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ABSTRACT

. This thesis reports on an experiment using the Hadron Spectrometer
Tacility at Fermilab, Batavia, Illinois, in which high energy muons were
scatterd from a proton target. _

Results are presented on hadron production in the interaction
¥+ p -y + Anything |
Hadrons were identified in a large multicell Cerenkov counter positioned
downstream of the spectrometer magnet. A discussion of the design and

construction of this counter and the use of the information obtalned from
it is given. :

A search for charmed D-meson production in the reaction
n+p- p + D+ X

throuah the invariant mass spectra of the hadronic D decay channels
k¥ and K*n¥sF is presented. No enhancement in the invariant mass
distributions in the vicinity of 1.87 GeV/c? is observed.

For xg; < 0.1, Q2 < 1.0 (GeV/c2)?, no D-meson production is observed
at a level of 6.9 nbarn with 90% confidence, and for 1 < Q% < 80 (GeV/cz)2
at a level of 7.2 nbarn with 90% confidence. . These results are in qual-
itative agreeﬂe1t with QCD predlctlons.

Particle flux ratios /v , /n » P/n+, P/w- are measured as a
function of z and P;. The particle fractions (f5, fx, fp) of all charged
hadrons are measured to be :

0.854 + 0.014

fn’ =
fgx = 0.12 + 0.027
fp = 0.026 + 0.013

Proton Eroductlon 13 corpatible with background. A rise in the ratios

: with Py is observed for z < 0.3 but not for 0.3 < z < O. 9.
As z + 0, /7 + 0.15 £ 0.03 and X' /n= > 0.11 = 0 03. These limits are
not well determined as z » 1. - :

The results are in qualitative agreement with low energy data
- and with Q.C.D. and quark- parton model predictions.
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CHAPTER T

pEEP INELASTIC MUON SCATTERING AS A PROBE OF NUCLEON STRUCTURE

y.1  INTRODUCTION

Investigation of scattering protesées has been theAprincipél
source of information on the nature of matter in recent 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 pafticlés 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 cénsisted
of a positively charged central core containing most of the atomic mass,
surrounded by a cloud of’negativeiy Ehérged 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 ‘].-101.l eV have revealed first the
'substructﬁre of the nucleus-as a béund state of cﬁarged and un;harged
nucleons and are noﬁ,revealing substructure in the nucleons themselves. -
The'ultimate goal is an understandiﬁg éf this structure and how it
leads to the multitude of 'elementary particles’ obServed in these
interactions. 7

The subjectlof this thesis is the hadrons produced in deep-
Inclastic scattering of muons from protoﬁs in the reaction

p++P—;-u++X

Charged leptons intéract with matter primarily via the electromagnetic
Current vhich is well understood by QED (their weak and gravitational

-

interaction is negligible at our level df precision). ‘It is therefore




£y

.A ¥ 27 GeV/c? at 95% confidence. QED therefore predicts the behaviour of

Pog,sible to separate tbe effects dqe to the probe (the muonj from those
Jue to_the target proton and thereby obtain a clear pictﬁre of any Ca?’
structure in the pro;on.’ In order to ju;tif} this assumption it is -
cssential to know how well QED predicts the electromagnetic interaction
of the muon. A ne;essary requi?ement is to show that the.muon is a true
pirac point‘particle. [It must be noted,rhowever, that deviation from
QtD in the photon propogatorkcannot be distinéuished frém non-point-like
bchaviour at the muon vertex and will also be observed as a deviation-
from point-like behaviour.]

If th; muon were ;ot a point particle but had‘a charge distri-
bution over a finite radius R, then its form factor must be modified to
¢)) 3 S - SRR

F(@) = [5@)]? FO) R
where F(0) = 1 is the static forn fa;tor anva2 is the negative of the
fbur-momentﬁm transfer squared. The standard form taken for £(Q2) is
£Q2) = 1+ ¥yp2 1.2

where Ais inferpreted as the mass which determines the characteristic
scale for the muon. Naively speaking, thé magnitude of the four-
romentum transfer is related via the Uncertainty Principal to the

: . h .
resolution attained in the interaction (§x v vaza. A glancingvblow -

"low Q% can resolve only large distances whereas a ‘hard' collision -

‘high Q% can probe short distances. Equ.. 1.2 would therefore imply a

characteristic 'iadius; of the muon R ~ h/A. Clearly A = » for a

Dirac point particle. Limits on A can be obtaiﬁed by comparing theoretical
calculations with experimental'results(z)."Thé best lower limit is

obtained from the cross-section for the.reaction ete” » uty” which gives .

N
t

the muon down to distances of order 3 x 10716 m, T ' »

~



}:‘ Having~establishcd the'validity of QED for the muon, relevant
formulac will now be given. The_differentiai cross-section for pu-p -
olusticAand inelastic scattering will be presented in Section 1.2 and
‘3 brief historicalldevelopmcnt of the subject in Sectioﬁ 1.3. The

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

scattering is described in this thesis, will be outlined in Section

1.4.




1.2 ELASTIC AND INELASTIC SCATTERING CROSS-SECTIONS

Elgg}ic Scattering

The first order Feynman diagram for u-p elastic scattering is
~shown in Fig. 1.1a (one-photon exchange) - The electromagnetlc coupling
constant o is small and therefore hlgher order dlagrams (e g. Fig. 1.1b)
can be ncglected 1n the calculation of the cross-section. Moreover,
since the interaction is elastic, it is described by a single independent
variable (e.g. Q% or v). The cross-section for scattering one'Dirac
particle of mass Mz from a second, unlike Dirac particle of mass M
can be calculated exactly from the first order Feynman diagram,

Fig. 1.1a (by considering the proton a point particle):(l)

dzoponlt Come2 Q- 25QZ + 2(s - M2 - 1)
Q= T Q' AGs, M, 1) 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 u-p

scattering since M, >> M), Eqn. 1.3 reduces to:

do_ . 2 28 | 2 | L

point _ dne? E o5 214 (¥/antan?®/2)] 1.4
Q Q 1 + 2(°/M)sin29/2 -

_whcre the factor (1 + 2( /M‘51n /2) is due to the nuclear recoil.

,Howevcr, the proton is not a point particle and Eqn. 1.4 must ve.

®odified to include effects of proton structure.

°
Jelastic _.4m? E' | cos29/2
s -
4Q Q@ E Ty 4 2Emsin??)2
G2(Q%) + G2(Q2)/4M2 .
o B O (%)cchz)tanz"/"] 1.8
1+ Q%/a2

This is the Rosenbluth formula. GEfand GH are the electric and magnetic
forn factors, so called, since in the Breit frame of the nucleon'they
»‘°7fuspbhd'exact1y to the electric charge and magnetic dipole moment

1 . . :
'”‘“r‘bllf‘lon of the nneleon.

\J.

Lale]



Experimentally, the proton form factors are found to have the

(3)

dependence

0.71
p

where up is the magnetic moment of the proton. Elastic scattering is

2 - . ’ .
@ = M @ o T

therefore strongly dependent on Q2, for large Q2:
do
elastlc ai(’2) 12
where a factor /Q“ is coming from the photon propogator and a factor
1/Q8 from the form factor dependence. It is therefore extremely un-

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 diagréh for the pfocess
n+ + p - #+ + Hadrons.. In calculating the cross-section it is.assumed
that this is the dominant diagram (i.e. one-photon exchange). A compa:i#on
of 1+N witﬁ 2" N can be used to obtain an estimate of the two—pho;on_ | |
‘éxchange contribution -~ the sign of the interference term between the
two amplitudes changing sign for the different beams. Expériments(4)
have shown e+p and e p to be equal to within 2%. Comparison of w'N and
v'N(S) indicate a contribution from two-photon éxchange of 1es$ than a .
few percent. It-is therefore reasonable to calculate in the one-photon
‘exchange approximation. The form-of the inelastic differential cross-

(6)

section is then

2 2 - o
o= 2 e - Crany @ ¢ @ - 2@ w)] 1.6

—

averaged over initial lepton and proton spins and summed over final spin
.. - '

states.
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Neglecting terms of order Hﬁ and using the relatlon Q2 ~ 4EE'51n2°/2

tan. 1.6 can be re-written as:
da2c 4nc? E'

i T E [coszelz W, (Oz,v) + 25in2® /2 W (Qz,v)] 1.7
The functions Wl and Wz which describe the photon-nucleon vertex

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

bec a function of the two independent invariants chosen to describe the
interaction, e.g. (Q%,v) or (Q%,x). Comparison with Eqmn. 1.5 in the '
case of elastic scattering shows:

2
G2 + Grzd.Q /412

— (v Ly
W, = - Vv - . .
2 1+ Q2.4M2 2 ' ' ~

1.8

Virtual Photon Cross-section

An equivalent formulation of the deep-inelastic cross-section,
in terms of the absorption cross-section for transverse virtual photons
(o’T(Qz.v)) and longitudinal virtual photons can also be made.(n The

Scat tcring muon is considered a source for these virtual photons:

2 . _
afL FEEW)Bﬁ¥N)+&+5hﬂQNH L9
Wwhera | |
K 1
 TEEL g g ET e
4% the flux of virtual photons.
= 2(QZ + v?)tan20/2 - oy
1+ z . . ’ .
Q21 - —Qﬁ)z
hmﬂ.lh' "

5 the longitudinal polarisation of the virtual photon.



. m——

—

2m§(1 - ej
Ql.

6.=

“is a small kinematic factor which can be neglected at high QZ.’

- W2 - M2

K M

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

required by a.real photon to produce the final mass state.

Uin

2eE - 2[p|p’] - 202

mzv

= _%%ﬁl + higher order terms

is the minimum Yalue of Q% 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 Qz + 0, a3z is required

for real photons. It then follows that the defiﬁitions of o and O

arc arbitrary to the extent fhat they depend on the defiﬁition of K.

The princip;l significance of this formulation is that a connection
can be made between real and virtuai photoproduction cross-sections.
By gauge inva;iance, as Q2 + 0, cL(v) *—b and cT(v) > oYN(v); i.e.
oy becomes the total photoproduction cross-section for photons of

cnergy v.

Comparing Equations 1.6 and 1.9 yields the relationships between

ﬁl. "2, UT and O'L: - - o . .
K ' -
W, (@,v) = grzmen(@Z,V)
| . 1.10
w”( 2 _ K Q2 (Q 1 + R(Q2
| 2 .Q V) = MWT Qv { (Q f\’)]
where by definition : .
2- GL(ng\’) . r
R(Q 2\’) = ‘O.'T'('Q'Z,v)

IS the ratio of longitudinal to transverse virtual photon cross-sections.

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

W * 5

e e e A e A e e < — At

[ J

o wasm e



' ——e = '-Q—[r— . TP_‘I'Z" . _\)— [(ZEE' - QZ/Z)

d2q 2na? 1 vWé

o 2 ' : S
+ @ - o - Vgl -
Separation of Wl énd WZ, or equivalently of WZ and R. is difficult
since at low scattering angles, the cross-section has only a weak
dcpendence of Wl (or Rj. 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
(8)

scattering experiments which given an average value of R = 0.25 % 0.10,

" the large error being determined by systematics. Howevef, in the éxperi—

nent described in this thesis, data was taken at three incident beam.
(9) o’

energies and therefore allowed a measurement of R*7. 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 W, . The
cffect of systematic errors in R was investigated by calculating vwz

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

obtained, with average differences of a few percent.
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1.3 Historical Review of Decep-Inelastic Scattering

Many reviews of the experimental and theoretical status of deep- —

..4(8,10
inelastic scattering have been presented(_’1 ),

A brief summary of the
rain features will be given here.
- Electron-nucleon scattering experiments have been carried out

(11)

since 1955 and at that time were used to investigate nuclear resonances .

However, it was not until the prediction of 'scaling' by Bjorken(lz) in

(13), that the process of

1969, and its rapid experimental discovery
dccp-inelastic lepton scattering became one of the principal probes of
nucleon strgcture. Using the methods of current algebra,-Bjorken pré-
dicted that in the limit Q2 + o, y -+ o ywhile the ratio x = QZIZHQ
remained fininte, the structﬁre functions vwz and ZMWI, normally functions
of both Q2 and v,would become functions only of the dimensionless

variable x. Introducing the scaling structure functions Fl and Fz, this

c¢an be expressed as:

2MY, (Q%,v) F, (%) |
din Q2 +

vV >
X finite
\’Wz (Qz sV) ‘%Fz (X)
dLim Q? - ®

VvV >

x finite _
' 2
This behaviour is termed Bjorken scaling and the variable x = Q /2Mv is.

-

viully denoted x. ..
Bj :
In addition to the scaling behaviour, Bjorken also predicted that
t i : & ‘
ho inclastic cross-section would fall off more slowly than 1/le. The

beh: ) . : ) . _ .
'avlour uf, the inelastic structure functions is therefore very different

e e r A e




ebtained from quasi-point-like scattering. o - - ..f

~at shorter distances using a high energy muon beam available at the -

- varlable x' given by

from that of the elastic form factors. Recalling, that a point-1like

cross-section would fall off as I/Q“, this behaviour could certainly be

- Closely following the discovery of scaling, Feynman(14) showed - 

that in a constituent model of the nucleon, in which the virtual photon i
scatters incoherently from point-like particles, exact scaling would be

obtained (the 'parton model’). This intuitively attractive model has

become the standard framework within which deep-inelastic scattering is

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

The subject has pfogressed rapidly both experimentally and

thcoretically in the 10 yéars since the prédiction of scaling. Following

(15)

this prediction, high statistics experiments using the electron -
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
(16)

IO

became associated with Gell-Mann's quarks.

Experiments were then designed to test the validity of scaling.

Fermilab accelerator which was then under construction. (The experiment
dvscfibcd in this thesis is the third stage of one 6f these experiments -A'
E9S/E398, carried out by a Chicago—Harvard- I1linois-Oxford collaboration.)

In 1975, deviations.from scaling weré observed in muon scattering on an

Yo t“rget.(s) and were subsequently confirmed by the CH1O collaboration(17), ‘

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

Scaling region of Q2 and v had not yet been attained. The scaling

X »
x =R - - ~1

‘3‘1‘/4- inproved scaling for W 2 2.6 MoV in low energy data,clg} with

2 ,
ks ~0.9 Gel2,: asymptotically approaches x in the scaling limit and



—

et b 2

3ppcared to restore scaling in the muon data for K2 N.1.5 GeVZ.(lg)

- Moreover, the ¥ meson had just been observed, indicating the

cxistcnce of a fourth quaf}. This fourth quark could cause the observed
risc of F, af low x. However, this violation of ;caling could also be
prcdicted in an asymptotically frge gauge theory, (Quantum Chrémodynamics).
Further experiments at higher beam energies were planned and have now

d(19,20)

becen reporte . Deviations from scaling of the order of 10-20%

have been ccnfirmed at low x. The theoretical picture is unclear as to

" how much of the 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 idcntified the

hadrons produced in the interaction. In the experiment described in this
thesis, such identification was possible in 2 limited kinematic region.
A direct seérch for ch#rm production via the identification of D-meson
decay was also carried out. The results obtained wiil be discussed in
terms of the quark-parton model described in the following section and
five information both on.the deep-inelastic process and on the qﬁark'

fragmentation description of hadron production.

-
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1.4 Related Theoretical Topics

parton Models

A

Constituent models of the nucleon of the type déveloped by ©

14, 21- :
Feynman and others( » 21-24) are referred to by the generic name

sparton model'. The basic hypothesis of these models is that at
“large v and Qz, the virtual photon scatters incoherently off point-
likc, free constituents of the nucleon. These constituents are the
‘partons’ 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
(vhile in the environment of strong nuclear.forces) is usually given in
the infinite momenturm 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
view of a non-infinite momentum viftual photon). Incoherent elastic

scattering can then occur from a single parton (Fig. 1.3). Free partons

however, are not observed among the final state hadrons. Various parton
confincment théoriesczs) have been proposed to deal with thig problem. !
Thg proElem is.usually avoided in the partoh model by stating that fhe R O
tirescale of parton recombination to form the final state hadrons is

such larger than the characteristic time for the interaction (v /+/39).

Inclastic scattering is then given by the incoherent sum of elastic

Sc@ttering from all the partons in the nucleon (an impulse approximation).

Thus the

naive partom model allows the calculation of the structure

functions in terms of numbers, charges and momentum distributions of
MQ s‘-l rtons .

of qu\bn %

with quarks. The standard framework for the study of deep-
inelgst;

}

]
An immed; . . V‘
ediate development of the parton model was the association i
. {

a
»&atterzng is now the Kuti- We1=kopf( 2) quark model where !

{he C\“Qr’(s

are trcmtcd as partons. In thismodel, baryons consist of:



——————
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-

3 valence quarks; a core of quark-antiquark pairs (the sea); and

-juons (the exchange quanta of the force field between quarks). The
» "o

threc valence quarks are chosen from SU(3) predictions, qq pairs and

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

f,cé gauge theory such as Quantum Chromodynamics and symmetry requirements).

1he development to include charmed quarks is straightforward.

This model provides good agreement with the experimentally
observed behaviour of the cross-section.

Firstly, thé point-like behéviour of the interaction results in a
l/Q“ dcpendeﬁce for the cross;section. Secondly, exact scaling can be
derived in this model. Assuming the transverse‘momentum of partons to

L

hadrons is the basis for this assumption), the momentum of the parton

be small and finite (the observed <P2> a 0.4 (GeV/c)?2 of the final state

can be expressed as a fraction of the momentum of the nucleon EP, (in
the large but not necessarily infinite momentum frame). Similarly,
neglecting the parton mass, the energy of the parton is approximately EE.

These results are clearly more justifiable at large momentum, where

.&sses can be neglected. (The only problem exists when EP n transverse

romentum of the parton and is considered in Ref. 22). &P scaling is
therefore expected - i.e. the cross-section only depends on the scaling
variable £. The cross-section can then be calculated, and the structure

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

typo §:

VWZ(Q?,V) = e% x £, (x) for spin O and spin } partbns

VMW, (@2 ,v)

é%fi(zﬂb for spin } partons. 1.11

o for spin O partons
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shere
x = ° /2Mv . , - is the Bjorken scaling variable
e; = charge on parton i in units of electron. chargé
fi (x)}dx = number of partons of type i with momentum between .x
and x + dx.

i

Sumning over parton types (or flavours) in the proton gives the structure

functions:

P'nz
Fy(x) = 1 eixf, (x)

=1 | | 1.12
Pwl e |
(x) et f. (x)
1 5.1 11 | |
where the sum runs over both quark and anti-quark flavours. For an

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

Somc interesting deductions can be obtained from this result:

Firstly, Equations 1.10 and 1.11 give in the scaling limit

o _ lex - F
R=-—>= ——
T 1
= @ : for spin O partohs
=0 for spin { partdns.

The observed value of RV 0.2 suggests that the majority of partons
src spin § (strictly, this conclusion refers to the charged partons).
Secondly, it is necessary to assume that part of the momentum

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

4 Is given by:

1
n o= foi (x)dx

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

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

]

J;fi(x)dx = 2
1-,.‘.‘-' : 1 N ‘

I OfS(x) dx =1

T Yy " Ay M— oy o f W
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In addition to these integral relations-, SU(3) symmetry requircs

("(x) = zfs(x) for all 0 < x < 1. - Clearly, to go further, a model is
u A

required 'for-fz(x) say - for simplicity Fake a @ifom distribution.

1t is then straightforward to calculate

1p
IOFZ(X)dx =12 + ey =} |

The measured‘ value of this integral is ) 0..167 t 0.006 and
this rcsult would show that in this rather unphysicai 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 will now be
given as in addition it gives a usefgl introduction to-the quark frag-

(23)

rmentation scheme. Following the definitions of Feynman, 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 G(x), d(x), 5(x) the numbers of anti-—quarks, and neglecting

charmed quarks, then charge conservation gives

2! _ 1! 1! ‘
1 = gf [u(x) - §(x)]dx - gj [d(x) - d(x)]dx - gf [s(x) - 5(x)]dx
) 0 o . Q 0.

The isospin of the proton is %—, giving

1 -1 1 - 1 1
¥ = 'j'[ [u(x) - a(x)]dx - -—J [d(x) - d(x)]dx
(4] 2 0 4

The strangeness of the proton is zero, giving: _

1
IO[S(X) - 5(x)]dx = 0

The solution to these equations is:

1]
N

. :
[otu(x) - B(0)]dx

il
-t

1 .
[o[d(x) - a(x)_]dx

L[S(X) - s5(x)]dx = 0




';,c. the net number of quarks is given by the simple 3- quark model.
The structure functlon Fz can be evaluated in terms of these

Guark distribution functions (Eqn. 1.12):
Pi ) 4 _f 1 .
F,(x) = x[gu(x) + u(x)) + gd( + a(x))

+3(s(0) + 360
giving
| 1p=ng(x)dx=§u+ %-134-%5 ' . _' '1_13
shcre
1 -
U= J x[u(x) + u(x)]dx etc.

0
FJ: can be obtained in a similar fashion, noting that by isospin

-

retlection, the number of u quarks inthe proton is the sam= as the number

of the d quarks in the neutron, giving

+§o+s A 1.14

‘ !Oé:v-
Of

If charmed particle production is important equations 1.13 and 1.14 must

be modified by the. a.dditl;.on of a term -g-C |
Calculation of these integrals in a reasonéble model of the qn_ark

¢iatribution functions leads to the prediction that some 49% §f the

womntum is carried by neutrals (26). These neutrals are associated

“lth the exchange quanta of the 'quérk interaction field - the gluons. '

A Yuti- -Weisskopf type model is thus seen to be a reasonable framework

within which to describe deep-inelastic scatterlng with only one addition,

~ fhe fntroduction of a further degree of freedom to maintain Fermi-Dirac

Sfotistics - colour. (27

Q\Aﬁr‘h”ms’.mcntation in the Parton Model(%’zg":”l)

'lhe general plcture of final statc hadron productlon in the parton

mdd ia “.__. -

2 cascade process (Fig. 1.4): the initial baryon consists of
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cuarks Xya; the struck quark, a, creates a colour field in which a quark-
antiquark pair, bb, are formed; ab combine'Fo form a meson and the
cascade continues via fhe quark b until one quark recombines with the
remnining quarks from the iﬁitial state, completing the déscription of

the intcraction. [It should be noted that the fragméntation scheﬁe does
not include baryon production - experimentally found to be Qmall.] - The
principal assumption of the model is that, defining.the variable

hadron/Pparton

: =P, » the hadron distributions scale in z. This is

referred to as "Feyhman scaling'. Quark fragmentation functions can then
be defined by Dﬁ(z)dz as tﬁe number of mesons K in the range z to

2 + dz produced in the final state froﬁ a quark of flavoﬁr a. The
.ﬁnihcr assumption of minimal coﬁpling via the charge of the quark

allows the fiﬁal state hadron distributions to be expressed in terms of

the quark distribution functions and the fragmentation functions. Con-

servation of momentum requires that:

1
ZI zD(z)dz = 1
K’‘0

’

hc integral

1 .
I R (2)dz

. et

min

“r this definition gives the mean multiplicity for particles of tYpe h

vith 2 > Zmin Yesulting from an interaction with quark a.

In 1nvcst1gat1ng hadron productlon therefore, assuming the quark

st
3 r!bution functlons are known, or can be calculated in some model,
) . . .
He Preblem reduces to obtaining fragmentation functions such as

+ + -
D" (z), DK (2), Dg(z) etc

(r°3*7i6tin' the discussion to SU(3)).

[
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Charge-conjugation and isospin. invariance reduces the number of

;ndcpcndcnt Dg functions to

n§+cz) =Dy (2) =D} (2) = n§+cz)
+ - - - +

Dy (2) = DY (z) = D] (2) = D (2)

n+ .ﬂ— w+ vl

D] (z) = D (2) = D (2) = D (2)

six indcpendent fragmentation functions are required to describe kaon

production:
X ) - o @ 5o} @ - X )
D:+(z) = DE-(Z) H D:f(Z) = b§+(2)
Ko-o 5 Ko-Ffo

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

hadron distributions either analytically or using Monte-Carlo mcthods,.

c.g. the number of positive pions produced in scattering from a proton

target which is described by a a quark distribution.

P(x) = u(x) + G(x) + d(x) + 3(X) + s(X) + 5(x)

Is given by (omitting explicit x dependence)

+ve’ 1 w+ - w¢
_ﬂ (x) = I _ uDu (z) + uDd (z)
© "Znmin ' . :
x x ‘
+ dDd (z) + dDu (z2)
. + +
4-'502 (z) + 59;' (z) dz.

These integrations have been carried out by several authors

W ing models to describe the fragmentation functions. The particle

@
Fatios —r( ) s E:(z) etc. obtained from these calculations can then be
w(z) ’ T (2)

&ompared with the experimental values.

(26,28-31)
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«ector Meson Dominance

- —

An alternative description of ﬁeep-inélastic scattering considers
,xr51‘£hat the virtual photon {turns into' a neutral vecfor ﬁeSOn which
t.en interacts via the stroﬁg interaction with the proton (Fig. 1.5).
tn its carly stages of development the model only considered the well
yrown vector mesons (p, ¢, w and more recently ¥, ¥'). However, to
s-commodate the observed scaling in deep-inelastic scattering required
generalisation to a spectrum of vector meson states - G.V.M.D.(Sz) The
malel has some prgdictive'success but the required spectfum of vector

mesons has not been observed. In addition to this major disagreement
with experimental evidence, the model also has the disadvantage that it

vepiaces a known interaction, yp, with an unknown strong interaction, Vp.

Asymptotic Freedom

A discussion of the theory of deep-inelastic scattering would not
be corplete without at.leagt a brief mention éf asymptotically free
fuge thcories. These relate scaling to the behaviour of an underlying
fiéld theory through the techniques of the renormalisation group andv
4+he operator product expansion(ss). It was found that Yang-Mills gauge
theortes have the property of asymptotic freedom. This statement refers
Yo the fact that in such theories the effective coupling constant is
dcpendcnt on distance and goes to zero as momenta become large. The
heory 5 called Quantum>Chroquynamics(34) if the gaﬁge groub chosen
ts SU(s) (3 colours,. and as many flavours as ne;essarf up to the re-

nbr*“qilsution limit of 16) . Asymptotic freedom thus forms the basis

for the Parton model, justifying the impulse approximatioﬁ-at large
ﬁwnéﬁq, Deviations from scaling behaviour can be’calculated in this
modgl. | | '

..
we ®

—_—




- ——y R

. - —— .. .

g N

Ve
———— e e e

20. , e

This theory does not yet provide a complete description. Free
“purks have never been observed - one umsolved problem is to devise

a theory which accounts naturally for this confinement.(24)

—-——
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TABLE 1.1

DEFINITION OF VARIABLES

ﬁu = mass of muon

M = mass of proton

P = (E, P) four momentum of incident muon

P, = (E', P") fbur momentum of scattered muon

qQ =P, - P, four momentum transfer from |
=M, 9 muon to proton

Py = M, 0 four momentum of incident proton

Q = —qiqi (invariant mass?) of virtual photon

2EE' - 2|P||P'|cose - 2 mlzl% 4 EE'sin2%/2

= 2Mv for elastic scattering \
v = (Pz.q)/M laboratory énergy of virtual photon
0 = mueon scattering angle in laboratory
a = fine structure constant.

s =2ME + M + nﬁ Total energy)

2 N M2 - Q2 Invariant mass of final hadronic system
A(x, q, z) = x% + y2 + 22 - 2xy - 2xz - 2yz

2
x5 /2y Bjorken Scaling Variable
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CHAPTER 2

" THE APPARATUS | ~

-

2.1  INTRODUCTION

The data analysed in this thesis was taken in‘tﬁe third stage
of an experiment on muon scattering which was carried out over sevgrﬁl
years by a Chicago-Harvard-I1linois-Oxford collaboration using the
muon facility at Fermilab. The aim of this experiment was both to
measure the differential cross-section E%%%Z at different beam ¢nergies
(and thereby the protdn structure functionst1 and Fz) and also to study
the hadrons produced in the interaction.

The beanm energ} 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 chambers downstream of the target greatly

improved the ability to study the hédrons produced in the interaction
with which this thesis is concerned. The apparatus can be split
logically into three elements: the beam transport system; the bean
defining elements; the analysing spectrometer. These will be discussed

in some detail in the following sections.

Lake?



.~ MMION BEAM TRANSPORT

 The muon beam is prpduced by the decay in flight of secondary :*
pnons.and kaons prodﬁced,in high energy.proton nucleon collisions.
jhercfore, the aim of the beam transport system is to collect these.
accondaries, allow as many té decay as possible, remove all unwanted
particles (hadrons'and muons with the wrong momentum or cha;ge) and
then transport the final muoﬁ beam to the experimental afea.

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

400 GeV proton beam extracted from the main ring is trénSported over

s kilometre to a production target of 30 c¢m of aluminium (one inter-

action length). Secondary pions and kaons produced at small angles

(2 mrad) are strongly focussed by a quadrupole triplet onto a 500 m
cvacuated decay pipe. There are no further elements to contain the
beam untii the end of the decay pipe. Then follow two bendinglstations
scparated by a quadrupole focussing station to deflect the chafged

b¢am f;om the neutrino beam and focus it onto the hadroﬁ ébsorber,
allowing a further 400 m of decay path. These elements also provide
momentum éelection, the momentum band of the beam being reduced to ~1%.
Of the secondaries, 95% of the pions and 90% of the kaons do not decay,
and these plus any other hadrons are removed by an absorber packed into’
tbc third stage of bending magnets (D3). The‘absbrber consisted of

21.3 m of high densith polyethylene which reduced the contamination, :

Riving a n/u ratio of 2 x 10"6, The final set of Q quadrupoles (Q4) then

focusses the muon beam onto the experimental target. Momentum selection
Is made at the 1ast bending station (D4). The muon beam had a momentum
3pread of #3% and an angular divergence of ~1 mrad. . The cross-sectional

Arca was approximately 100 cm2,
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Intensity
Intensity

n + uv decay produces muoﬁs with a uniform labératory energy
spectrum frﬁm NE“ to 0.57 E“. A maximum muon flux is obtained by -
selecting a pion mOmenium 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 momentun which is roughly half_the primary proton momentum,

| In this experiment the primary pfoton 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 u/p ratio of approximately 10”7 was obtained
resulting in 10° 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 unlike

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

large distances before being absorbed. These particles are célled
'halo?’. |

The beam-line opfics are not completely matched and. therefore
deSpite.earth shielding along the length of the beam-1line, muons
leaving the beam in.thé upstream element§ result in halo over a large
8rea of the experimental hall. In addition, muons scraping the beam-
line magnets but not quite leaving the system give rise to close-in
halo around the beamn. Fo: this data, the ratio of halo to beam varied

from 2-5 with most of this halo within 50 cm of the beam.

»
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‘The trigger requircments necessary to minimise the effects of
" halo are discussed in Chapter 3. However,'the halo was extremely useful

in the setup stage of the experiment 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 behm(ssll The'absorption length at 220 GeV/c is estimated

'to be 1.6 m. 21.3 m of absorber were used giving a =n/u ratio of

2.3 x 1076,

R.F., Structure

In a préton synchro-cyclotron, the radio-frequency cavifies
used to accelerate the beam tend to bunch protons Qrouﬁd the accelerator
ring. At Fermilab, bunches are 2 nsec long and ére»separated.by
18 nsec. The 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 T.f. bucket (v1%). Uneven

and spiky beam spill can increase this however,
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| 2.3 BEAM DEFINITION AND MOMENTUM MEASUREMENT

Beam Definition

“The beam defined for the experiment is seleéted at the final
dipolés in- the beam—line D4 (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 through them. This definition is carried out by a sequence of
counters in coin;idence and anti-coincidence to form_an electronic
collimator (Fig. 2.2). | |

Céunters Vi, V2, V3 match the apertures of the last two bending
magnets (10 cm x 9 cm) and aré used to veto scraping beam. BH1-BH6
are each 8 element scintiilation counter hodoscopes. BH1 consists of
1.2 cm scintillator covering an area 20 cm x 20 cm. The remaining
five_hodoscbpés are 15 cm x 15 cm.in area and use 0.6 cm scintillator.
BH1, 2, 3, S are arranged in vertical strips to provide x readout.
BH4.and 6 provide y readout (Fig. 2.3). The beamAis defined by a
coincidence between one element in BH1 and BH2, one element in either
BH3 or BH4 and one in either BHS or BH6. CountersV]-3 are required in
bantiéqincidence with this signal t§ veto scraping beam, and the halo
vefo 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 beaﬁ particle's
trajectofy through the bending plane of the analysing magnet system.
This is carried out using the beam hodoscopes BH1-6 used in the beam
definition and 6 multiwire-proportional chambers. The MWPCs are

20 cm x 20 cm in area, with a wire spacing of 2.0 mm. Those with
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vertical ;eadouf wires are described as X chambers anﬁ those with
horizontal wires as Y chambe?s. The beam hodoscope information
corresponds to the beam chamber 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 hodosco?e and chamber pairs. As the.bending
takes plaée 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 iﬁcident

beam into the laboratory. The beam hodoscopes were all positioned
downstream of their corresponding chanbers to prevent the chaﬁbers

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

b S
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2.4 THE SPECTRO-ETER

This section briefly discusses the various components of the
spectrometer. In part they have 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

This is an appropriate place to define fhe experimental'coordinate
system. The centre of thé momentum analysing magnet (the Chicago
Cyclotron Magnet) is taken as the origin. The nominal beam direction
defines the positive z-axis, the horizontai beam left direction the -
x-axis, and the vertical direction in a right-handed sense the y-axis,
Target '

The targel flask is positioned approximately 6 m upstreaﬁ of thé
Chicégo Cyclotron Magnet. It is 18 cm in diameter and 120 cm long.
Filied with liquid hydrogen this corresponds to an approximate target
thickness of 8.3 gm/cm?, with the target flask material representing
only 0.4 gm/cm?, 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

The halorvetg wall stands immediafely ﬁpstream 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 allgw the beam through, its function is to prevent any backscattered

- o+ -

particles from a real event hitting the halo veto and thus vetoing .



Im x 1m Multiwire Proportional Chambers

A bank of 8 I1m x Im HWPCS(36) with 1.5 mn 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 séacing
provides a spatial resolution of 0,5 mm r.m,s. and their gatcrpulse of
typically 120 nsec sets their timing resolution. They detect all
forward going charged particles from an interaction in the target. 1In
this respect their time resolution is important as there is a large
flux of Seam 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 # pole
tip radius of 2.2 m and an aperture of 1.25 m. The magnét can produce
a maximum field of 1.5 Tesla, dréwing a current of 5000 Aﬁp 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

symmetry and has been mapped to determine its uniformith and fringe
field.(37) The field map was accurate to #4 Gauss. and the field is
stable over periods of running 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 GeV/c. - 4

., -
s



J11inois MWPCs
S:\ | o For this run, five additional proportional chambers were positioned
pbetween the last two 1 m chambers to.improve the low momen tum 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
bin an XYXYUVU'V'XY pattern._ The tilted planes were XY planes tilted
at an angle é(= tan"lé) and -8 between the x-u and x-u' axes respectively,
and were required to resolve Xy ambiguities in trackfinding. These
planes were used primarily for a low momentum analysis'of strange particle

production.(ss)

The Downstream Spark Chambers

Immcdlately downstream of the C.C.M. is a bank of twelvé 2m x 4m
(- spark charbers with 1 mm wire spac1ng (36, 3Q)Aus.they ‘were requlred to
| operate in a large fringe field (a0.5 Kgauss) these planes used shift
fegister readout. At approximately 9 m downstream of the magnet and
downstream of the Cerenkov couéter there is a further bank of eight
2m x 6m spark chambersgssThese planes also had 1 mm wire spacing and
used capaéitive readouf. The downstream tréckfinding was carried out
in these 20 planes to obtain the space tracks of pa;ticles 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
are UX, VX and UV planes with wires strung at 8 = tén‘lé—and_ -8 to
the vertical and these are used to obtain the y projectioh. The

2m x 4m planes had a live time of 1 usec and the 2m x 6m planes a
live time of 3 psec. This results in them 'seeing' many stale halo

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

2m x 6m planes had a mylar deadener in the beam region to overcome

Y

this nrohlem. e e et e e e




(: }  The Cerenkov Counter

There is anviS cell nitrogen'filledrdcrgnkoé cdﬁnter'between
thé{4 mand 6 m cﬁambers. Each cell mir?or 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. Thebcoﬁnter plays an essential

part in this analysis and is discussed in detail in Chapter 5.

Muon Identification

Muon identification in the spectrometer is provided by a hadron
absorber consisting of an iron wall a@proximatelySm X 6m by 2.5 m
.deep. This is positioned roughly 20 m downstream of the spectrometer
(j magnet. Immediately behind the absorber is an array of hodoscopes and
veto.counters used in the trigger. Beded this array there is a bank

(35) each with two readout planes. These

of four 2m x 4m spark chambers,
planes use magnetostrictive-wand readout and are constructed in a

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

tracks.

Muons are identified by their ability to peneirate the hadron
absorber and set the éounters'behind. The pion punch-through probability
is extremely low (10™°/pion). Multiple coulomb scattering causes the
only identification problem as it can deflect tﬁe muon by up fo 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 charbers designed to obtain some
~identification of e, ¥, 7° and neutral hadrons. This consists of

= initiativ a4 em (3 r.1.) steel plate followed by a bank of spark




31.

B

chambers. Through spark counting in these planes one would observe
clectron cascades from electron bremsstrahluhg and y conversion in the
stecl plate. Immediately downstream of this bank of chambers is a o
0.3 m thick lead wall to stop the eleétrOmagnetic element in the shower.
Deve lopment 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 réad out when a particle is seen
to leave ﬁhe beam and is observed downstream of the hadron absofber.
The downstream signal for this is obtained by 4 banks of scintillation
counter hodoscopes, and one array of'beam veto counters. Figures 2.6~
2.11 show the counter arrangement in these banks, labelied: G, H and H',
M ?.nd N, M', 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 counters 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 arréYs M, N,-M' form a second crossed array of counters
downgtream~of the hadron absorber. Agaiﬁ counters in the beam region
-in banks M and 1’ areldisplaced. The N counter is on a trolley which can
be moved laterally to covér this hole. By moving the N and by removing
'apprqgr?dte elements of it from the trigger, the composite M hole can

]
be made to match the beam veto. _ .




The beam veto is the K hodo%cope, which is also on é trolley fo <

enable it to be moved laterally. This freedom is necessary as it was'_
necessary to determine its final pbsition 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 minimiée deadtime. |

Further detaiis of the operation of these hodoscopes and their -

use in the experimental trigger are given in Chapter 3.
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CHAPTER 3

- DATA TAKING ' - |

3.1 - INTRODUCTION

The principal advantage‘of an electronic particle-deteetion
system is that one can trigger the syseem only when an event of interest
has occurred, thereby greatly reducing’exéerimental dead-time and the
amount of data processing required. The signal that an event has occurred
is usually obtained from some scintillatioh counter system which prod-
duces fast light pulses follewing the passage of charged particles
through it. These pulees can be detected by photomultipliers which then
provide output pulses which can be detected electronically. Fast electrenic
logics circuits can then be used to trigger the rest of the apparatus.
chamber firing, latchlng and data- readout etc.

The experiment described in this thesis was designed to investigate
inclusive and semi-inclusive muon scattering aﬁd the trigger esee 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 absorberb(Fig. 2.4). Details of the trigger

hodoscopes, their function and the loglc used is described in Sect1ons 3.2

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

and details of on-line checks and equipment checks carrled out durlng

data taking are described in Section 3.5.

b
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3.2 THE fRIGGER

The positions of the downstream elements of the trigger aré
shown in Fig. 2.4. A schematlc of the complete.trlgger system is shown
in Fig; 3.1. The timing resolution of the system is determined by the
Jengths of the various hodoscope elements. Thus the 1nc1dent beam
resolution is A5 ns and the scattered muon resolution 20-30 ns. The
minirum resolving time is therefore approximately 30 ns: The detailed
discussion of the trigger is given inrterms 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 BH1 represents any.element in the hodoscope BH; being set etc.

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

the 'good beam' signal:

(a) VA.VELVC
(b) Vu | |
- (c) BH2 > 1.BH3 > 1.BH4 > l.BHS > 1.BH6 > 1
=EBH>1

(a) VA, VB, VC - These are three pairs of counters whith.matéh the
eﬂtrance and exit apertures of the three dipole magnets comprising D4
(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

therefore allow an accurate determination of their momenta

o



(b) VH - Mounted upstream of the experimental target there waé a
nodoscope consisting of an 18 element hodoscope array cévering 3m x Sm

- with a large hole in the beam region and 4 small counters which accurately
dcéincd the beam 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
rcmoved by the four small couﬁters (the veto 'jaws'). These also
restricted the beam»spot to an area completeley within the target. A
halo.muon will satisf& the downstrean requirements of the tfigger 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). The rate gﬁg-was typically 2 x 10"%. The ratio
of bean to halo was large, being about 1 to 3. Therefore, even assuming
99% effieiency in the halo veto, a trigger rate of 3 x 1076 is.obfained

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

(c) BH > 1 - Thig signal was used to detéct and veto evénts in which
tﬁo muoﬁs passed through the apparatus Qithin 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; Assuming a uniform spill structure, the probability of gwé muons
arriving in the same r.f. bucket was approximately 1%. However, spikes
in extraetioi (as was the case for sections qf the data) would inﬁrease
- this probability.. .

Muon scattérs in material in.the beam line (especially u-e
Scatters)-can also give rise to two parficles in the beam. If the

€matsa~ Arrnrred upstream of the beam analysing magnet, these particles



Would'be swept out of the beam, However, if this‘did not occur (e.g.
following  an interaction in BH3 or 4) the muon would defiﬁifely
trigger‘the apparatus since having much lower enefgy would éause 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.

kd) Bpy - Muons éan 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 phétotubes. A muon passing
through the apparatus while these were inactive could then tfigger the
apparatus simply as a result of a random éoincidence between a G and an
M counter. Therefore, each beam muon vetogd the r.f. bucket following

it (18 ns later).

The Scattered Muon

The definition of éhe scattered muon was simply a coincidence
between an élement in the G or H hodoscopes with qné in any of the M, M'
_or N hodoscopes and in anti-coincidence with the K—véto. The logic ié
S=(G+H.M+M +N).K
where the symhol '+' 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 Ee the scattered
muon) has been detected elsewhere in the apparatus downstream of the iron
absorber. The coinéidence 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 + M' + ND;

o ‘One may note that as G and H, and M, M' and N ;re in logical 'OR!,
the efficiency of these counters can be measuréd_directly from fhe.

eXnerimental data in the regions where the hodoscopes overlap.
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Combining the beam and scattered muon signals provides the event

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

where

B =T.BH > 1'BAt'VABC'VH



3.3 THE FAST ELECTRONICS

B The description’}fast eleétronics' refers to the electronic logic
used to form a trigger signal following an interaction and the various
subsidiéry circuits used for normalisation and for monitoring the
experiment (Figr 3.4). The setting-up and efficiency of this system
was crucial to the successful operation of the experiﬁent.‘ The efficiency
was mainly determined by fhe detection efficiency of the hodoscopes
forming the trigger. However, electronic and timing inefficiency in
the logic circuits also required careful consideration; The.procedures
used in the setting-up of tﬁe fast electronics will be describéd here |
in 5ome 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‘aays of data-taking.

Plateauing Hodoscopes

To ensure optimum efficiency, the best operating voltage for each
phototube must be determined. This procedure is called 'plateguing'.
The scheme used to plateau a counter (i.é. the phototube viewing a
scintillation counter) is shown in Fig. 3.5. Counters C; and Cz'in
coincidence (Sl) define particles which are passing roughly through C3
(the counter to be plateaued). The signal at Cq is set to be in-time
with S1 at the coincidence unit SZ' Therefore; the rate SZ/S1 gives a

measure of the efficiency of counter C Variation of the voltage on

3
thc‘phototube of C3 gives the 'plateau curve' for CS‘ 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 plateéu region as the voltage is increased (Region 2) followed by

® sharp iacreasec in rate as the ;61tage ié increased further (Region 3).

]
Reeion 3 is thenoise region in which electrons emitted from the photocathode

~ -



e

and dynodes due to thermal noise are beiné amplified and swamp 52

vith accidental coincidences. The operational voltage.ig'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 1005150 v onto the plateau. -

'There are two further poinfs 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 practi;e, this can
be achieved by making the signals S1 and C3 sufficiently wide to cover
this variation. '

The sec&nd point is directly concerned with the size of the
downstream hodoscope elements. The-aiﬁ of plateauing is to make these
counters (which are two fo three metres long) eificient over their full
length. To do this one muét plateau for light collection from the end of
the counter furthést from the phototube. This could be doﬁe for all
hodoscopes as they were arranged in two sets of crossed afrays. Appropriate
elements could be selected to give the requiféd trajectory, and wide -
angle halo used to provide the 'beam!'. .

Every counter in the apparatus was plateaued using this general
Procedure - some 200 elements.

Timing .
The trigger electronics is required to detect the pulse.produced

by the same particle in different hodoscopes and then fo correctly
associate these pulses using a coincidence method. The differénce in
arrivalltimes between.any-two pulses determinés whether they are considered

to be in-time or not. 1In this experiment a coincidence was defined by .

Ve emie s AP,



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 \__;
pulscs) spurious events may be taken as a result of rﬁndom coincidences. _
lf; however, they are too Fight (i.e. narrow pulse widths) real triggers
Qill be lost due to fluctuations in signal propagation times. Therefore,
in additién to ensuring that all counters in the trigger produce a pulse
at the same time at the event trigger coincidence unit, one must also
cnsure that_pulse widths take proper account of the intrinsic resolution
of the counters. |

All counters in the same hodoscope were connected to fhe fast
electronics by equal lengths of cable. This alloﬁed the entire hodo--
scope to be timed in by timing in a single element. The beam and halo <
veto counters had the pfoblem that their signals must travel up to 200 m
to the fast.électronics (which was situated behind the hadron absofber)
(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 > lbsignal for each hodoscoée was
quite straightforward. The output singals froﬁ the discriminator on
cach counter were summed via a linear fan-in. This summed.output was
then attenuated By a factor of ten and passed thrdugh a secoﬁd discriminator
with a threshold of 110 mV. A double Nim-level signal attenuated by a )
factor of 10 is 150 mV and therefore this second discriminator would
only fire if at least two counters in the bank were set. |

.The remaining hodoscopes were sufficiently close to the fast
tlectronics to allow their individual signal cables to be broﬁght there
- directly fg?m.the bhototube output. An OR-ed output wag theﬁ formed

for each hodoscope.’
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the counters rather than their direct signals to detect an event. The
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fhe fast electronics.therefore used.the discrimiﬁated euputs fxoﬁ'
thresholds for these discriminators were set beiow the level for minimum
jonising particles but above noise levels (50-100 mV). All phototubeb
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 1light in scintillator
is 7ns/m and this causes the variation between hodoscopes. The widths
are therefore: 5 ns (BH5, 6); 10 ns (ali other beam hodoscopes, BH > 1,
and BAt); 15 ns (VABC’ N, X); 20 ns (M'); 25 ns (H, Hv, M); 30 ns (G).
These widths were set up at the 'equal-time' fanouts indicated in Fig. 3.4.
Apart from BHS5-6, the output widths fb} the edual—time fanouts were
produced using a clipped output pulse from a discriminator (Fig. 3.765.
Thus for exampie, the 30 ns G pulse was produced with a discriminator output
width of 15 ns tied to a shorted . 74 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 thiehcase.

The signal BHS, 6 determined the relative timing of the apparatus. It

vas therefore made as short as possible using an E.G. and G.fast discriminator

which had a rise time of 2 ns, and could produce a narrow pulse.
The use of equal-time fanouts enabled the easy formation of the
many scalars which were required for setting-up, monitoring, and normalis-

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

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

Used to measure random rates. A . , :
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The usual procedure was followed to tim§ 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 BHS, 6. (Beam vetos VABC and veto jaws were moved into the'beam.td
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. 3.8). Timing of the downstream counters with respect to the
beam was complicated both hy the length of the counters and their
positions. In this case the timing was onlyAdoné visually using the counter
most accessible ta the beam inieach hodoscope. Allowance was £hen made
for transit time in'the scintillator. Thus: G; M and M' were timed at
their furthest edges from their phototubes and therefore the pulses
corresponded to the latest pulse possible from these coun£ers; the H

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

of these hbdoscopes is shown in Fig. 3.9.

Latching

All counters other than the K counters were latched and read
out for each event. The same.probiems occur with the latch gate timing
as ﬁith the trigger timing for the downstream hodéscopes. A similaf
Procedure was used to ensure 100% latching efficiency. Latch gates-'
were 20 ns wider than the pulse théy were lafching.'

The fast electronics had built into it a ﬁystem to provide a fake
Pulse input in coincidence for all counters in the trigger. This cduld ’
" be used to check out both the discriminafors and logic units in the trigger:‘( 3

and the counter latching.

., . . ] . . . * . » .
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Tﬁe equal-time fanouts were used principally to form the-maﬁy
coincidences which required to be scaled for monitoring and normalising
the experiment.. 54 ns was chosen for the delayed equal-time fanouts
used to measuré random rates as this corresponds to a delay of 3 r.f.
buckets. The electronics provided both 'gated' and 'ungated' scalars
for visual and CAMAC readout. A discussion of the gating signals is

given in section 3.4.

-

- The K-Veto

The K—veto‘is the most importaﬁt 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. The K-veto must therefore.have high efficiency. The efficiency

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

immediately downstream of the K and measuring the rate gﬁgég. A value
of 2 x 10 ® was obtained.
The vertical and horizontal positions of the K-veto were fixed

. . . : B.K '
Prior to data-taking. A vertical scan of the rate —5— was made 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 hodoscope was mounted:on a trolley. The spectrometer
dcceptance 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

hole. A minimum in the rate E—QE»for a horizontal scan was chosen to fix

this position. (Fig. 3.11).
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3.4 DATA READOUT

The computer used in this eipcriment fbf daﬁa readout and oﬁ-line
data monitoring was a Xerox I3 with the following peripherals: a card
reader, a teletype, a 1ineprinter, fwo 9-track'tape drives, a 750K word.
drum and a Tektfbnix 611 storage display scopé. The computer was inter-
faced via CAMAC to the fast electronics and the chambef Scanners.

Details of the scanners used to read out the spark and proportional
chambér information can be found in references 35, 36, 46. Staﬁdard'
Lecroy CAMAC 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 té digital converters.

‘A description of the data aéquisition program and interrupﬁ-

C« i servicing routineg can bé found in ref. 41. A brief general description

will be given below (Fig. 3.12).

. ne e

The I3 has a hardwire interrupt structure reasonaﬁly suited to .
its operation as ;n on-line computer. Each intérrupt has two status
controls: armed/disarmed; enabled/disabled. The highest priority
inferrupt which is both armed and enabled is serviced first and automaticaily
suspends operation on any lower level interrupt. ‘While a particular |
interrupt is being serviced, that interrupt is disabled and no further
interrupfs can be accepted at that level until-the task has Eeen completed.
Having completed the task corresponding to the highest priority interrupt,
control passes to any which have been suspegded’in order of priority.

Data readout and tape wrifing were assigned the tﬁb 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 to tape following it.




/

o

A — ey

AR L e o e * rmrt o W i 01

g A oy

vl o o

Although no major analysis was carried out on-line, various
sampling routines and a crude track-finder were used to monitor the

opcration of the apparatus and to display selected events. These

.operations were handled by lower 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 comments (run number, target status etc.). Following this in-

put at the tgietype, 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) B L

This was a switch which could disable the priority 13 intefrupt
at any time during the run to suspend data taking. .

Switch 4 (End-Run)

This 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

Sbectrometer during the run printed (a 'SAGA').



The switches had to be pressed in the correct sequence to initiate

data 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 computér,
latch counters,bfire chanbers and then initiate»data—readout was generated
bf electronics known as the 'event-box' (Fig. 3.13). The timing diagram
for this electronics is shown in Fig. 3.i4;

Immediately following a triggef, 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 msec while the chamberg wére,fifed and then when ali
electrical ndise had died away, the interrupt was 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 evenf box,
however, could not accept another trigger until a fixed 50 msec block
was removed. This block was required to ensure in.parficular that the
capacitors used to fire the 6m spark chambers were fuiiy recharged
before another trigger was received.
| ;Theré were three other inhibits operafing on the master event
fliP-fvlop. ‘A signal obtained from the accelerator at the start of the
beam spill was used to-gate the trigger on only dﬁfing the spill. The
SPil; length used was either 1 sec ér 2 séc depending on the agceierator‘
®ode in operation (principally depehdenf on cycle time and power
tonsumption). 1In practice, the spill structure tendea to be spiky at the
_beﬂiﬁning and the end of the spill, thereforc the first and last 50 ms .

¥ere gated off. An experiment in a neighﬁouring beam line whiéh used

C
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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
obtained from the accelerator clock and these were used to geherate an

inhibit on the master flip-flop for 1.5 msec covering the fast spill

Vi ey

pulses. The final inhibit -~ RUNBAR - was produced from the run-box.

~This inhibited the master flip-flop when the STOP switch was used to

j 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 to 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 determines 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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3.5 THE 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
two days of maintenancef 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 timé of the accelerator. Slow spill “l.gec
was used with a cycle time of 10-12 sec and ™2 sec used with a cyéle
time of 18-24 sec. For most of the data the spill length was V2 sec.

The experiment was run with typically 10%3 protons/pulse on target
resulting in a muon fiux of 10° ¥'s/pulse. “An integréted flﬁx of
0'% u's was obtained giving 730 K triggers with target.fuli and
175 K triggers with target empty.

Overail, the apparatus functioned well throughouf the fun. Major
equipment failures occurred relatively infrequently (less than one a
week) and'usually only réquircd 4-6 hrs. work to repair.. However, minor
problems such as electronics failﬁres (mainly as a resﬁlt of overheating
or.bad cables) occurred quife often and required continuous monitoring.

A comprehensive m§nitoring system complete Qith chééklists}was
used to detect and rectify equipment failure as soon as'possiblé. I£ '
the problems detected céuld not be rectified by the shift personnel,
¢xperts on the Qarious parts of the apparatus could be called. As was
hentioned in Section 3.4, the on-line program had access to various
Sampling routines. From these one could obtain beam chamber histogfams,
Spark distributipns fér the downstream chambers on pulse-height distributions
for the Cerenkov counter cells throughout a particula: run. In addition

on¢ could obtain a current 'SAGA' output at any stage of a run to carry

Ut a detailed check of the apparatus (Fig. 3.15). A final SAGA was

-%tained at the end of every run and checked for peculiar distributions.

’ .
. .
et

e —- 2 ®
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¢ well as the coﬁputer based monitoring system, one also had to check the
?hysical conditions of the apparatus. This included checking high
voltage settings on phototubes and chambers against written values, gas
{low rates and gas sdppliés. These checks were carried out once per
Jhift (every 8 hours). Normally this would only result in changing a
gis bottle once every few dayéi

Iﬁ addition to these checks, for every run as a béckup and
a check of the computer readout, various important scalars for the run
(bcam 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 (D4) 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 fdllowing chapter.
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CHAPTER 4

DATA PROCESSING AND EVENT RECONSTRUCTION

INTRODUCTION

5.1

Processing of £he raw data was cérried out in two stages. In
the first stage, the spark data was unpacked from the set-wire addresses
written on the raﬁ tape§ and refwritten in terms of the experimental
coordinates (x, y, u, v) §nto a second.sgt of data tapes, ('secondary’
or 'scaled' data tapes). In addition, at this stage the.counter latches
and scalar information were unpacked and the raw data éheckéd for bad
records. In the second stage, the scaled data tapes were used as
input to the trackfinding routines for the production of a third set of

tapes written with reconstructed events ('tertiary' tapes). These tapes

-were then used as the basis for physics analysis. Some 200 data tapes

were written during the experiment. This was reduced to roughly 60
sccondary tapes and finaliy‘lo tertiaryltapes - é:reductioh partially
duc to a higher tape density (6250 BPI for sécondary and tertiary c.f.
£C0 BPI for raw data). ) |

Much of the procedures used for event reconstruction are similar

to those used in earlier runs of this experiment and a more detailed

discussion of some of them can be found in ref. 35, 37 and 42.
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5.2 SECONDARY TAPE PRODUCTION

As can be imagined, the major effort in secondary tape production

i$ in obtaining the space coordinates of sparks from their set-bit addresses
the scalars and latches being virtually a straight copy. In fact the

rajor problem is in ensuring.the.correct relative alignment of the many
componénts in the apparatus. )

The initial alignment was carried out using beam triggers taken
vith the C.C.M. off. The resulting nuon trajectories are therefore
straight 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
ruon track to within #} mm at any plane in the apparatus. The deviaﬁion
of the observed spark position from the projected one can be used to
cbtain a corlzection for each plane which ninimises sucﬁ deviations over a
Scction of data from each run. Non-linearities in the magnetostrictive
uﬁﬁds of the Harvard spark chﬁmbers (due to irregularitie§ in the wands)

€ould result in up to a 2 mm variation and required run-by-run consider-

ation. A three pass iteration was used to correct for these variations.

fron the firét 400 events of a run,‘é simple trackfinder seeded from

Yy three out of the four 6m spark-chamber gaps was used to obtain the
dorrections for all 2 x 4ﬁ and 2 x 6m planes. These corrections wefé
*ﬁcﬂlmed for 5 second 400 events and the process repeated to obtain

béumr values. The brocess was repeated a third time and the tape was

¥en rewound and the whole run reproceséed using the corrections. The
'SQHCd"spark data; scalars, unpacked counters and Cerenkov ADC informétioﬁ

WUwritten to tape.
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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

cquipment failure was removed from the data sample.
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4.3 TRACKFINDING AND TERTIARY TAPE PRODUCTION

The scaled data tapes were used as input to trackfinding routines
for the produﬁtién of a tﬁird set of data tapes - the tertiary tapes.
_1ﬁe track trajectories, momentum and timing information on tracks as well

as the vertex and scattered muon pointers determined by the track-
finding routines were recorded for cach event written. As such, the
tertiary tapes contained all necessary information for physics analysis;
In addition, sufficient information was written on them to allow all

[ major sectionms of procéssing except for the downstream track finding to

be repeated (timing, linking, vertex fitting, selection of the scattered
ruon, and trackfinding in the proportional chambers).
Trackfinding was carried out separately in four regions of the

spectrometer: the beam telescope; the upstream proportional chambers;

N

the downstream hadron chambers, and the muon chambers. The separate

e s g

Tracks were then linked to form particle trajectories through the spectrometer.

NN

The counter information was applied to remove stale (out-of-time) or

spurious tracks. Linking between in-time hadron chamber tracks and muon

IerAuS sy

chamber tracks was used to determine the scattered muon track in the

hadron chambers. The upstream links to this track and the beam muon

S Ve e B a8

" track were then used to determinc the interaction vertex. All momenta

¥ere then calculated using the vertex and downstream tracks assuming a

e

hard core model for the C.C.M. field.
A brief description of the event reconstruction procedure will be

Biven in the following sectioms.

Beam Reconstruction

P Good beam reconstruction was required on all cvents processecd.

If the incident beam muon could not be determined or had a badly defined
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track 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 following criteria were used (in -
prder of decreasing preferen&e), the precise ones applied at each beam ‘

station depending on the resolution required:

(1) A single set wire masked.by a single 1it beam counter.
() A single set wire and nollit counter.

(3) A sihglé set counter and no set wires.

(4) A single set counter and a number of set wires.

The incident muon trajectory is impdrtant both for determining
its momentum and for determining the position of the muon at the target
{and thus the interaction vertex). Thereforé, the most stringent
conditions were placed on the closest beam stations which define the
trajectory of the muon after the béam.mdmentum analysing magnet. A
successfully reconstructéd beam track was required to péss all of the
following cuts:

(a) Beam stations 1 and Z satisfy any of 1-4 above.

(b) Beam Station 3 satisfies any of 1—3.above in both i and y views.

(<) Beam Station 4 satisfied any of 1 or 2 above in both x and y views.A'

(d) The x-track upstream of the bending magnets (aé defined by
beam stations 1 and 2) is required to link within 8.75 mm wifh
the i—track downstream of the bending magneﬁs (ag‘defined
by beam stations 3 andii). |

fe)

The trajectory.is required to be inside the entrance, centre

and exit apertures of all the bending magnets.

’

Frones <
~ULortional Chamber Tracks

Tracgfinding was carried out separately in the x and y views of

th . . . . :
¢ In2 Proportional chambers. A simple trackfinder using two sets of



~~ geed planes fitted any‘ three and four point tracks which po.inte'd to
thin 25 cm of the‘tlarget.. The chisquarcd for che tracks was calculated
GsIng the meacured chamber rcsolutions and tracks with less than 2"% -
pr.‘-':.n_bility rejected. ;Cha_mbe‘r resolutions were measured from the imbedded
§ \seas triggers interspersed with event triggers (the zipparatus was triggered
tor cvery 2 million muons to provide this sample). These triggers

-lcarly have only one track in the spectrometer and deviations from the

fitted track give the chamber resolution; typically Ons ™ 0.4 mm.

Finally, following the downstream trackfinding (discussed later

1o this section), a routine using downstream tracks with no link to one
/\ of these upstream tracks was used to recover some tracks lost throug}i.,
rroportional chamber inefficiency. A road defined by the impact parameter
of the downstream ti‘ack and the vertex was searched for hits. The .track

vas fitted if two or more hits were found (the vertex and impact

A

pirameter were not included in the fit). A chisquared for two-point

tracks was defined by the deviacion in impact parameter from the seed

value. A maxdmum chisquared of 2 was eillowed for these tracks.
Tracks with two or more sparks in common were considered .the

same. The track with the best chisquared was taken, with preference

e mme
[

being given towards three and four-point tracks.

Mon 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.

The algorithm used (FINDIT) considered all the planes simultaneously.

\ H"Stl)’, correlated xy pdirs were formed from the xuv sparks‘ in the read-
K 9t. A straight line fit was made through sparks which grouped together
, | LES If-the track passed a simple chisquared cut (corresponding to

-2 *feviation of 1.25 mn per x point on the track) the corresponding y -
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yalues were searched for a track. The y resolution was much poorer as

¢t is derived from uv information and a chisquared cut corresponding

—

to a deviation of 15 mm per y point on the track was used to reject tracks.

Track Finding in the 6m and 4m Spark Chambers

e —

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'
ﬁadron tracks. These tracks were projected throﬁgh the twelve 4m
planes and a search made for further sparks within a rbad of 3 cm. The

whole 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 cnm

in an attempt'to pick up additional sparks. In typically 80-90% of

the 6m plane séed tracks, additional sparks were found in;thé 4m chambers
with the resultant track passing chisduared cuts (x2 < 50). In 10% of
(43) To be

the tracks a swing was required to pick up extra sparks.

effective, this procedure clearly requires a high efficiency in the 6m

chambers 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

' °fthe‘1ast two 4m chambers to define a road of 0.5 cm in yhich to search

for further,sparks. Although a minimum of 7 sparks were required to
define a track, no 6m chamber sparks were required in this algorithm. As

¥ith FINDIT,“the SWELP road was allowed to swing by up to 2 cm in an



Hcﬁ}‘ to pick up the required tracks. A simplé chisquared cut
I~ Q

{su%Cd again to réject poor tracks and then the corresponding y

?m-,“,' scarched to obtain a y track. Throughout the downstream spec-

Uoh'@'“cr the chisquared cuts for y correspond to position deviations which

: qre. 8 times more than for x - reflecting the poorer y resolution given
i -11 o : '

b'ﬂ the UV wire angles *tan "z to the vertical.

A Monte Carlo program was used to estimate the efficiency of these

Qt%orithms- This inserted éparks along a 'fake track' according to

the measured chamber efficiencies and resolutions (Fig. 4.1). Inéfficiency

in the beam regian is apparent but even there the reconstruction

¢fiiciency of the two algorithms is better than 80%. Outside the beam

region the inefficiney is consistent with that resulting from chamber

inefficiency and the minimum spark cut.

Timing . .

The 1m? proportional chamhers 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 usec and therefore contain many sparks

due to stale beam (coming before and after the trigger) and halo in
. addition to the event associated tracks. The good timing resolution of
the downstrean trigger hodoscopes _(20-30:n5) was used to sort out event
Msociated tracks from accidentals. N |

To compensate for poor resolution, the ed.ges.of all counters were
; : "’lc’lrgéd by 3cm. The counters through which each track passed wei'e _
tested to see if the countef had fired. The tréck was ther'1 given a

tUning status depending on the number of counters pointed at and 1lit.

PN

TIming status was given separately to tracks found in the muon and

A

Ciemmet e

Madron chambers. The timing status given was as follows:-
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(a) Class 1 timing:-
: ) . . ' -
three counterslit out of three counters pointed at;
“two counters lit out of three counters pointed at; ,
two counters lit out of two counters pointed at;

3

one counter lit out of one counter pointed at.

. A i '
(t) 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
sifh no counters lit were deemgd out-of-time. Neglecting the small |
counter inefficiencies,theseare either spurious or stale tracks.

At this point, oné might consider the problems involved in |
‘cbtaining the counter positiens. The scheme described in Chapter S _ '
ﬂﬁch was used to determine theedges of the Cerenkov counter mirrors is
3 variation of that used to determine counter positions. Details of thé

schene used to determine counter positions are given in reference 42.

Linking

.The linking 6f tracks found in the muon chambers with thbse found

in the hadron planes, and the tracks found in the hadron planes with those
8 the Im proportional chémbers was carried out independently of the |
ﬁming. Two different'procedpres were useﬁ since the.two regions
P”f quite different problems.

tliﬂﬁe 1m proportional chambers do not provide sufficient informafion'
'5}£r£6§nstereo construction of tracks. Linking must therefore be carried ~
it Scparately in'the x and y views, but was simp;ified by ;he‘cylindrical'

) ]
'!®etry of the C.C.M. field. As a result of this symmetry, both upstream '

va

. .'l : ) - -
} downstream tracks should have the same slope and intercept in v
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(ncglecting helix corrections). In x, the impact paramcter of the
dohnstream track should be the same as that of the upstream track
(Fig- 4.2). This led to 51mp1e linking ;rlteé;a for upstream and
Jownstream tracks. A downstream track was labelled as linking to an
upstréam x track if theif x-intercepts differed by less than\O.Q cn.
(Cylindrical symmétry implies that u/s and d/s intercepts'at z=0

arc equal.) (Fig. 4.3). The matching of slope and intercept was con-

sidered simultaneously in y. A downstream track was labelled as linking -

to an upstream y-track if:

("sint:ercent)2 + (s slope)2 <1 ) ’ , '(FiG 4.4)
(2cm)2 (6 mrad)? , T

Linking of muon chamber tracks with hadron chamber tracks required
consideration of multiple scattering in the hadron absorber. This
effect depends on both the energy of the muon and its trajectory through
the hadron absorber (as this determines the length of iron traversed).
Due to the poor y résolution, the main criteria were based on the x
slopes aﬁd intercepts (taken in this case at the centre of the iron
absorber). High energy muons were required to have slopes matched to

¥ithin 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

“cre only used to discriminate between similar x candidates.

®ion Selection
Hadron tracks were labellgd as muons if they eithef linked to an

in-time tfack in the.muon chambers or pointed at a 1it muon counter.

ﬂ“’minimum track requirements were: at least one G or H couﬁter’set on

)] .. . . .
"¢ hadron tradk, at least one upstream link on the hadron-track, at

At
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Jcast one M or M' counter 1lit along the muon track. Selection 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
1

which, given a set of x and y tracks with their error matrices returned

thebest estimate for the vertexcss). 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 Measurement

The incident beam momentum was calculated from its tfajector}
through the magnets D4. The magnetic field was known fbr.these magnets.
The currents drawn by them were continuously monitofed énd the field'uéed,
to calculate momenta was itself calculated from the measured éurrént

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

a Prdportional chamber track. The interaction vertex and the slope and
impact parameter of the downstream track were used to calculate its
Fomentum (Fig. 4.6). An x-1link was not required since the downstrean

impact pafametcr had higher resolution (1 mm compared with 3 mm for

R 4

Proportional chamber tracks). Use of the interaction vertex also results  *

L

In improved resolution as it contains the high resolution of the incoming
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peam coupled'with any proportional chamber tracks which could.ﬁe
included in the fit. A hard edged model for the C.C.M. field was used
vith an effective field of 1.4 Tesla and a radius of 2.47 m. These
yalues were calculated from a fit to a full set of figid measurecrents.
The current drgﬁn by the C.C.M. was also monitored contin%ously and the
value measured for each event used to calculate momenta.

Caiculation of track momenta wasvthe final stage in event re-
constfuction prior to writing the event to tape. However, two further

procedures were run following this on these tapes to produce a slightly

modified version of the tertiary tapes with re-calibrated momenta and

additional track-sorting information. These will be discussed in Sections

4.4 and 4.5.
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$.4 MOMENTUM CALIBRATION

Calculation of a particle's m&mentum~requires a Rnowledge of . the -
nagnetic field and of the bending angle in the field. Particle momenta
3rc_measured by the beam magnet and the spectrometer ﬁagnet, and
glcarly internal consistency between then is hecessafy. The magnetic
field of both magnets were very well known through careful fiéld mapping.
However, measurement of the ben&ing angle assumed that the axes oﬁ which
the chambers had been aligned were the same on both sides of the field.
Relative miscalibration can occur in part és 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 downstrecam chambers with respect to the upétream
chambers, again during the alignment ﬁrocedure.' An overali'normalisation
is also nécessary. Fortunately, these cffects can be separated using the -
large number of -u-e scatters in the data as they affect positive and'
negati&e particles differently.

For the-C.C,M., the particle momentum P is given by:-

Po = K | - 4.1

where 8 is the magnitude of the bend iﬁparted by the field, and K is
the transverse moméntum imparted by the field. For this’data the val#e '
of K was 2.08 GeV/c.

Fig. 4.7 shows the effect of an angular misalignment of the
dOwnstream chamber axis B8 with respect to the upstream chamber axis a by
inamount €. a and 8 are assumed to be same by the analysis which

o+ - .. - . .
*asurcs 8 and 6 for positive and negative particles respectively

tving by Eqn. 4.1

-
LIRS
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+ K - . K
seen - ._+ ’ seen -
. 0 »
and therefore
ppe X — , pp=—F— 4.2
(6 -E) (6 +¢)

If the miséalibration of the C.C.M. relative to D4 1is § then

\
Eqns. 4.1 and 4.2 give

- +
+ - (6 -€)
Pseen = (1 +§) et pt
4.3
- _ (0 + ¢) - '
seen (a+4); — P

e
Muon electron scatters are elastic events with one particle of

cach sign downstream and 4.3 therefore gives:

- oY - 'y
total= P+ + P =+ 8) (] € p“ + 0 +¢
seen seen seen g

since § and £ are assumed small terms in 8¢ are neglected and this

reduces to:

- Jtotal _ € pHt ; ey '
Pseen - - Glpbeam a- K(Pt Pt)) . 4.5
or
e total _ _ € ' -
8E = Pyoam ~ seen beam K(Pp' Pe)Pbeam | 4.6

Where, since-Pu, Pe are large (40-160 GeV/c) and the differences
from the true values are small, the measured momenta can be used.

8 and € can therefore be obtained from a plot of P}l - Pe against

0 and

1

“[.(Fig. 4.8). Imbedded beam events can also be used with P_
tive the point at large positive (P11 - Pe) in the plot.
Having determined the relative momentum calibration aé described
the overall momentum normalisation was calculéted. Again this

FTocedure used - e scatters. For these



b , . 58 : - ' p
2 - = ' 27 2 .
i(’ Q* = 2 m,v = 4EE'sin®y + Cin 4.7. J :
were mzvz -
2 =B _
Q min EE!
E '\‘iﬂg : . ) \ ‘
s (2n v - Q2 . )i : 4.8
= 2sin”1 e nin . .
ecalc = 4sn ~ EE! ) .

The measured scattering angle was compared with the calculated

salue for various normalisation factors B8 defined by Pnew = Bpold' ’

The known angular resolution (0.6 mrad, obtained from the spatial

o - oy b i s A 0

.zsolution of the proportional chambers and their lever arm of ~lm) was

.»c) to calculate a chisquared distribution over a sample of events

: : cach value of B. The-value of 8 at the minimum was used as the

-:rmalisation factor (Fig. 4.9).

. v
i
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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
writfen on the tertiary tape. Timing and linking cuts could then be
applied in further anglysis to reduce the number of spurlous tracks.
However, the poor y resolution led to groups of tracks with essentiali}
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
was 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 éounters close to the bean 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 Cgl_> Pﬁa , momehtum.
‘ greater than 1.1 x Pbeang'
3. 10 points for making the total momentum downstream greater than
1;2 Pbeam_after all high quality tracks had been counted.
4,

1-5 points for various minor 'misdemeanoﬁrs' (few sparks, shared
| timing).

This information was Qritten to tape but nét implemented. ihe
user could then consider it when tracksorting if desired. This information
was used in the analysis described in this thesis (allowing some poor

behaviour but nothing major). Multiparticle events are necessarily

fairy messy. Fig. 4.10 shows one such event before and after tracksortiﬁg.

Use of the Cerenkov counter information relies on identifying

Particles which fail to light the Cerenkov counter cell they pass through.
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. and proton signals.

Spurious tracks will certainly not light the Cercnkov cell and must be

removed.oi"they would provide an unacceptable background to the kaon

For comparison, Figs. 4.11-4.14 show other typical event triggers.
Fig. 4.11 shows a mu-electron scatter which is easily recognisable from
the pbserved small angle of scatter in the upétream view and with only
the scattered nuon and one negatively charged partiele seen downstrean.
Fig. 4.12 shows what is probabiy a radiative tail event where the ﬁuoh
has radiated a high energy photon in the target. However, the signature
is not unique as the;e‘is no efficient photon identification in the
apparatus. Fig. 4.13 is an example of the most frequent {and unwanted)
trigger in the experiment - a halo trigger., Finally Fig. 4.14 shows a

high multiplicity deep-inelastic scattering event.

-
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3.6 TRIGGER AND EVENT RECONSTRUCTION EFFICIENCY

To obtain a correct measurement of the inclusive and semi-
jnclusive cross-séctions for deeﬁ—ineiastic scattering, corrections
gust be applied tovthe normalisation to  account for inefficiency in the
trigger and in the reconstruction programs. The effect of these in-

\

cfficiencies can be considered as a reduction in the observed muon flux
] . .

by an amount:

€ = (1 - EI)CI - 82) .53.34.85.56

where
€ = trigger inefficiency
€y = beam self veto probability
€7 = beam reconstfuction efficiency
€ = proportional chamber efficiency with the required
linking,
€g = hadfon chamber trackfinding efficiency
| €g = muon detection efficiency.
Fortunately all these correction factors can be estimated from the
data,
€3 .

An obvious inefficiency inherent in the apparatus is tﬁe
Probability that the trigger hodoscope system would not detect the
Scattered muon. Inefficiency in the beam telescope is clearly irrelevant
to the beam normalisation - one is simply rejecting some fraction of
tood beam. The.efficiency of the downstream hadoscopes can be estimated
by Fcasuring the efficicncy of their individual counters. Except for a
few odd counters, these efficiencies are better than 98% and rarely'less

than 905M3) e vome logic used for both sets of hodoséope_planes in
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the trigger therefore gives an efficiency better than 99.98% for

Jetecting the scattered muon. The trigger inefficiency is tl.erefore

‘small enough to be neglected (;1 = 0).

€Ae
—Z ‘ ' g \

A further inefficiency in the trigger system is‘in the beam
scl1f-veto rate whereby an event is vetoed if two beam muons arrive
within the resolving time of fhe trigoer cbunters. The fraction of beam
which would thus be lost could be measured by the rate B. BAt/B (B

At
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

T'Tht

T

and T are as defined in Chapter 3 and Tﬁt is the random T signal defined

not scaled, but can be estimated from the rates and B/T where B

by

TAté BH1.BH2.(BH3 or 4).(BHS5 9r 6)At

where At corresponds to a délay of 3 r.f. buckets. The measured

rates were:

T.T -

Tft, = 0.054 + 0.015
5 ) )
= = 0.51 % 0.15

The values have been averaged over the dat; and the errors.are
an estimate of run to run variations (statistical errors on any siﬁgle‘
Scasurement are very small). |
However, the éffect'of the BH > } veto must be considered
i“_making_this éalculation. This will only fail to veto if both muons
pass tﬁrough the samec counters in the beam telescope. The probability

that this Will occur can be measured by comparing the beam counter
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signature of one beam event with that from the following one. This

probability is measured to be .

a = 7.04 + 0.63 x 1073,
The beam self veto probability is then given by:
T.T

e a ¢ At/§ 1
2 T 'T .

1.93 + 0.80 x 1074,

fl

ié:

The beam ;econstrﬁction prograas 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 from the data, this is effectively
a reductioﬁ in the incident flux. The beam reconstruction efficiency
was measured from the imbedded beam triggers taken throughout the data
(taken for every 10° beam particles initially'and decreased to 2 x 108
for later runs). The reconstruction efficienéy was between 55% and

75% for most runs, its average for the data gave:

€5 = 0.616 +* 0.05

€4 1 m Proportional Chamber Efficiency

The analysis described in this thesis required both the scattered
fuon track and all hadron tracks to link to both an x and a y prbportional

chamber track. The .linking efficiency was measured directly using the
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scattered muon. First of all, muon tracks which were *perfect’ in

all respects downstream were tested for an x or y link. This efficiency"

was foiind to be

€, = 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 cobtain

0.972

i+

~ x linking efficiency € 0.003

b

y linking efficiency € 0.952 + 0.009

c =

giving €, = 0.89210.01

Egt Hadron Chamber Efficiency

The downstream trackfinding algorithms FINDIT and SWEEP required
few sparks in the road to operate. FINDIT required 3 sparks iri the 4m
planes plus the seed track and SWEEP Ilequired a minimum of 7 sparks with
at least three 4m plane sparks. The gap efficiencies wei'e measured

using the data (43). The efficiency is the probability that

-

there will be sufficient sparks on the track and can be estimated from the

gIp inefficiencies to be

€g = 0.995 £ 0.005

€t Muon Chamber Efficiency

———

Muon identification was principally made on the muon hodoscqpes
and the programs only looked for clusters of sparks in the rough vicinity
of the projected track. Muon chamber inefficiency therefore had no
*ffect on the da‘.ta'... However, muons were required to have perfect timing
*hich is estimated to give an inefficiency of less than O.i’%_(ref. 43)

l.er:. . €g > 0.999.

-

~
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The inefficiéncy in the experiment for detecting on analysis
an event therefore corresponds to a reduction in the observed muon flux
by an amount
€ = 0.549 * 0.01
This gives a corrected flux for the full d;fa sample

Nps = 0.35 x 10'% muons. '
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.+ O is the centre of the magnetic field

A is the centre of the path taken by the particle

Op is the total bend in the field

b is the impact parameter o

p is the radlus of curvature of the partlcle track _
- FOR A hARD EDGE FIELD IN WH!CH
Bo is the effective field in kalogauss

R is the effeciive field radius in metres

p
P -

AD . DC = (R2- b2 cu——) +b

cBop = 0.03 Bop where P = momentum in GeV/c . Q"
10 : t
10 . : S c = veloc;ty of light in metres/sec

-

Flg. 4.6
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CHAPTER 5

THE CERENKOV COUNTER

$.1 . INTRODUCTION

A particle moving in an isotropic medium emits electromagnetic

radiation if the velocity of the particle is greater than the velocity of

. ]
jight in that medium. This is known as the Cerenkov effect and was

PUUPIINTPITCOP Y T

¢irst observed by Cerenkov in 1934(44). Subsequent experiments were

carried out by Cerenkov and Vavilov to determine the source, intensity

L o ORAL R

‘and spectral distribution of this radiation. These resulted in a

REE Y

classical interpretation of the effect by Tamm and Frank(45). This

By T

theory gives the following important results:
{a) A particle moving in an isotropic medium with dielectric constant

€, and magnetic permeability y = 1 emits radiation of frequency

v at an angle § to its direction of motion given by

cosg = E;%;T for gn(v) > 1 . (5.1)
where B8 = %-and n(v) = 1 is the refractive index of the
- . ’C (“) -

penmmeneepeneew) B RRTVESTR L L S it

medium.

() For a particle of unit charge, the radiation energy per unit

path length is given by

(1 - Egizamdm - 5.2)

; where o = %-and Z is the_charge on the pgr;icle. _Equations 5.1

| and 5.2 do nbt'depend on the mass of the par;icle. Therefore .
Particles of differént mass emit Cerenkov light in a given hedium
at the same g and therefore ét different momenta. One cén'then

; ' use either the angular dépendence of the radiation or its

threshold behaviour to differentiate between particles of unequal

mass.
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A quantum mechanical treatment of Cerenkov radiation reproduces

the results of the Tamm and Frank Theory. 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 wvarious off-line data checks carried out to obtain an

cstimate of the particle identification efficiency are also discussed.

Y
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S The photomultipliers used were RCA 4522

THE CERENKOV COUNTER

A Cercnkov counter is a system designed to detect the Cerenkov

yadwation emitted from a charged particle traversing some medium and

correctly associate the radiation with that particle. In practice, the

pmdf,c design .depe'nds on whether one wants to be sensitive to the
(ereov angle 8 or simply detect the radiation. Typically,\a closed
b 18 used containing the radiator and an optical system' consisting of
@ew:ror or lens which focusses the radiation onto. the photocathode of
qp}\otonultiplier and thereby detect it. In this experiment, the eounter
msrcquired to provide particle identification over a large area for
events with high multiplicity. To minimise confusion between different
particles, a multicell design using an array of mirrors reflecting onto _
o cofresponding array of photomultipliers was used. This design was
also recessary from a constructional viewpoint as tne counter was
teqm ~J to cover an area approximately 6ém by 2m normal to the beam.
~The containing box had dimensions 6 m by 2.5 m by 2.6m deep. It A
convsisted of a steel frame covered with 3mmaluminium sheet on the four
s;des;»;rallel to the beam and with an opaque mylar window 0.5 mm thick
mPhaupstr_eam and downstream faces (Fig. 5.1a). All joints were sealed_
viith epoxy resin to make the assembly'light—tight.
The light collection system consisted of 18 mirrors mounted in two
banes of nine near the downstream window. These focussed onto oorres—
ponding "'10tomu1t1p11ers mounted above and below the actlve area of the
cotater(iig, 5.1b). The mirrors were 6 mn sheets of perspex formed
vt @ ratiys of curvature of 2m and dimensions 0.6 x Im. A film ot’ '

alurietilim ¢ . .
“retm evaporated onto the convex surface provided the reflective

(47) which have 5 inch

’ d\ﬂhdb
photOC-’:.thodes They were mounted in Winston cones (48)

15 4 (’5
f Le\‘%’lt collection efficiency.
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w.pror Alignment

The target is seen downstream as a point source in the Y-Z plane
1‘.".J-35 an extended source in the X-Z plane due to the deflection of
;,rzicles by the C.C.M. (Fig;‘S.Z). The mirrors werc aligned so that
jight from a track hitting half way up- 2 mirror was reflected into the
centre of the photomultiplier. In the Z-X plane all mirro;s pointed_at"
the centre of the C.C.M. since the transverse momentum kick of the magnet
(~2 GeV/c) was.greater than the average transverse momentum of hadrons
in the interaction (v500 MeV/c).
chielding

The fringe field of the spectrometer magnet was approximately

‘%) gauss in the vicinity of the photo-tubes and these required substantial

<iielding to operate in this field (Fié..S.S).

A 1000 turn bucking coil covering the length of the dymodes was
f:tted between the photoﬁultiplier and its mu-metal mcuntiﬁg. A second
tection of mu-metal 6 mm thick surrounding the entire photomultiplier and
'hmt;n cone completed the mounting assembly. An additional layer of
*hielding surrounding this was required to completely absorb the fringe
field. Cylinders of conmetic shielding material %) (which has a high
field saturation level) cduld,be 6btained conveniently and this was used
o complete the shielding. This level of shieldiﬁg was sufficient to
tsble the photomultipliers to operate in the fringe field of the C.C.M. -
Tesulting from a full-field strengfh of 1.4 Tesla. The currents

*quired in the bucking coils were typically 1 amp.l

'&
aerati
«Z¥ation and Readout

The base circuit and resistor chain for the photomultipliers is

N . "._.‘. . ] . . . ) .
“OWn in Fig. 5.4. This was set up to provide maximum gain as the yield
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of photo—électrons from the first dynode was small. Typiéal operating
yoltages wcré iﬁ thé }ahge 2-2.5 kV. . - o ' -;
Readout was via a 12 -bit analogue-to-digital converter (LRSéZ49A)
coupled to the anode of the phototube. ‘The ADC's had a full range from
0-256 pc covering the readout range 0-1024 counts. The Bedestals on the

]
ADC’é were set at 10-20 counts, corresponding to 2.5-5 pc.

A cell was
considefed '1it' when the pulse height recorded in the ADC was greater
than the pedestal. Typical pulse distributions obtained with tracks
going through cells 4 and 13 are shown in Fig. 5.5. :

In tests at the start of data-taking, a high inefficiency was-
observed in cells in the beam region (cells S and 14). This inefficiency
vas due to the flux of particles in the beam and near-beam regioﬁ causihg
saturation in the phototube bases. To enable these cells to work

cfficiently 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.

7
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5.3 "'THE CERENKOV MEDIUM AND EFFTICIENCY
| A single Cérenkov 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 Cercnkov radiation (as in this counter), then
the threshold behaviour of the radiation complctély determines the level .- -
of separation ﬁossible. Therefore, from Eqn: 5;1, in any given‘medium”
pth _ pth _ th

" PK < Pp

where P;hx p is the threshold momentum for w, K, p to emit Cerenkov

radiation. For a particle with momentum p, the following separation can

be obtained:

(a) P < R:h : No identification possible since no
hadrons will emit radiation.

b) P;h <_P < P;h : » Particles which emit radiation are
definitely pions; Thosewhich do not
may be kaons or protcns.

(c) ch <P« P;h : Particles which ;mit radiation may be

| pions orrkaons. Those which d§ not are
protons.

)y p> P;h : No idenfificatibn possible since all

hadrons will emit radiation.

The above claSsificafion clearly assumes perfect efficiency:
!ﬂcfficiency (e.g. as results from quantum inefficiency neaf threshold)
‘ntraduces ambiguity into those classifications which debend on no
'ffcnkdv radiation being observed. However, no ambiguity exists in pion

‘assification (b) which although possibly inefficient is the sole




positive identification available in this counter, whereas classification

() is useful in measuring inefficiencies.

(: Choice of Medium
Choice O T=--UR

An important factar in the choice of medium is to maximise the
range of momentum over which the above separation is possible. A second
important consideration is to have as many photons as possible emitted b}
the particle when radiating in order to obtain good detection efficiency.

Particles observed downstream in the spectrometer have momenta
greater than 6 GéV/c and therefore a corresponding g very close to 1.
This then requires. n(v) close to 1 to bptain the required ranges in
threshold momenta for =n's, K's and p's. Héwever, as can be seen from
Eqn. 5.2, as.B -+ 1 and n » 1,%%-, the radiated energy per unit path
length decreases. Therefore, the detection efficiency becoﬁes important,
7irticularly as the length of radiator had been constrained by other
¢quipment in the spectrometer to be a maximum of 2m.

| For Cerenkov radiation incident on the photocathode of a photo-

- &ltiplier, the number of secondary electrons arriving at the first

d;mode is gj_Ven by(46)

: . A
max
N(®) = ZuanEI a - E{%ZJ §§%ldl (5.3)
' Amin, Bn > 1

"s*’mn

[}

collection efficiency'of the first dynode
€

collection-efficiency of the optical system

a

fine structure constant.

“ﬁﬂ-xmax = transparent region of the phototube window.

SO = quantum efficiency of the photocathode as a function of

wavelength.

.'-‘,:.. - -
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.A graph of the quantum cfficiency for an R.C.A. 4522 pﬁototube'is
shown in Fig. 5.6. A fourth order polynomial fit through 12 points takeé_
from this graph was uséd to-qbtain S(A) (Fig. 5.7). The trapsfarent
range of the quartz window used was 2200-5900 ;.

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

pomentum for w's, K's and P's in Nitrogen, Neon and Freon 13 (refractivé
index 1.00029, 1.00007 and 1.00072 respectively) are sﬁown in Fig.S.S.

was assumed to be ~0.5. The calculation givés the maximum numbers of
photo-electrons to be roughly 12, 2.5 and 32 fdr 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 célculétions, however, do not agree with
the measured inefficiency of the counter cells. This will be discussed
further in Section 5.5.

During the initial part of the ruﬁ, the counter was filled with air

to allow easy access. However, the main_séction of the data was obtained
with ;'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._. . '
L sep . 4 5.4

¥here n is the refractive index of the gas and p its density.

1)
DAY
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Variations of temperature and prcssure of a gas, which affect

——

jts density therefore alter its refractive index also. 'This variation

ijs approximately given by(SO)
)
- - P[1 + P(61.3 - T) x 10710] :
nep = (5 - 1) X Sesasa s (1 7 0.005861T) 5.5

. "N
“assuming p v pNZ at S.T.P.

air
where
n is the refractive fndéx of nitrogen at S.T.P.
P is the pressure in N/m?
T is the temperature in °C.

Pressure and temperature monitors were installed in the Cerenkov

counter to measure these variations at two heights. These 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

monitors were abandoned. It is now apparent that this was not a major

-

loss of information.

Table 5.1 shows the refractive index at tﬁree.pressures and four
temperatures as calculated from Eqn. 5.5 The values chosen cérréspond
to reésonable variations which might be expected during the autﬁmn_at
Fermilab. The average value of the refractive index for thé 12 poiﬁts
in the table is 1.006251 with a standard deviation of 9.8 x 10'5.

The ﬁaximum variations from the.méan are -15.6 x }0—5 and +15.8 x 1075,
Fig. 5.9 shows the variation in the Cerenkov thresholds for n's, K'é
and P's as a function of refractive index. Clearly this vari#tion is more

important for K's and P's but the threshold momenta change by Al GeV/c




Waiae

”\ j .y the Tange 1.000280 < n < 1.00030. This variation is not quite
..ligible and had a minor effect on the final particle classification

cceme described in Section 6.

:ng:_n_cy Dependence on Cerenkov Thresholds |
As the refractive index of nitrogen depends on frequency, the
5crdnkov momentum thresholds also depend on the frequency of the
radiation emitted. Fig. 5.10 shows this dependence assuming
'hircl) ~ nNz(x)(SI). Two other frequency dependent effects must also
bé considered simultaneously with this:
~— E (a) The Cerenkov radiation spectrum has a %-Aistribution.
_ (b) The transparent region of the quartz window is 2200-5900 R.
Together, these effects.restrict the principal variations to the
; range 2200-4000 R. Since the ref;acti&e 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 pfessure variation.
A shift in threshold momenta from their mean values was made to obtain

sone little contamination just below threshold from extreme variations

as will be seen in Section 6. : .

[ETXTVVEY YO0
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.4 PARTICLE CLASSIFICATION
As was observed in Section 5.3, Cerenkov thresholds in nitrogen

are smeared by frequency variations in refractive index. This variation-

will be disregardcd in this description of the rough particle classification

and the standard value of refractive index for nitrogen at atmospheric

brcssure and 20°C usedﬁSI), (1.000290). Bth is therefore 0.99971 and
the momentum thresholds for Cerenkov radiation can be determined from

cqudtioﬁ 2.1:-

(a) Pions . : 5.8 GeV/c
(b) Kaons : 20.5 GeV/c
(c) Protons : 38.9 GeV/c

»

tladrons can then be classified according'to their momentum and the status
of the Cerenkov cell they bass tﬁrough.
(a) Hadrons with a momentum in the }ange 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 1light
the cell they pass through are either pions or kéons. (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.
tClass.3). | | |
@ _ Hadrons with a momentum in the range 20.5-39 GeV/c which fail to
light the cell they pass through are definitely protons. (Clasé
4). | |
(e) All p;rticles with a momentum greater than 39 GeV/c should light
the cell they pass through.
- The above classification assumes IOO%Vefficiency in the Cerenkov
cells. These efficiencies are therefore critical to any statement made
above particle classification and should be understood completely.

Near threshold, quantum inefficiency in the phototube'requirc§ detailed

~



ghx : consideration. In particular, a high inefficiency will cause major

packgrounds in classes 3 and 4 from pions which fail to-light the cell

XTI

they pass through. The remaining sections are devoted to various of f-

R

jinc estimates of this inefficiency and techniques for minimising it.
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.5 ESTIMATES OF CELL INEFFICIENCIES

’
!ﬁjﬁQﬁ_?OSitions
A reliable egtimate of the cell inefficiencies réquirés an accurate ~

knowlcdge bf the mirror positions in the experimental coofdinate gystem.<—
fowever, the use of these pdsitions was complicated by the smearing
e¢ffect of the Cerenkov light cone (for 8 =1, cosec = %-which corresponds
to a radius in nitrogen of 4.7 cm over 2 metres) and élso by ﬁhe possibility
of light collection inefficiency at the mirror edges; |

| .Experimentally, the edges were determined in the following manner

(42)y .

(in an identical fashion to the determination of counter edges

Good dovnstream tracks were picked in the viciuity of the edge to be

determined ( 20 cm) - these positions were roughly known from survey
measurements,. Tracks which fall definitely within the xilimits(horizontal) ~’
of the cell were used to determine the y edge tvertical] and vice versa

for the x edge. Then in bins of 1.25 cm vertically (horizontally)

across this strip the ratio

N .
L1t/N

xas meaSured, where N is the number of tyack; in each bin‘and NLit
is thc number which 1it the cell in question [Fig.'S.ll).

.The following cufs were made on tracks to reduce backgréund:—
(a)  Class 1 timing. | .
(b) Downstream track linked in x or y to an upstream track.
(c) No other track.in thé centrgl region of the cell.

Muon and hadron tracks were both used fo; this analysis.
TyPica} distributions for neighbouring cells are shown in Fig. 5.12.
Sﬁatisticsljmﬁtedtheaccuracy_with which the edges of the outer cells could ;~’
b determined to +1 cm. The.edges of the inner cells couid be determined

*© 20.5 cm. The position of the beam deadcner was determined in a similar

3 . ; ’
~“ashion. (Fig. 5.13)
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e wereusel tg find the inefficiency. Table 5.2 shows the average

Da"qninution of Cell Inefficiencies Using the Scattered Muon

The momentum threshold for muons to emit Cerenkov radiation in
Atrsen is 4.2 GeV/c. The acceptance of the spectrometér requi?ed -
Macctall scattercd muons had a momentum greater than 10 GeV/c and there—
Lore qll muons should havé 1lit the Cerenkov cell they passed through.
Thuore, particles that had been identified as muons'by .t;he track-
Lirding programs (i.e. have passed thrgugh the hadron absorber) could be
useclto determine cell efficiencies. There was, however, the disadvantage
. #hatealy half of the Cerenkov cells could 5e analysed by this method .-
onlks those thrbugh which positive particles pass. In féct only six
cellswere illuminated by muons with sufficient statistics to allow a
dcdermination of their inefficiency. |
As a first step in removing spurious traéks, the standard cuts on
dvp\tcn:es, timing, linking and vertex pointing were made on the muon
Hacks(Chapter 4). In ad;iition, the muon tracks which passed the above
Caulskere required to point ocutside the. K-veto and within the outer limits
°€J‘4‘Q-‘l hodoscope. These cuts we-re sufficient to define good muon
tracks. Two standard geometric cuts were used to restrict particles to ‘
k‘ﬁl‘ﬂﬁcient)’ regioﬁs of the counter: - | o - - S
Tracks were required to point at least 2.5 cm ir.xside the
boundary of the cell. This allowed for the Cerenkov cone, any
*dge inefficiency and any p track pointing uncer'tainty.
the track must point outside the deadene.r. |
A final requirement, which was only used in this part of the
G"’w‘l\;Zﬁi“"'““‘*"“Sthat there be only ore track in the cell.
HQV("E} made these requi‘remen'ts, the number of tracks passing

H‘FDUSL‘ theceny and the number which fail to light it t'hroughout- the data

e Elcéicy for cells 3-5 and 12-15 using this method for the entire
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Jata sct (integrated flux of 3.8 x 1010 u's). The errors given are
sgﬁtistical. The average inefficiency is dominafed.by ce11$ 3, 4, 12 -
and 13 and is 1.7 £ 0.2%. To investigate any variation of efficiency

with position, the cells were divided iﬂto three horizontal and

vertical bands and the same analysis carried out (Fig. 5.14). The‘reéultsv
are shown in Tables 5.3 and 5.4. The data are primariiy 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 Chserved Pulse Height
Distribution

The photo-cathode/dynode 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

2 Poisson distribution with mean n and variance n. Therefore, the

probaBility e is the probability that m = O and is an estimate of the
quantum inefficiency of the phototube. -

For an observed pulse height distribution with mean n and variance
2

a?, gz-gives an unbiased estimate of n - the mean number of photo-electrons

collected. This can then be used te calculate the corresponding quantum
inefficiency €. If there are N entries in the pulse height distribution

then the relative error on n isjé and this can be used to calculate upper
. N : .
+ - - . .
and lower errors on e, (§ , § ). A great advantage of this technique

%as 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 an& éhe pulse height for those which lit the cell they passed

a® .
- - — . ~ to_._ 3 L IR S S S ) S
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Jistributions was then calculated ﬁnd'tﬂe corresponding cell inefficiency
Jeduced. A variation of pulse distribution with momentum is predicted -
py Eqn. 5.3 and therefore this pulse analysis was car;ied out for three
promentuwn bands for hadrons, and for muons:-
(a) Hadrons with momenta in the range 6-18 GeV/c. . | .
(b) HHadrons 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 éarticles 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).
A1l particles with a momentum Qreater than 45 GeV/c should have 1it the
Ce;cnkov ceil they passed through. Therefore, the failure rate of this
class also géve a direct measure of the inefficiency. The average in-
efficiency 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.

The 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

+ - -
The p ~ v v decay could also be used as a source of particles to

use in a measurement of the Cerenkov cell inefficiencies. Moreover, one

..

. oy s _ _ ] . o . . ,
might hope to obtain a reasonable direct estimate of inefficiencies in the



™

Lo laa Aot JIL R A SV SRR e S U T TN ARV O

AWIOE AN

I el AL B R VSRR S8 X o Ll o T L

PR ST TP ICEORS N

- 88.

‘Elastic p mesons were selected using the following simple cuts

- (Fig. 5.15):-

(5) A single muon observed downstfeam.
(b) Only two hadrons downstream with one posiiive and ¢ne negative.
-(c)' Each hadron track links to both x and y proportional chamber
tracks.
(D) Missing energy in the event was reqﬁired to be less than 20 GeV/c2.
(e) Laboratory opening angle greater than 5.5 nrad.
(e) |M#+n--—-1%|<0.4 where M _+ - is the invariant mass of the

dipion system.

The standard Cerenkov geometrical cuts wege then applied to the
hadron tracks and the failure rates measured for th; various cells |
illuninated (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.
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5.0 REMARKS AND CONCLUSIONS

Three methods of estimating cell inefficiencies and one consistency
;qtjmate have beeﬁ made. A comparison of the experimemtal measurcments
ofcell inefficiencies of Sectlon 5.5 shows:-

(2) The 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.

(b)' 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 e;timate

of the number of photo—glectrons 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 operafing 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

'0f the mean number of photo-electrons collected as a function of momentum

(Fig. 5.16). This then introduces the fact that the quantum inefficincy
has a significant effect on particle identification. Moreover, tﬁe
¢ffect of threshold smearing must also be includedl

It was decided to obtain as large a kaon identifiéation range as
?ssible "consistent witﬁ high detection efficiency; The following

"~ . - .
menta wavre therefore used for the selection criteria:

LY
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(2) 12.4 GeV/c - the momentum at which 95% of all pions should light

the Cerenkov counter.

the maximum value for P;h possible in the traﬁsparent -~

(b) 21.2 GeV/c

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, t

(d) 38.2 GeV/c - the minimum momentum at which protons should light
the Cerenkov counter. -

The 95% confidence level for pions is necessary éince these
composc approximately 90% of all hadrons and would therefore produce an
wnacceptable background below this level. Even a 5% failure rate results
in 2 background of 20% in the kaon signal. The 90% level for kaons o
¥as chosen to prcovide a reasonable range over which to search for protaons.
Kaon inefficiency would then result in a total background of 1% failures
for all hadrons. Clearly any proton signal wouid_be required to be
significantly greater fhan this.

Smearing in the Cerenkov threshold due to vafiations 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. This would oniy
cause an insignificant background to the pion signal while significantly
increase the range over which kaon identification sﬁould be possible.. |
The choice of 38.2 GeV/c, the.minimum momentum at which ﬁrotons emit
Cerenkov radiation, ensures an unambiguous interpretation of failures
below that momentum as protons if inefficiency is negligible.

With these reservations, the following particle selection criteria

we : .o - ' : ' o v
re determined: : : ' . 7
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Momentum < 12.4 GeV/ie: Lit:

12.4 < Momentum < 21.2 GeV/c: Lit:

-Unlit:

21.4 < Momentum < 31.4 GeV/c: Lit:

31.4 < Momentum < 38.2 GeV/c: Lit:

Momentum 3 38,2 GeV/c:

Définitely pions
Kaons, protons and a -
large pion background.

\
Pions wﬁth a very minor
kaon background.
Kaons, protons and a
maximum pion background of

-

5%.

Pions and kaons up to 90%.
Protons, kaons below 90%,

and pion background of ~3%.

Pions and kaons.
Protons, a 2% pion background
and a 1% kaon background,

(maximum).

All hadrons

" Imefficiency of n25%.

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

VARIATION OF REFRACTIVE INDEX WITH TEMPERATURE AND

PRESSURE \
]
s | T°C 15 .21 27 32
P (in Hg) e
29 288.1 281.1 275.4 270.9
30 296.9 ©290.8 285.0 280.0
31 306.8 300.5 294.5 289.7

(N - 1) x 10% where N

ip
" index at T°, P in.
291 for 15 < T < 32°C

9.8 for 29 < P < 31 in. Hg.

T,P

is the refractive
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- TABLE 5.2

AVERAGE CELL INEFFICIENCY FROM MUON FAILURE RATE

Cell Inefficiency -
) ;
1
3 3.8 1.2
4 1.2 0.3
5 : 5.9 | 5.7
12 5.8 1.6
13 1.3 0.3
14 0.0 5.6

Average overall is 1.7 * 0.2%.

TABLE 5.3

HORIZONTAL INEFFICIENCY SCAN FROM MUON FATLURE RATE

Region IH Region 2H Region 3H
Inefficiency (%) Inefficiency (%) Inefficiency (%)
Cell +/- s .
3 0.0 11.0 2.7 1.9 4.6 1.9
4 1.0 0.7 ° 1.0 0.3 0.6 - 0.2
5 2.9 0.8 5.5 1.5 2.9 2.0
12 8.3 8.3 4.3 3.1 7.8 2.5
13 2.7 1.2 0.9 0.3 1.3 0.3
14 2.2 0.8 1.9 1.8 0.0 19.0
e~
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TABLE 5.4

\

VERTICAL INEFFICIENCY SCAN FROM MUON FAILURES

Region 1V Region 2V
Cell Inefficiency (%) Inefficiency (%)
+s_ - +/_
3 3.6 1.3 6.7 6.7
4 1.2 0.3 4.8 4.8
5 125 128 0.0 8.3
12 5.2 1.7 14.3 ©10.1
13 1.3 0.3 0.0 3.0
14 0.0 3.5 0.0 16.7
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TABLE 5.5

AVERAGE INEFFICIENCY FROM PULSE HEIGHT DISTRIBUTION FOR 6 < PHad < 18

GeV/c

{ cell <Npe> Y- Inefficiency (%) \a"— 8"

. 3.6 0.6 2.7 2.1 1.2
3 4.7 0.4 0.9 0.5 0.3
4 4.0 0.7 1.8 2.0 0.9
5 2.6 1.1 7.6 15.8 5.1
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
1 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 31 L7
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

S
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TABLE 5.6
"AVERAGE INEFFICIENCY FROM PULSE HEIGHT DISTRIBUTION FOR 22 < Pﬁad
— + v, _
cell <Npe> /- Inefficiency (%) $ $
e
3 8.0 3.5 0.0 1.1 0.0
4 3.5 0.4 3.0 1.3 0.9
5 3.7 1.0 2.5 4.2 1.6
6 3.9 0.4 2.0 1.0 0.6
7 4.7 2.8 0.9 14.8 0.8
12 5.3 2.4 0.5 4.9 0.5
13 3.4 0.3 3.2 1.2 0.9
14 3.4 0.8 3.2 3.7 1.7
15 4.4 0.4 1.3 0.7 0.5
16 3.0 1.5 4.7 17.1 3.7

-
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TABLE 5.7

T P

AVERAGE INEFFICIENCY FROM PULSE HEIGHT DISTRIBUTIONS FOR Py s 45 GeV/c
m——T ’ 1

; {ad

; s . j . . +. . . ) . - . . . +A R _

: Cell <Npe> /- Inefficiency (%) § s

!' - -

! "y 5.1 0.8 0.6 0.7 0.3
5 4.8 0.4 0.8 - 10.4 0.3
6 4.6 0.9 1.0 ' 1.5 0.6
13 3.4 0.6 3.2 2.6 1.5
14 5.2 0.4 0.6 0.3 0.2

15 5.8 1.2 . 0.3 0.7 0.2

TABLE 5.8

AVERAGE INEFFICIENCY FRCM PULSE HEIGHT DISTRIBUTION FOR MUONS ONLY

Cell <Npe> +/- Inefficiency (%) s* &
3 3.9 © 0.5 2.1 1.5 0.9
4 4.6 0.2 1.0 0.2 0.2
5 3.4 0.2 3.2 0.9 . 0.7
12 3.1 0.5 4.7 2.8 . 1.8
13 4.2 0.2 1.5 ‘ 0.3 0.2
14 5.4 0.4 0.5 0.2 0.2

Ve PN AT, son TS WS BV S Iy PO & A TP s L Gy
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TABLE $.9'

4 < 18 GeV/c - HORIZONTAL SCAN -

CELL INEFFICIEN&Y FROM PULSE DISTRIBUTION FOR 6 < Pl!n

Region 1, Region 2, ' Region 3,
Inefficiency N . Incfficiency N R Inefficicncy . _
Cell (%) s s (%) § s ) 8 8
2 5.8 13.7 4.1 3.3 5.1 2.0 1.4 2.4 0.9
3 1.8 1.8 0.9 0.9 0.9 0.4 0.3 0.5 0.2
4 1.7 . 2.7 1.0 3.3 6.8 2.2 . 0.0 0.6 0.0
5 13.9 37.9 10.2 - - 7.3 0.9 5.9
6 12.9 34.2 9.4 2.7 5.4 1.8 7.6 6.1 3.4
7 _ o5- 0.8 0.3° 0.9 1.2 0.5 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 0.0 | 1.6 0.0 - 1.0 63 09 |

1 0.2 . 4.6 0.2 0.6 2.2 0.5 . 11.6  10.0 5.4
12 53 . 58 2.2 . 3.6 2.4 1.4 4.0 - 35 1.9
13 2.3, 0 31 1,3 . 2.4 5.1 1.6 . 8.9 19.9 6.1
‘14 . 00 . 2.7 0.0 0.0 9.4 0.0.. 3.9° . 216 3.3
15 S O 2 13,2 1.5 0.9 2,9 0.7 7.4 6.9 3.6
16 5. ° 3.9 2.3 6.3 3.8 2.4 131 6.4 4.3

17 1.7 29 11 6.4 9.6 3.8 10.8 21.0 7.1 |

' 18 5.3 4.9 ‘ - -
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T N ' . TABLE 5.10
CELL INEFFICIENCY FROM PULSE HEIGHT DISTRIBUTION FOR 6 < Pyag < 18 GeV/e - VERTICAL SCAN

Cell . Region 1y Region 2y ' Region 3y .

. Inefficiency . - Inefficiency . Inefficiency . -
(%) 5 8 OF 8 & (%) 5 8
1 1.8 18.4 1.6 - - - - - -
2 3.1 3.4 1.6 3.3 5.0 2.0 1.7 12.4 1.5
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
5 14.0 . 31.8 9.7 3.0 . 49.5 2.8 0.2 99.0 0.2
6 3.2 37 - L7 13.8 . 11.5 . 6.3 0.1 7.5 0.1
e 5.0 - 16 1.0 5.4 4.7- 2.5 - 12.4 17.8 (7.3
8 3.6 ., 3.8 1.8 e, " 8.8 4.8 17 216 8.8
9 21.0 . 63.8 15.8 - - - - e -
| 10 4 " 42.7 4.2 | 4 .
T ¢ " 8.0 8.1 4.0 0.9 . 2.6 0.7 33 . 204 2.8
' 12 . 6.7. 2.7 1.9 7.8 4.8 2.9 © 9.8 7 166 6.1 .

.13 12,9 7.0 4.6 2.2 4.4 1.5 7.4 31.0 6.0
14 0.1 . 17.4 0.1 | 0.0 . 19.2 0.0 - 03 . - 9.8 - 0.3
15 8.0 . 5.7 3.4 3.3 9.3 2.4 0 135 . 215 9.0
16 6.9 . 2.9 2.0 . 1246 6.5 4.3 8.5 14.3 5.3
17 8.2 . 6.4 3.6 2.7 5.5 - 1.8 18.4 42.5 12.8
18 . - 61 . - 538 5.5 - - - - e -
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' CELL INEFFICIENCY FROM PULSE HEIGHT DISTRIBUTION FOR 22 < P, . < 40 GeV/c - HORIZONTAL SCAN
Cell : | Region 1y Region 2y . Region 3y
‘ Inefficiency . - Inefficiency . . - Inefficiency .
(%) 8 § | (%) 8 8 (%) § §”
3 0.0 13.5 0.0 - - - 0.2 7.6 0.2
4 37 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 S 1.3 0.7 1.7 1.4 ., 0.8 5.1 6.1 2.8
7 1.3 . 22,0 1.2 - B - - - - -
12 0.8 . 209 0,8 2.8 49.0 2.6 - 0.1 3.3 0.1
137 " 2.4 - 3.2 1.4 . .9 1.4 0.8 .- 5.9 3.5 2.2
18 0.6 . . 5.6 0.5 . 3.4 12.6 2.6 - .41 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 . - - - - -




' . . “TABLE 5.12
CELL INEFFICINCY FROM PULSE HEIGHT DISTRIBUTION FOR 22 < Py, < 40 CeV/c -
¢ VERTICAL SCAN \
" (Insufficient data in Region lv) :
; - [}
¢ -Cell ‘ Region ly _ ‘ Region 2y
1 Inefficiency . - Inefficiency . -
: (%) 3 8 ) 6 s
3 - 00 . 33 0.0 0.0 3.9 0.0
— i 4 2.5 . 1.2 0.8 4.3 7.2 2.7
1
5 2.4 5.3 1.6 4.9 15.2 3.6
P 6 1.8 0.8 0.6 2.6 7.6 1.9
(- : 4 7 6.8 23.1 5.0 - - -
4 12 . 25.2 35.0 14.7 2.7 21.0 2.4
i 13 9.1 2.4 - 1.9 5.2 4.4 1.8
14 ©10.0 8.7 8.6 6.4 1.4 4.1
,'; 15 4.6 1.7 1.2 2.0 4.0 1.3
, 16 2.0 14.3 1.8 - : - -
: _
2 -
|
i
3
{
§
:
i
~ 3

3
1
4
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TABLE 5,13
. CELL INEFFICIENCY FROM PULSE HEIGHT DISTRIBUTION FOR P, , > 45 GeV/c - HORIZONTAL SCAN "

Cell . Region 1y Region 2y Region 3y

Inefficiency + - Inefficiency - + - Inefficiency .
%) : : (%) s 5 %) s 5
4 - - - 3.1 11.6 2.5 0.2 0.5  0.%
5 1.6 4.0 1.1 0.6 4.6 0.5 0.7 0.4 0.2
6 1.2 1.9 0.7 0.1 2.3 0.1 - - -
13 - - - 4.3 11.2 - 3.1 : 2.7 2.8 1.4
14 0.6 1.6 0.4 3.4 8.5 2.9 0.5 - . 0.3 0.2
15 , 0.5 1.1 0.3 - - - - ; ;
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. TABLE 5.14
y CELL INEFFICIENCY FROM PULSE HEIGHT DISTRIBUTION FOR MUONS - HORIZONTAL SCAN
Cell ' Region 1y ' Region 2y ' _ Region 3y
Inefficiency . - Inefficiency . . Inefficiency . _
(%) 8 8 ‘ (%) s é o (%) 8 8
3 0.0 0.6 0.0 | 2.2 3.2 1.3 2.2 2.2 1.1
4 ' 3.2 2.1 1.3 0.7 0.2 0.2 1.0 . 0.3 0.2
5 2.2 1.0 0.7 6.0 2.8 1.9 0.3 0.9 0.2
6 ol 16.0 0.2 - - - - . - -
12 0.2 7.8 0.2 4.4 7.0 2.7 5.7 4.0 2.4
13 00 - 0.9 0.4 1.5 .05 0.4 T LS 0.4 0.3
14 0.4 0.3 0.2 0.9 1.0 04 T o2 0.5 0.2
15 0.0 430 0.0 - - - -
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TABLE 5.15

CELL INEFFICIENCY FROM PULSE HEIGHT DISTRIBUTION FOR MUONS - VERTICAL SCAN ~
(insu'fficient data in Region SV) -
Cell Region 1V ' Region 2V
Inefficiency . _ Inefficiency +
%) 5 5 %) 5
3 2.2 1.5 0.9 0.0 3.0 0.0
4 0.9 0.2 0.2 1.4 8.1 1.2
5 1.5 34.5 1.4 0.0 3.7 0.0
‘,
12 11.5 4.4 3.2 7.1 25.6 5.6
13 5.4 0.8 0.7 3.6 7.6 2.4
14 7.5 26.0 5.8 3.8. 51.1 3.6
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TABLE 5.16

AVERAGE INEFFICIENCY FROM FAILURE RATE FOR qud > 45 GeV/c

(errors are statistical)
Cell  Inefficiency Y-
%)
4 | 0.6 0.6
5 A 3.9 ., 0.8
6 - 2.8 1.6
13 | 4.2 1.7
14 ) ' 2.7 0.7
15 4 1.9 1.3
TABLE 5.17

- CELL INEFFICIENCY FROM FAILURE RATE FOR pHad > 45 GeV/c - HORIZONTAL SCAN

(erTrors are statistical)

Cell Region 1y Region 2y ~ Region 3y
Inefficiency . Inefficiency . Inefficiency .
%) /- %) /- %) /-
4 - a 4.8 4.8 0.0 0.8
5 13.2 5.0 8.3 5.9 2.8 0.7
6 3.3 1.9 0.0 7.1 - -
13 - - 4.0 4.0 3.4 1.7
14 11.1 3.9 3.3 3.3 1.3 . 0.5
15 2.3 1.6 - 0.0 7.1 - -
\_; "~
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TABLE 5.18

. CELL EFFICIENCY (1 - €) USING ELEASTIC o-MESON EVENTS

B No. of Pions  No. of Times  Cell Efficiency
Cell Through Cell Cell Lit (1 - €)% +
1 z 2 100 | 50
2 10 7 0 14
3 16 10 62 12
4 40 39 98 2
5 32 29 91 5
6 22 19 86 7
7 5 3 60 . 22
8 [3 g 67 19
9 2 2 ,106 50
10 3 2 67 27
11 - 8 3 38 17
12 15 12 80 10
13 35 3 97. 3
14 79 76 96 2
15 26 25 .96 4
16 12 10 83 1
17 4 4 100 22
18 4 3 75 22
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CHAPTER 6

SEARCH FOR CHARMED D-MESON PRODUCTION

6.1  INTRODUCTION

Experiments carried out in the last four years have established
the existence of a new quantum number - charm. IhitiallyAthis was
inferred from di-muon production in v, v interactionsi Conclusive |
evidence was obtained from the discovery of long-lived high mass
resonance states in e'e” anﬂihilation, and electron-positron production
in pp collisions - the ¢ statesgsz—ss]These are interpreted as qq bound
states of the quark associated with this new particle (analogous to the
vector meson states p, $; W etc.) and therefbre'have no net 'charm’. In
addition to these states however, it is now believed that associated
charmed meson production (the D-mesohs) has also been observed in e+e—
annihilation(56), and more recently in neutrinoiscattering.(57) 'At
this time however, detailed investigation of these states is ohly
possible in.e+e- annihilation, in which the D mesons are identified with
narrow resonances in Kw, K2w (and in general Kmw) systems of mass |
al.9 _GeV/c2 and widths a few kéV. -

Assuming the charm hypothesis, the strong decay‘of the lowest
mass meson would be forbidden by charm conservation - and therefore

the state would be long-lived. For charm chaﬁging decays, the Cabibbo

favoured weak decay requires AC= AS and therefore a strangeé particle in

[ RPN, WD § R

the final state - as observed experimentally. Electromagnetic production
via a virtual photon would result in associated production of charm-anticharm
Pairs of mzsons. The D-mesons are observed to recoil against a mass

greater than 1.9 GeV/czv- supporting the hypothesis of associated production.
LR . . . )
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In addition, the charged D-mesons are observed to decay via an exotic

i + -+ + : - ;
: gode (e.g. D-=» K 7 7 (AC=AS), rather than K+ﬂ+ﬂ (AC=-AS)). ~/
f On this evidence, ﬁhe D-mesons are strong candidates for (and T~
é have now been accepted as) states containing charm, i.e. with C = *1.
? In the style of the quark model, one must now define the quark associated
i with this new particle. The quantum numbers of the charmed quark are:
f 1 | :
T3
i
: ];:0
3 Q'-=+-—-

$=0

C=1

~?

The introduction of a new quark has an important effect in deep-
inelastic scattering. As was mentioned in Chapter 1, the structure
function F,(x) must be modified to account for charmed quarks in the

Isea':

B ) = B+ x(e() + E()

with the requirement that

1 , ,
{ -

‘ . o 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 charmed quark, also havenet charm and give

rise to a second charmed meson of opposite charm to that of the struck -~

quark. An estimate of this cross-section clearly requires some guess at

“the charmed part of the proton sea distribution. This will be discussed

. . .
R uar Y K ST LY A Pl G Y e
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further in Section 6.5 - rough estimates vary from 2-20% of the total cross-

scction below Xpj ™ 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 Q% 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
contradic£ the naive parton- model. Altérnative theories (Asymptotically
free.Gaﬁge Theories) can produce agreement with Fz 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.
Invcstigation.and measurement of direct charm production in deep-
inelasfic ;cattering.cgn there fore remove some of this-uncertainty.

Section 6.2 gives a description of an acceptance loate 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‘w+ and K‘n+v+. Finally, a summary of results and

a brief comparison with theoretical predictions is given-in Section 6.5.
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6.2 SPECTROMETER ACCEPTANCE FOR D MESONS

' The standard procedure used to identify resonaﬁce particles is
by thc cnhancements they cause 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 for the decay products are both known. The mass of the D
mesons, and the branching ratios of several of their decay channels are
ﬁow rcasonably well known. " The only annown 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 uséd and thg results obtained from it
will be given in this section.. An estimate of the moéel dependence
will also be given. The philosophy used is stréightfbrward. A Monte
Carlo program is used to produce a D meson momentum vector distribution
in the labofatory according to the.mode1.- The D is allowed to decay and

the products tracked through the spectrometer to check for acceptance

(Fig. 6.2).

D. Production Mechanism

Following the standard picture of deep-inelastic scattering, the
-incident muon beam is considered as a source of virtual photons defined
bylthe variables Q2 and v. The reaction envisaged is thus
y*+p-+D+X
¥here y* represcnts the virtual photon

D represents the observed D meson




X represcnts all other hadrons produced

Ve
(conserving quantum numbers in the interaction).
f Clearly, the ideas used in the production mechanism must be -
5 borrowed, at least to begin with, from normal (uncharmed) meson production.
§ These can then be modified as necessary to account for any experimentally
§ observed differences in charm production. In addition, angular and
i momentum dependence from the kinematics of the virtual photon must be
¢ included. A typical function for the D momentum vector might depend on
§ the'following (Fig. 6.3)
g .
: Xg -~ the modified Feynman x variable defined by
3 - .
$
~~ i P11
i - X = where P, ., is the momentum
; . F (Pz - pz)i 11
max 1
of the D in the direction of the virtual photon,
( o - and P the maximum momentum allowed.
max
‘ gi  - the squared transverse momentum of the D relative
to the virtual photon direction.
} - .
3 ¢D - the azimuthal angle of the D momentum vector
¥ 5 . .
: relative to the muon scattering plane.
‘ Q%,v - the kinematics of the virtual photon.
: ¢** -  the azimuthal angle of the virtual photon
i . .
P . relative to a suitable plane in the experimental
- ! * coordinate system (this is not a kinematic
‘ 3
3
? : variable, but may affect acceptance).
— ? - The variables Xps Ri and ¢, are defined in the y*-proton centre
_\' ; of mass system. The variables Q2, v and ¢Y* are defined in the laboratory
3 System.

. : AN
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The kinematics of the virtual photon enter the description both

via the determinationvof the direction veétor of the centre of mass
frame iﬁ the laboratory and in the determination of thé value of pmax'
The direction of the centre of mass frame relative td the incident
muon particle is defined by (es, OY*) vhere:
Q = 4E(E - v)sinLe-s— + -’f‘ﬁ—-
2 E(E~v)
with ‘
E . the incident beam energy
¢s the scattering angle
mu the mass of the muon.
.Pmax is determined by having a D recoiling against a D-proton ~

system moving at the same velocity. This gives:

. max ’

B T

where
nZ + 2mpv - Q2 :  centre of mass energy squared

proton rest mass

©n
L

=]
n

D meson rest mass

n

Clearly this requires an addition of a threshold such that:

S>s, = (m + me)z (=21.8 (GeV/c?)?)

A simple step function was used since threshold behaviour should

be relatively unlmportant typically v ~ 150 GeV/c2 inside the experlmental

acceptance giving s >> sth'

There are three further general points to note before discussing

the exact model used: ~ .

() The D meson is an extremely narrow resonance &2-40 MeV) and it is

-
LY

reasonable to consider the mass as a delta-function at 1.87 GeV/c2.
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‘Assuming a sea quark production mechanism, the charmed quark

(v) _
distribution functions are expected to cause some X33 dependence _
on the cross-section. ) .
This analysis covers a small range of xBj (0.0001 < xBj < 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 Xp aid Pl_rather than Pi:

Moreover, soﬁe 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 will now be given.

Xp Dependence
Uncharmed hadron production in muon scattering has an Xg
dependence of the form e-bxF with b ~ 3.5?58) There is some evidence

however, that charmed particle production does not have an exponential

X distribution but rather ha§ a uniform z distribution(zo). For

z > 0.2, Xg and z are approximately identical and a uniform z distri-
bution implies a uniform x; distribution. The two distributions

D(x,) = e 3-5%F and D(xg) = Constant were used to calculate the acceptance

as a>check on model dependence. Only the range O < Xp < 1.0 (current

fragmentation) was considered.

Pi Dépendence . ' R

This &again requires consideration of uncharmed hadron production

2
in deep~inelastic scattering, which has a dependence of the form e-bgl

with b ~ 3(59) Model dependence was tested using two.inp&t distributions:
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N(Pl) noe R n(Pl) = Co?stant
A cut-off at RL = Pmax was applied.
¢D Dependence ) . .

In the naive parton model, no azimuthal dependence is expected

about the virtual photon axis, since the system has cylindrical symmetry.

¢D was therefore chosen uniformly in the range 0 < ¢D < 2w,

Q? and v Dependence

. " ) d%¢
Q% and v must be chosen according to the cross-section Oz

for deep-inelastic scattering, such that the scattered muon falls
within the acceptance of the spectrometer. A cut was also imposed on

Q2 and v corresponding to the cuts applied in the data analysis.

¢Y* Dependence

There is axial symmetry about the incident beam direction. ¢Y N

was chosen uniformly in the range 0O < ¢Y* < 2w relative to a known y

axis perpendicular to the incident beam direction.

The methods chosen to generate these variables in the Monte Carlo

~’

were quite straightforward. A random number generator was used to provide

L ] =A
the uniform ¢ distributions. A distribution of the form e~ can be
generated from the distribution y = - %-zn y' where y' is chosen uni-

formly in the range O < y' < 1. A cut-off was then applled at xp = 1
-

a = . -

nd gl Pmax'.

A file containing all events used to measure F,(x) was used as

3 source for Q2 and v. Acceptance cuts on the scattered muon were then =

applied. To complete the description of the interaction, the vertex was

¢hosen “uni formly within the target volume, and the incidént beam track
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Having obtainced the momentum vector of the D-meson in the
y*-proton centre-of-mass frame, it is straightforward,td transform into

the laboratory system using standard rotation matrices and Lorentz

transformations.

Decay-Product Generation

Only the decays D° - K_n*, D° » K+n—-and D* + K'rtn® were
considered. An isotropic decay distribution was use& fér the two body
decay and-a uni form phase space distribution for the three body decay.
The decay products were considered to come directly from the interaction
vertex. A simple hard core model was used to project the decay products
fhrough the spectrometer magnet. The particle trajectories could then
be tested for acceptance. Additional cuts on momentum 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
decéy channels averaged over all Kinematic variables. Its second
function was to determine accepténce distributionsrfor several of these
variables. These distributions could then.be used to determine data cuts
which would maximise detection sensitivity.

An investigation into the model dependence in the Monte Carlo

2

¥as carried out by considering two different functions for both the gl

and Xp distributions:
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(a) A wiform Xp distribution in the range O < x# < 1.0

-3.5xp

(b) An exponential xp distribution of the form e " in the

range 0 < Xp < 1.0. , : ~ _ .
(c) A uniform Ri distribution in the range 0 < Bi < 9 (GeV/c)2.

: 2
(d) =~ An exponential Hi distribution of the form e-spl-in the

range 0 < QL < pmax'

Each Xg distribution was used in conjunction.with both Qi

distributions to produce four different functional inputs to the

. .

model.

The muon-kinematics acceptance distribution and the analysis cuts
made on this also affect the resultant model distributions. The

analysis cuts used were:

(@) 1 <Q <2 (GeV/c2)2, 120 < v < 200 GeV
®) 0.5 <@ <1 (GeV/c2)2, 140 < v < 200 GeV
(c) Q% > 2 (GeV/c2), 10 <v < 200 GeV

These cuts correspond to a muon accpetance greater than 10% in
all regions of the kinemétic plane. The input z) distributions obtained
from each of the four (xF, Pl) distributions,_a;e.shown in Fig. 6.4 |
for Q? > 1.0 (GeV/c2)2. The results are weighted by the raw (Q2,v)
distribution observed in fhe'spectrometer foilowing analysiS cuts. The

. n, R N . . . )
cut-off at zp ~ 0.1 is a direct result of the muon kinematics. Z in

] i = = = 2 - Q2 ’

1s clearly obtained at Xp 0, gl 0, v vmax’ Q Qmin’ where the
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

r .
zmin'&: b = 0.096
_ {Zmpv _
The uni form Pi.distribution clearly distorts the z distributions

LAY

resulting from both x. distributions. The acceptance as a function of



HV RN

T RN

o oFon N A W e d

> AT T PR AN v

SN AT N A 4 PO

O e T LT X NN

102.

gi.(and PJ) was found to be flat. Thercfore, the observed diffecrences

are simply a result of the intrinsic ql_dcpendence in xF,which is most
pronounced at high Pl.and low Xpe However, these distortions are the

result of a violent change in the RL distribution. All measured un-

charmed meson P, distributions show an exponential fall-off with Rl

vhich can be parameterised as a functionof?P; or pi:(58) Any reasonable
function of this type can be expected to give similar z distributions.
Major differénces will only occur as a resulf of improbably high values
of Ri_or at low z (as can be ;eenyin Fig. 6.4). Above z z 0.6 the |
distributions are similar for both Pl_distributions. |

The hadron arm in the downstream spectremeter was centred on the

noninal 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 (momentum, opening angle,
xF,z) wvere found 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 - Kr should be taken as referring to both

decay channels (D° +~ K'n¥, D% » K'n ).

Since the spectrometer acceptance is flat as a function of Plf
the -acceptance as a function of Xp (or iD) determines the accepted
XF(ZD) distributiong resulting from the four input distributions.
Figurc 6.5 shows the acceptance as a function éf xg and z for the two
input P, distributions (averaged over all accessible Q%,v). The acceptance

L

follows the same trends for both Pi-distributions. At low'xF (or zD)

%
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the acceptance is poor, as would be expected in a downstream spectrometer.

~’

Acceptance increases rapidly with z, as more decay products gain sufficient

momentum to pass through the spectrometer magnet. The Kuw acceptance is

consistently lower than that for Kw, reflecting the lower average

‘momentum of the decay products.

Convoluting tﬁe input Xg distribution with its acceptance will
reproduce the Xp distribution observed downstream. fhe resulting'z
distributions for the four models are shown in Fig. 6.6. For the
diétribuciops obtained from a unif'orm.xF input distribution, the acceptance
is clearly the dominating factor, weighting events to high z. Ip
contrast it is the input e”3>%F gistribution which is dominant over
the acceptance and produces a dlstrlbutlon weighted to low z. As a
result, the average acceptance in the two e -3.5xp models is 30% lower
than that in the models with a uﬁiform Xp distribution (Table 6.1).

Both the Kv and Kwm decays follo“_r the same- general shape.

The effect of spectrometer acceptance on two additional variables
was investigated with regard to possible data cuts.} These’werc the
momentum distribution of the kaon and the angular distributicn of the
kaon rclative to the momentum vecto¥ of the D in the y*-proton centre of

mass frame (GK). GK is input as a uniform cos8y distribution in both
isotropic and phase space decay schemes; As Wasféhown in Chapter 5, 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 usea to identify uncorrelated tracks which appear as spikes
at cosé o], | :

" The momentum distributions show the same trends for ail models

and in both decay channels. (Fig. 6.7) The kaon momentum peaks around

IS Gev/c aﬁd.falls avay slowly on a long tail out to 100'GeV/c. The
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. , 2
charpest peak occurs in the distribution with both e'spl-and e”3-5XF

as expected since this weights towards low x; and P,. Both uniform x,

and uniform Ri 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

pcak 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, aﬁy opening angle cuts used to remove

spikes will not greatly alter the overall acceptance. A cut in opening
events where lcosex[ > 0.90 changes the overall

2
spectromcter acceptance from 0.46 to 0.44 in the case D-Kw, for 5331,

uniform Xp input.
Hovever, 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.

- y——— -
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6.3 D-MESON ANALYSIS 1

As was outlined in Section 6.1, the aim of this analysis was to ~
search for enhancements in Ktn; and Kin;n: invariant mass Spéctra in _

the neighbourhood of 1.8 GeV/c2. Iﬁ this search, the information

providéd 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 cognter). As was shown in Chapter 5, there are two backgrounds

which also give this signal.

1. Protons. These alsa fail to emit Cerenkov radiation in this
momen tum range.

2. . Pions. Inefficiency in the counter, particularly quantum
inefficiency at low momentum can result in pionsfailing to ~
emit Cerenkov radiation. |
In the usual picture of deep-inelastic scattering, the downstream

products corme from the fragmentation of th¢ virtual photon and the

target proton is given little momentum. Baryon anti-baryon pfoduction

.from fragmentation should be highly suppressed relative to meson production

and the ‘target proton should rarely be seen by the downstream spectroﬁeter.

Proton contamination is therefore expected to be small. A measurement

of proton production was made at‘higher momehta! at whiqh protons can

be identified unambiguously by the Cerenkov counter - (Chapter 7).

This was found to be consistent with background and therefore proton

contamination was neglected in this analysis.

The meaﬁ 7/K ratio observed in the experiment was apprdximﬁtely
6:1 (Chapter 7).V A small inéfficiency in the Cerenkov counter can
therefore lead to a high background contamination in the kaon signal -
due to pioné - an inefficiency of 5% corresponds to a contamination of

over 20%, . This effect determines the minimum momentum at which kaons N

can be identified for a given pion contamination.
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& - Several schemes werc used to classify particles:

Particles with a momentum between 12.4 GeV/c and 21.2 GeV/c

-which fail to light the Cerenkov counter are classificd as kaons,

W s,

(corresponding to the 95% pion efficiency level and the kaon
Cerenkov threshold respectively). All other hadrons are con-

sidercd to be pions.

T WIS S TR b G XA W1 e

B Particles with a momentum betwecn 8.0 GeV/c and 31.0 GeV/c

which fail to light the Cerenkov counter are classified as

ot TR t] Lo ST

kéons (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 féil to light the Cerenkov counter are classifiéd as
kaons. Particles with a momentum less than 21.2 GeV/c which

light the counter are classified as pions. No other particles

] considered.

Cleafly, these examplés form only a subset of the possiblé
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 Krm or Kaw combinations. Schemes-B and

. C above both suffer from the problem that the mdmentum dependent quantum

TSR B R0t RS 0 TRy U1 et (g T Y

inefficiency must be incorxporated into the acceptance Monte Carlo.

Scheme 'A! provides_loo%'acéeptance for D decays producing a kaon

P s

@ : within the given momentum range, provided all decay products are

accepted by the spectrometer. This scheme was therefore chosen to

2 obtain an upper limit on D-meson production.
+

{ The event kinematics and acceptance cuts uscd were:

' 
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- (a) 10 < v < 200 GeV, 2 < Q2 < 8G (GeV/c2)2 : =

120 < v < 200 GeV, 1< Q® <2 (GeV/c2)2
140 < v < 200 GeV, 0.8 <Q? <1 (GeV/c2)2
160 < v < 200 GeV, 0.5 <'Q%2 < 0.8 (GeV/c2)2

170 < v < 200 GeV, Q% < 0.5 (GeV/c2)2

(b) xBj < 0.1
() W2 > 22 GeV?
(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) - The scattered muon was required to have Class 1 timing and
both x and y links to proportional chamber fracks. The downstrean
muon track was required to pass outside thevK—veto hodoscope and
inside the outer limits of the M and M' hodoscopes. Finally, the
downstream track was required to projecf wifhin 3 cm of the
intera;tion vertex in y.
. Hadron identification wés based on the tracksorting scheme
described in Chapter 4. Only tracks with Class‘l timing were allowed.
In addition to paﬁsing the duplica?e and quality tests of the track h
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: | |
(xproj - xvert) <3 E# + 8-mm -
(yprOj B yvert:j'< 3 “y +8 m?
where (. . ) afe the (x,y) coordinates of tﬂe track at the vertex;!

proj* Yproj
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is the error
3

he coordinates of tex; a
(xvert’ yvert) th inat the vertex; and €x,y

on the (x,y) coordinates of the vertex. The minimum value of 8 mm

ensures that if the vertex is well determined, the‘track pointing
requiréments are not unre;sonably strict (Fig. 6.9).

.Candidates for kaon tracks were only selected from those hadron
tracks which passcd outside the Cerenkov beam'deadener and inside the
ﬁirror 'window- frames' as described in Chapter-S. All hadrons which

either failed this gecometric test or the kaon criteria were classified

as pions.

The invariant masses of the various corbinations were then obtained
for each event, and entered in the apprdpriate plots. Multiple entries
vere allowed for each event in different plots, e.g. a combination
K+w'wf would enter once in the thfee.particle plot, and twice in the
twvo particle plot - this should only affect low mass background.

Data analysis was carried out in two regions of

Q% : Q%2 < 1.0 (GeV/c2)2 ; 1 < Q2 < 80 (Gev/c2)2

~

‘High Q2 : 1 < Q2 < 80 '

A search for D meson production was made in this region following

schemes A and B outlined above. An analysis of the four separate

+ - -+ - - -+ + : -
channels (Kv , K« , Km 7 , K7 1) could not be made as there was

insufficient data. Following the symmetry arguments given earlier,.
charge coﬁjugate decay channels were corbined. The invariant mass
spectra for Kr, Knw_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

- momentum vector and that of the combined mdss M in the laboratory,

measuréd in the rest frame of M (Fig. 6.14). Zy distfibutions are shown,
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in Figures 6.15 and 6.16, where zM is defined as /v.

Schemes A and B were expected to give similar results. However,
despite an increzse in background from pion contamination, it was hoped

that scheme B would give increased sensitivity (as it has a higher

acceptance for kaons). The general features of the three distributions

are the same for both schemes. No enhancements which cannot be attributed

to simply statistical fluctuations are apparent in the mass range

1.6-2.0 GeV/c  for either scheme. The observed opening angle distributions

agree qualitatively with those obtained in the Monte Carlo. Features

vhich right justify an opening angle cut on the data are not apparent

(e.g. spikes at cosaxﬂal), therefore no opening 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 Jow mass combinations. The only reasonable conclusion from this

analysis is that there is no observable D-meson production. The following

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 (@) for the four decay

channels is shown in Table 6.3. The D?meéon production model used
’ 2

was a uniform x; distribution and an e"%1 gistribution. The branching

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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1he vesultant distribution - D - can then be assigned a mean a.B for

use in calculation of the cross-section upper limit. tThis however,
also requircs 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 background (90% confidence level) in. the region
of the D mass (1.87 GeV/c?) within the resolution of the spectrometer.

The conbined 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 ranée 1.75-1.95 GeV/c2, - The mass resolution of
the spectrometer was measurcd to be 40 MeV/c2 O ms from the width 6f
K;(SS). The background estimate ié therefore given by the total number
of events in the range 1.83-1.91 GeV/c2. The results aré shown in Table
6.5. An uppér 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 flu# of 3.95 x 1010 s
in which there were a total 6f 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 Q0% confidence levei on the total cross-Section;x+ PrTu+D+X
baséd on this analysis, in the region 1'< Q? § 80 (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
thi; region
50 £ 16.3%
The exror in the ﬁcasured branching ratios (26%) was combined in

Quadrature with an estimated error due to averaging «.B (33%) to obtain

the relative error in the cross-section. ’
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angle cut was applied to the data. An upper limit on the D-production

Low Q2 : Q2 < 1.0 GeV/c2)?

The results of the high Q2 analysis indicated that no increase
in sensitivity would be obtained by identification scheme B. Therefore
only identification scheme A was used in the low Q% analysis. Again,

statistics limited the investigation to the combined decay channels

+ + +

+ ¥
Kn, Kax.

The invariant mass spectra for Kr, Kaw and théir_sum are shown in
Fig. 6.18, Zy and coseK‘distributions are shown in Figures 6;19 and
6.20.A Again, no enhancements in the invariant mass spectra which are
not consistent with statisticél fluctuations are observed. 'The Zy and
cosf distributions show no anomalous behaviour, and again no opening

| . o -
cross-section was therefore calculated, following the procedure described

in the high Q% analysis.
| From Fig. 6.18 it is clear that the background in the vicinity of
the D-mass, for the summed 4 éhannel plot, is relatively flat.
'The average number of events in the rangé 1.7-2.0 GeV/c2 was.used as an
estimate of b;ckground. The spectrometer acceptance a, and a.B are
shown in a Table 6.4 for this Q2 range. A large variation is apparent
for tﬁe four channels, but errors are also Iérge and the approximatioﬁ
that these be represented by an average value is not unreasonable
fparticularly as the analysis is an estimate of an upper limit).- The
Tesults obtained are shown in Table 6.5. An ﬁpper lihit of 1642 D- |
mesons produced in this kinématic region was obtained. This cofresponds
" to a total cross-section for D-meson production of 14.8 * 3.9 nbarns, '
and corresponds to a contribution of 34 * 8.9% to the total deep-inelastic
| -

cross-section in this region. The error, due to averaging a.B was

conbingd. in quadrature with that in the measured branching ratios to

obtain the quoted errors.
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6.4 D—MESON ANALYSIS 2

The D-meson acceptance Monte Carlo predicted a large fraction of
decays, which were fully accepted by the spectrometer but in which the -
kaon had a momentun greatef than 21.2 éeV/c (Fig. 6.7, Table 6.6). Since
the analysis which used the Cerenkov counter identification of the kaon
had resulteq 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

0,
K

of the hadrons observed in the spectrometcrvhad a momentum greater
than 21 GeV/c (Fig. 6.21).
The general method used was to consider each hadron with a

momentum greater than 21.2 GeV/c as a kaon and combine this with all

. other hadrons in the event. Distributions for Kn and Kar using this

simple method are shown in Figures 6.21 and 6.22. Clearly a detailed
tnderstanding 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 therefofe the simple

_approach was rejected.

The general characteristics of D—m§50n production, predicted from
the Monte Carlo were used-to femove the effects of multiple combinations
in a second approach; As the spectrometer accept;nce'was predominantly
at high z (Fig. 6.5) it is reasonable to assume that only one of the
pair of D mesons can be observed in thé spectrometer. It was fherefbre
chosen to make only one entry per évent in any of the plots - the
combination with the mass closest to the D-meson 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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. there is an enhancement in the vicinity

The two particle mass closest to 1.86 GeV/c2.

either a K- (i.e. K'n or K'n™n") or a K~ (i.e. K'n' or K'n'n"),

resulting from this procedure are shown in Fig. 6.23, for z, > 0.4.

In both plots, but particularly in that for the channel containing a K,

of 1.85 GeV/c2. It was then

necessary to determine whether this was a real D-meson signal, or a

result of the mass selection procedure. To investigate this, a second

series of plots were obtained in which:

A only hadrons with momenté 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 GeV/c was chosen to allow the use of the

Cerenkov counter to reject pions in Class B ultimately.
. X s + -
Fig. 6.24 shows the invariant mass distributions for K and K

in the two momentum bands for Zy > 0.4. The enhancement is clearly

s s . - : . +
Visible in the K~ plot at low momentum, and perhaps also in K .

(K#" or K'n~ but. not both). ~’
2. The three particle mass closest to 1.86 GeV/c2.

K w'xt, X'n77" but not both).
3. The invariant mass combination closest to 1.86 GeV/c2.
4, Results kere_further classified in two Zy bins:

0 < Zy < 0.4 ; 0.4.<'zM < 1.0.
High Q2 : 1 < Q% < 4 (GeV/c2)2; 4 < 02 < 80.0 (GeV/c2)2

The invariant mass distributions for decay channels containing

_ -

+

However, no enhancement is apparent in either plot for selection A above. .
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\ Fig. 6.25 shows coseK distributions obtained using sclection A for
masses greatcr than 1 GeV/c?, clearly indicating a preference towards
forwvard decay. However, no anomalous behaviour is apparent. An upper

limit could therefore be obtained from scheme A, further investigation

AT b v e b

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

3T L B W oL O | e

distributibn (K+ + K') in Fig. 6.26 for the ranges O < Zn < 0.4,
z. > 0.4, 1< Q2 < 4 (GeV/c2)2, 4 < Q?- < 80 (GeV/c?)2. No Q2 or z

{ . .
dependence is apparent, and the enhancement is no longer clear. This

suggested that the enhancerment was a statistical fluctuation amplified

]

by binning and mass selection. Nevertheless, a second stage of investi-

(ﬁ gation was pursued using the Cerenkov counter information to reject

pions (unfortunately also reducing the data set available). The

Ve o ety

object was to detect as many pions as possible and no geometric cuts

vere 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 (@ minimum of 50-60% kaons). Fig. 6.27 shows

the result of this cut on the invariant mass distributions. The most

TUMMAAR W S i e Bt Ay B it

striking fact is the large reduction in the number of entries (a

factor of 10). A comparison of z_ and cos®,. 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 Monte Carlo predictions

(particularly the observed peaking at coseK.m 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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~As was the case in Analysis 1, the conclusion of this analysis

is thercfore that there is no observable D-meson signal in the four

A+ - -k + - -+ + .. . .
channels K« , Kw , Knw , K7 7 . An upper limit will be estimated

following the procedure given in Section 6.3. This will be made for
the following criteria: |
(a) Py > 21.2 GeV/c, z > 0.4, @ >l ' o (A2)
(b) PK < 21.2 GeV/c, z > 0.4, Q2 > 1 ﬁsing Cerenkov: counter |
rejéction of pions . (B2)
(c) Py < 21.2 GeV/c, All i, éz > 1 using Cerenkov rejection
of pions ) (€2)
(@ P, < 21.2 GeV/c, All z, @@ > 1, without rejection of '
pions. - ‘ - o o (p2)

“(a) P, > 21.2 GeV/c, 1 < @2 <80 (GeV/c2)2, z> 0.4

K

The four channel summed distribution for this class is shown

in Fig. 6.31. The distribution is relatively flat in the range

© 1.75-1.95 GeV/c2 and the averaée value in this range was chosen as an

estimate-of the background. A table of acceptance for this class of
events is given in Table 6.6 fromlwhich 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-mesons was obtained. The full datasef:waﬁ used for this
meagurement, 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) Py < 21.2 GeV/c, z > 0.4, 1 < Q2 < 80 (GeV/c?) - Including pion

Rejection.

The acceptance for .this class is given in Table 6.7. Summed
distributions for tﬁe four channels are shown in Fig. 6.27. The
invariant mass distribution isAflat and the average in the.range-l.s-é.z Gev/c2
was used to estimate the background. bDetails are given in Table 6.8,
the 90% confidence level was measured to be 1281 * 478 D~mcsohs.

Normalisation is from Data Set B in Tables 8.1 and 8.3. A limit on the

-
o,

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.

(€) Py < 21.2 GeV/e, All z, 1 < Q2 < 80 (GeV/c2) - Including pion

Rejection.
The Monte 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/c? was used to estimate background. A

90% confidence level of 1340 * 413 D-mesons was obtained (details are
given in Table 6.7), The relev;nt normalisation is Data Set B in Tabies

8.1 and 8.3. This gives a 90% confidence 1e§e1 Bn the total charm |
production cross-section éf 14.2 * 4.4 nbarns, corresponding to 30.5 * 9.4%

of the total deep-inelastic cross-section. .

(d) Py < 21.2 GeV/c, A1l z, 1< Q? <.80(GeV/c2)2 - No pion Rejection

The aim in calculating an upper limit from this class was to

use the full data set in an éttempt to obtain a consistency estimate

with thgse previously given. ' ,
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The acccptance for this class is given in Table 6.7. The summed
invariant mass distribution is shown in Fig. 6;33.- This is not wholly . \d;
consistent with a flat distribution, but for an estimate of the back- _ |
gromd in the vicinity of 1.85 GeV/c?, it would be reasonable to take
the average value of the distribution in the range 1.7541.95 GeV/c2.

Details are given in Table 6.8, a 90% confidence level of 2978 + 918,
‘D-mesons wés obtained. The normalisation is given in Tables 8.1 and
8.3 for Data Set 8. 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 tofal deep-inelastic cross-section.

Low Q2 : Q%in < Q2 < 1.C (GeV/cZ)?: ~
Only two categorieé 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).
Z; : VThe 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). o '
A comparison between the invariant mass spectra of K* and K
channels for the above categories and 2}1‘1'0.4 is shown in Figures
6.34 and 6.35. Scatter ﬁ;gts against.z for iM > 0.4 are shown in Fig. 6;36.
No statistically significant enhancements in the vicinity of 1;85 GeV/_c2
are aﬁparent in any of these distributions. The most striking feature |
is that bionlrejection again reduces the numbér of entries in the plots
for classification 2 to approximétely 1/10th of those for classification
o’

1. An interesting background is apparent in the scatter plots where
elastic p cvents are clearly v151ble at z A~ 1 and 2 mass of M A mp tme-m.
Fig. 6. 37 sshows a comparlson of the cosﬂ dlstrlbutlons for P, > 21. 2 GeV/e

and D < 21 7 CaVl/e Nn <ionificant deviations from Monte Carlo DTedLCtlonS
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were apparent, thereforc no opening angle cut was applicd to the data.

D-meson signal was apparent in the data, and an upper limit on the cross-

Again, the conclusion of this analysis was that no observable

section was obtained following the procedure described in Section 6.3.

This was carried out for the four classifications:

(a)
®)
(c)

(d

' > 2 2 242
PK > 21.% GeV/c{ Qmin< Q- < 1.0 (GeV/c4)s, 0 < 2 < 1

P, > 21.2 GeV/c, Q;in < Q% < 1.0 (GeV/c2)2, 0.4 < z < 1

K

Py < 21.2 < GeV/c, Q;in< Q2 < 1.0 (GeV/c2)2, D < 2, <1 -

using pion rejection, -

-

2 2 2y2 -
PK < 21.2 GeV/c, Qmin < Q% < 1.0 (GeV/ct)4, 0.4 < z, < 1

using pion rejection.

The four channel summed invariant mass distributions for these

classifications are shown in Fig. 6.33. Tables 6.9 and 6.10 give the

acceptance values from the Monte Carlo using a uniform Xp distribution

2

and an e—gql'distribution as input. The errors on <a.B> in these

tables are calculated from the spread in ¢.B, and the measured error

in B combined in quadrature. Results are given in Table 6.11, back~

ground estimates were taken as the averége number of events in the

", ranges indicated on Fig. 6.38. The normalisation given in Tables 8.1

hnd'B{iffdr the appropriate data sets gives the following upper limits

(a)

(b)

on D-meson production for Q% < 1.0 (GeV/c2)?:

P, > 21.2 GeV/c, O < 2, < 1.0 (E2):

K

A total D cross-section of 8.0 * 2.5 nbarns, corresponding to

18.8 + 5.9% of the deep-inelastic cross-scction.

P, > 21.2 GeV/c, 0.4 < z, < 1.0 (F2):

K

- *:A.maximum D production cross-section of 6.9 + 2.2 nbams,

corresponding to 16.2 + 5.2% of the deep-inelastic cross-section.

-~

»
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Py < 21.2 GeV/c, 0 <z <1 (G2):

A maximun 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 GeV/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 decp-inelastic cross-section.
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DISCUSSION OF RESULTS

The calculation of the charm contribution to deep-inelastic
scattering is important in the:understanding of the scaling violations
observed in the inclastic structure functions at small x. A comparison
of the upper liﬁit obtained in this analysis with various theoretical
cstimﬁtes 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-mesons. Moreover, the Monte Carlo used to calculate final values

of acceptance was the most favourable possible - if D-mesons are produced

with an Xg distribution similar to non-charmed hadrons, (i.e. weighted
towvards low xF) 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 limits obtained would correspond to an observed signal of only 10

events but nevertheless represent a contribution to the total cross-

scction of some 20-30%.

The various estimates of an upper limit on charm production do

not represent independent measurements:

on the same data using analyses of different sensitivities. Therefore,

it is reasonable to take the lowest 90% cl in each Q2 region as a best

estimate on charm production (since this corresponds to the analysis

with highest scnsitivity).

rather they represent measurements -

Yy



Explicitly defining the regions of integration (correspondlng

2 I

N '

to the analysis cuts) gives:

C

R D S P ST

1.0 200 24 ‘
[ [ _ Eﬁz‘“{up +~u + D+ X) g 6. 9 nbarns s
Q%in w140, xBj<0.1

(representing 16.2% of the total cross-section in this region).

D0 R 12Dy T L W b

80 (200 20
; [ J Eﬁz—ﬂ'(”p +pu +D+ X) < 7.2 nbarns
; Q%=1 Jv=10, xBj<O.1 _

(representing 15.4% of the total cross-section in this Tegion).
However, the errors on these limits are some 30-40%. The means of the
kinematic variables in these regions are:
2 - - 242 -
(2) Q Qéin 1.0 (GeV/c2) | | -

<Q25 = 0.25 (GeV/c2)2 : . , .

<y> = 183 GeV
<s> = 344 GeVZ
E i <x> = 00,0007

) Q2 =1.0 - 80.0 (GeV/c2)2

LR

<@2> = 5.1 (GeV/c2)2

: <y> = 141 GeV

k - i

4 <s> = 200 GeV2 -
<x> = 0.023

Other Experimental Results

B L Nt

One other experiment has estimated the contribution to the

(20)

f(‘ {  deep-inelastic cross-section from charmed D-meson production.
This estimate was inferred-from the observed rate of dimuon production
relative to the normal deep-inelastic process which-gives'a single

O‘(u "'_P’*U "'U "’x)) , ) , s
c(u+ +p - w + X) S

mion in the final state (i.e.




However, again this result relics on a model dependent calculatiqn of
aéccptance for the muon from D-decay. An upper limit on the contri-.
bufion from charm production in deep-inelastic scattering of 5% was
P g obtained. |

Although the processes are not directly related to deep-inelastic
muon scattering, it is interegting to compare the cross-sections

- 3 + - - - - .
obtaincd for D-meson production in e ¢ annihilation and meutrino

FIW S ARA LN R, el 3 b

scattering with the results presented in this thesis. The vector meson

¥(3772) lies just above D threshold and decays completely into D°D°,
66)15

P L

The total cross-section for this .reaction

.

e +e = y(3772) is 9.1 + 2 nbarns

at a centre of mass energy of 3.772 GeV. The branching ratios to the

two possible decay channels were also measured:

B[y(3772) » D°D°] = 0.56

B[¢(3772) - D'D7] = 0.44

bt 8 I (L

(where the difference is a result of a slight mass difference). D°

SO T

and D° production have been observed in neutrino scattering, directly

; from their hadronic decays(57) (it is interesting to note that the

: . ) '
charged meson D™ has not been observed within the experimental resolution).

P RO

A contribution from D° productibn to the deep-inelastic neutrino
scatteriﬁg of 17.5% was obtained. However, as was already mehtioﬁed,
neither of these results can be directly related to charm prodﬁction in
muon scattering. In e'e” annihilation the picture is of resonance
prodﬁction via the ¥(3772) and would only be relevant in séme G.V.M.D.
rodel of difffactive D production where the virtual photon 'turns into'
; a véctOr meson {(Y(3772) or higher mass), which then decays to D mesons.
- In neutrino scattering, the intefaction is mediated by thé weak current
and comparison of resultsArequires quantitative;predictions in a unified

W oe

fauge theory of weak and elcctromagnetic interactions.
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Theoretical Estimates of Charm Production

o

Estimates of charm production have been calculatea in two
basic models: the Generalised Vector Meson Dominance model and
asymptotically free gauge §heofies such as Q.C.D. | -

G.V.M.6§9¥redict$ a contribution to the cross-section from charm -
production of ~13% for large Q2 and v at x ~ 0. At fini£e Q this
result must be reduced by a facto?

M§'+ Q?

Thus in the region Q2 < 1.0( GeV/c2)2 G.V.M.D. predicts a contribution
of ~1%, _énd in the region 1 < Q2 < 80 (GeV/c2)2 6-7%.

Several field thcory calculations are avgilable.. Gluck and Reya(60)
calculate a cogtribution of 50% from charm production at x ~ 0 and ~30%
at x v 0.1 (assuming a small uncharmed SU(3) symmétric sea and a‘charmed

61)

sea component consistent with neutrino data). Barger and Phillips
estimate °°/UA11 = 0.09 for <x> = 0.05, <v>= 140 GeV, <Q®> = 6.5 (GeV/c2)2,
using a quark parton model with an SU(4) symmetric sea. . (This calculaticn

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 F, are calculated for Q? > 2.5(GeV/c?)2.
‘(Moréover; tﬁe résults are presented in a form which facilitates comparison
;ith experiment.) They calculate a contribution to Fz at x ~ 0.1,

Q? & 5 (GeV/c2)2 of 0.022 from charnm produétion. The value of F, at the

mean value of x and Q2 used in this analysis (high Q?) is 0.4(9):. L

Therefore, 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 GeV whereas a
figure (Fig. 3) in the paper gives 2 nbarns. The correct value is '

2.3 nbamns. (75)




-

R R I PRI

LR SR TR R AN S

SN

metns e LM SV

ey e

[P

124,

The limits on charm production are in agreecment with that

obtained by Chen et a1(20). Th

e results are also in semi-quantitative
agreenment with theoretical predictions. However, a true test of these -

predictions and of the models used can only be obtained from a measurement

of the Q2 dependence of charm production.
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. TABLE 6.1

MODEL DEPENDCNCE OF AVERAGE SPECTROMETER ACCEPTANCE

)

Acceptance for Channel s . e+ s .
KK K Knnrn Kaw
Input Distributions
e 3->%F, .-k 0.46  0.30 0.15 0.15
. Uniform X, L 0.46  0.46 0.31 0.32
—3.5XF . 2
e , Uniform RL 0.25 0.25 0.14 0.15
Uniform xp, Uniform P7 0.42  0.42 0.28 0.29
2 TABLE 6.2

Accepted Kaon Momentum Distributions:

a, b GeV/c, mean kaon momentum,

and standard deviation respectively

Channel _

Input Distribution Kr K'n™ Kn'nt K
- _ep2 : . o

e 3-5%F  -8PT 30.3,24 28.1,20 24.3,17 24.3,17

: -8p% : ‘

Uniform xp, e , 44.2,33 38.5,27 34.7,24 32.6,21
e 3*>*F, yniforn P2 33.3,24 33.0,24 27.4,19 27.3,19
Uniform xp, Uniform P2 35.9,24 35.3,24 45.0,32 44.4,31

F’

b

w0

ol
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" TABLE 6.3

Spectrometcr Acceptance: 1 < Q% < 80 (GeV/c2)? (using

Cercnkov Counter Identification Scheme A)

Channcl Aecceptance Branching Ratib  o.B

o : B . (x103)
Kn 0.08 0.022 1.76
Knm - 0.06 - 0.039 2.34

<a.B> = 2.05 + 0.67 x 1073 (errof in B combined in quadrature with

variance of «.B)

Spectrometer Acceptance: Q2 < 1.0 (GeV/cZ)? (using Cerenkov

Counter Identification Scheme A)

Channel : ST Acceptance ' a,.B
a _x103
+ - i
K'n | _ 0.098 2.2
Kx' . 0.071 . 1.6
+ - - . : . ’
Knn | 0.084 | 3.3
Kn'n® 0.076 " 3.0

<a.B> = 2.52 + 0.66 x 103 (error in B combined in quadrature with

variance of «.B).
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TABLE 6.5

Upper Limits on Charmed Meson Production (Analysis 1 for an

integrated flux of 3.95 x 10!0 y's)

r.- -
Q2 Background Events for <a.B> 90% c.l.
‘(Cev/c?)?  Estimate 1.64 Deviation (x 103) (Events)

Q2. - 1.0 6.4 .14 2.52 1642

min .. * 4 30
1.0-80.0 7.2 4.4 2,05 2200 = 719
TABLE 6.6

Spectrometer Acceptance for Analysis 2: p, > 21.2 GeV/c,

N

1 < Q2 < 80 (GeV/c2)2, z > 0.4

Channel Acceptance a.B

a (x103)
X' | 0.30 6.6
K'n~ 0.32 - 1.0
Kn'n® _ 0:19 74
Kanm 0.19 | 7.4

<a.B> = 7.1 = 2.1 x 10-3 (error in B combined in quadrature with

variance of a.B).
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TABLE 6.7

Spectrometer Acceptance for Anmalysis 2: p. < 2.12 GeV/c,

AN

1 < Q% < 80 (GeV/c2)2

' —

Channel Acceptance ) : B

o 9 -a.B. Gy
(O<z< 1) 0.4 <z<1) (x 10 ) (x 10 )
Kn' 0.135 . 0.076 2.97 1.67
K 0.148 0.089 3.26 1.9
Koot 0.114 0.080 4.45 3.12
Knn” 0.119 0.085 4.64 3.32
<a.B> = 3.83 + 1.18 x 1073

<, .B> = 2.52 % 0.94 x 1073

variance of a, az.B).

TABLE 6.8

Upper Limits on Charmed Meson Production Using Analysis 2:

1 < Q2 < 80 (GeV/c2)?

(error in B combined in quadrature with

Pg < 21.4, z >

—————

Kinematic Cuts Background Events for <a.B> 90% c.1.
' Estimate 1.64 o Deviation (x 103) Events
Py > 21.4, z > 0.4  57.9 12.5 7.1 1760 + 526
P < 21.4, z > 0.4; © 3.88 3.23 2.52 1281 £ 478
PK < 21.4, z > 0.+C‘ 9.8 5.13 3.83 1340 % 413
(] 48.4 11.4 3.83 2978 £ 918

C dendtes rejection of pions on Cerenkov information.
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TABLE 6.9

Spectromcter Acceptance for Analysis 2: p, > 21.2 GeV/c,

QE < 1.0 (GeV/c2)?2

Channel | Acceptance
o ' ¢ a.B - a,.B
(0<z <1) (0.4 <z <1) (x 102) (x 10%)

-+ 0.52 0.42 1.14 0.92
K ' A

K" 0.49 0.38 1.08 0.84
Ko 0.36 . 0.33 1.40 1.29
Ko n 0.36 '0.33 1.40 1.29

<a.B> = 1.29 + 0.29 x 10”2

<a,.B> = 1.08 + 0.34 x 102 (error in B combined in quadrature with

variance of «a, dz.B).

TABLE 6.10

Spectrometer Acceptance for Analysis 2: p, < 21.2 GeV/c,

Q2 < 1.0 (Gev/c?)?

Channel ~ Acceptance ’
. o az . a.B , dz..B
0 <z <1) (0.4 <z <1) (x 103) (x 103)
K 0.15 0.06 3.30 1.32
L _ o
K+ - 0.16 0.07 3.52 1.54
K 0.13 0.06 5.07 . 2.34
4+ - - ‘ v ' )
K'nx 0.14 0.07 5.46 2.73

<a.B> = 4.34 + 1.63 x 10”3

<a,.B> =1.98 £ 0.84 x 10" 3(error in B combined in quadrature with

variance of @, @ .B).
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'TABLE 6.11 —_
Upper Limits on Charmed Mcson Production Using Analysis.2:

Q2 < 1.0 (GeV/c2)2
Kinematic Background Events for <a.B> 90% c.1.

Cuts "Estimate 1.64 ¢ Deviation (x 103) (Events)

Py > 21.2, 2 >0 120.5 18.0 10.8 1667 * 525
Py > 21.2, z > 0.4 90.5 15.6 10.8 1444 * 455
Py <21.2, 2> 0 10.8 5.4 4.34 1244 % 467
bK < 21.2, z > 0.4 1.15 -1.81 1.98 914 * 388
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TABLE 6.12

SUMMARY OF RESULTS

P
pescription of
Analysis Scheme

90 c.1. on
Cross-Section (nbarns)

90% c.1.
on Contribution (%

e p——
[

’ Malysis 1,

1 < Q% < 80 (GeV/c?2)?

Analysis 1,
Q% < 1.0 (GeV/c2)?

Analysis 2,‘
1< Q2 < 80 (GeV/c2)2 A2

Analysis 2,
1 < Q% < 80 (GeV/c2)2, B2

Analysis 2,
1 < Q2 < 80 (GeV/c2)2, C2

Analysis 2,
1 <Q2 < 80 (GeV/c2)2, D2

Analysis 2,
G2 < 1.0 (GeV/c2)2, E2

Analysis 2,
Q% < 1.0 (GeV/c2)2, F2

Analysis 2, .
Q% < 1.0 (CeV/c2)2, G2

Analysis 2,

23.4

14.5

9.9

7.2

14.2

16.7

8.0

6.9

11.2

8.2

+

+
TS

+

7.6

3.0

2.7

+

+

I+

i+

"+

4:4

5.2
2.5
2.2

4.2

3.5

50 + 16.3

34

4+
o0
w

21.2 £ 6.3

15.4 £ 5.8

- 30.5

I+

9.4

35.9 £ 11.1

18.8 £ 5.9

16.2 + 5.2

+

26.3 + 9.9

19.3 + 8.2

Q@ < 1.0 (GeV/c2)2, H2
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“Kinematic variables used in Monte - Car_lo
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CHAPTER 7

PARTICLE FLUXES

INTRODUCTION )

As was observed in Chapter 5, the Cerenkov counter yielded efficient

‘pion identification in one narrow momentum band (12.4-21.2 GeV/c) and

fair proton identification in a second, higher momentum hand (31.4-38.2

GeV/c).

This identification makes possible a2 first measurement of

particle 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 .y °

as protons. The magnitude of this effect can be estimated from
the measured Cerenkov counter inefficiency, and a correction .

applied to the data.

Although the_downstream hadron chambers were aligned symmetrically

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

(c)

negative is independent of acceptance and these ratios can
therefore be obtained.

Electrons from the large number of y-e scatters observed in the
data (see Chapter 8) would be mis-identified as éions and would
completcly swamp the pion signal at low Q2. The u-e filter
déyeléped for use in extracting the structure functions was only

75% efficient. This was not sufficient to recover the pion

—

+
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" This resulted in

126.

signal. The region below Q2 of 1.0 (GeV/c2)2 was therefore
removed from the analysis to avoid contamination.
Measurements of K+/w+, K_/n-, P/w+, l-)/rr_ as a function of z will
be préééﬁted in Sec;ion 7.2 and as a fugction of gi in Section 7.3.
The muon kinematics cuts used were:

1 < Q2 < 80 (GeV/c?)?

10 < v < 200 GeV

<s> = 252.4 GeV?
<Q?> = 6.7 (Gev/c2)?2
<v> = 141 GeV

<xBj> = 0.033

Subsidiary cuts on Q® were made for one section of the analysis.

For.the region Q2 = 1.0-4.0 (GeV/cz)z, the means of the kinematic

variables were:

<s> = 288 GeV?
«Q?> = 2.1 (GeV/c2)2
<v> = 154 GeV
<xp5> =:o.009
~ For the region Q2 = 4.0-80 (GeV/c2)2, the means of the
kinematic variables were:

<s> = 214 GeV?

<Q?> = 11.7 (GeV/c2)?

<v> = 120 GeV

éxBj> = 0.06

Conclusions and comments will be given in Section 7.4.
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7.2 PARTICLE FLUXES AS A FUNCTION OF z

The standard dcfinition cf z applies to this analysis

phad o, Ehad
n, E
v T

where Ehad is the encrgy 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 Feynman scaling.

Having obtained the momentum bands in which pafticle identi-
fication was possible, the proceéure used to obtain particle fluxes
was quite straightforward. The event selection criteria applied to thei
scattercd muon track were 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
momentun bands'in which identification was possible and the rémainder
rejected. Hadrons were then further divided.into two classes for each
momentum band: those which had 1lit 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 counter,

this classification scheme provides the following information:

()  12.4-21.2 GeV/c

Lit tracks are pions, unlit tracks are kaons or protons.

+
1+ +
Therefore in this band the ratio Unlit (Z)/Lit—(z) gives an
. el . K , * K T .
upper, limit on the ratio = /v, or AT’ fg s desired.
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(b)  31.4-38.2 GeV/c

Lit tracks are pions or kaons, unlit tracks are protons.

+
Unlit™

Therefore in this band the ratio (z)/Liti(;) gives an

+
upper limit on the ratio P /(n + K)i. : iy

The raw event distributions for these classifications aré 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
mininum romentum (12.4 GeV/c) and the maximum v (200 GeV)
giving roughly Z in ~ 0.05. '§imilar1y in Figures 7.3 and 7.4»2min is
determined by the kinematics to Be Toughly 0.15.

It is immediately apparent from these distributions that proton
production is at best only 10% of kaon production which is itself only
roughly 15% of pion production.

A copvenient di?tribution is the particle flux ratiﬁs relative to
all hadrons prcduced in the interaction. The flux ratioé W/AII{ K/All,
P/A11 are shown in Fig. 7.5, éxtracted from the raw event distributions
before correction for Cerenkov counter inefficiency. At this point,
it is necessary to digress into a briéf review of the quark parton
description of meson production in-deep-ineléstic processes given in
Section 1.3, in order to explain Fig. 7.5c. ‘In this model, the virtual
photon interacts with a single quark in the proton, which i; 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), which represents the probability of obtaining a given
‘meson with a fraction z of the momentum of the struck quark. In the
model, D(z) depends on the flavour of the quark struck and on the final

state meson produced, but not on the energy or momentum given to the

_ _ A R
struck quark (Q2, v) - i.e.D(z) scales in the variable z. Therefore the ratic
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All(z), All(z), All(") are independent of the momentum at which they

were measured and have the relationship:

' R 4
P ™ K _
i@t mr® A = _
for all values of z, if it is assumed that only protons, pions and
kaons are being produced. This 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. 7.5c).
In addition, an estimate can also be obtained for the fluxes
T 4w '+ kT and | Bt p
All Hadrons > All Hadrons All Hadrons .
, . -
If the acceptance for positive particles is ¢ and that for negative :
. +
particles is a and one. defines o = 5:- then,
a
+ - + 4 - -
T _tw = a7 4 o T
All tHadrons atarl’t + oAll”
: True obs obs
4 - : :
= L] . L . . ’ v 8
+ .
aAll + Al117
: 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 spectrométer magnet. Therefore,
S+ - + - "
v + T a bt -+ s o
All Hadrons True A11” + All obs
and similarly for kaons.
This equality is not necessarily correct in the momentum region ~’

in which protons can be identified, but should still remain a reasonable

e e annraximation for the calculation of the ratio P/All. These distributions’

e

- ~

BRG]
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are shown in Fig. 7.6, whcre again a bin-by-bin subtraction has been

used to obtain the kaon flux.

- Identification Efficiency

At this stage however,. the results, especially those shown in
Fig. 7.5b and f.Sc were open to question a2s the data had not been
corrected for Cerenkov inefficiency. In the momentum range 12.4-21.2
GeV/c, the relevant inefficiency mecasurements are given in Table S5.5.
These measurements were obtained from the pulse height distribution in
the cells. The average inefficiency was estimated from the average
number of photé—electrons collected in each cell. The average number

of photo-electrons collected and its error is given by:

The mean number of

N.
¥ 1
i E.?
_ i photo-electrons collected

u -

I 1

i E.2 :

z1 ' . ~

1 = . o= The variance of the mean
pe) 1E;2

“where N, is the mean nurber of photo-electrons collected by each cell,

and Ei is the error on this measﬁrement. Moreover, as the errors,
Ei’ were obtained statistically from the populations in each cell,
thiS automatically weights the estimate of p by fhe observed event
distribution. From the results given in Table 5.5:

"Wy = 3.38

0.14

1

%
Similarly, Table 5.6 gives the results. relcvant

to the proton identification range:

‘s

.. | uz = 3.58

0.17

9,
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These results give the followink inefficienciés. (%):
] _ +0.51
1. 12.4-21.2 GeV/cf = 3.40_0.40
2. 31.4-38.2 GeV/c: = 2.79°0-30 | ' _

’°-0.44

Corrected Results

" neglecting terms of order e“.

Fig. 7.5b is clearly consistent with a flat z distribution,

The average values obtained, using all points are:

p -
T+ = 0-064 + 0.015
P 0.062 £ 0.016
A11- Uue =

These valﬁes are»only two standard deviations above the rate
expected from the measured inefficiency in this region. The result
is therefore compatible with background. If however, this result
represents a true proton signal,.thén a maximum coufribﬁtion is of the
order 1—2%vwith large errors; Fufther comzents 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 prdton distribution function
was téken as zero fdr all z. This assumption imme&iately.implies, for
Fig. 7.5a, that those hadrons which fail to light the Cerenkov counter
are eitﬁer kaons, or pions which failed'throﬁgh inefficienéy. A bin-by-
bin correction for a flat 3% inefficiency (é) was.applied to the data

using the prescription:

1 e

true Nobs(1 * €)

K _ K _
Ntrue - Nobs ENObS
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The_resﬁlting corrected distributions are shown in Fig. 7.7.
Clearly, there has been no change in shape as a result of this
correction, indicating that the results obtained are not an effect of
the Cerenkov inefficiency.
Figs. 7.8 and 7.9 show, for comparison, the corrected and
? ‘ uncorrected K/n flux ratios assuming no contribution from protons.
It is secn that the .correction for Cerenkov misidentification results in

a 2% reduction in relative normalisation, with no change in overall
+ :

K, + . i e
shape. The = /v~ corrected flux ratios are shown in Fig. 7.10 and
show a similar behaviour.
It was also possible to investigate the K/ﬁ ratios in two z and

two Q2 bins. The results are given in Table 7.1. Statistics are poor

N L B . 8 P n ey mwm ey aes e ee s

at high z and the results are inconclusive. Assuming no variation with

. K . . .
Q2 or charge gives an average value for the /m ratio in the Tegion

S R L

0.3<z<0.9, 1<Q2 < 80 (GeV/c2)2:

K| X
: + -
o L T
; - At low z (0.1 < 2<0.3) statistics are reasonable and there is

= 0.33 + 0.07

-

: apparently a variation with Q2 which is roughly a 3 standard deviation
effect fbr the positive charge ratio. It is_possiblé 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 impossible to obtain two non-overlapping v bands which

i could provide sufficient statistics.

)
[



P

S

A Lt d e

e

133.

Systematic and Statistical Errors

" This analysis relies on the measured efficiency of the Cerehkov
counter. This was estimatcd‘from pulse height distributions, which may
result in a bias due to the trajecﬁorieé and momcnta of the particles
selected. Howcver, as the measurements were chosen to correspond to
the momentum ranges used in the analysis, such a bias if it exists
should be small. Cleariy, statistical errors on the measured
averagé efficiency are small épd would cause no significant changes
in the results. Quantum inéfficiéncy has been automatically included.
in the measured efficiency. Overall, an error of 1-2% would represent
a reasonable estimate of these cumulative effects. There is also an

error introduced by the ncglect of proton contribution, which may be

1-3% at low 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.




7.3 PARTICLE FLUXES AS A FUNCTION OF Qi

The sccond interesting variable in understanding hadron production
jn the quark-parton model is the transverse momentum of the observed mcson
with respect to the momentum vector of the struck quark. In deep- B
inelastic scattering,’as the virtual photon only interacts with a

single quark, the momentum vector of the struck quark is that of the

virtual photon. This is measured, and therefore the transverse momentum

of the mesons produced can be calculated. Whether one uses the variable

gL (= transverse momentum) or Pi_is a matter of choice (and model).
The standard parameterisation:of Rl_distributionsat low gl is as a
functioﬁ Ae-Pi{where A is a constant), therefore the fluxes were
presented as a function of Pi: Moreove?, this is the standard variable
of Q.C.D.

| A similar procedure to that used to obtain the z particle ratio
distributions, was used to obtain Qi_distributiOns out to a value of
P? of 1.6 (GeV/c)? for 1 < Q2 < 80 (GeV/c2)? in the regions z < 0.3,
z > 0.3. Statistics limited the maximuml?l used in the analysis.vPOOr
statistics also prevented investigation of 'protons® for z > 0.3. The
raw event distributions and particle flux ratios obtained froﬁ them are
shownrin Fig. 7.11-7.13. 1In aécordance 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 Pl

distributions. From Fig.-7.13 the mean values of the flux ratios in the

proton identification region are:

.
Bt . 0.033 £ 0.014
ALl

o Unlit- _ +
. TR - 0:07 £0.015

Thece are clearly consistent with the background estimate due
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to inefficicncy given in Section 7.2. Moreover, for both charges, the

gi ratio distributions are consistent with being flat, which would be

expected i1f the source of the failures was detection inefficiency. The
fluxes shown in Fig. 7.11 and 7.12 were therefore obtained from the raw™

data assuming no proton contribution. - The expected relative increase

A
i

with Rl of kaoﬁs over pions is cle;rly shown in the raw data at low z -
iﬁ will be shown that this effect is not a result of Cerenkov counter
inefficiency. |

A bin-by-bin correction for a 3% iﬁefficiency waé applied in the

same fashion as for the z flux distributions. The corrected data and

‘the ratios of K/n as a function of Pi are shown in Fig. 7.14-7.16.

Again, the cnly cignificant effect of the correction procedure is a

K .
relative reduction in the ratio ;—by 2%. The relative increase in kaons
over pions with increasing gi_is still apparent at low z.  For z < 0.3,

a straight line fit of the forn:

Kep2y o 2
ﬂ(Pl) - a1 * azpl

gave the-fbllowing results:

* _
1. — : a, =0.14 £ 0.03
ot 1
a, = 0.14 £+ 0.10
2
2. —: a5 = 0.10 + 0.02
™ o .
| a, = 0.12 + 0.09 ~
For z > 0.3 the position is unclear as errors are large. The
+ . . -
l—c-;-distribution is significantly higher than the E:—distribution. Both
w . ) -

however, are consistent with being flat as a function of gi and

have large errors. Improved data are clearly necessary in this

region before a reasonable interpretation can be made; as the differences

may simpTy be statistical fluctuations.

~’

~



7.4 CONPARISON OF RESULTS WITIL THEORETICAL PREDICTIONS AND OTHER
© EXPERITENTS

As has been shown, apdrt from inefficicency in the Cerenkov
counter, only kaoens and protons should fail to light the Cerenkov -
counter in the momentum baﬁd 12.4-21.2 GeV/c. 1In this region,

17.7 + 1.2% of all charged hadrons were observed to fail to light the
counter, comparcd with a measured inefficiency of 3.4 + 0.2%. Correcting .
fbr this inefficiency gives the rate for proton and kaon production as
14.9 £ 1.4%. It was also possible to separate protons from pions and
kaons in the nomentum band 51.4-38.2 GeV/c, since in this_regiou only
protons should fail to light the Cerenkov counter. A failure rate of

6.0 + 1.1% was observed in this region, compared witﬁ a measured
inefficiency of 3.6 + 0.2%. The maximum level of proton production is
therefore 2.6 £ 1.3% of all charged hadrons, and is consistent with

back ground.

Further separation can be obtained if:

(a)' Fcynman scaling i§ assured to hold throughout the accessible
kinematic region; |
() Scaling violations in'deép-ineléstic scattering are neglected
(a 10-20% effect).
The particle ratio distributibns are then independent pf Q? and v, and
of the momentum band used for identification; Separation of the particle

production fractions is then possible. This gives the fraction of all

charged hadrons (fﬁ, fK’ fp) as:

£_=0.854 £ 0.014
fk = 0.120 + 0.027
£, = 0.026 * 0.013

Assumptions (a) and (b) are nccessary in the extraction of particle

‘ratio distributions as a function of z and ?i. In particular, if
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" the data with other experiments of a similar nature.

assunption (a) is incorrect then the distributions as a function of 2

-are implicit functions of v. The variation of acceptance then results

in these distributions also having a Q2 dependence (i.e. low y corres- _

ponds to high Q2, and high v to principally low Q2).

Comparisons with Other Experiments

Having made the above assumptions, it is reasonable to compare
| 63.,64,65) ,

recent experiment has reported on proton production in deep-inelastic

clectron 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 GeW® c.f. <s> = 252 GeV2). In addition, the results

~are principally concerned with reSidual anti-proton production in the

target fragmentation region. For pogitive z in the range 0.1-0.3, they
obtain the result p/“, = 0.041 + 0.007, which is higher thah that
obtained in this analysis. The data are at low s and some overspill
from the taiget fragmentation into positive z may occur. However, no

data on proton production was presented in this paper and a firm con-

clusion cannot be drawn.

It is also possible to compare this data to that obtained in
é+e- annihilation, with three further assumptions:
i.. Quark fragmentation functions are only dependent‘on the
quark flavour,vand not on anj particular interaction (implicit
in the quark cascade model fb;-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

in.Section 1.4.

3. Sea quark distributions of the proton are approximately the same

(4 e —— 1
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as the probability distributions for creating qq pairs from
the vacuum (- this'assumption can be neglected if assumption
2 is valid).
R e -
Inclusive hadron production in e e  annihilation at <s> = 532GeV
fﬁd) . .
has been reported by D.G. Aschman et al. ‘A comparison of the particle

production fractions obtained by Aschmen et al with the fractions ob-

tained in this analysis 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 cofresponds approximately to the low

momentun data of refercnce 64,which is in excellent agreement with this
experiment and provides supporting evidence for the assumptions made in
this analysis. In addition, the proton contribution is confirmed to be

small, justifying its neglect in calculating kaon distributions.
+

- +
A comparison of the z distribution of the ratio Kﬁ/n' could also
be obtained from the data of Aschman et al. By definition

Ef_ _ 43K sa3sm
+ ~ dadp/ dadp

The comparison is shown in Fig. 7.17, where the approximation

z = 2P/¢§'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).

+ .
Finally, data on inclusive K electroproduction is also available

(65)

(Martin et al). This however, is again obtained at a much lower centre

of mass cnergy than the data presented in this thesis, but provides

information on both z(xxF) and pi-distributions of the flux ratios
+ - : .

E; s E /n . A comparison of the z distributions is shown in Fig. 7.18.

v * N - L . - -

The data sets appear to be inconsistent, both in the magnitude of the rdtios
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and their general trends (particularly K /n ). The interpretation of
the gi distributions obtained in the two experiments is even more

difficult. This analysis has observed a slight rise with ?i_for both

+ -
F /ﬂ+ and K /n at low z, and a flat gi distribution at high z. Martin
. +
et al observed a rising 2i.distribution for K /ﬂ+ but a flat distribution

for K /m . 'The results could therefore indicate z dependence in the Rl

distributions. However, the differences may simply be due to resonance
production at low energies. | |

" To summarise briefly, .the only data with which a comparisoﬁ can
be made have been taken at ceﬁtre'of,mass energies which are consider-
ably 1owér than those of data in this thesis. Some quantitative agree-

- - - Vl' - - + - - - ]
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 are large in all four experi-

ments, particularly at large z and high ?lf Further confirmation 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 semi¥quantitative comparison will

-

be given. = . -
Various authors(66’67’68) have calculated quark fragmentation

functions Dzi(z) in quark cascade models similar to that described in ~

Section 1.4. These modcls have the common characteristic that the cascade

’ - » 3 s ’ ’ - b
process is a function of only one variable - the fraction of momentum of
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the quark carried off by the meson (z), or the fraction of momentum
left with the cascade (n = 1-2z), i.e. all models assume Feynman scaling.
In general, the models contain scveral adjustable paramcters, and these
are obtained by fits to e#perimental data.
’ +

The fragmentation functions DE— (z) and DE—(Z) have been
calculated in a simple cascade mode1(66) for a comparison with the
hadron distributions produced in déep-inelastic anti-neutrino scattering
(in which u quark scattering dominates by virtue of the Cabibbo
couﬁling). However, thesé ;esults are also relevant to muon scattering,

since for reasonably equal quark distributions, u quark scattering should

dominate the process by virtue of its charge. The particle ratios
+ + + ’

R(" /7 ), R(" /K+), R(" /K*) are calculated in reference 66, where
0.9 ;+
. Du (z)dz
. 0.9 m,
J Du (z)dz
. 0.4 " _

‘The. ratios R(“ /K*) and R(.'r /X7) were measurediin this experiment
and are compared in Table 7.4 with the values given in reference 66
There is remarkable agreement between calculated and meésured 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) the probability of forming qq pairs in the colour field of a
quark 'a' is independent of the flavour of quark 'a'.

(b) . SU(3) symmetry is broken - the probability of forming the pair
ss is half the probability of forming uum or dd (fbllowing a

fit to high ?l data in pp collisions).
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(c) Feynman scaling is assumed té hold. , - ‘ . -4
(d) Quarks are given a mean Pl.corrcsponding to the observed transverse-—
‘momentum of hadrons - <§i?*t = 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 X, 2 . -

calculated value of < 1> /<gl? will be given.

Assumption (b) above leéds to the requirement that

+ + :

DE (z)/DE (z) -» %-as z + 1. This does not appear to agree with the
observed results, but errors are extremely large in this region and
the limit z - 1 is determined mainly by extrapolating low z data. A ~
check on the sensitivity of this limit on the quark content of the
(69)

proton was made following the prescription of Farrar

xi(x) = ¢(1 - )10 ; xA(x) = c - x)7

xs(x) = x5(x) = 0.1 (1 - x)8
Cxu(x) = a+bfx ; xd(x) = a+ b'Wx
where a=0.17, b = 1.69, b' = 0.78, c = 0.17. i

Calculating these probability distributions for a value of x = 0.033,

and assuming that in the limit z + 1, the observed meson must contain

the struck quark leads to:
. +

D" (2> 1) = avu(x) + 1yae)

B (z 1) = 1.Yd(x5 + 4yn(x)

DK+(z > 1) = 4(i - 2Y)u(x) + 1.ys(x)

K (z»1) = a0 - B + 1.¥5 () =

where y isthe probability of producing a uu pair and is 0.4. ‘This gives
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w(z) z-1 n(z) z-1 -
+ :

K@), 0.4

5 .

Clearly the predictions are insensitive to such a change of input

. quark distributions.
: +

ST
At low z, the model predicts Du (z)/D

3 (z) > 0.2 as z » 0.
Moreover, as a result of thé;cascade process and assumption 'a', this
relation holds for all quark flavours. The limit at low z is therefore

.independent of the quark content of the proton. The experimental

results give:
X' K
—:(z ~ 0.05) = 0.15 + 0.03 ; —(z ~ 0.05) = 0.11 * 0.03

w L
The model is therefore in qualitative agreement with the data, although

the data would suggest a slightly lower limit than the predicted value

of 0.2, ,
L

_ <Pi>1|'t .
predicted in reference 67, with the observed rise in the ratio K/n

A final comparison is possible with the ratio

with Pl.at low z. A fit to the.Pl ratio distributions for z < 0.3

‘ bP} ]
of the form Ae gave:
+

0.68 + 0.4 for X /n*

A =0.15

I+

0.03, b

]

A 0.80 + 0.5 for X /a~

n
n

0.10 + 0.02, b
Averaging these results gives A = 0.13 £ 0.02, b = 0.75 * 0.31. Assuming
2

" both pions and kaons to follow a P, distribution of the form Ae” P1 with

1
the input value of Field and Feynman for i— = <Ri?ﬂ = 0.245, (noting
|
that 6 = K - %r) gives:
. | <P2>K . )
e —  -1.22:012 ~ _ - .
<P2 5 ¢

1
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The value for this ratio calculated in reference 67, was 1.20.
The measured result is therefore in good agreement with the calculated
value, although with a large error (reflectiug the large errors in the

measurement of the slope).

Gluons

The majer omission in the fraémentation models described in this
section has been the effect.of gluon fragmentation on the hadron distri-
butions. This is particularly éignificant as it has been shown that
gluons carry a large fraction of the momentum of the profon. Theif
effect, however, must be calculated using the full machinery of QbD
to calculate hadron distributions(70). Quantitative comparisons are
extrercly difficult to cormpute and are outside the scope of this thesis.
However, it is possible to explain the increase in the.ratio K/v with

P, on 2 superficial level by cdnsidering the gluon contribution. In

1
QCD gluons form an SU(3) symmetric colour octet whose pfobability of
dissociation into qq pairs increases with P, As gluons are Su(3)
symmetric, they ?opulate uu, dd and ss equélly; and it is this mofe
‘dechratic"population of ss at high P, which leads to a relative
increase in kaon production.

Summarising, the data exhibits qualitative agreement with both

parton model and QCD predictions.
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" TABLE 7.1

PARTICLE RATIO DISTRIBUTIONS AS A FUNCTION OF Q2

0.1 <z <0.3

e

Charge Q% Range Raw Data . Corrected Data K/7
(GeV/cé)2 Lit Unlit Lit Unlit
+ 1.0-4.0 221 39 228 31 0.14 + 0,03
- . 1.0-4.0 231 42 238 35 0.15 + 0.03
+ 4.0-80.0 260 69 268 61 . 0.23 + 0.03
- 4.0-80.0 209 . 46 215 40 0.19 + 0.03
0.3 <z <0.9
Charge Q2 Range Raw Data Corrected Data
(Gev/c®)2  Lit  Unlit  Lit Unlit K/
+ 1.0-4.0 20 8 - 20.6 7.4 0.36 + 0.15
- 1.0-4.0 20 1 20.6 0.4 0.0z £ 0.04
+ 4.0-80.0 25 17 26 16 0.61 = 0.19
- 4.0-80.0 20 6 21 5 0.24 + 0.12
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TABLE 7.2

COMPARISON WITH DATA OF ASCHMAN 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 . 0.76 + 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

COMPARISON WITH DATA OF MARTIN ET AL.

: +
= 4
(Function R(" /K') is Defined in Text)

Mzasured Calculated
S . . .
r(" /X)) 2.0t 0.5 3.0
rR(" /KDY 6.0 £ 1.9 4.7
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“"CHAPTER 8

NORMALISATION AND RELATED TOPICS

8.1  INTRODUCTION : _ ' : .

In Chapter 6, upper limits on D-meson production were presénted
in terms of two processes:
p+p-+p+ 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 t6 the deep-
inelastic cfoss-section is straightforward and depends simply on the'

luminosity. However, normalisation to the virtual photon cross-section,

“particularly at low Q% (Q2 < 1.0 (GeV/c2)2) is more involved as it is

necessary to correct for radiative effects, and subtract the contribution
from p-e scattering in order to obtain the true deep-inelastic cross-
section. Much of the analysis in this region relied heavily on work by
other nmembers of the collaboration~which is described in detéil in
refercnces 9, 38, 43. The principal addition was that of a more
reliable scheme for identifying y-e scatters solely from measurement of
the scattering angle and therefore not relying on clear identificati&n
of the electron. As an important by—producf,.it was also possible to
extrapolate the deep-inelastic cross-section to the limit Q> = 0. In
addition, the charge on.fhe electron was measured by evalﬁating the
integral |

e

I FZ (x)dx

. 0
However, thc main aim of the analysis was to calculéte the total number
of decp-inclastic scatters in the regions
Q. < Q% < 1.0 (GeV/c?)?

°y . MinN
1.0 < Q% < 80.0 (GeV/c2)2.
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The normalisation to the total muon flux will be given in
Section 8.2, and to the virtual photon flux in Section 8.3. Measurement

of the charge on the electron, the total p-e cross-section, and the

extrapolation of the virtual photon cfoss;section to zero Q2 will be given

in Section 8.4
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8.2 NORMALISATTON RELATIVE TO THE TOTAL MUON FLUX

It was only possible to measurc the upper limit on the cross-
section for D-meson production within a large range of Q%2 and v. _
Therefore, if

L
a5 @)

represcents the differential cross-section for D-meson production in

deep-inelastic scattering then in general, the number of events observed

in any Q and v range is given by
QL V2 LD
429" (@2,v) AQ2,v) FQ2,v)d0%dv 8.1
dQZdv- ? ’ ’ : .

2 )
N (Qq50vy2) °”C1JQ .
S 1 V1

vhere Q%—Q% range in Q2

v,-V range in v
17V2 g

"L

the luminosity of the experiment

tt

(= incident flux times scattering centres per
wmit area)

correction factors independent of kinematic

(g]
n

variables
A(QZ,v)= geometric acceptance fér both-the scattered muon
muon and»the‘hadrons produced from the D-meson
décay. ‘ |
F(Q2,v)= a function containing all remaining factors which
~ depend upon kinematic variables.

" The truec number of events is given by:

2 . - . .
QM2 LD -
Q2 v dQ dv

1 1

and this must be evaluated from Equation 8.1. However,'unlike'the

neasurement of the differential cross-section for deep-inelastic

03 - '
scattering, that for D-meson production is greatly simplified, particularly




“as the measurement was of an upper limit in a completely specified

model. The measurcment did not justify the computation required to

accurately estimate all factors and where possible, approximations -

. were used.

InD pfoduction, only deep-inelastic'radiative corrections
(Fig. 8.1) and smearing résulting from the finite resolution of the
spectroreter need be considered in F(Qz,v). Fig. 8.2 shows the
angular resolution and Q2 resolution obtained using the standard momentum
measurenent scheme for elaé;ic muon-electron scatters. Equations
4.7 and 4.8 were used to obtaiﬁ the calculated values of Q2 and v.
Equation 4.1 gives

§p = PS8 | 8.3
and therefore for momenta below 100 GeV/c, the error is less than 0.5
GeV/c. The standard deviation in eris 0.034‘(GeV/c2)2 and therefore
smearing corrections can be neglected as the Q? and v Tanges are large
compared to the resolution of the spectrometer. Internal bremmstralung
can shift events in the Q2 and v plane. However, the Qz and v
ranges are large (particularly v) and therefore this effect will also
be neglected.

The model used for the calculation of the D-mesén accéptance
included no explicit Qz.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 paif. This condition ﬁas only a very @inor
effect at low v and can be neglected. Therefore, in this model

dzoD _ d?c
dQ%dv - ©2 dQ@dv 8.4

where C2 is a constant and

o .- dQZdv

is the decp—inelastic.differential cross-section.



Equation 8.1 therefore reduces to

. . 2 '
) QG v, , AT, a2 o
= 1 . 2 2 .
N(Q},,v;,) =LC; J'QzI C,dQ avJQL agd M@ vdtay 8s
| 1 V1 1’1 | -
" or -
2 : A 2
_ N@Qj55vy)) 1 G 2 ”
QA v . C = Cde d\)
2¢ 2 , &Cy A Q% v,
JQJ\, <% A(@2,v) d2dv
1 "1 éQ%dv -
The acceptance A(Qz;y) can be separated into a product of the
acceptance of scattered muon wifh that of hadrons produced from the
decay of the D-meson.
2 - 2 2
A(Q%,v) AM(Q sAv) -AD(Q »V) ) 8.6 -

The acceptance for the scattered muon is given in Figure 8.3. In the

Tkt e e

low Q@ region (& < 1.0 (GeV/c)Z, 170 < v '< 2007GeVy~ “fhe acceptance
is 100% for rost of the range. Therefore, no significant error will be
introduced by taking the approximation AMéQZ,v) = iiin thi; region.

The position at high Q2 is more complicated as.there.are large variations
in acceptance over the Q2,v plaﬁe,~and in addition tb the differential

cross-section, the effect of the‘analysis cut x.. < 0.1 must also be

Bj
coﬁsiﬁered. The Q? and v analysis cuts used were: -

2.0 < Q2 < 80.0 (GeV/c2)2, 10 < v < 200 GeV

i_.o < Q2 < 2.0 (GeV/c2)2, 10 < v < 200 GeV

Observed event distfibutions are shown in Fig. 8.4a. Clearly
a large fraction of the‘}ow4Q2, low v region wi;l be removed by the ng
cut. At high V both the acceptance and the event distribution are
slowly varying as functions of Q% and fherefore a réasonable approximati
would be to pick a central value in this région and again consider |
AM(Q?,VJ~as constant. The acceptance of 0785 in the region Q2 A 3v(GeV4F2)2,.

v &~ 170 GeV was chosen .and should introduce at most a systematic ertori o



of 10% in the normalisation. The quantity

Q2 v : .

(5 g
I. = —— A(Q%,v)dQ=dv
1 2ded\) -

vy

in Eqn. 8.5 therefore reduces to

Q5 v
202 a2g . )
Il = AM j 2[ EQ_Z—E:; AD(Q ,v)dQ<dv 8.7
Ty

AD(QZ,v) is dependent onthe model used to generate a D-meson and its

decay products. The integral- I, was calculated using the Monte-Carlo

1
technqiue described in Chapter 6. For the region Q% < 1.0 (GeV/c2)2,
Ay has the value 1.0 and for region 1 < Q2 < 80 (GeV/c2)2 A, takes the

 yalue 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 amount 0.549 + 0.01.
These are the only factors which are independent of kinematics and

-therefore the constant C. also has the value 0.549 = 0.01. In Chapter

I

6, upper limits were calculated in terms of the quantity

_— T NG, vy)) - o
R A - , - 8.8
2 2 dzd : '
I 2! E-Q—z‘a-\-’- AD(QZ,\)) szd\)
Q1’vy o

which is the calculated number of events in Q2 and v range from D-meson
production given that the scattercd muon has been accepted by the
spectrometer. The normalisation is therefore (taking C, = 1)

determined by the effective luminosity

A TS S T S TR 8.9

where

st

B = total muon flux
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density of liquid hydrogen (0.0708 gm/cm?)

DH"-‘.
% = target length (120 cm)
NA = Avogadfos numbér

The data sets used in the analysis contained an integrated

flux B, = 7.45 x 1010 and B, = 3.95 x 1010. The effective luminosity

1
at low Q2 is therefore:
A, =2.09 x 1033
&, =111 x 1035
and at high Q?
&g = 1.78 x 10%%
&, = 0.94 x 1035,
The cross-section per event (J%,i 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 reduction in flux and its omission

leads to a possible systematic error in the cross-section estimated at

5%.




8.3 NORMALISATION RELATIVE TO THE VIRTUAL PHOTON CROSS-SECTION

§;- - " The numbcr of deep-inclastic scattering events observed in each

of the kincmatic regions of the D-meson analysis gives the normalisation
relative to the virtual photon cross-section. In the model used to  —
simulate D-rieson productidn 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 nD/nI (the
contribution to deep-inelastic scattering from D production) is independent
of the scattered muon acceptance, where np is the calculated number of |
b—mesons produced in the kinematic region given that fhe scattered muon

was accepted by the spectrometer and n; is the number of deep-inelastic

— ; events observed in the spectrometer in that kinematic region. n, is
obtained from Equation 8.8 and as we have secn was calculated in a

(« : _ plausible rodel using a Monte-Carlo Eethod in éhapter'6. Extraction of

§ n. is not straightforward as it requires careful consideration of the

LM

| contributions from several processas to the observed cross-section and
will be discussed in some detail.

f o ' If o is tzken to represent the differential cross-section for
some process (or equally the number of events in a given Q? and v range

; .reSulting from that process) then the observed cross—secfion can be
written as |

' | Sbs -~ %1t Our t %ert RS o 8.10

where

-

O s = observed cross-section

, opr = true deep-inelastic cross-section

e~ Oyr = €Wpty target background

; dEﬁ = elastic radiative tail contribution to

3 the cross-section.

% wuufk = deep-inclastic radiative tail correction r



ME

Clearly the contribution from each of the above corrections -depends

g,.. = clastic muon-clecctron scattering cross-~section.

on the kinematic region. Extraction of the true deep-inelastic cross-

section for the data analysed in this thesis is described in rcfs. 9 and 43 e
for values of Q2 above 1.0 (GeV/c2) . *The results obtained were the -
.basis of the analysié described here to obtain no:malisation factors for

the D-meson cross-section limits and brief discussion of the procedure

used will be given. Extension of the results to iow Q?Z was required

where p-e scattering is an important process and the précedure used to

remove the u-e background will be given.

:

. %pr This is clearly the required cross-section and therefore
Equati&gugllo must be inverted to obtain it.
\r This is béﬁkground associated with scatfers outside the
target ;I;;k and general fake events reﬁulting from halo triggers. S
Special runs were»carried out with the target empty to estimate this
background. Triggers for a total flux of 7.45 x 100 muons were obtained
(Fig. 8.5). Correction for the effect-of hydrcgen vapour in the flask
corresponded to a reduction in flux of 0.977. |
oéR Elastic p-p scattering can populate deep-ineiastic regions
of the a;j; plane if the muon also emits a photon (or photoné).either
before, during or after interaéting with the protoh. Photon emission
_before or after the interaction is termed "straggling” and emission
during tﬁe interaction "internal bremmstrahlungf (Fig. 8.1). This
contribution to the obﬁerved cross-section is referred to as the
"velastic radiative tail".
Processes in which two or more photoﬁs are emitted are suppréssea

by additional powers of a and the contribution Opg Was calculated

exactly using the method of Mo and Tsai(ZI) assuming single photon ~

emission. The mcasured values of the proton elastic form factors were

uscd in this procedure to gencrate a table of numbers of events in »

B e — —— b ————— et = — - —, . L



appropriate Q2 and v bins resulting from the elastic radiative tail
(Fig. 8.6).

a In a similar way to the elastic radiative tail, straggling

IR

———

or intcrnal bremmstrahlung during an inelastic interaction will shift -
the observed values of Qzland v from theif true values. Given the true
deep-inzlastic 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 n for an_array of points in the Q2,v plane (Fig.

8.7) vhere

_ True Deep-Inelastic Cross-Section
Measured Deep-~inelastic Cross-Section

8.11
and
Measured Deep-Inelastic Cross-Section =

[Observed Cross-section - Calculated Elastic Radiative Tail]

Basically, this method starts with a guess for the structure
functions vhich are then used to calculate the true deep-inelastic

cross-section (True) and radiatively degraded deep-inelastic cross-

True
Rad

which are then used to correct the observed cross-section to the true

section'(Rad). This then provides initial values for n =

. observed deep-inelastic cross-section. This is then fitted to the

structure functions until no significant change is observed. The

a7)

inelastic structure functions measured in earlier data were used

as starting values and only a single iteration was required.

The details of the procedure used to obtain the above radiative

corrcctions can be found in references 37, 42,43.

The kinematics for elastic muon-electron scattering are

ME

—

completely specified (Eqns. 4.7 and 4.8). However, as was seen in

Fig. 8.2 the finite resolution of the spectrometer causes a smearing
in the measurcment of the scattering angle and in Qz. Muon-electron f
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scattering events thercfore populate a large fraction of the Q2 range
below Q2 = 1(GeV/c?)2 but can be neglected abcve this.

Routines which tracked particle trajectories through the
spectroncter magnet psing the complete field map were dcveleped for the
analysis of tracks found in the MWPCs.positioned in the magnetic fieldﬁg)
kreferred to iﬁ future as the "Illinois trackfinding analysis").

These provided better angular resolution thaﬁ the standard programs and
were used to improve the angular resultuidn of the scattered muon track
(Fig. 8.8). The improved measurement of Q2 resulting from this restricted
the range of Q2 populated by muon-electron scatters to 1e§s than

0.08 (GeV/c2)2compared with roughly 0.13 (GeV/c2)2 in the standard analysis.

The scheme used was: identify p-e events using Q2, as and event signature’

. > 4
estimate the efficiency of the identification scheme; ' remove u-e
events from the data then correct for inefficiency on a bin-by-bin basis.
The_improved Q? 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 p-e scatters were selected on the basis of ;he
following criteria: |
1. A muon plué one negatively charged "hadron" downstreém of
the C.C.M.
: : Ehad
2. Energy Imbalance (1 - " ) less than 0.1
3. - The transverse momentum of the "hadron" relative to the virtual
photon léss than 0.2 GeV/c. T S
_ } -

4. . At most three tracks in either x or y views upétream with
.. . > ' ' re th
T nTy 2 where Moy ?nd nTy are the numebrs of x or y

tracks respectively.
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Figurcs.8.9—8.11,show rav event distribution as a function of Q?
before and after subtraction of events identified by the filter. The
u-e elastic peak is cleafly visible, as is the fact that the filter B
is considerably less than 100% efficient.

The efficiency of the filter was estimated.froﬁ the range
v = 170-180 GeV where the y-e peak falls largely in the range
O.iS < Q% < 0.20 (GeV/c?)2. The main problem is fhe fact that the bins
on either side also contain a large number of u-e events and therefore
a simple background subtraction seems impossible at first. However,
in thié region, the p-e elastic cross-section is clearly very muchA
larger than the deep—inelastié cross-section (up to a factor of 20).
_Therefore, assuming a reasonably slow variation of the deep-inelastic
" ¢cross-section in this region (Chaptér 8.4) the efficiency of the filter
can be mecasured from the signal remaining in tﬁe bins 0.15-0.20 (GeV/c?)2
relative to the mean level in the bins on either side (predominantly
also p-e). The background was taken as the average of the contents in
bins 0.125-0.15 (GeV/c?)2 and 0.20-0.225 (GeV/c?)? 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 €he © 0.75 = 0,04. The major
systematic error would appear to be in the estimate of the background
with.thc p-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

g (¢

p1 = (obs = 9Er ~ OMg ” Oup) - ™
where g now represents the number of events in the appropriate region

of Q2 and v. It is possible to correct for acceptance if required by

instead calculating
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- . . _ o
( . calc
(Ccalc + )
. ER 7
vhere Oale is the calculated true number of events in the region.

—

Howevér, as vas seen in Section 8.2 the acceptance in the two regions
considqrcd is relatively uniform. Therefore since'theilimits‘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. .

%t and Gp can be obtained directly from Figures 8.5 and 8.6 by
surming events in the required Kinematic rtegion. An appropriate expression
for n can be used to correct for deep-inelastic radiative-effects. N

Correction for u-e scattering can be obtained by analysing the data with

o’
'(: : - the filter on 2nd with it off to obtain
- (g - mgy : S 8.14
Qe = : . ) - .
E € . :
pe . . g
for the low Q2 region
Normalisation for Region gg = 1.0-80 (GeV/c2)2
: As can be seen from Fig. 8.6 the contribution from elastic
f -radiative tail can be neglected in this region, as can that from p-e
? scatters. Equation 8.11 therefore reduces to
p1 = Oobs = " '
Oy 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). opp Was then obtained
. ~’

 by'the net sum of events with x_ . < 0.1 weighted accordingly. For the

B)
full'data set this was measurcd to be 8885 events (for a total flux of

i . - . - : »
-~ ar ., 1n10 "|5). . - .




For the data set in which Cerenkov information was available
this nurber was measurcd to be 4728 events (for a total flux of 3.85 x 1010

p's). The average deep-inelastic radiative correction was 0.865.

Normalisation for the Region Q2 = Q2. - 1.0 (GeV/c?)2

In this region the full expression for 9p1 (Eqn.. 8.12) must
be used. However, some simplification results from the restricted
v range, 170-200 GeV.

Event distributions oﬁtaiped with and without subtraction of u-e
events identified by the filter are shown in Fig. 8.4. It is clear
that the vast majority of the deep-inelastic contribution to this
kinematic region lies in the Q2 range 0.1-0.2 (GéV/cz)z. The deep-
inelastic raciative correction is reasonably uniform in this region
and the value of n used was its average value - 0.857. As zll events in
< 0.1 the numbers ¢ ’

this region have x and o,,.. were simply

Bj obs’ “ER MT

obtained by summing from Figs. 8.4-8.6:

o

= 49794 events
obs
Ofr = 9810 |
Oyt = 24650 (corrected for flux)

.Figures 8.12-8.14 show the effect of the u;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. The total
number of p-e events was therefore oﬁtained from the sum of events
removed by the filter in fhe rénge Q% = 0.1-0.3 (GeV/c2)2 giving a
total number of identified u—e's‘of 16982 in the fégion v = 170-200 GeV.
This therefore gives (Eqn.. 8.14)

O\ve = 5661 events

Equation 8,12 can now be used to give the required normalisation to the

virtual photon cross-section

»
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opy = 8290 events (for a total flux of 7.45 x 1010 u's).
This can then be scaled to give the correspording normalisation for the

second data sect

DI

The results of this section are summarised in Table 8.3.

o.. = 4398 events (for a total flux of 3.95 x 10!0 u's).



8.4. TOPICS RELATED TO THE CROSS-SECTION AT LOW Q2

| The use of a reliable u-c filter, and more particularly thé
compression of the p-e elastic peak into a very small range of Q2
ailowed extrapolation of the cross-sectionto Q? = 0. In addition, as

a check on possible systematics the criterion for u-e scattering

-2
My = 3

could be used to check the momentum calibration of the I1linois track-
1
finding analysis. An estimate of J dex for the electron and the total
. . - 0
p~e cross-section could also be made. These three measurements will

be described in this section.

Extrapolation of the Cross-Section to Zero Q?

-The analysis routines described in reference 43 calculated the
virtual photon cross-section down to Q;in" However, as the standard
momentum analysis did not allow an accurate estimaté of u-e contamination,
_an estimate of the cross-section below Q% = 1 (GeV/czj2 was not quoted.
' The use of the 'Illinois’ trackfinding rouiines with their superior
resolution both confined u-e confamination to a small range in Q2 and
allowed an accurate estimate to be made of the u-e contamination
resulging from inefficiency in the filter. It was then a simple matter
to éorrect for this contamination as before and extrapolate the cross-
section to ZGTO'QZ.

Limited statistics prevented an investigation as a function of
W2 in the fine Q? binning required to allow accurate extrapolation_
Table 8.4 presents the values of the cross-section integrated over the
range W2 = 319-375 GeV2 obtained with and without use of the u-e

(72)

filter. The parameterisation of Brasse

-

was used tO remove resonance

contributions from the elastic radiative tail. Correction for the filter:
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inefficiency was made according to the prescription

- _ (- epe) B}
Scorrected %oN eue (GOFF'GON)

As the values of 9OFF and gy Come from essentially the same data

sets, their difference should not depend on the statistical errors in
!

SoFE and Son* The error in the difference was neglected and the

statistical error in %oN combined .in quadrature with that in €ue to give

the error in the corrected cross-section.
The corrected values of the cross-section are shown in Fig. 8.15.
The curve is a fit to the form

——~1r—0umnw

1+Q/A

in the range Q2 = Qﬁln - 0.4 (GeV/c?)2, The values obtained were

o(v, QB = A(W)(

A = 132 £ 13 ibarns
A2 = 0.09 + 0.03 (GeV/c2)?2
giviﬁg a chisquared of 11.3 for 10 degrees of freedom.
Following the altérnative description of deep-inelaétic
Scattering in which the muon beam is considered a‘source of virtual

photens (Chapter 1.1) the virtual photon cross-section is given by

ohéas =-oT(1 + (e + 8)R)
wheré R = cL/cT
2M2y
= 1 - €
o -z ( )
- 1
2 2 20
1+ 2(Q= + v4)tan?/

(T~ Q% /)

For the region of interest (v = 170-200 GeV) the mean value of'

Qf. is 0.0516. At Q2 = Q2. =0 and § = 0.435.
nin min . U
: g _
Typical values obtained for R are (8, 9) RminAz 0.25, Rmax = 0.44

giving+q..(0) = 119 # 13 yb and 111 + 13 yb respectively.
It resp

These results are in good agreement with the total photon cross-
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scction at this cncrgy which is 118 + 0.5 ubarns.

e~ Momentum Calibration of the Illinois Analysis

The calibration éf the Illinois analysis can be checked using the
p-e scatters selected by the filter which should satisfy the relation-
Q% = 2 mev.

The Q2 distributions of events selected by the u-e filter in
three v ranges are shown in Figures 8.12-8.14. The elastic y-e peak
isAclearly visible. From the shape of the distributions above

VQ'2 = 0.2 (GeV/cz)2 (expected to be approximately gaussian) it is
.apparent thét the filter is selecting some deep-inelastic events below
Q? = 0.15. The means of the distributions were taken in the ranges
o~ . indicated to exclude this region. The results obtained are shown in
~ Table 8.5 and show excellent agreerent with the measured value of m,

( ‘(m0.511 MeV/c2) from the measured mean value of Q% and the bin centre .
value of v. The main source of erro?s are the:measurement of v and
its spread‘within each bin (3% maximum) and the statisticil 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
m, = 0.505 + 0.011 MeV/c?. 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

o,

that the electron is a point particl Therefore, for u-e

scattering the integral of the structure function'Fg(x) yields the

(charge)? of the electron i.e. (from Eqn. 1. 8)

b _ 2
e2 = | F¥(0 (x - Dyax =1 | |
. 0 2 2v
R _ . ,
in units vhere e =h =c¢ =1



Any deviation from the expected value of 1 would imply internal structure
in the clectron.

tructure functions were evaluated using the précedure described
in reference 43 with the only éhange being the use of the Illinois

trackfinding to obtain improved resolution of the scattered muon. There

-are two problems which must be considered:

2

1. Results were obtained as a function of xp. = A
M Bj ZMPv

- must be applied to

M
e

where M =

P
proton mass. Thercfore, a correction factor
obtain x°.. -

Bj .

2. Deep-inelastic radiative corrections have been applied to all
events and to obtain the cross-section, therefore the cross-scction
must be re-corrected to remove these. The average value of n in the
region of interest (Q2 = 0.125-0.225 (GeV/c2)2, v = 170-200 GeV) is
0.860 with a variance 02 = 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 effect can be removed quite

1

accurately by multiplying the measured value of J F,dx by 5—%5‘Lf" o

0
The scheme used to extract F;(x) essentially inverts the
procedure used to remove p-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

2

OFF ON
' (F, () - F, (x))
e 2 2
Fz(x) = :
| ue .
using the value of €le measured in.Section 8.3. The error in €le
was combined in quadrature with the statistical errors in FOFF to

obtain the error in Fg. '

Again as in Section 8.3 the error in the difference was neglécted\_,

It is clear from the data that the contribution from Fg(x) is essentially

[YRRN

zero for xP > 10 x 10"%. The integral . : ' : L



1
I = I Fg(xp)dxp ,
0

vas evaluated from the sunm

xp=0-10— L

~in obvious notation.

- I E P raxP I
S = 3 FoePja | : -

"The integral of the electron elastic structure function

Fg(xe) over the range x® = 0-1 is then given by

where x° = Q2/Zmev.
This integral was measureé to bézl.Olli 0.04, where the error
./“ 4 is obtained from the statistical error in the sum S conbined in quad-
i rature with the error in the radiativé correction factor. |
(' _ The iﬁclusion of this measurerent is therefore that no deviation
from point-like behaviour has been observed out to a value of Q% =
0.2 (GeV/c?)? in tﬁe séace-liké ;egién. Experiments have fevealed no
internal structure in the electron out to a value of Q? = 27 (GeV/c2)2,
The reéultvobtained therefore allows a limit on the internal structure
of the muon to be estimated. Parameterising the deviation fféﬁ.point- o

like behaviour in the stand_ar'd form

' N ) T -'-fu_(“Q ) = fu(o)(l * /A°) .

where F (0) = 1

Cyp2

1

0.01 = 0.04.
Clearly, the sign of the deviation cannot be determined from this
measurement; Howévef, the expected deviation is a reduction in the
o~ effective charge, i.e. £ (Q2) = fﬁ(O)(l - Q2/Az). The upper limit on
| A% is infinity since the denominator passes through zero. The lower
limit on A2 is obtained from Q2/A2 = 0.01 + 0.04. This gives

. | A;in = 4.7 (GeV/c2)2 for a mean value of Q2 of 0.189 (GeV/c?)2. -



Radiative corrections to u-e scattering have been neglected in the

estimate of Fg. These can have an effect of 1%(74).

u-e Total Cross-Section

AA measurement of the p-e total cross-section can also be obtained
from the data. Fig. 8.16 shows the weighted event distribuﬁion
obtaiﬁed without use of the u-e filter affer'corrections for elastic
radiative tail and spectrometer acceptance have been méde. 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/c?2)2 will therefore
give the u-e total cross-section in the range v = 170-200 GeV.
This was measured to be 23902 * 2390, where the error quoted.is an
estimate of the error in calculating deep-inelasﬁic radiative corrections
of ~10%. |

The p-e total cross-section can be.calculated exactly(1 ) if
radiative effects are neglected by (Eq@ations 1.3 and 1.5 )

—————searen

2, .c2.
. Q@ @2 L ET |
M T+ 1 . 8.14

" where T = Q2/4m§
For an effective beam flux of 4.24 x 1010 u's and the rehaining luminosity
parameters given in Section 8.2, Eqn.. 8.14 givés 23668 + 710 events in

the range v = 170-200 Gev for an incident Beam energy of élg GeV.

'Where'the quoted error is obtained from an estimated crror of 3% in ),
calculatién of the radiative corrections to p-e scattering. The mcasured
result is therefore iﬁ good égrccmcnt with the calculated value. A

limit on the Q2 variation of the muon form factor can again be obtained
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assuning

2 : -
GM(Q ) =1 . . .

6@ = 6, @ - T/a2) |

vhere GE(O) = 1 and Q2/A2 is also assumed small. Including an error of
3% from u-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

4

An = 6.1 x 10° QZ/AZ

substituting Q2 = 0.189 (GeV/c?) and the above value for An gives a

lower limit on A2 of 46.2 (GeV/c2)2. |
An alternative formulation can be used to obtain an estimate

of AZ:

(2
meas
(o)

' 2

2 Qs _
GE(O)(I + KZ)

This has the advantage that a straightforward estimate of the error in
d.

A2 can be obtained from the relative errors of o , and ¢ an
meas pred

gives AZ = 38.0 + 5.0. The result is in good agfeement with the

previous measurement. Taking a conservative view therefore gives

2 = 2y2
Amin = 33 (GeV/c4)<.
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TABLE 8.1

D-MESON NORMALISATION - TO TOTAL FLUX

Data Set

Q? Range Total Flux
(GeV/c?)2 (x10710y

Cross-Section/Event
(pbarns/event)

Q% < 1.0 7.45
Q%2 < 1.0 . 3.95
Q2 > 1.0 " 7.45

Q@ > 1.0 3.95

4.78
9.01
5.62

10.64




-

TABLE 8.2

APPROXIMATE VALUES FOR DEEP-INELASTIC RADIATIVE

CORRECTTIONS
o
v true/(omeas-cER)
(GeV) (RC)
10-80 1.00
-80-85 0.99
85-90 0.975
95-100 .0.95
100-105 0.92
105-110 0.86
110-200 0.75




TABLE 8.3

NORMALISATION TO VIRTUAL PHOTON CROSS-SECTION

Integrated Flux
(GeV/c2)2 (x107 10y Data Set 9p1

Q2. -1.0 7.45 8885

-1.0 - 3.95 4728

> w >

1.0-80.0 - 7.45 8290

1.0-80.0 3.95 B 4308

~




TABLE 8.4

VIRTUAL PHOTON CROSS-SECTION INTEGRATED OVER THE RANGE W = 319-325

LGeV)

Q< No F,ilte}: : Filtered Correctegl
(GeV/c2)2 o(ubarns) /- o (ubarns) /- o(ybarns) /-
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
0.100-0.125 231.9 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
0.150-0.175 782.4 24.8  '272.6 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
0.225-0.250 278.5 17.8 123.2 16.0 - 70.6  21.3
0.250-0.275  94.5 17.4 52.4 16.0 38.2  17.4
0.275-0.300  99.7 16.5 60.0 16.1 56.6 17.4
0.300-0.400 100.9 7.4 71.6 7.0 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 9.1 4.4 38.8 4.4
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TABLE 8.5

MASS OF TIHE ELECTRON

v
(GeV)

<Q2> + <Q2>
/2v
(Gev/e?)? /- - MeV/c2

170-180
180-190

190-200

= M,

2

0.175 0.500
0.188 . 0.508

0.198 0.508

= 0.505 + 0.011 MeV/c2.

0.02
0.02

0.02




— - 'TABLE 8.6

'Fz(x) For :bte Scattering (Integrated over range sznin—SO(GcV/cz)z)

X (x104) F,(x) */- NOTAVEEES (SIS
@2 (No Filter) (Filtered) (e, = 0-75)
(x10™ %) " (x1073) (x1073)
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
( | 4.6s-5.41 242 49 682 34 1947 7
' 5.41-6.06 2807 60 962 38 2460 95
6.06-6.67 1188 50 413 40 1033 59
6.67-7.47 - 458 42 224 37 312 3
7.47-8.00 277 48 171 45 141 .48
8.00-10.00 339 28 238 26 135 28
f 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 )
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

-h—"%%"*h"*h"**‘;**"**"***‘-4-—-—-~_‘_k__‘___‘_%__;
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Internal Bremmstrilung

"R denotes the fact that the bremmstralung is emmitted in th;

ficld of the nuclear with which the virtual photon interacted

Straggling

In this case the muon radiates in the field of a nucleus before

or after that with which it interacts

Fig. 81

~av
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Empty Target Event Distribution ( mu - e filter on )
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Deep-Inelastic Radiative Corrections (7 )
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CHAPTER 9

CONCLUSICNS AND COMMENTS

The subject of this thesis is hadron production iﬁ deep-inélasfic
scattering at a laborato;y energy of 219 GeV. Two topics have been
investigated: charmed particle production; 'and the production of
kaons relative to pions. Both can be described within the same
thcoretical framework (the quark-parton model, or QCD). A brief
summary of the results and conclusions obtained will be giyen in this
chapter. ‘ |

It has been shown that charm production accoun;s for less than
20% of the total deep-inelastic cross-section.. This result is consistent
with other experimental data and theofetical predictions, both of which
in fact suggest a smaller contribution (5-10%). It is then apparent
that, due tb their small hadronicvbranching ratios, kﬁohs froﬁ D-meson
decay form only a small fraction of the observed kaon signal. Modéls
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
aata in some kinematic regions (large z and high Pl)' Thus, at large z,
the ratio K/w 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.

-caléulations. However, in this region statistics are very poor and no
£irm éonclusion can be drawn.

The observed discrépéncy at low z is more significant as the
dataset is'iargcr. It should also be ﬁoted that ;he'observed ratios

+
K'/n

+;“K'/n' are lower than the predicted values and give an upper limit
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to the ratios, sincec inefficiency in the Cerenkov counter can only

lower . the true ratios. A difference is observed between the ratios
. .

K

—

/7 at low z but this is not statistically significant.
- The particle ratio distributions show a rise in K/n with Rl.

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 model.

Finally, it must he noted that charmed particle production has
not been observed directl} in leptoproduction, but only inferred fronm
dimuon production and scaling violations at low x. In this experiment
it was only possible to estimate an upper limit ﬁithin a reasonable
charm production model.

Many questions are therefore left unanswered and more experi-

mental data is required to resolve them.

s
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