fractions obtained by Aschman et al with the fractions ob-

tained in this analy~is is given in Table 7.2. 

Good general agreement is apparent. Moreover, as is clear 

from Figures 7.1-7.4, the data presented in this thesis is at predominantly 

low z (z < 0.3). This region corresponds approximately to the low 

momentum data of reference 64, which is in excellent agreement with this 

experiment and provides supporting evidence for the assur.rptions ~ade in 

this analysis. In addition, the proton contribution is confinned to be 

small, justifying its neglect in calculating kaon distributions. 
+ 

A comparison of the z distribution of the ratio r;-/~± could also 

be obtained from the data of Aschman et al. By definition 

+ r 
± 

1T 

The comparison is shown in Fig. 7.17, where the approximation 

z = 2P//"S has been used to extract the data from reference 64. Excellent 

agreement is obtained for all points. The data thus show a remarkable 

agreement with Feynman scaling and the quark fragmentation hypothesis 

(assumption (1) above). 

+ . (65) 
Finally, data on inclusive I\ electroproduction is also available 

(Martin ct al). This however, is again obtained at a much lower centre 

of mass energy than the data presented in this thesis, but provides 

information on both z(~xF) and P_i distributions of .the flux ratios 

K+ K- -+ , . /Tr A comparison of the z distributions is shown in Fig. 7 .18. 
tr •. , • . .. 

The data sets appear to be inconsistent, both in the magnitude of the rdtios 
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and their general trends (particularly K-/rr-). The interpretation of 

the Pl distributions obtained in the two e>..-periments is even more 

difficult. This analysis has observed a slight rise with Pl for both 

K_ +1 ... + K- - 2 .. and /rr at low z, and a flat P.L distribution at high z. Martin 
K+ + 

et al observed a rising Pi distribution for /rr but a flat distribution 
K- -

for /rr • The results could therefore indicate z dependence in the P.1. 

distributions. However, the differences may simply be due to resonance 

production at low energies. 

· To summarise briefly, .the only data with which a comparison can 

be made have been taken at centre· of.mass energies which are consider-

ably lower than those of data in this thesis. Some quantitative agree

ment is obtained with hadron distributions in e+e- annihilation at 

<s> = 53 GeV2 , whereas some discrepancies are apparent in lower energy 

leptoproduction_data (<s> = 21 GeV2). Possible causes of this inconsistency 

could be: a violation of Feynman scaling at low energies; or confusion 

. with resonance production. However, errors arc large in all four experi-

ments, particularly at large z and high P.L. Further confinnation of these 

results is therefore required. 

Theoretical Predictions for Hadron Distributions 

Hadron distributions have been calculated mainly within two 

theoretical frameworks: either using a full Q.C.D. treatment or using 

the simpler impulse approximation of the quark-parton model. However, 

both methods are complex, and only a seml.-quantitative comparison will 

be given. 

Various authors (66 •67 • 68) have calculated quark fragmentation 

functions Dh. (z) in quark cascade models similar to that described in """*' 
qi 

Section 1.4. These models have the com.'llon characteristic that the cascade ·... .. 
,, 

process is a function or only one variable - the fraction of momentum of 
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the quurk carried off by the meson (z), or the fraction of momentum 

left with the cascade (11 = 1-z), i.e. all rnod~ls assrnne Feynman scaling. 

In general, the mode 1 s contain several adjust ab le parameters, and these 

are obtained by fits to experimental data. 
+ + 

The fragmentation· functions Dir- (z) and DK- (z) have been 
u u 

calculated in a simple cascade mode1C 66) for a comparison with the 

hadron distributions produced in deep-inelastic anti-neutrino scattering 

(in which u quark scattering dor.ri.nates by virtue of the Cabibbo 

coupUng). However, these r.esul ts are also relevant to muon scattering, 

since for reasonably equal quark distributions, u quark scattering should 

dominate the process by virtue of its charge. 'Ibe particle ratios 
.+ + + 

R('lr /Tr-), R(n /K+), R(n /K-) are calculated in reference 66, where 

I
0.9 n+ · 

+ D (z)dz 
0.4 u 

R(!!__) = 
m. J0.9 mi 1 

D (z)dz 
0.4 u 

+ 
'Ihe. ratios R(n /K+) and R(~ /K-) were measured.in this experiment 

and are compared in Table 7.4 with the val~es given in reference 66 

There is remarkable agreement between calculated and measured values, 

particularly considering the simplicity of the model and the assumption 

of u quark dominance. 

A more intricate model for the calculation of quark fragmentation 

functions is given in reference 67. In this model, the fragmentation 

functions are calculated in a quark cascade model assuming: 

(a) 
..... 

(b) 

the probability of forming qq pairs in the colour field of a 

quark 'a' is independent of the flavour of quark 'a' • 

SU(3) symmetry is broken the probability of forming the pair 

ss is half the probability of forming uo or da (following a 

fit.to high Pl. data in pp collisions). 
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(c) Fcrnrnnn scaling is assumed to hold. 

(d) Quarks are given a moan P .1. corresponding to the observed transverse-

momentum of hadrons <Pj_>ir± = 0.245, following a gaussian 

distribution. 

(e) Gluons can be neglected. , 

. A comparison at the limits z -+ 1, and z -+ 0, and with the 

p2 K 2 
calculated value of < _J-> /<Pl will be givan • 

. 
Assumption (b) above leads to the requirement that 

+ + K- - 1 
D (:z)/Gir (z) -+ -

2 
as z + 1. This docs not appear to agree with the 

u u 

observed rcsul ts, but errors are extrcraely large in this region and 

the limit z-+- 1 is determined mainly by extrapolating low z data. A 

check on the scnsi ti vity of this limit on the quark content of the 

proton was made following the prescription of Farrar(6g). 

xu(x) = c(l - x) IO . xa(x) = c(l - x) 7 , 

xs(x) = xS(X) = 0.1 (1 - x) 8 

· . xu(x) = a+ blX . xd(x) = a + b' rx , 

where a = 0.17, b = 1.69, b' = 0.78, c = 0.17. 

Calculating these probability distributions for a value of x = 0.033, 

and assuming that in the limit z -+- l, the observed meson must contain 

the struck quark leads to: 
+ 

Dir (z -+- 1) = 4yu(x) + l.ya(x) 

-
Dir (z + 1) = l.yd(x) + 4yn(x) 

K+ 
D (z + 1) = 4(1 - 2y)u(x) + l.ys(x) 

K-
D · (z ~ 1) = 4(1 - 2y)u(x) + 1.ys Cx) 

where y is··,the probability of producing a uu pair and is O. 4. Tilis gives 

~· 
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K+(z) 
+ 

'IT (z) 
---~10.51 ; ---·0.41 

z -+ 1 z -+ 1 

+ 
r(z) 

+ ---~ 0.43 
ir- (z) z -+ 1 

Clearly the predictions are insensitive to such a change of input 

quark distributions. 
+ + 

At low z, the model predicts Dr (z) /DTT- (z) -+ 0. 2 as z -+ O. 
u u 

Moreover, as a result of the.cascade process and assumption 'a', this 

relation holds for all quark flavours. 1he limit at low z is therefore 

independent of the quark content of the proton. The experimental 

results give: 

K:cz ~ o.05) = 0.15 ± o.o3 ; K~(z ~ o.05) = 0.11 ± o.03 
1T w 

The model is therefore in qualitative agreemeat with the data. although 

the data would suggest a slightly lower limit than the predicted value 

of 0.2. 
<Pi>K± 

A final comparison is possible with the ratio + 

<Pj_>n-

predicted in reference 67, with the observed rise in the ratio 

with Pl at low z. A fit to the Pl. ratio distributions for z < 0.3 

bP"2 
of the form Ae l gave: 

+ 
A = 0.15 ± 0.03, b = 0.68 ± 0.4 for K /rr+ 

A 0.10 ± 0.02, b 0.80 ± 0.5 
. K- -

= = for /rr 

Averaging these results gives A= 0.13 ± 0.02, b = 0.75 ± 0.31. Assuming 
2 

both pions and kaons to follow a P.l. distribution of the form Ae - Pi with 

the input value of F.ield and Feynman for ! = <Pl> 1T = 0.245, (noting 
1T 

th c aK a ) . at u = - rr gives: 

-.. <Pl> K 
= 1.22 ± 0.12 
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The value for this ratio calculated in reference 67, was 1.20. 

The measured result is th<:refore in good agreement with the calculated 

value, although with a large error (reflecti11g the large errors in the 

measurement of the slope). 

Gluons 

1he rnajc~ omission in the fragmentation models described in this 

section has been the effccr of gluon fragr;ientation on the hadron distri-

butions. This is particularly significant as it has been shown that 

gluons carry a large fraction of the momentum of the proton. Their 

effect, hm.;cver, must be calculated using the full machinery of QCD 

to calculate hadron distributionsC7o). Quantitative comparisons are 

extremely difficult to cor.:rpute and are outside the scope of this thesis. 

However, it is possible to explain the increase in the.ratio K/tr with 

Pl. on a superficial level by considering the gluon contribution. In 

QCD gluons form an SU(3) symmetric colour octet whose probability of 

dissociation into qq pairs increases with P-1." As gluons are SU(3) 

symmetric, they populate uu, dd and ss equally, and it is this more 

'dem~cratic' population of ss at high P.l. which leads to a relative 

increase in kaon production. 

Summarising, the data exhibits qualitative agreement with both 

parton model and QCD predictions. 

•,, I 
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TABLE 7.1 

"PARTICLE RATIO .DISTR.IDUTim;s AS A Ftr.~CTIO:-I OF Q2 

o~ 1 < z < o. 3 

Q~ Range Raw Data Corrected Data 
(GeV/c2 )2 Lit Unlit Lit Unlit 

l.0-4·.o 221 39 228 31 

1.0-4 .o 231 42 238 35 

4.0-80.0 260 69 268 61 

4.0-80.0 209 46 215 40 

o. 3 < z < 0. 9 

Q2 Ranc>e Raw Data Corrected Data 
(GeV/c2') 2 Lit Unlit Lit Unlit 

1.0-4 .o 20 8 20.6 7.4 

1.0-4.0 20 1 20.6 0.4 

4.0-80.0 25 17 26 16 

4.0-80.0 20 6 21 s 

.. 

.· 

· .• 

Khr 

0.14 ± 0.03 

0.15 ± 0.03 

0.23 ± 0.03 

0.19 ± 0.03 

K/tr 

o. 36 ± 0.15 

0.02 ± 0.04 

0.61 ± 0.19 

0.24 ± 0.12 
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TABLE 7.2 

COMPARISON WITH DATA OF ASC!Ht.\:~ ET AL. 

Aschman et al' Aschman et al 
0.4 < p < 1.0 GeV/c p > 1.0 GeV/c This Experiment 

0.87 ± 0.01 o. 76 ± 0.02 0.854 ± 0.014 

0.12 ± 0.02· 0.16 ± 0.03 0.120 ± 0.027 

0.0014 ± 0.0005 0.07 ± 0.02 0.026 ± 0.013 

TABLE 7.3 

COMPARISO~ WITH DATA OF ?l.\RTIN ET AL • 

± + 
(Function R(n /K-) is Defined in Text) 

J.!aasured Calculated 

2-.0 ± 0.5 3.0 

6.0 ± 1.9 4.7 

· ... , . 
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··CHAPTER 8 

NORt·L\LISATIO.'~ AND RELATED TOPICS 

8.1 INTRODUCTION 

In Chapter 6, upper limits on D-meson production were presented 

in terms of two processes: 

µ + p -+ µ + D + anything 

y* + p -+ D + anything 

That is to say relative to the total muon cross-section and relative 

to the virtual photon cross-section. Normalisation to the deep-

inc1astic cross-section is straightfon1ard and depends simply on the 

luminosity. However, normalisation to the virtual photon cross-section, 

·particularly at low Q2 (Q2 < 1.0 (GcV/c2)2) is more involved as it is 

necessary to correct for radiative effects, and subtract the contribution 

from µ-e ~cattering in order to obtain the true deep-inelastic cross-

section. t,~uch of the analysis in this region relied heavily on work by 

other members of the collaboration which is described in detail in 

references 9, 38, 43. The principal addition was that of a more 

reliable scheme for identifying µ-e scatters solely from measurement of 

the scattering angle and therefore not relying on clear identification 

of the electron. As an important by-product, it was also possible to 

extrapolate the deep-inelastic cross-section to the limit Q2 = 0. In 

addition, the charge on the electron was measured by evaluating the 

integral 

However, the main aim of the analysis was to calculate the total number 

of deep-inelastic scatters in the reg)ons 

Q2 .. < Q2 < 1.0 (GeV/c2)2 
min 

1.0 < Q2 < 80.0 (GeV/c2) 2 •. 
; 

-...I! 
I 
i 
·I 
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The normalisation to the total muon flux will be given in 

Section 8. 2, and to the virtual photon fltt.x in Section 8. 3. Measurement 

of the charge on the electron, the total µ-e cross-section, and the 

extrapolation of the virtual photon c1~oss-section to zero Q2 will be given 

in Section 8.4 

•,, 
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8.2 NOiUIALISATJO:~ RELATIVE TO TIIE TOTAL MUON FLUX 

It was only possible to measure the upper lirni t. on the cross- "-" 

section for D-meson production within a large range of qz and v. 

Therefore, if 

d2aD 2 
dQ"'2dv (Q • v) 

represents the differential cross-section for D-meson production in 

deep-inelastic scattering then in general, the number of events observed 

where 

given by 

d2aP 2 2 2 dQzdv(Q ,v) A(Q2,v) F(Q ,v)dQ dv 

Q~-Q~ = range in Q2 

v1-v2 = range in v 

· · J.. = the luminosity of the experiment 

(= incident flux times scattering centres per 

unit area) 

c
1 

= correcti9n factors independent of kinematic 

variables 

8.1 

A(Q2,v)= geometric acceptance for both the scattered muon 

muon and the hadrons produced from the D-meson 

decay. 

F(Q2,v)= a function containing all remaining factors which 

depend upon kinematic variables. 

· The true number of events is given by: 

I •J.t: t 
Ql \11 

8.2 

and this must be evaluated from Equation 8.1. However,· unlike the 

measurement of the differential cross-section for deep-: inelastic 

_......,, 

.... .. ' 
scattering, that for D-meson production is greatly· simplified, particularly 
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as the mcasure1tcnt w::is of an upper limit in a completely specified 

model. Tne measurement did not justify the computation required to 

accurately estimate all factors and where possible. approximations 

were used. 
. 

In D production, only deep-inelastic radiative corrections 

(Fig. 8.1) and smearing resulting from the finite resolution of the 

spectror.!etcr need be considered in F(Q2,v). Fig. 8.2 shows the 

angular resolution and Q2 resolution obtained using the standard momentum 

measurement scheme for elastic muon-electron scatters. Equations 

4.7 and 4.8 were used to obtain the calculated values of Q2 and v. 

Equation 4.1 gives 

6p = Poe 8.3 

and therefore for momenta below 100 GeV/c, the error is less than 0.5 

GeV/c. The standard deviation in Q2 is 0.034 (GeV/c2)2 and therefore 

smearing corrections can be neglected as the Q2 and v ranges are large 

compared to the resolution of the spectrometer. Internal bremmstralung 

can shift events in the Q2 and v plane. ·However, the Q2 and v 

ranges are large (particularly v) and therefore this effect will also 

be neglected. 

The model used for the calculation of the D-meson acceptance 

included no explicit Q2 and v dependence. A simple step function on 

the total centre of mass energy was used to require sufficient energy 

for production of a DD pair. This condition has only a very minor 

effect at low v and can be neglected. Therefore. in this model 

d20D d2a 
dQ2dv = c2 dQ~dv 

where c2 is a constant and 

•,..,, . 
is the deep-inelastic differential cross-section. 

8.4 

;. 
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Equation 8.1 therefore reduces to 

or · 

Q~ "2 Q2"2 I 2f C2dQ2dv I L d~~dv A(Q2 • v) dQ2clv 
Ql "1 Ql 1 

1 
·~cI = 

8.5 

The acceptance A(Q2 ;v) can be separated into a product of the 

acceptance of scattered muon with that of hadrons produced from the 

decay of the D-~eson. 

8.6 

The acceptance for the scattered muon is given in Figure 8.3. In the 

.. i~1; Q2 ·r~gi~~·-(Q.2 ~ ·1.0 · (G~v/cf2·, ·170 · <. v :< "iod:GeV):.:_-·.-~·:'fh; ·;ic2ep .. t~-~~ 

is iom, for wost of the range. Therefore, no significant error will be 

introduced by taking the approxima:tion ~1CQ:! ,v) = 1. in this region. 

.. -

The position at high Q2 is more complicated as there are large variations 

in acceptance over the Q2 ,v plane, ·and in addition to the differential 

cross-section, the effect of the analysis cut x8 j < 0.1 must also be 

considered. The Q2 and v analysis cuts used were:-

·2.0 < Q2 < 80.0 (GeV/c2) 2', 10 < v < .200 GeV 

l.O < Q2 < 2.0 (GeV/c2)2, 10 < v < 200 GeV 

Observed event distributions are shmm in Fig. 8.4a. Clearly 

a large fraction of the. low Q2 , low v region wil 1 be removed by the x8 j 

cut. At high " both the acceptance and the event distribution are 

slowly·varying as functions of Q2 and therefore a reasonable approxima.ti · 
'--" 

would be to pick a central.value in this region and again consider 

The acceptance of 0.85 in the region Q2"' 3· (GeV/c2)2, 
. ; 

\) '\. 170 GcV was chosen .and should introduce at most a systc.mo,tic error 



( 

of 10% in the normalisation. The quantity 

in Eqrr. 8.5 therefore reduces to 

Q~ "2 

Il • '\1 f QiL1 8.7 

A
0

(Q2,v) is dcpenc.ient onthc.model used to generate a D-meson and its 

decay products. The integral· I 1 was calculated using the 1-!':>nte-Carlo 

tcchnqiue described in Chapter 6. For the region Q2 < 1.0 (GeV/c2)2, 

'\i has the value 1.0 and for region l < q2 < 80 (GeV/c2)2 '\.t takes the 

value 0.85. 

As was discussed in Section 4.6, inefficiency in the spectrometer 

and analysis routines (clearly independent of kinematics) can be 

considered as an effective reduction in flux by an amollllt 0.549 ± 0.01. 

1hesc are the only factors which are independent of kinematics and 

therefore the constant c1 also has the value 0.549 ± 0.01. In Chapter 

6, upper limits were calculated in terms of the quantity 

8.8 

which is the calculated number of events in Q2 and v range from D-meson 
. . 

production given that the scattered muon has been accepted by the 

spectrometer. 111e normalisation is therefore (taking c2 . = 1) 

determined by the effective luminosity 

where . •., 
B = total muon flux 

8.9 
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pH = dcnsi ty of liquid hydrogen (0. 0708 gm/cm2) 

1 = targ~t length {120 cm) 

NA = Avogadros number 

1he data sets used in the analysis contained an integrated 

flux B
1 

= 7 .45 x iolO and B2 = 3.95 x 1010. The effective luminosity 

at low Q2 is therefore: 

and 

bll = 2.09 X 1035 

J,, = 2 1.11 x 1035 

at high Q2 

~l ::. 1. 78 x 1035 

;..,; = 0.94 x 1035. 

1 1he cross-section per event (J:_,) is given in Table 8.1 

It should be noted that no target empty subtraction could be 

carried out as no D-meson signal was observed. This subtraction can 

also be considered partially as reductio3 in flux and its omission 

leads to a possible systematic error in the cross-section estimated at 

5%. 

."". . 
.· 



( 

8.3 NOTU!:\LISATIO:.l r~L\TIVE TO TIIE VIRTUAL PHOTm! CROSS-SECTION 

The number of deep-inelastic scattering events observed in each 

of the kinematic regions of the D-meson analysis gives the normalisation 

relative to the virtual photon cross-section. In the model used to 

simulate D-meson production the differential cross-section for D production 

is simply a fraction of the deep-inelastic differential cross-section 

above threshold (Section 8.2). Therefore, the ratio n0/n
1 

(the 

contribution to deep-inelastic scattering from D production) is independent 

of the scattered muon acce~tance, where n0 is the calculated number of 

D-mcsons produced in the kinematic region given that the scattered muon 

was accepted by the spectrometer and n1 is the number of deep-inelastic 

events observed in the spectrometer in th~t kinematic region. n0 is 

obtained frora Equation 8. 8 and as we have seen was calculated in a 

plausible r.1odel using a Monte-Carlo nethod in Chapter ·6. Extraction of 

. n
1 

is not strdghtforward as it requires careful consideration of the 

contributions frora several processes to the observed cross-section and 

will be discussed in some detail. 

If a is taken to represent the differential cross-section for 

some process (or equally the number of events in a given Q2 and v range 

• resulting from that process) then the observed cross-section can be 

written as 

where 

. . . 

G b = observed cross-section 
0 s 

aDI = true deep-inelastic cross-section 

GMT = empty target background 

GER = elnstic rndiative tail contribution to 

the cross-section . 
.. , 
a

1
R = .deep-incl~stic rndi~tive tail correction 

8.10 

,. 
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at.IE ::: elastic muon-electron scattering cross-section. 

Clearly the contribution from each of the above corrections depends 

on the kinematic region. Extraction of the tru,~ deep-inelastic cross-

section for the data analysed in this thesis is described in refs. 9 and 43 

for values of Q2 above l~O (GeV/c2) • ·The results obtained were the 

. basis of the analysis described here to obtain normalisation factors for 

the D-meson cross-section limits and brief discussion of the procedure 

used will be given. Extension of the results to low Q2 was required 

where µ-e scattering is an important process and the procedure used to 

remove the µ-e backgrotm.d will be given. 

a 01 ibis is clearly the required cross-section and therefore 

Equation 8.10 must be inverted to obtain it. 

CJ~rr ibis is background associated with scatters outside the 

target flask and general fake· events resulting from halo triggers. 

Special runs were carried out with the target empty to estimate this 

backgrolD'ld. Triggers for a total flux of 7.45 x ro10 muons were obtained 

(Fig. 8.5). Correction-for the effect of hydrogen vapour in the flask 

corresponded to a reduction in flux of 0.977. 

oER Elastic µ-p scattering can populate deep-inelastic regions 

of the Q2,v plane if the muon also emits a photon (or photons) either 

before, during or after interacting with the proton. Photon emission 

before or after the interaction is termed "straggling" and emission 

during the interaction "internal brenunstrahlung" (Fig. 8.1). This 

contribution to the observed cross-section is referred to as the 

11ela.stic radiative tail". 

Processes in which two or more photons are emitted are suppressed 

by additional poi..:ers of a and the contribution O'ER was calculated 

exactly using the method of Mo and Tsai (?l) assuming single photon 

emission. The measured values of the proton elastic form factors were ...... 

used in thi_s procedure to generate a table of numbers of events in 

I 

l . .._,,., 
I 
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appropriate Q2 and " bins resulting from the elastic radiative tail 

(Fig. 8.6). 

CJIR In a similar way to the elastic radiative tail, straggling 

or internal brcramstrahlung during :m inelastic interaction will shift 

the observed values of Q2 and" from their true values .. Given the true 

deep-inelastic cross-section it is possible to obtain the radiated cross-

section. However, the reverse process is not straightforward. The 

iterative procedure of Mo and Tsai was used to generate a table of 

correction factors Tl for an. array of points in the Q2," plane (Fig. 

8. 7) where 

=True Dee?-Inelastic Cross-Section 
fl l-1easured Deep-Inelastic Cross-Section 8.11 

and 

Measured Deep-Ineb.stic Cross-Section = 

[Observed Cross-section - Calcul~~ed Elastic Radiative Tail] 

Basically, this method starts with a guess for the structure 

ftmctions ~hich aTe then used to calculate the true deep~inelastic 

cross-sectior. (T.ru~ and radiatively degraded deep-inelastic cross-

. (R d) Th· h · d · · · 1 1 f True section a • is t en prov1 es in1t1a va ues or n = Rad 

which aTe then used to correct the observed cross-section to the true 

observed deep-inelastic cross-section. This is then fitted to the 

structure ftmctions until no significant change is observed. The 

inelastic structure functions measured in earlier data 0 7 ) were used 

as starting values ·and only a single iteration was required. 

'11te. details of the procedure used to obtain the above radiative 

corrections can be found in references 37, 42,43. 

ME The kinematics for elastic muon-electron scattering are 

completely specified (Eqns. 4.7 and 4.8). However, ~s was seen in 

Fig. 8.2 the finite resolution of the spectrometer causes a smearing . ...... .. 

in the measurement of the scattering angle and in Q2 • Huon-elcctron I 
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s~attcring events thcrcfoi-e populate a large fraction of the Q2 r~mgc 

below Q2 = l(GeV/c2)2 but ca.n be neglected a.boV'e this. 

Routines which tracked particle trajectories through the 

spectrometer magnet using the complete field map were developed for the 

anal)'sis of tracks found in the MWPCs positioned in the magnetic field 138) 

(referred to in future as the "Illinois trackfinding analysis"). 

These provided better angular resolution than the standard programs and 

were used to_improve the angular resultuion of the scattered muon track 

(Fig. 8.8). The improved measurement of Q2 resulting from this restricted 

the range of Q2 populated by mu~n-electron scatters to less than 

0.08 (GcV/c2) 2 compared with roughly 0.13 (GeV/c2)2 in the standard analysis. 

The scheme used was: identify µ-e events using Q2 , e5 and event signature· 
~ 

estimate the efficiency of the identification scheme; · remove µ-e 

events from the data then correct for inefficiency on a bin-by-bin basis . 
. 
; The improved Q2 resolution therefore restricted large corrections to a 

few bins. In addition, it enabled an accurate estimate of the filter 

efficiency to be made. 

Muon-Electron Filter 

Elastic µ-e scatters were selected on the basis of the 

following criteria: 

1. A muon plus one negatively charged "hadron" downstream of 

2. 

3. 

the C.C.M. 
E 

Energy Imbalance (1 - had) less than 0.1 
\I 

The transverse momentum of th•e "hadron" relative to the virtual 

photon less than 0.2 GcV/c. 

4. At most three tracks in either x or y views upstream with 

• ··Arx. nTy > 2 where nTx and TiTy are the numebrs of x or y 

tracks respectively. 
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Figures 8.9-8.11.show raw event distribution :is a function of Q2 

before and after subt1~action of events ident i ficd by the fil tcr. 11lC 

µ-e elastic peak is clearly visible, as is the fact that the filter 

is considerably less than 100% efficient. 

The efficiency of the filter was estimated from the range 

v = 170-180 GeV where the µ-e peak falls largely in the range 

0.15 < Q2 < 0.20 (Ge\'/c2) 2 • The main probl~m is the fact that the bins 

on either side also contain a large number of µ-e events and therefore 

a simple background subtraction seems impossible at first. However, 

in this region, the l.1-e elastic cross-section is clearly very much 

larger than the deep-inelastic cross-section (up to a factor of 20). 

Therefore, assuming a reasonably slow variation of the deep-inelastic 

cross-section in this region (Chapter 8.4) the efficiency of the filter 

can be measured from the signal rew2ining in the bins 0.15-0.20 (GeV/c2)2 

relative to the mean level in the bins on either side (predominantly 

also µ-e)~ The background was taken as the average of the contents in 

bins 0.125-0.15 (GeV/c2)2 and 0.20-0.225 (GeV/c2) 2 and was estimated to 

be 1400 events with the filter "on" and 2600 events with the filter "off''. 

The filter efficiency was measured to be E = 0.75 ± 0.04. The major 
µe. 

systematic error would appear to be in the estimate of the background 

with the µ-e filter on, where the variation between the two bins is 

large. A systematic error of 15% in the measurement of the background 

with the filter on was added in quadrature with the statistical error. 

Equation 8.10 can -now be re-written as 

8.12 

where 0 now represents the number of events in the appropriate region 

of Q2 ancl v. It is possible to correct for acceptance if required by 

instead calc~lating 
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0 calc ------- .n 
(a calc + a ER) 

. 8.13 

where O'calc is the calculated true number of events in the region. 

However. as \·:as seen. in Section 8. 2 th.e acceptance in the two regions 

considered is relatively uniform. 1bcrefore since.the limits on D 

production were quoted given that the scattered muon was accepted, 

this acceptance cancels and Equation 8.12 can be used to calculate 

the correct normalisation. 

C\.rr and ~R can be obtained directly from Figures 8.5 and 8.6 by 

St.UrJ'Jing events in the required kinematic region. An appropriate expression 

for n can be used to correct for deep-inelastic radiative effects. 

Correction for µ-e scattering can be obtained by analysing the data with 

the filter on ond with it off to obtain 

(~OFF - nm.;) 

£ 
JJe 

for the low Q2 region 

Normalisation for Region q2 = 1.0-80 (GeV/c2)2 

As can be seen from Fig. 8.6 the contribution from elastic 

8.14 

. radiative tail can be neglected in this region, 35 can that from u-e 

scatters. Equation 8.11 therefore reduces to 

airr was obtained from the observed target empty events weighted 

. by a factor 7 .5 to account for the relative fluxes between full and 

empty data sets. An approximate parameterisation of the deep-inelastic 

radiative correction table was used (Table 8.2). a 01 was then obtained 

by" the net sum of events with x8 . < 0.1 weighted accordingly. For the . . J 

full 'data set this was measured to be 8885 events (for a total fll.L"< of 

...... ~- 1010 u's). 

._, 
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For the data set in which Cerenkov information was available 

this m.1::\hcr \·;as measured to be 4728 events (for a total flux of 3.85 x 1010 

µ's). TI1e average deep-inelastic radiative correction was 0.865. 

Normalisation for the Region q2 = Q2 . - 1.0 (GeV/c2 ) 2 min 

In this region the full e:x-pression for cr 01 (Eqn .. 8.12) must 

be used. However, some simplification results from the restricted 

~ range,170-200 GeV. 
. 

Event distributions ob.tained with and without subtraction of u-e 

events identified by the filter are shown in Fig. 8.4. It is clear 

that the vast najority of the deep-inelastic contribution to this 

kinematic regio~ lies in the Q2 range 0.1-0.2 (GeV/c2 ) 2 • 1be deep-

inelastic radiative correction is reasonably uniform in this region 

and the value of n used was its average value - 0. 857. As all events in 

this region have xBj < 0.1 the nurr.bers a obs, aER and al-IT were siraply 

obtained by summing from Figs. 8.4-8.6: 

C1 
obs 

= 49794 events 

0 ER = 9810 

al>IT = 24650 (corrected for flux) 

.Figures 8.12-8.14 show the effect of the µ-e filter in finer 

·binning. The shape of the distributions for events removed at low Q2 

indicates that the filter is removing some real events. 1be total 

number of µ-e events was therefore obtained from the sum of events 

removed by the filter in the range Q2 = 0.1-0.3 (GeV/c 2)2 giving a 

total number of identified µ-e's of 16982 in the region v = 170-200 GeV. 

This therefore gives (Eqn .. 8.14) 

atiffi = 5661 events 

Equation 8._, 12 can now be used to give the required normalisation to the 

virtual photon cross-section 
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a01 = 8290 events (for a total flux of 7.45 x ioIO µ's). 

This can then be scaled to give the correspor.Jing normalisation for the 

second data set 

a
01 

= 4398 events (for a total flux of 3.95 x ioIO µ's). 

The results of this section are srnnmariscd in Table 8.3. 
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8.4 TOPICS REL:\TED TO TIIE C!~OSS-SECTION AT LOW g2 

The use of a reliable µ-c filter, and w.ore particularly the 

compression of the µ-e elastic peak into a very small range of Q2 

allowed extrapolation of the ·cross-section to Q2 = O. In addition, as 

a check on po~?ible systematic~ the criterion for µ-e scattering 

could be used to check the momentrnn calibration of the Illinois track

finding analysis. An estimate of J:F 2dx for the electron and the total 

µ-e cross-section could also be made. These three measurements will 

be described in this section. 

Extrapolation of the Cross-Section to Zero Q2 

·The analysis routines described in reference 43 calculated the 

virtual photon cross-section down to Q2 . • However, as the standard 
DUn 

momentum analrsis did not allow an accurate estimate of l.1-e contamination, 

an estimate of the cross-section below Q2 = 1 (GeV/c2)2 was not quoted. 

The use of the 'Illinois' trackfinding routines with their superior 

resolution both confined ir-e contamination to a small range in Q2 and 

allowed an accurate estimate to be made of the µ-e contamination 

resulting from inefficiency in the filter. It was then a simple ~atter 

to correct for this contamination as before and extrapolate the cross

section to zero·Q2. 

Limited statistics prevented an investigation as a function of 

W2 in the fine Q2 binning required to allow accurate extrapolation. 

Table 8.4 presents the values of the cross-section integrated over the 

range W2 = 319- 3 75 Ge v2 obtained with and with out use of the u-e 

filter. The parametcrisation of Brasse Cn) was used to remove resonance 
· ..... 

contributions from the elastic radiative tail. Correction for the filter; 
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inefficiency w~s made according to the prescription 

(1 - E:µe) ( ' 0 corrected = 0 0N - E: 0oFF~ 00NJ 
11e 

As the values of crOFF and crmi come from essentially the same data 

sets, their difference should not depend on the statistical errors in 

aOFF and crmr The error in the difference was neglected and the 

statistical error in a0N combined in quadrature with that in \ie to give 

the error in the corrected cross-section. 

The corrected values of the cross-section are shown in Fig. 8.15 . 

TI1e curve is a fit to the form 

2 1 . 
a(v, Q ) = A(v) ( Q' ) i:barns 

I + I A.2 

in the range Q2 = Q2 . - 0.4 (GeV/c 2) 2 • The values obtained were nun 

A = 132 ± 13 i:barns '...-! 

A2 = 0.09 ± 0.03 (GeV/c 2) 2 

giving a chisquared of 11. 3 for 10 degrees of freedom. 

Following the alternative description of deep-inelastic 

scattering in which the muon beam is considered a source of virtual 

photons (Chapter 1.1) the virtual photon· cross-section is given by 

where R = aL/aT 

= 2M
2
ii (l ) 
~ - E: 

1 = 

For the region ·of interest (v = 170-200 GeV) the mean value of 

o2. is 0.0516. At q2 = Q2 . E: = 0 and 6 = 0.435. 
~nn ~n 

• <l f R ca, 9) Typical values obta1ne or are R . = 0.25, R = 0.44 nun max 

giving·qT(O) = 119 ± 13 11b and 111 ± 13 11b respectively. 

These results are in good agreement with the total photon cross-
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section at this cncrgyC 73) which is 118 ± 0.5 ubarns. 

Nor.icntum Calibration of the Illinois Analvsis 

The calibration of the Illinois analysis can be checked using the 

µ-e scatters selected by the filter which should satisfy the relation-

The q2 distributions of events selected by the µ-e filter in 

three v ranges are shown in Figures 8.12-8.14. The elastic µ-e peak 

is clearly visible. From the shape of the distributions above 

~2 = 0.2 (GeV/c2) 2 (expected to be approxim~tely gaussian) it is 

apparent that the filter i"s selecting some deep-inelastic events below 

q2 = 0.15. The means of the distributions \·:ere taken in the ranges 

indicated to exclude this region. The resu!ts obtained are shown in 

Table 8.5 and show excellent agrecr::ent with the measured value of m 
e 

("'0.511 ~teV/c2 ) from the measured mean value of Q2 and the bin centre 

value of v. The main source of errors are the measurement of v and 

its spread within each bin (3% maximum) and the statistical error of 

1.3% in the mean value of Q2 in each range. Measurements in the three 

ranges were combined in quadrature to obtain an average value of 

me = 0.505. ± O.Oll MeV/c2 • This result therefore confirms that the 

alignment of the Illinois trackfinding routines with the experimental 

coordinate system to within 1%. 

Measurement of the Charge of the Electron 

At the current time, all experimental evidence supports the fact 

that the electron is a point partic1J
2
). Therefore, for µ-e 

2 scattering the integral of the structure function F2 (x) yields the 

(charge)2 of the electron i.e. (from Eqn. 1. 8) 

in units where e = h = c = 1. 

I 
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Any deviation from the expected value of 1 would imply internal struct?.Jre 

in the electron. 

Structure functions were evaluated using the procedure described -._./ 

in reference 43 with the on.Jy change being the use of the Illinois 

trackfin<ling to obtain improved resolution of the scattered muon. There 

·are two problems which must be considered: 

p Q2 
1. Results were obtained as a function of M ~Bj =2Mp v where Mp = 
proton m1ss. Therefore, a correction factor "fl· must be applied to 

c 
obtain xBj' 

e 

2. Deep-inelastic radiative corrections have been applied to all 

events and to obtain the cross-section, therefore the cross-section 

must be re-corrected to remove these. The average value of n in the 

region of interest (Q2 = 0.125-0.225 (GeV/c2f2, v = 170-200 Ge\') is 

0. 860 with a variance a2 = 1. 27 x 10- 3 corresponding to a mean 

deviation of 3.5%. The deep-inelastic radiative correction factor is 

very uniform in this region and its effec~ can be removed quite 

J
l . . 

accurately by multiplying the measured value of F2dx by o.!6 ·~> 0 ... 
The scheme used to extract F; (x) essentially inverts. the· 

procedure used to remove µ-e background from deep-inelastic cross-section. 

The results obtained are shown in Table 8.6. The corrected electron 

structure function values in the x ranges were obtained simply from 

(F~FF(x) - F~N(x)) 

using the value of cµe measured in Section 8.3. The error in €µe 

was combined in quadrature with the statistical errors in F~FF to 

obtain the error in F~. 

Again as in Section 8.3 the error in the difference was neglected.._, 

e It is .clear from the data that the contribution from F
2

(x) is esscntiall)' 
..... . 

zero for xp > 10 x io-i+. TI1e integral ' 

.. ...,, 
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was evaluated from the sum 

in obvious n.::>tation. 

The integral of the electron elastic structure function 

c e e F2 (x ) over th~ range x = 0-1 is then given by 

where 

J
l 

c c e 

0
F
2 

(x )dx 

e Q2 
x = /2m v. e 

11 1 
= !-· 0. 86 . s 

e 

This integral was measured to be: 1.01 ± 0.04, where the error 

is obtained fron the statistical error in the sum S conIDined in quad-

rature with the error in the radiative correction factor. 

The inclusion of this measurenent is therefore that no deviation 

from point-like behaviour has been observed out to a value of Q2 = 

0.2 (GeV/c 2) 2 in the space-like ~egi~n. Experiments have revealed no 

internal structure in the electron out to a value of Q2 = 27 (GeV/c2)2. 

The result obtained therefore allows a limit on the internal structure 

of the muon to be estimated. Parameterising the deviation from point-

like behaviour in the standard form 

where 

~~ .. ·.fµ_ €Ql). = f µ (O)(l ± Q
2 

/ ti.2) 

F (0) = 1 

Q~/A2 = 0.01 ± 0.04. 

Clearly, the sign of the deviation cannot be determined from this 

measurement. However, 

effective charge, i.e. 

the expected deviation is a reduction in the 

f (Q2) = f (0)(1 - Q
2
/A2). The upper limit on 

µ 

A2 is· infinity since the denominator passes through zero. The lower 

limit on A2 is obtained from Q
2

/A2 = 0.01 ± 0.04. '!his gives . •.\ .. 
A2. = 4. 7 (GcV/c2)2 for a mean value of Q2 of 0.189 (GcV/c2) 2 . 

Jlll.n 
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Radiati vc corrections to u-e scattering have been neglected in the 

e estimate of F
2

• These can have an effect of 1%C74 ). 

u-e Total Cross-Section 

A measurement of the u-e total cross-section can also be obtained 

from the data. Fig. 8.16 shows the weighted event distribution 

obtained with out use of the ii-e filter after correct1ons for elastic 

radiative tail and spectrometer acceptance have been made. Fig. 8.17 

shows the calculated deep-inelastic event distribution after deep-

inelastic radiative corrections and correction for resolution smearing. 

Subtraction of the calculated deep-inelastic contribution from the 

corrected observed distribution for Q2 < 1.0 (GeV/c2 ) 2 will therefore 

give the it-e total cross-section in the range v = 170-200 GeV. 

1bis was ffieasured to be 23902 ± 2390, where the error quoted is an 

estimate of the error in calculating deep-inelastic radiative corrections 

of tU10%. 

1be ii-e total cross-section can be calculated exactly( 1 ) if 

radiative effects are neglected by (Equations 1. 3 and 1. 5 ) 

where 
2· 

T = Q /4m2 
e 

~ + '[~· 
+ ---.,,..--

1 + '[ 
mZ 

(1 - # 
8.14 

For an effective beam flux of 4.24.x 1010 it's and the remaining luminosity 

parameters given in Section 8.2, Eqn .. 8.·14 gives ·23668 ± 710 events in 

the range v = 170-200 GeV for an incident beam energy of 219 GeV. 

Where the quoted error is obtained from an estimated error of 3% in 

calculation of the radiative corrections to u-e scattering. The measured 

result :i.~, ~hercfor~ in good agreement with the calculated value~ A 

limit on the Q2 variation of the muon form factor can again be obtained 
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aSSlLl\ing 

GM(Q2) - 1 

· G (Q2 ) == G (0) (1 - Q
2 
I A2 ) . 

E E 

~here GE(O) = 1 and Q
2
/A2 is also assumed small. Including an error of 

3% from JJ-e radiative corrections in quadrature with that from the 

measured cross-section gives a one standard deviation from the mean of 

2495 events. Assuming this deviation to be wholly from a deviation 

of GE from 1 gives 

, ~n = 6.1 x 105 Q
2
/A2 

substituting Q2 = 0.189 (GeV/c2) and the above value for £\n gives a 

lower limit on A2 of 46.2 (GeV/c2)2. 

An alternative forr.iulation can be used to obtain an estimate 

of A2 : 

Q2) a meas 
GE2(Q) (1 + ~ = A a 

1his has the advantage that a straightforward estimate of the error in 
. 

/L2 can be obtained from the relative errors of C1 , and C1 d and meas pre 

gives A2 = 38.0 ± 5.0. The result is in good agreement with the 

previous measurement. Taking a conservative view therefore gives 

...... 
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TABLE 8.1 

D-MF.SON NORH\LISJ\TION - TO TOTAL FLUX 

Data Set Q2 Range Total Flux Cross-Section/Event 
(GeV/c2) 2 (xio- 10 ) (pbarns/event) 

A q2 < 1.0 7.45 4.78 

' B q2 < 1.0 3.95 9.01 
; 

A q2 > l.O 7.45 S.62 

B Q2 > l.0 3.95 10.64 

( 

( 

~.. .. 
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TABLf: 8.2 

APPROXIH!\TE Vr\LUES FOR DEEP-I~ELASTIC R:\DIATIVE 
CORRECT I m~s 

C1 
true/ ( ) CJ -CJ 

" meas ER 
(GcV) (RC) 

10-80 1.00 

.so-ss 0.99 

85-90 0.975 

95-100 0.95 

100-105 0.92 

105-110 0.86 

110-200 0. 75 

··"' . 
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TABLE 8.3 

NORMi\LISATION TO VIRTUAL PHOTO:'~ CROSS-SECTION 

Q2 Integrated Flux 
{GeV/c2) 2 (xio- 10) Data Set . er DI 

q2. -1.0 7.45 A 8885 nu.n 

q2. -1.0 3.95 B 4728 
min 

1.0-80.0 7.45 A 8290 

L0-80.0 3.95 B 4398 ....,, 
!"" 
\ 

.c 

. ·... _ .. 
. I-



TABLE 8 .4 

VIRTUAL PIIOTmJ CROSS-SECTION INTEGRATED OVER THE P~!\NGE \'I = 319- 325 
(GcV) 

Q' No Filter Fil ter~d Corrected 
+/- + (GeV/c2) 2 a (µbarns) o(µbarns) /- a(vbarns) /-

0.025-0.05 170.5 37.9 141.9 37.2 132.2 38.2 

0.05-0.075 147.3 18.5 121.6 18.1 112 .9 19.0 

0.075-0.100 155.3 19.6 119.0 18 .9 106.0 20.1 

0 .100-0. 125 2 31. 9 17.7 168.0 16.8 146.4 19.0 

0.125-0.150 269.9 18. 7 - 159.0 16.2 121.4 20.0 

0. 150-0 .1 75 782.4 24.8 ·212.6 18.7 99 .9 36.0 

0.175-0.200 1446.4 29.6 472.6 19.7 142.8 52.7 

0.200-0.225 892.1 25.7 316.0 18.1 112. 2 37.4 

0.225-0.250 278.S 17.8 123.2 16 .0 70.6 21.3 

0. 250-0. 275 94.5 17.4 52.4 16 .o 38.2 17.4 

( 0.275-0.300 99. 7 16.S 60.0 16 .1 56.6 17.4 

0.300-0.400 100.9 7.4 71.6 1 ~o 63.0 8.0 

0.400-0.600 71.2 5.3 50.7 5.1 43.8 5.5 

0.600-0.800 32.2 5.1 28.3 5.0 26.9 5.2 

0.800-1.00 40.05 4.4 39.1 4.4 38.8 4.4 

'"· 

i 
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TABLE 8.5 

MASS OF THE ELECTRON 

\I <Q2> 
+I-

<Q2> +I-
(GeV) {GeV/c2) 2 /2v 

:t.ieV/c2 

170-180 0.175 o.soo 0.02 

180-.190 0.188 0.508 0.02 

190-200 0.198 0.508 0.02 

·~ 

( QT 
:: Me = a.sos ± 0.011 HeV/c2. 

2v 

·' 

-: 

·.~ . 



TABLE 8.6 

F2 (x) For i~Le Sc?..ttcring (Integrated over range q2. -80(GcV/c2)2) min 

p + +,_ Fer.x) +I-x (xlOli) F2(x) /- F2 (x) 

(Q
2 
/2Mv) 

2 
(No Filter) (Filtered) (E :: 0. 75) 

. (.xl0+3) 
ve 

(xlO- 3) (xlO- 3) 

0.67-1.33 83 33 69 33 19 33 

1.33-2 .00 61 10 48 10 17 10 

2.00-2.63 119 16 97 14 29 16 

2.63-3.33 216 18 165 17 68 18 ,,,......_ 

3.33-4.00 289 23 193 21 128 23 

4.00-4.65 512 32 238 27 365 34 

( 4.6Sc-S.41 2142 49 682 34 1947 76 

5.41-6.06 2807 60 962 38 2460 95 

6.06-6.67 1188 so 413 40 1033 59 

6.67-7.47 458 42 224 37 312 43 

7.47-8.00 277 48 171 45 141 48 

8.00-10.00 339 28 238 26 135 28 

10.0-16.7 321 22 222 21 0 

16.7-25.0 310 25 270 24 0 

25 .0-41. 7 313 24 313 24 0 

41. 7-62 .5 426 39 423 24- 0 

62.5-83.3 316 40 314 40 0 

83.3-125.0 409 29 407 29 0 
,,,,......... . . ~ . •.. .. . . - .·.,. 

\ 125 .0-167. 0 367 28 362 28 0 

167.0-1000.0 388 10 387 10 0 

·., 
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Internal Bremmstralung 

-
· R denotes the fact that thr brrmmstralung is cmmitted in the 

c fitfd of the nuclear with which the virtual photon interactrd 

Straggling · 
. •. 

µ 
µ 

In this case the muon radiates in the field of a nucleus before 

( 
or after that with which il interacts 

• 
• .. 

fig. 8-1 

",\ . . I 
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CHAPTER 9 

cm!CLUS I c:..:s /\ND cm.r.IENTS 

1he subject of this thesis is hadron production in deep-inclas~ic 

scattering at a laboratory energy of 219 GeV. Two topics have been 

investigated: charn;ed particle production; and the production of 

kaons relative to pions. Both can be described within the same 

theoretical framework (the quark-parton model, or QCD). A brief 

surru:iary of the results anq con cl us ions obtained will be gi "_'.en in this 

chapter. 

It has been shown that charm production accounts for less than 

20% of the total deep-inelastic cross-section .. This result is consistent 

with other e:x--perir::cntal data and theoretical predictions, both of which 

in fact suggest a s:naller co:i.tribution (5-10~~). It is then apparent 

that, due to their small hadronic branching ratios, kaons from D-rneson 

decay form only a sr.all fraction of the observed kaon signal. Models 

which neglect charm should therefore give a reasonable· description of 

kaon production. Indeed, particle ratio distributions showed qualitative 

agreement with quark parton model predictions. However, discrepancies 

are observed in the data. 

A major problem in discussing these discrepancies is the lack of 

data in some kinematic regions (large z and high PJ]. Thus, at large z, 

the ratio K/ir appears to be approaching a number of the order 1, contra

dicting the value of 0.5 which was used as input to the theoretical. 

calculations. However, in this region statistics are very poor and no 

firm conclusion can be drawn. 

The observed discrepancy at low z is more significant as the 

dataset is larger. It should also be noted that the observed ratios 
+ -

K I + •. ,K. I - l h d. d 1 . t 1T , · ir are lower t 1an t e pre 1ctc va ues and give an upper hmi 
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to the ratios, since inefficiency in the Cerenkov cotmter can only 

lower.the true ratios. A difference is observed between the ratios 
K+ 

/n at low z but this _is not statistically significant. 

The particle ratio distribution·s show a rise in K/n with P.L 

at low z. At large z statistics are again poor and the results are 

inconclusive. Gluon jets may be the 'explanation', but the results are 

not inconsistent with a quark cascade mode 1. 

Finally, it raust be noted that charmed particle production has 

not been observed directly in leptoproduction, but only inferred from 

dimuon production and scaling violations at low x. In this experiment 

it was only possible to estimate an upper limit within a reasonable 

charm production model. 

Many questions are therefore left unanswered and more experi-

mental data i~ required to resolve them. 
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