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ABSTRACT 

This thesis reports some results from an experiment using 

a high energy muon beam incident upon a liquid hydrogen target 

performed at the Fermi National Accelerator Laboratory, Illinois, 

USA. It is solely concerned with the inclusive muon scattering 

distributions. The results reported are derived from the analysis 

of data taken at two incident momenta, 96 GeV/c and 147 GeV/c. 

Values of the inelastic structure function vw
2 

are presented for 

w up to 1000, albeit with different Q2 ranges at different w. The 

values of R, the ratio of the longitudinal to transverse virtual 

photon cross-sections are extracted in a limited kinematic region, 

but with large errors. Overall fits are made to the data assuming 

R has a constant form. The Callan-Gross sum rule is evaluated 

using data from this experiment in conjunction with previous electron 

scattering experiments. 
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Figure 1.1 represents the lowest order Feynman diagram for 

+ + the charged lepton-nucleon reaction i- + N -+ i- + "anything" - this 

is also called the one-photon exchange diagram. The major advantage 

of this reaction over hadron-nucleon reactions in the study of nucleon 

structure is that the electromagnetic vertex is well understood from 

QED and thus the photon-nucleon vertex may be explicitly studied. 

Two assumptions are made when discussing charged lepton-nucleon 

scattering. Firstly, one photon exchange is believed to be the dominant 

process and secondly, muon-electron universality is assumed to hold. A 

statement of the latter is that there is no difference between the 

eey and ~~Y vertices apart from very small effects arising from the 

difference in mass between the electron and muon. The basis for 

·these assumptions is briefly examined in Section l.E. In subsequent 

discussionsone photon exchange is considered to be the only process 

in ~-N and e-N scattering and electrons and muons are considered 

to be completely equivalent sources of virtual photons. 

This chapter reviews various aspects of charged lepton-nucleon 

scattering. Section l.B lists the variables and formulae conventionally 

used. The current status of experiment and theory is briefly reviewed 

in Section l.C and l.D respectively. Lastly, Section l.E looks at 

various related topics. 

l.B KINEHATIC VARIABLES AND CROSS-SECTION Foro.ruLAE 

Variables - Referring to Figure 1.1, it is seen that for the 

charged lepton, the kinematic quantities experimentally measured are 

essentially p and p', its irii tial and final four-momenta. From these J 

it is conventional and c.onven.ient to construct and use the following 

variables when discussing the lepton scattering distributions. 



The square of the four-momentum transferred from the lepton 

to the nucleon, q2, is defined as 

q2 = (p - p')2 = -2(EE' - p.p' - mI) 
= -4EE' sin2(8/2) in the limit E,E' >> m1 

where E, p are the energy and three-momentum 

of the incident muon, 

El _., th d h t , p are e energy an t ree-momen um 

of the scattered muon, 

e is the angle of scatter - i.e. angle 

between p and p' 

m
1 

is the mass of the lepton. 

For the reaction being considered, q2 is always a negative quantity -

i.e.q is a space-like four vector - and for ease of discussion the 

quantity Q2 = -q2 is used. It is seen that q is the four momentum 

of the exchanged virtual photon, so that q2 may be thought of as 

the mass of an off mass-shell photon. For a given E and E', it is 

apparent that Q2 is a minimum fore = 0, i.e. 

2(EE' - I-Pl IP' I - m2 ) .t 

m2 (E-E') 2 
.t 

EE' in the limit where terms of order higher 
m2 

than ET are ignored. Taking an extreme 

case. for a muon with E = 150 GeV and 

E' = 140 GeV, Q2. = 0.11 (GeV/c)2. nun 

The laboratory energy loss of the lepton and consequently the 

energy of the virtual photon is 

v = Elab Ejab 

It is easy to show that v is equal to the Lorentz invariant P;( 

where p is the four-momentum of the target nucleon and M is its mass. 
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The centre of mass energy of the hadronic system, W, is also 

of interest. It is seen that 

W2 = (q + P) 2 = M2 + 2Mv - Q2 

The quantities !J.1, x, w', x' are defined as follows: 

2Hv 
Ci) = 
~ 

; 

w2 
w' = 1 + Q2" ; 

1 x=
C&J 

1 
x' = -

Ci)' 

These are called "scaling variables" and their usefulness will become 

apparent in Sections l.C and l.D • 

. The quantity y = ~ is sometimes used • 

. w2-M2. 
Finally the quantity K = 

2
M is defined. 1bis is known 

as the "equivalent photon energy" and corresponds to the energy. 

of a real photon. that produces the mass final state - i.e. same W2 

as a virtual photon of energy v. 

Figure I. 2 shows the kinematic plane in (v , Q2 ) for E up to 

150 GeV. Elastic scattering is given by Q2 = 2Mv and resonances lie 

in the region W2 < 4 (GeV) 2 • 1be real photoproduction limit is 

obviously at Q2 = O. 1be region with tv2 > 4 (GeV) 2 and Q2 > 1 (GeV/c) 2 

is traditionally known as the "deep inelastic scattering" region. 

Elastic Scattering - 1be d~fferential cross-section for the process 

+ + 1- + N ~ i- + N may be written, assuming that the lepton mass is . 

negligible, as(2) 

da 
dq2= - M2>2- Q>w»] 

GE(Q2 ) and C\t(Q2 ) are 

called the electric and magnetic elastic form factors of the nucleon • 

.. 

....... 
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Inelastic Scattering - The differential cross-section for the in-

elastic scattering of muons of incident energy E to a final energy 

E' through an angle e is given by(3) 

Jf-1 [cm•- fi w2 CQ2 ,v) • (Q
2 

- 2mil W1 CQ~,vl J 
This may also be written, so as to show angular dependences more 

explicitly, as 

where 
a 2 cos 2 (e/2) 

CJ Hott = 4E2 sin'+ (9 /2) • the fonn of the scattering. between a spin 

I charged point particle incident on a spinless charged point particle. 

The ftmctions w
1

(Q2,v) and w
2

(Q2 ,vj are called the inelastic 

structure functions of the nucleon and contain information about the 

inelastic virtual photon-nucleon vertex. 

Virtual Photon Cross-sections - A physically more direct formulation 

of the differential cross-section fonnulae, completely equivalent 

to that using the structure functions w
1

(Q2,v) and w
2

(Q2 1 v), was 

devised by Hand, C4
•
5
)• In this description the cross-section is 

separated into a part, aT(Q2,v) which is the absorption cross-section 

for transverse virtual photons and a part aL(Q2 1 v) which is the 

absorption cross-section for longitudinal virtual photons, i.e. 

• ~::2 = r (E,E' ,e) [aT(Q2,v) + (e + 6) a1 (Q2,v) J 
where f(E, E', 0) is the flux of transverse virtual photons, tis 

the ratio of the longitudinal virtual photon flux ~o the transverse 

virtual photon flux and ~ is a very small kinematic factor that arises 

from the finite mass of the lepton. Explicitly, r, c and~ are 

given by 



. ' 
I 
I 

6, 

r (E, E •, e) a K E' 1 'II' 
= 

2'11'2 Q2 E 1-E EE' 

1 c} + 
2(Q2 + v 2 ) tan2 (B/2) ) 

Q2( 1 Q2 J2 - min 
~ 

arid c5 = 2Pi~ (1-E) . 

Q2 

A word about the factor K is appropriate at this point. Its 

choice is arbitrary so long as it reduces to the correct form as 

Q2 -+ 0 - i.e, for real photons K must equal v. The above definition 

of K is that of Hand. Becuase of this arbitrary definition of K 

the virtual photo-absorption cross~sections oT(Q2,v) and oL(Q2,v) 

are also arbitrary quantities. 
. 

Comparing the two forms of the differential cross-sections, it 

is seen that w1 , w2 , oT' crL are related by 

2 - K ( 2 Wl(Q ,v) - 4'11'2a aT Q ,v) 

. •. ~. 

( 2 - K w2 Q ,v) - 4n2a 

Finally one defines the quantity 

qL(Q2,v) 
R(Q2 ,v) = aT(Q2,v) obviously named the ratio of the 

longitudinal to transverse virtual photon cross-sections. It may be 

noted that the definition of R(Q2,v) does not depend on the arbitrary 

factor K. 

1he above kinematic variables, cross-section formulae and other 

Televant information are sUJllJllarizcd in Table 1.1 Appendix A. ' 
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l.C EXPERIMENTAL STATUS OF DEEP INELASTIC SCATIERING 

This section concerns itself with the current status of muon

nucleon and electron-nucleon scattering data(6-lB) and the next 

section mentions a few of the theoretical icleas(l9- 34) generated by 

and motivating such scattering experiments. ·More complete compilations 

f th . . f . b f d . . lk (35-41) . o is in ormation may e oun in review ta s given at 

various International Conferences in the past few years. One can 

comment that the most extensive experimental data comes from experiments 

using the electron beam at SLAC. 

Elastic Scattering - Before discussing the behaviour of the inelastic 

structure functions and differential cross-sections, it is instructive 

to look at the Q2 dependence of the elastic scattering cross-section. 

Experimentally(617137) it is found that the elastic form factors have 

a Q 2 dependence given by 

Gp(Q2) G~(Q2) 1 
~(q2) = M 

= = Q2/0.71)2 lip lln 
{1 + 

) ! . 

and 

where the p, n superscript refer to ~he proton or neutron, llp and li1~ 

are the static proton and neutron magnetic moments, and Q2 is expressed 

in {GeV/cY.. 

For the proton, the cross-section in the limit of w2 >> M2 and 

w2 » ·Q2 simplifies to 

do 
-~ = dq 

For large Q2 this further simplifies and the elastic cross

section falls as (Q2)-6 where a factor 1 /Q'+ comes from the Mott cross-

section - i.e. the scattering cross-section between two charged point 
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factors. Furthermore, it is found that the resonance cross-sections 

in the virtual-photon/nucleon system fall at least as rapidly as a 

function of Q2• 

Inelastic Structure Frmctions - A large body of data exists for the 

measurement of w1(Q2,v) and w2 (Q2,v) for both the proton and neutron -

the data for the latter being derived from experiments using deuterium 

targets. The series of experiments conducted at SLAC - by a SLAC-MIT 

group(B-l4) and the SLAC group A(lS,l6~ - provide the most comprehensive 

base for discussion of inelastic charged lepton-nucleon scattering. 

The kinematic region covered by these experiments is indicated in 

Figure 1.3. The inelastic structure functions w1(Q2,v) and w2 (Q2,.v) 

may be written as 

CJ . 1 
[(c1 Q2 } 2 tM2 ~ r Wl(Q2,v) = exEerimenta + R) 

CJMott Q2 + "2 2 

[ 1 + 2 
-1 

CJ • 1 1 q2 + v2 2 ~ J W2(Q2,v) = experimenta 

CJMott 
Cl+R) Q2 . tan 2 . 

In the SLAC kinematic region the value of R is found to lie between 

0.0-0.S and in this range w1 and w2 are only weakly dependent on its 

exact value. Figures 1.4 (ll) show plots of the values of vW2 and 2H\'11 

for the proton extracted from the SLAC data. Figure l.SC 39) shows 

a plot of the ratio of vw2 for the neutron to vw2 for. the proton. In 

all these plots R is assumed to 0.18. It is inunediately apparent 

that the Q2 dependence of the structure functions is nowhere near 

a 1/Q8 fall-off as it is for the square of the elastic form factors and 

that at high Q2 values, the inelastic cross-section will be much 

larger than the elastic and resonance contributions to the.total cross-

section. 

. i 
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Scaling - Bjorken(22) predicted that in the limit of v-+- m and 

<f -+- m but keeping w = 2~tv /Q2 fixed, the structure functions 2MW 1 

and vw2 would depend only on this variable w, i.e. 

Q2 -+- m Q2 -+- m 

v-+-m v-+-m 

w fixed w fixed 

This behaviour is termed "scaling". Looking at Figures 1. 4 and 

1. S, it is obvious that to first order the functions 2~mr1 and \>W2 do 

seale. One may comment also that this Bjerken scaling occurs at 

remarkably non-infinite values of\> and Q2 • Scaling variables other 

than w have been devised and used - i.e. w•, and some others listed 

. R f (ll) in e • • These all approach w in the asymptotic - i.e. w fixed, \) 4 m 

and Q2 -+- m - limit and improve the scaling behaviour in overall and/or 

specific kinematic regions. The gross features of scaling in the 

various scaling variables however are similar to scaling in the variable 

w. From the time that scaling was first observed and mentionedC35J, 

activity in the deep inelastic - i.e. scaling - kinematic region has been 

focussed experimentally in the exactness of the scaling relations and 

in the form of any scaling violations and theoretically in deducing 

models that predict the gross scaling behaviour and its violations •. 

Virtual Photo-absorbtion Cross-section and R. - The SLAC-HIT electron 

scattering e~-periments were carried out at different energies incident 

on the target. For a given v, Q2 - or indeed any other pair of 

kinematic variables, such as W2 , Q2 - the ratio of the longitudinal to 

transverse virtual photon fluxes, c, depends on this incident energy. 

d2a,, / · If the quantity dvdq~ r(E, E', e) for the various values of Eat 

fixed v, Q2 is plotted against c, the graph should be a straight line 

- -•- - -
... 
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From the virtual photoabsorption cross-sectionsso generated, it is 

trivial to construct the value of Rat the v, q2 point being considered. 

For the SLAC-HIT data this was done for 75 points on the w2, Q2 

kinematic plane - these points define the separation region shown in 

Figure 1. 3. Figure 1. 6 ( 40) gives the results for R for the proton 

and the deuteron. Analysis of these results show that R proton is 

consistent with having a constant value, i.e. 

Rproton = 0.14 ± 0.011 statistical 

± 0.056 systematic 

It is also found that R is consistent with a 1 /Q2 . or a 

1/log(Q2) behaviour. A full description of the extraction of Rand its 

possible functional forms is given in Ref. (l 4). Results for the 

deuterium data from the SLAC-HIT collaboration indicate that 

R = Rdeuteron and so by implication that R = R • proton proton neutron 

Separated Structure Functions and Scaling Violations - Having 

obtained a value of Rat any kinematic point, it may be used to cal

. (40) 
culate the structure functions w1 and w2• Figure 1. 7 shows some 

-plots of vW
2 

and 21.fi\'1 for both the proton arid the deuteron. It is 

clearly seen that these exhibit a Q2 dependence at constant x and 

hence violate exact scaling. Scale violating effects in the SLAC 

data are parameterized and extensively discussed by Taylor(40J. 

In addition scaling violation have been observed in an experiment 

using high energy muons(l 7J. A brief summary of scale violating effects 

would say that: 

(a) the maximum scaling violations are less than 30%, 

{b) the SLAC data shows that the use of the scaling variable x' 

gives better fits to data. In x', the structure functions 

decrease by approximately 1% per (GeV/c)2 rise in 02. 

:r 
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(c) the muon data does not disagree with the SLAC data and also 

tends to indicate that vw2 rises with Q2 for values of 

x < 0.2. 

(d) looking at the deuterium data, the neutron appears to break 

scaling differently from the proton. 

l.D THEORETICAL SPECULATIONS IN DEEP INELASTIC SCATTERING 

1bis section will give a brief and by no means complete list 

of various theoretical ideas concerning deep inelastic scattering. A 

more complete review is given by Llewellyn-Smith(4l). 

Vector Meson Dominance - When the scaling phenomenon was first 

discovered, two theories were immediately put forward, the vector 

meson dominance model and the various parton models. The vector 

meson dominance mode1C29), see Figure 1.8, of the virtual photon -

nucleon interactions says that the virtual photon couples to vector 

mesons - such as p, w, cf> - which then interact strongly with the 

nucleon. The simplest version of this model, using just the p, 

w and cf> vector mesons is not very good at explaining the data. To 

follow completely all the trends of the data, the vector dominance 

picture has to be generalised to such an extent that the model loses 

most of its predictive power. 

Parton Models - All parton models start off with the assumption that 

the nucleon is made up of point-like cons ti tucnts called "partons". 

"Ihese are assumed to have definite masses ~nd internal quantum 



·. 

12. 

numbers and are held together by forces that are at least as strong 

as the strong force. 

The quark model(l9) is a simple model that explains the 

,spectroscopy of the hadron multiplets. Another example of a parton 

model was proposed by Kuti and \\'eisskopf(ZS) in which the nucleon 

consists of three valence quarks and a sea of quark-antiquark pairs. 

In parton models, the crucial assumption on which.scattering calculations 

are based is that in the limit of v ~ m and Q2 ~ m, the virtual 

photon interacts with only one of the partons which during the time 

scale of the interaction is effectively free. Parton models lead 

directly to Bjorken scaling and the scaling variable x is identified 

with the fraction of the nucleon momentum carried by the interacting 

parton. The structure functions are related to probability distri

butions of the constituent partons in x. The value of R is related 

to the spins of the partons. Spin ~ constituents give a value of 

R = 0 and for spin 1 constituents R = m. The experimental value of 

R indicates a predominance of spin ~ objects in the nucleon. 

So far there is no experimental evidence for Wlbound parton 

states and quark confinement models(30) have been devised. Various 

renormalisable field theories attempt to explain both the experimental 

non-observation of free partons and their small couplings - zero 

for asymptotically free theories - in the Bjorken limit. In these it 

is argued that the strength of the parton-parton coupling increases with 

their separation. 

Sum Rules It is possible to write down relations for various 

integrals of the structure functions F1(x) = 2M\\'1 and F2 (x) = vW2 

without knowing theoretically the exact form of these functions. These 
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relations are known as "sum rules". Specifically two such sum 

rules may be mentioned. 

(a) Callan-Gross(2l) Sum Rule 

N 
P(N) r 

i=l 

N 

Q~ 
1 

(b) Gottfried(20) Sum Rule 

x = ~rP(~) i~l Qt] 
where P(N) is the probability of finding N quarks in t~e 

nucleon and the Q. 's are the individual quark charges. 
1 

It is seen that (a) corresponds the mean of the squares of the 

parton charges and (b) corresponds the sum of the squares of the 

part on charges. These sum rules may be used to experimentally check 

the various parton models. 

Other Theoretical Ideas - Some authors have attempted to use duality(2S) 

and Regge exchange ideas(26
) to explain the deep inelastic scattering 

data. 

l.E RELATED TOPICS 

This section contains a brief list of some related and 

complementary areas of research. Much more detailed information 

may be folUld in review talks given at the 1975 SLAC Conference(42); 
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One Photon Exchange - In charged lepton-nucleon scattering it is 

assumed that the one photon exchange mechanism - see Figure 1.1 -

is the dominant process. Estimates of the contribution of two

photon exchange to the cross-sections are made by comparing i+N 

scattering data with t-N data - the interference term between ly 

exchange and 2y exchange changes sign in going from an 1 + incident beam 

+ -to an t- incident beam. For electronsat SLAC e p and e p are equal 

to within 2%(43). Comparisons of µ+N data to µ-N data at Fermilab(l?) 

indicates that the two photon mechanism contributes less than a fow 

percent to the cross-section • 

Muon-Electron Universality - A large number of experiments have been 

done scattering muons off nucleons. Using incident muon energies 

similar to that of the SLAC electron beam, both elasticC44) and 

• 1 . ( 45) . . . d 1ne ast1c scattering was 1nvest1gate • Although in principle 

these experiments also yielded the elastic form factors and inelastic 

structure functions for the nucleon, the prime objectives were to 

look for differences between the muon data and the electron data. 

Another mehtod of looking for breakdowns of muon-electron universality 

. (46) 
is to determine the (g-2) for the muons • 

These experiments conclude that there is no significant break-

down of muon-electron universality for Q2 < 3(GeV/c)2 in elastic 

scattering and Q2 < S(GeV/c)2 in inelastic scattering. 

Virtual Photoproduction - Another useful area of research is to study 

the hadrons produced in the virtual photoproductio~ process. One may ~ 

conunent that the experiment described in the thesis was also designed 

to detect and measure the hadrons producted in deep inelastic muon-

I 
I 
I 
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nucleon scattering and some data has been published(lS, 47). In 

addition extrapolation of the data for aT(Q2 ,v) to Q2 = 0 will 

generate measurements of the real photoproduction cross-sections. 

Polarised Deep Inelastic Scattering - Inelastically scattering a 

polarised lepton beam off a polarised target introduces two extra 

structure functions into the differential cross-section formulaC4B). 

Experiments using a polarised electron source at SLAC are proceeding 

and some preliminary data has been publishedC49). 

Neutrino Scattering - Inelastic vN scattering cross-sections can be 

described using three structure functions. These may be related to the 

inelastic charged lepton-nucleon scattering structure functions C32) 

in parton models of the nucleus. 

Background Processes - The reaction this experiment is interested in 

+ + is µ + N ~ µ + hadrons. There are two additional processes seen 

in the apparatus which constitute major sources of background events. 

The first of these is elastic muon-electron scattering -

+ + - 2 i.e. µ + e ~ µ + e • For this process Q = 2 Mev and the differential 

cross-section may be written as 

da 
dq2 = 

where 

[ 
1 

J!L2 
- E2 v 

max 
+ 

vmax = 2meE + 1-12 + tt.!. 
µ e 

is the maximum 

kincmatically allowed muon energy loss, E and P are the incident muon 

energy and three momentum, and me, mµ are the electron and muon masses. 
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The cross-section integrated over the apparatus acceptance is large - --I 

the number of muon electron scatters seen by the apparatus is several 

times lai:_ger than the number of Q2 > O. 2 (GeV /c) 2 inelastic muon-

nucleon scatters. 

The second source of background events is loosely termed 

bremsstrahlung. In this case the muon loses energy by radiating 

a real photon in the presence of nuclear charges. 111.e unfoldjng of 

radiative effects from the data is more fully discussed in Section S.C 

under "Radiative Corrections". 
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FIG. 1·6 
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OIAPTER 2 

. nm APPARATUS 

2.A INTRODUCTION 

This chapter contains a brief description of the experimental 

apparatus. The set up consists basically of a large solid angle, 

particle spectrometer in which the interaction products of a muon 

beam incident on a liquid hydrogen target may be studied. The descrip

tion is divided into three parts. The first part, Section 2.B, looks 

at the Muon Beam Transport system that produces and delivers a beam of 

muons to the experimental site. Section 2.C describes the beam defining 

and tagging apparatus that detects the muon beam as it enters the Muon 

Laboratory. Lastly, Section 2.D lists and says a few words on the 

various elements of the spectrometer apparatus. 

Before starting on this description of the apparatus, it is 

convenient to define the experimental co-ordinate system. The origin 

of the co-ordinate system is on the axis of cylindrical symmetry of 

the Chicago cyclotron magnet midway between its two pole-faces - this 

is the momentum analysing magnet of the spectrometer, see Section 2.D 

and Figure 2.7. The +Z direction points along the nominal direction of 

travel of the muon beam as it enters the Muon Laboratory. The +Y 

direction points vertically upwards and the +X direction is defined 

such that X, Y, Z form a right-handed certesian co-ordinate system. 

One may also note that +Z and +X point approximately north and west 

respectively. In addition to these axes, two extra directions, U and V, 

are defined for ease in discussing the spark chambers in the spectrometer. 

Both the U and V axes lie in the X, Y plane, at angles of +7.125° and· 

-7.125° to the +X direction respectively. -(7.125° = tan-1 (1/8)). The 

five co-ordinate axes are illustrated in FiQure 2.1. 
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2.B MUON BEAM TRANSPORT 

A beam of muons is produced by the decay in flight of pions 

and kaons produced in high energy proton-nucleon collisions. 

Magnet Lay-Out - Figures 2.2(a) and 2.2(b) are schematic outlines of the 

FNAL Muon Beam Transport system. More detailed drawingsmay be obtained · 

from the FNAL Neutrino Section. 

A 300 GeV extracted proton beam from the FNAL accelerator 

impinges on a 30 cm aluminium target. The secondaries produced in the 

resulting interactions are strongly focussed by a triplet of quadrupole 

magnets Ql into a 500 metre evacuated decay pipe. The beam-line has 

four bending stations Dl, D2, 03 and 04, each consisting of three 

dipole magnets with a total bend at each station of 27 mr and an 

aperture of 10 cm. These bends serve to momentum select the muons and 

to separate the muon beam ~ine from the neutrino beam line. The beam 

coming out of the 500 metre decay pipe is bent at Dl, refocu~sed by 

quadrupole doublets Q2 and Q3 and bent again at 02. The dipole magnets 

at D3 contain approximately 23 metres of high density polyethylene. 

11lis absorbs the hadrons that have not yet decayed so that the beam 

emerging from 03 is a highly pure muon beam. An estimate made of the 

residual hadron contamination of this beam is described in Chapter 3. 

The beam is further refocussed at Q4 and is bent at 04 into the P.luon 

Laboratory. The bending station at D4 contains the momentum tagging 

magnets for the muon beam. Looking at Figure 2.2(b) it is seen that 

quadrupoles Q3 focus the beam onto the polyethylene absorber and 

quadrupoles Q4 focus the beam onto the experimental target in the -..-I 

Muon Laboratory. 
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Intensity Optimisation - The decay of the pion or kaon is isotropic 

in its rest frame. Simple kinematics show that the forward muons from 

the decays of high energy pions and kaons take almost all of the meson 

energy. Therefore to achieve the maximum muon yield, the beam-line 

magnets are all set for particles at the nominal muon beam energy. 

This enables some pions and kaons to follow the beam-line and decay 

into beam muons right up to the hadron absorber in 03. Incidentally, 

the process of selecting the forward decays of the pions and kaons 

produces a polarised beam of muons, their spins being anti-parallel to 

their momenta. In addition ·the polarity of the beam line is set for 

positive particles. µ+beams are more intense - in practice by a factor 

of 3 or so - than µ- beams simply because the pion and kaon secondaries 

are produced from initial states - i.e. proton-proton or proton-neutron -

that have a net positive charge. This gives rise to more positive 

than negative mesons and subsequently a higherµ+ yield than a µ 

yield. Assuming the one photon exchange picture holds for the muon

proton interaction it does not matter if the beam is µ+ or µ , the 

muons being used simply as a source of virtual photons. The beam line 

thus set up has a muon/(incident proton) yield of the order of 10- 7 • 

Halo - High energy muons are highly penetrating particles. This means 

that any muons that have been scattered or bent out of the beam line 

have a substantial probability of entering the Muon Laboratory. These 

muons are called halo muons and are spread over the entire aperture 

of the experimental.apparatus, their numbers being of the same order 

of magnitude as the number of beam muons. Attempts to minimise this 

halo, including an earth shield aro\llld the beam pipes right up to ~he 

Muon Laboratory, arc made, but the experiment has to rely on electronic 

collimation to adequately define the beam and reject the halo. 
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R~F. Structure - Proton synchro-cyclotrons use r.f. cavities (SO) to 

accelerate the beam. This r.f. tends to bunch the protons around the 

accelerator ring. . .At FNAL these bunches are typically 2 nsec long and 

are separated by 18 nsec. Any secondary beam produced from these protons 

will necessarily reproduce this time structure. The muons therefore 

come iJt 2 nsec "buckets" every 18 nsec. As the beam intensity is 

typically 106 /sec - i.e. approximately 106 for 50 x 106 r. f. buckets 

in general there is a small probability that there will be more than 

one muon in a particular r.f. bucket. 

2. C BE.AH DETECTION 

Figure 2.3 gives the disposition of all the elements of the beam 

defining and tagging apparatus. Figure 2.4 gives the shapes and sizes 

in the X, Y plane of the various counters and chambers in this apparatus. 

Beam Definition - The purpose of the beam defining system is to electronic

ally collimate the beam and to register particles in the beam as they 

enter the Muon Laboratory. The collimation of the beam is effected by 

five sets of scintillation cotmters VI, V2, V3, V4 and VS. These are 

veto counters and have a circular hole in each set corresponding to the 

aperture of the D4 dipole magnets. Tl, TIA, T2, T3 arc small scintillation 

cotmters centred on the nominal beam line. A beam particle is defined 

and r~gistered by giving a coincidence between Tl, TIA, T2 and T3 and 

by not passing through any of the five sets of veto cotmters. The halo 

muons further out from the beam line are vetoed by the Halo Veto 

scintillation counter hodoscope. 

Beam Tagging - The purpose of the beam tagging system is to measure the 

momentum of the incoming beam particle and to determine its trajectory 



21. 

as it enters the experimental target. This is achieved by the use of 

eight Multi-IVire Proportional Chambers (Sl) and six small scintillation 

counter hodoscopes. The MIVPCs are 20 cm x 20 cm in area and have a 

wire spacing of 2 mm. There is one read-out plane per chamber. Chambers 

with vertical read-out wires are described as X chambers, and those 

with horizontal wires as Y chambers. The most upstream berun hodoscope, 

BHl, is 20 cm x 20 cm in total area. The other five hodoscopes are 

all 15 cm x 15 cm. Each hodoscope has eight elements. In exactly the 

same way as with the beam chambers, the hodoscopes are designated X or 

Y according to the direction of spatial information they output. Looking 

at Figure 2.3, it is seen that these chambers and hodoscopes are distri-

buted at four stations along the beam line. Stations 1 and 2 are 

upstream of the D4 dipole magnets and each consists of one X chamber and 

one X hodoscope. Beam station 3 consists of an X, y pair of chambers 

and an X, Y pair of hodoscopes and lies at the exit of the D4 tagging 

magnets. Station 4 lies just upstream of the experimental target and 

consists of two X, Y pairs of chambers and one X, Y pair of hodoscopes. 

The X information from stations 1-4 gives the X-bend of the beam track 

in the 04 tagging magnets and consequ~ntly the momentum of the beam 

particle. The X and Y information from Stations 3 and 4 give the track 

of the berun particle as it enters the experimental target. It may be 

noted that as the total thickness of scintillator at any one station 

may be.up to 2 cm, the beam chambers arc always the most upstream 

elements in their respective beam stations. This prevents the chambers 

from seeing any knock-on electrons from the scintillator thereby 

causing track confusion in the beam tagging system. 

I 

! 
! 
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Beam Phase Space - This is an appropriate point at which to look at the -"' 

characteristics of the muon beam generated by the Beam Transport system 

and defined by the beam apparatus. The (muon beam)/(incidcnt proton) 

.yield lies between 1 x 10- 7 and 2 x 10-7 and the muon halo is larger 

than the beam itself. The best beam yields and the smallest halo/beam 

ratios arise when the beam momentum is set at approximately one half of 

the primary proton momentum - e.g. the halo/beam ratio is approximately 

1.5 for the 147 GeV/c data and 3.0 for the 96 GeV/c data, the primary 

proton energy being 300 GeV/c. Figures 2.S(_a) ·and 2.S(b) give the 

momentum distributions of beam particles for the 96 GeV/c and 147 GeV/c 

datasets. Figure 2.6(p) - 2.6(_g) give some results for the phase space 

distribution of the 147 GeV/c beam data, the results for the 96 GeV/c 

beam data being similar. 

2.D ntE SPECTROMETER 

Figure 2. 7 is a diagram of the spectrometer apparatus. This 

section lists and briefly describes the various elements of this 

spectrometer. 

Target - The target flask stands approximately 6 metres upstream of 

the centre of the Chicago Cyclotron Magnet - the origin of the experi

mental co-ordinate system. It is 18 cm in diameter and 120 cm long 

and may be filled with either liquid hydrogen or liquid deuterium. 

For liquid hydrogen this corresponds to a target thickness of approximately 

8.3 gm/c:m2 - compared with the flask material which presents 0.4 gm/cm2 to 

the beam. The filling and emptying of the target flask is done from 

and to a reservoir of liquid hydrogen - or deuterium- thus ensuring 

that the target cari be filled or emptied quickly. The target pressure 
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Halo Veto Wall - Immediately upstream of the target stands the halo 

veto wall. lhis wall is made of concrete blocks and is one metre 

thick. It has a hole in its centre to allow the beam through and 

covers the entire X, Y extent of the halo veto. This wall ensures that 

any backscattered particles from an interaction in the target do not 

veto the event by hitting the Halo Veto counter hodoscope. 

lm x lm Multiwire Proportional Chambers - Immediately downstream of the 

target is a bank of eight large MWPCs~52 )1here is an additional pair of 

such chambers near the centre of the Chicago Cyclotron Magnet. These 

·chambers are arranged so that the read-out planes - of which there is 

one per chamber - have wires that are alternately vertical and horizontal. 

This gives five X views alternating with five Y views. The wire spacing 

in the chambers is 1.5 mm which gives a resolution in each view of about 

0.5 mm. These ten ~fi~PCs record the trajectories of all the forward 

going charged particles from an interaction in the target. The most 

important reason for using proportional chambers in this region arises 

from the short memory times of such chambers - typically 120 nsec for 

the ones being described. As a large fraction of the products of inter

actions in the target have trajectories very close to the beam, having a 

short memory time ensures that the tracks· of the interaction products 

are not.confused with additional tracks due to stale beam and halo. 

Chicago Cyclotron Magnet This large volume magnet - which used to be 

the magnet for the 0.5 GeV cyclotron at the University of Chicago - is 

the momentum analysing magnet of thespectrometer. It has a pole tip 

radius of 220 cm and a gap between the pole faces of 125 cm. It takes 

a current of 5000 Amps at 400 Volts to generate the maximum field of 

IS Kilogauss. The field integral, B.dl, is approximately 75 Kilogauss-

; 
. I 

I 
i 

I 
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metre at full field, This corresponds to a transverse momentum kick 

of about 2.2 GeV/c to particles going through it. At full field the 

Chicago Cyclotron Magnet - CCM - has a momentum cut-off of about 

7 GeV/c, particles less energetic than this bend out of the acceptance 

of the detectors downstream of the magnet. The polarity of the magnetic 

field is such that positive particles bend towards the negative X 

direction. Incidentally, the CCM has supports that are sunk to the bed-

rock of the FNAL site and this fact makes it an ideal reference point 

from which to survey the apparatus in the Muon Laboratory. A negative 

aspect of the CCM arises from its use as a cyclotron magnet, namely 

that the pole-tips have a high residual radio-activity. 

2m x 4m Shift Register Chambers - Downstream of the CCM there are 

6 shift register spark chambers(S 3) presenting an area of 2m x 4m 

in the Y-X plane. Each chamber has two planes of capacitative read-out 

wires separated by a 1.25 cm gap •. The wire spacing in the read-out 

p~anes is 1.25 nun and the resolutions of individual planes are 

typically O. 3 to O.S nun in the read-out direction •. These chambers 

have a memory time of 2-9 microseconds and may be sparked up to SO 

times a second. With spark chambers of this size it turns out to be 

very difficult to support the fine wires - that are necessary for such 

small interwire spacing - horizontally, the effect of gravity causing 

them to sag in the middle. So in the construction of these chambers 

and of all the magnetostrictive chambers described below, the wires 

are womd vertically or at ±e ·(0: tan-1 1/8 = 7.125°) ·to the vertical 

direction. Again the read-out planes are labelled according to 

the direction of spatial information they provide. Looking at 

Figure 2.8, X-planes have vertical wires, U-planes have wire rotated 

in an anti-clockwise direction looking downstream, V-planes have wires 

rotated in a clockwise direction from the vertical looking downstream. 

JI' 
r-S 
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In this convention the twelve capacitative read-out planes of the shift 

register chambers consist of three sets of UXXV type planes. 

2m x 6m Spark Chambers - Approximately nine metres downstream of the 

centre of the CCM, there are four 2m x 6m magnetostricti ve spark 

chambers. Each chamber has two planes of read-out wires separated by 

1. 25 cm. The wire spacing is again 1. 25 mm giving resolutions typically 

0.3-0.5 nun in the read-out direction. These chambers have memory times 

of 1-2 microseconds. They are deadened in the beam region by epoxying 

a 10 cm radius platic disc of the appropriate thickness in between the 

chamber gaps. Using the convention defined above the eight read-out 

planes are of type UXUXVUXV.. These and the 2m x 4m shift register 

planes constitute the twenty measuring planes which are used to determine 

the trajectories of the charged particles that go through the CCM. A 

comparison of tracks upstream and downstream of the CCM gives the 

momenta and charges of these particles. It should be mentioned that 

the magnetostrictive chambers used in this experiment require a large 

amotmt of energy for sparking and consequently a limit of 10-15 triggers 

per second is set by the recovery times of the power supplies and the 

main charge-storing capacitors of these chambers. A more complete 

description of the magnetostrictive chambers and associated electronics 

used in this experiment may be found in Ref. 54. 

G and H Hodoscopes - Immediately downstream of the 2m x 6m spark 

Chambers lie two large scintillation cotmter hodoscopes. The sizes 

and dispositions of their elements are indicated in Figures 2. 9 (a) 

and 2.9(b). The H hodoscope has twenty-four vertical elements and 

cover an area of 2m x 4m. The elements are arranged so to overlap 

by 1 cm. The hodoscope is deadened in the beam region by replacing 
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the central 30 cm of scintillator of elements Hll and Hl2 with luci te. 

The G hodoscope covers an area of 2m x 6m. It has eighteen large 

horizontal elements - slightly overlapped - and two small elements 
. L./~ 

Gl9 and G20. Referring to Figure 2.9(a) one can see that element G9 

is pulled out so as to make a hole 25 cm wide horizontally between it 

and element GlO. This hole is covered by Gl9 and G20 and acconunodates 

the beam region. The G·and H hodoscopes - with their time resolutions of 

about 30 nsec - are used to determine the in-time event associated 

tracks from those tracks found in the downstream measuring planes. 

Elements Gl-Gl8 are also used for triggering, ·a use more fully discussed 

in Chapter 3. 

e, y, ~0 Identification - The 5 cm thick steel wall and the 2m x 4m 

spark chambers - call the· Photon chambers - immediately downstream 

of it provide a basis for a crude identification of electrons, photons 

and ~0

s. The steel wall corresponds to approximately 3 radiation lengths. 

The four spark chambers are of the same type as the 2m x 6m chambers and 

have eight planes - uvuxuxuv - of magnetostrictive read-out. There is 

a large probability that electrons, photons and 1f
0

S will form electro-

magnetic showers in the steel which will form clusters of sparks in the 

chambers. Spark cot.mting in these chambers in the regions indicated by· 

the downstream tracks will help identify the above particles. 

Neutral Hadron Identification - Downstream of the Photon chambers lies 

a 40 cm thick lead wall followed by three 2m x 4m spark chambers. These 

chambers - called the Neutron chambers - are of the same type as the 

2m x 6m chambers and have six planes - XVUXXV - of magnetostrictive readout. 

The lead wall corresponds to about 70 radiation lengths, and this is 

sufficient to kill almost all ·of the showers pro4uced in the Scrn 

i 
j 

. I 

l 
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hadrons - such as K0 s and neutrons - to interact and form showers, 
\ 

producing a cluster of sparks in the Neutron chambers. Spark counting 

in these chambers gives us further information as to the nature of the 

downstream particles. 

Muon Identification - The purpose of the muon identification system is 

to detect a scattered muon and to record its track. After the Neutron 

chambers there are the remaining hadron_s from the interaction in the 

experimental target and the particles from the secondary interactions in 

the material of the apparatu~ along with the scattered muon. Muons 

are distinguished by their unique ability to penetrate the 240 cm -

corresponding to about 15 interaction lengths - steel wall. Incidentally, 

the steel for this wall used to be a part of the Rochester Cyclotron. 

The K-veto consists of three scintillation counters 30 cm in 

X by 23 cm in Y lying one behind another in Z. The K counters veto 

any triggers in which the muon has not scattered and is still in the beam 

region. Muons interact electromagnetically - i.e. muon-electron 
. 

scattering and bremsstrahlung - when passing through the steel and lead 

walls. If the resulting electrons or photons have a high enough energy, 

they will further interact to form electromagnetic showers. To minimise 

the probability of an electron - from a shower produced by a good 

scattered muon near the downstream surface of the 240 cm steel wall -

accidentally vetoing the event, the K-counters lie just downstream and 

up against 4 cm of steel. Figures 2.9(c), 2.9(d), 2.9(e) are diagrams 

indicating the sizes and shapes of the M, N, M' scintillation counter 

hodoscopes. The disposition of the K, M, M' and NI, N3, Nl3 elements 

in the central region is shown in Figure 2.10. Although the layout 

o·f these hodoscopes is quite complicated, it· does give the experiment great 

flexibility in choosing acceptances for th·e various kinematic regions 
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for timing spark chamber tracks and for triggering, the latter use -.-/ 

being more fully discussed in Chapter 3. The tracks of particles that 

pass through the steel muon fi 1 ter are recorded in the Muon spark 

chambers. These again are exact~y of the same type as the 2m x 6m 

spark chambers, there being eight planes - UXXVUVUX - of magnetostrictive 

read-out 2m x 4m in area in the X-Y plane. · · 



. /"'""' . 

y 

. y 

w 
N 

Z ORIGIN 0 IS AT THE 

CENTRE OF THE 

CHICAGO CYCLOTRON 

MAGNET 

ILLUSTRATION OF THE U AND V 

CO - ORDINATES THAT LIE THE X, 

Y PLANE 

e : TAN-1 ( YsJ 

.CO-ORD I NATE SYSTEM. 

FIG. 2·1 



f (NOT TO SCALE) 
EXTRACTION X 

-12oom z r 

.... 5oom 
DELAY 

VACUUM 

,...tOOm 
DECAY 

VACUUM 

1 PROTON ~EAM 

0 TARGET 

Q1 
TRIPLET TRAIN 

zrv l PROTON. BEAM 

X TARGET+ 

/jRIPLET TRAJN 

<::::::::::> Q 2 

. l 

CONTAINS 76ft 
CH2 ABSORBER ~ 

~ABSORBER 

.:..1tom 

I 
I 

' NEUTRINO 
BEAM 

D4 
MUON TAGGING 
MAGNETS 
.t2·0°1o ENERGY 
~0·6 mr DIRECTION 

LIMIT OF 
r----t---, EARTH SHIELD 

..........,,o 
EXPERIMENTAL 

TARGET 

MUON 
LABORATORY 

SCHEMATIC LAYOUT OF BEAM 

TRANSPORT IN BENDING PLANE 

FIG. 2 ·2 (a) 

SCHEMATIC BEAM 

TRANSPORT OPTICS 

FIG.2·2(b) 

BEAM TRANSPORT 

J(I 

i-
' 
' 



) 

• "' .. --: """ 

) 

.. 

NOT TO SCALE 
9.~m 

,._ -70m --+-------- -21m -------.. ---31m ~ TO ORIGIN 
OF CO.;.ORDINATE SYSTEM 

MWPCs T2 
MW PCs 

HALO VETO f. 

vs 
BHS ( Xl 
BH6(Yl 

MWPC = MULTIWIRE PROPORTIONAL CHAMBER 

BEAM TRIGGERING AND TAGGING SYSTEM 

FIG. 2·3 

HODOSCOPE 
; 

! 

mra:•· l!lila•&•t u•s•s•a---s•---"""'.,.' ----¥A--•-.... ,·---... ·----·--· ·--,.. .... _ .. _ ..... _. ___________ ..... _____ ----



Tl 

• BH1 

" t~ 
. _,JJ 

SCALE UNLESS OTHERWISE INDICATED ...,J 

0 10 20 30cms 

L D D 0 
Tl A 12 13 

·~ D 
BH2,3,5 BH4 ,6 MWPC 

2mm wire spring 

0 
FIG. 2·4 

SIZ·E OF THE 

ELEMENTS OF ,..,_,/ 

THE BEAM 

APPARATUS. Vl 

VS I. ELEMENTS V2, V3, Vt., 
2 ELEMENTS EACH 

HALO VETO HODO. 

20 ELEMENTS 

3 metres 

ELEMENTS 

OVERLAPPED ""-"' 
BY I.ems 

------ S metres -------

·~l 



FIG. 2·S(a) BEAM MOMENTUM FOR 96 GeV/c DATASET 

'EVENTS 
",/""""' 600 

500 

t.00 FWHM = 3·8 GeV/c 

' 

. l 300 

I 

200 

100 

0'--~--~1--~~-C~~~~"'--~~~.4-L.~~--' 

100 105 80 85 90 95 

MOMENTUM (GeV)~ 

FIG. 2·5(b) BEAM MOMENTUM FOR 147 GeV/c DATASEf 

t EVENTS 

500 

L.00 

300 
FWH M : t. · B GeV I c 

MOMENTUM(GeV)___. 



BEAM PHASE SPACE FOR 147 GEV/C DATA 

Y(cm) 
8 

FIG. 2·6 (a) 

x vs y 

0 

-4 

-8 

X(cm) 
-s _, o,__~-'~~~e~~~~~~---. 

1000• dX 
dZ 3 

FIG.2·6(b) 2 

X vs X ANGLE W.R.t 
Z - AXIS 

1000-& dY 
dZ 

3 ... 

2'-

, ... 
0'-

-1 

-2 ~ 

-3 .. 

·.·· .. ··. 

. • . 
.-8 -4 

0 

-1 

-2 

-3 

I 

0 

, 1 1 , r 1 1 r • 
X(cm) -8 -4 0 4 8 

FIG. 2·6 (c) 

Y vs Y ANGLE W.R.T. 

Z - AXIS 

I • I 

4 8 Y(cml 

..._,, 

-ft 

.11 



BEAM PHASE: SPACE FOR 147 GaV/c DATA 

FIG 2·6(d) 
X-DISTRI BU Tl ON 

t EVENTS 
L.00 

300 

200 

100 

0 
-6 -4 - 2 0 2 4 6 

FIG 2·6(f) 
X-ANGLE W.R.T. 
Z-DIRECTION 

X (cm)~ 

t EVENTS 

600 

400 

200 

o.____._..__ ____ _._ __________ ~ 
-2 -1 0 1 2 

~~ (x1000)~ 

FIG 2·6(e) 
Y - DISTRIBUTION 

L.00 
'f' EVENTS 

300 

200 

100 

o..._.._.___..____..___,_~.___,__._..._ 

-6 -4 -2 0 2 4 6 

FIG 2·6 (g) 
Y-ANGLE W.R .T. 
Z-DI RECTION 

V(cm)~ 

t EVENTS 

1200 

800 

400 

-2 0 1 2 
fzcx1000>~ 



D=~====fl. ~~ .... 
[J::::==t:=~Y~~ 

i-

FIG.2·7 DIAGRAM OF THE SPECTROMETER APPARATUS. 

se 
-------n 



DIRECTIONS OF 

SPATIAL INFORMATION 

i 

Y-PLANES 

. X-PLANES 

DIRECTIONS OF 

INFORMATION 

I 

"'--' e e 
I 

U-PLANES V- PLANE 

WIRE CHAMBER NOMENCLATURE. 

FIG. 2·8 

8=TAN-1( 11S} 

:.7·125° 

.. J.1 

r1 



+X 
~ 

+X 
~ 

H 
24 

'.. '.~".'. i 
FIG.2·9 (a) Hole between G9 

G HODOSCOPE +V 

t 
I and GIO covered 

by elements G19.'G20 

H 
23 

G18 

G16 

G14 

G12 
GtO 
GS 

GG 

G4 

G2 

I 
~ 

-6 
Metres · 

I G17 

I G15 

I G13 

G11 

G9 
G7 

GS 

G3 

G1 

COUNTER ELEMENT DIMENSION 

G 1 - G4 I G15 - G18 27·5cm x 300cm x 2cm 

G5-G14 

H 1-H24 

FIG. 2·9 (b) 

H HODOSCOPE 

H H H 
22 H 20 H 18 H 

21 19 17 

H H 
16 H 14 

15 

18 cm x300cm x 2cm 
Overlapped 1;2 cm 

18cm x 200cm x 2cm 
Overlapped 1 cm 

+V 

t 
H 

H 12 H 
13 11 

~ 

.... 4 
Metres 

H H 
10 H B H 

9 1 

H 
6 H 

5 

LOOKING DOWNSTREAM ALONG Z AXIS. 

H H 
4 H 2 

3 
H 
1 

I 

..:.2 
Metres 

·.·~ 



M 12 

M 10 

M8 

+X 
M 22 

.' .,__ M 21 

M 20 

MS 

M' 

M2 

4--------- - l.m 

COUNTER DIMENSIONS 

M1,M3,M9,M11 27-Scm x250cmx2cm 

M2, M,, M10, M12 27-Scm x150cm x 2cm 

MS, M7 18-0cm x250cm x 2cm 

M6, MS 18-0cm x 150cm x 2cm 

FIG,2°9(c) 

M HODOSCOPE 

M 11 

M9 

M7 
M 19 
M 18 
M 17 
M 16 
"115 ..... 2m 

MS 

M3 

Mt 

COUNTER 

M13 - M19 

M 14 
M1Cl 

LOOKING DOWNSTREAM 

ALONG Z DIRECTION 

DIMENSIONS 

7-7cm x250cm x 2cm 

M20 - M22 18-0cm x 150cm x 2 cm 

ELEMENTS SLIGHLY OVER LAPPE D 

l 
I 

. i 

Jf 

rr 

I 

I 
I 



FIG. 2·9 (d) 

N HODOSCOPE 

- - - - - - - - - - - - - - - - - - - - - - - N 13 
N12~--------------------------1 

- - - - - - - - - - - - - - - - - - - - - - - Nlt 
Nto1--------------------------1 

+X --------------------NS 

.t 

i LOOKING 

DOWNSTREAM
ALONG Z DIRECTION 

+-NB .-SL.ems 
- - - - - - - - - - - - - - - - - - - -- N 7 

N61---------------------~ 

- - - - - - - - - - - - - - - - - - - - NS 
N~~--------------------1 

- - - - - - - - - - - - - - - - -, - - - - N3 
N2i-------------------------1 

- - - - - - - - - - - - - - - - - - - - - N1 

~----------- ,...,66cms 

FIG.2·9(e) 

+X 
.......... 

+Y t 
M'20 M

1
19 M'18 M117 M116 

-- - - --- --- -

M'lO M19 M'S M'7 M1 6 

-4--------- - 3·8 m 

M' HODOSCOPE 

M'lS M'l~ M'13 M'12 

- - - - - - --- -- -

M'S M'~ M'3 M'2 

'• 

M'11 

1 
..... 2-tm 

- ---

M'l 



29. 

CHAPTER 3 

SET-UP AND DATA-TAKING 

3.A INTRODUCTION 

This Chapter describes some aspects of the set-up and data-

taking in the experiment. Sectiors3.B and 3.C are mainly concerned 

with the electronic logic, the first describing the philosophy of 

the trigger and its associated fast electronics, the second looking 

at the gating and read-out logic. Section 3.D contains a description 

of the on-line program and of the various monitors necessary for the 

running of the experiment. Section 3.E contains some details of the 

setting-up of the scintillation counters and the trigger. Two additional 

necessary measurements are described in the· last two sections of this 

Chapter. Section 3.F looks at an experimental estimate of the residual 

pion contamination of the muon beam and Section 3. G describes the 

measurement of the magnetic field of the CCM. 

3.B FAST ELECTRONICS 

The purpose of the fast electronics is two-fold. Firstly, 

it recognises and provides a trigger signal when a muon scatters out 

of the beam. Secondly, it forms various coincidences which are 

recorded on visual and CAMAC scalers. This scaler information is 

useful. for hardware debugging and for the setting up of the trigger 

and essential for various calculations in the analysis. 

Muon Scattering Trigger - Figure 3.1 is a schematic attempt at a three-

dimensional picture of how a scattered muon "sees" the triggering counters 

t 
I 
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and hodoscopes. Figure 3.2 is a simplified diagram of the apparatus 

showing the trigger logic. Basically the requirements for a scattered 

muon are that: 

(a) it should be in the beam upstream of the target, 

(b) it should not be in the beam at the K beam veto counter, 

(c) it should go through one of the elements Gl-Gl8 in 

the G hodoscope, 

(d) it should go through at least one of the M, N, M' 

hodoscope elements that are in the chosen acceptance 

region. For the datasets on which this thesis is 

based, these elements are Ml-M22, M'l-M'20 and Nl, N2, 

N3 and N13. 

From these requirements it is seen that the coincidence defining a 

scattered muon is B.R.G.M, the 11
•

11 symbol representing a logical AND. 

Using the "+" symbol to represent a logical OR, K, G and M are defined 

...J 

I 
' 

as follows: 

t:: = Kl + K2 + K3 

18 
G = I G. 

i=l 
1. 

22 20 
M= r M. + I M'. + Nl + N2 + N3 + Nl3 

i=J 1. i=l 1. 

The definition of the beam, B, is slightly more complicated. The simplest 

construction of B, which is a coincidence of T = Tl.TlA.T2.T3 vetoed by a 
. 

hit in any of the beam veto counters Vl, V2, V3, V4, VS and the Halo 

Veto hodoscope, has to be modified to allow for two effects of the time 

structure of the muon beam. The, first effect arises when there are 
. -....JI 

two or more muons in the same r.f. bucket - see Section 2.B. In this 

case the T coincidence will register one count and should one of the 
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muons scatter in the target, the event will be vetoed by the other 

muon(s) going through the K counter. To ensure that the beam and triggers 

are being scaled accurately all r.f. buckets that contain more than one 

muon must be rejected. This is effected by demanding that each of the 

beam hodoscopes BH2, BH3, BH4, BHS and BH6 do not have two or more 

elements hit. This condition also helps reject beam muons that have 

interacted in the material in the beam line. The second effect arises 

when two muons come down the beam line in successive r.f. buckets. 

The problem occurs if the first muon showers in the 240 cm steel wall, 

thereby producing large pulses in the K counters. These large pulses 

might disable either the photo-tube bases or their associated dis-

criminators such that the K-veto cannot produce a pulse when, 18 nsec 

later, the second muon passes through it. The logic will then say that 

the second muon has satisfied condition (b) above. In these cases 

random coincidences between the G and M hodoscopes or halo particles 

going through the G and M hodoscopes can produce damagingly large 

numbers of spurious triggers. To avoid this situation, the coincidence 

Tl.T3 in one r.f. bucket vetoes the next r.f. bucket. So defining: 

T = Tl.TlA.T2.T3 
20 

V = Vl + V2 + V3 + V4 + VS + E HVi 
. i=l 

RF = (Tl.T3) in previous r.f. bucket 

·then it is seen that 

B = (T.BH.RF).V 

HV = Halo Veto 
hodoscope 

One can comment that the reason why one needs both G and M in coincidence 

in the B.K.M.G trigger is to avoid triggering on those muons that scatter 
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in the three walls - 5 cm steel, 40 cm lead and 240 cm steel - and hit 

the M counter hodoscopes. 

Electronics-Figure 3.3 is the complete diagram of the fast electronics. 

The apparatus is triggered on the B.K.M.G coincidences described above 

and on every 4 millionth beam muon, the latter being labelled as beam 

events. These "imbedded" beam triggers provide an unbiassed sample 

of the beam well dispersed within the data, with which to calculate the 

efficiency for tagging the incoming muon beam. These triggers also 

turn out to be extremely_ useful in the data analysis for calculating 

COl.Dlter positions and for detennining Various inefficiencies in the 

apparatus~ In addition to this basic trigger, B.R.M.G + imbedded 

Beam, the apparatus may be triggered by various other coincidences 

-such as B, B.~.M, B.~.M.H, V.G.H. The most useful of these proved to 

be the beam trigger, B, and the halo trigger, V.G.H, and a few runs 

were taken with each of these triggers. ·These rWls' are mainly useful 

for checks on the beam apparatus and for aligning the wire chambers of 

the experiment. The beam hodoscope elements and the G, H, M, N, M' 

hodoscope elements are all latched - i.e. tested to see if they are lit -

after a trigger pulse~ This latching information is used to determine 

the timing of tracks found in the spark chambers by the subsequent 

track-finding analysis. The coincidences marked scalers in Figure 3.3 are 

all read into CAMAC and in addition the more important ones are displayed 

on visual scalers at run time. The quantities B, T, V.G.H. (halo) and the 

nwnber of protons incident on the primary target are displayed on a 

main ring acceleration pulse to pulse basis. These enable a close watch '-tJfl 

to be kept on the performance of the muon beam line and are extremely 

useful when beam tuning. One should also take note of the various 
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"delayed" coincidences - these may be recognised by the "lit" symbol 

in their names in Figure 3.3. These are set up by delaying the relevant 

signal by an integral number of r.f. buckets - usually three. 111ese 

delayed coincidences are a direct measure of the various random rates 

in the experiment. At run time these rates enable one to appraise the 

quality of the beam and of the data being collected, and in the analysis 

they arc used for calculations of the correction that must be applied to 

remove the more obvious random losses. 

3.C GATING AND EVENT LOGGING 

When the fast electronics generates a trigger, the fol lowing 

actions have to be taken to successfully reco.rd the event information 

onto magnetic tape. 

(a) The counters have to be latched and read into CAHAC. 

(b) The MWPC wire information has to be stored. 

(c) The spark chambers have to be fired and their wire 

information stored. 

(d) The wire information has to be decoded into CAf·IAC format. 

(e) The event information - i.e. counter latches, scalers, 

ADCs, wire information - has to be read from CAMAC 

into the on-lin~ computer. 

(f) The event information has to be re-organised and blocked 

and written onto tape. 

In addition to these tasks, two gating pulses have to be 

constructed for the fast electronics and CAMAC. The first, Gate 1, disables 

the trigger and scalers during the time the spark chambers are firing 

J 

and ensures that the scalers do not pick up spark chamber noise. The second, 

Gate 2, disables the ti:igger and scalers during the time taken to record 

the event information. 

Figure 3.4 is a diagram of the logic controlling the timing 

s,cquence of the abo\'C actions and the construction of Gate 1 and Gate 2. fi 
·1·1 



34. 

The timing sequence is controlled by the RUN box - the master 

gate of the experiment. The START and STOP pulses are derived from 

the main ring clock pulse and ensure that data taking occurs during the 

accelerator extraction only. The RUN input stops data taking and is 

' used to stop event logging when changing runs or checking hardware 

faults. Figure 3. S shows the simplified timing sequence produced by 

the RUN box on receipt of a trigger from the fast electronics. The 

trigger pulse is fanned out to produce six "prompt" - i.e. within 10 nsec -

outputs. First the prompt outputs open the gates on the scintillation 

counter latches and on the MWPC read-outs. The spark chambers fire 

within 100 nsec of receiving a prompt signal to do so. When the 

spark chamber noise has died down, the various chamber read-out systems 

set to work on decoding the wire information into CAMAC output format.· 

To get some idea of the time scales involved in these operations, one 

may corranent that the spark chamber noise dies down in typically a few 

microseconds and that it takes a few milliseconds· for a magnetostrictive 

pulse to travel along its spark chamber wand. 3 µsec after receiving 

an input trigger, the RUN box triggers the on-line computer. The latter 

reads the event information in the following order:- the latches and 

scalers, the MWPCs, the shift register chambers, and the magnetostrictive 

chambers. When this reading is completed, the computer sends a signal 

back to the RUN box •. The whole reading-out process takes on average 44 msec. 

to complete from the time a trigger pulse goes into the RUN box. The 

R™ box also has a fixed delay which was set to 30 msec during data-

taking. If the computer reset comes in before this time, the RUN box 

waits \llltil the end of this fixed delay before accepting any more 

triggers. If the reset comes in after the end of the fixed delay, the 
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RUN box may accept triggers immediately. This means that the dead-time 

of the apparatus is at least this fixed delay for every trigger and 

ensures that the magnetostrictive spark chamber power supplies have 

sufficient time to recover and thus be sparked efficiently again. 

Figure 3.6 is a schematic diagram of how the two experimental 

gates are constructed, Gate 1 is necessitated by the fact that the 

magnetostrictive spark chambers generate a large amount of r. f. noise 

when being sparked, This can cause cotmting errors if it is picked up 

by the scalers. Gate 1 gates off scalers for 5 µsec after a trigger 

goes into the RUN box. Any scaler that.is said to be "ungated" 

is in fact gated by Gate 1. Gate 2 is used to gate off the scalers while 

the event information is being read into the computer - i.e. from the 

time the trigger goes into the rtm box to the time the latter is ready 

to accept more triggers. Any scaler that is gated by Gate 2 is said to 

be "gated". Both Gates 1 and 2 are of course off outside of the main 

ring beam spill or when RUN is holding the event taking. It is apparent 

that the tmgated scaler numbers derive from the total available beam 

and the gated scaler numbers from the beam actually used by the experiment. 

Comparison of gated coincidences to the corresponding ungated coincidences 

give a monitor of the experimental dead-time. 

Table 3.1 contains a list of all the gated and tmgated scalers 

accumulated in the experiment together with their values from some 

typical nms. Table 3.2 lists some rates calculated from these numbers. 

3.D ON-LINE CONTROL AND mNITORING 

The on-line data acquisition system is centred on an XDS ~3 

computer. This has 64K of 16-bit core memory and I megabyte 

disk. Its peripherals include a card reader, a teletype, two 9-track 

800 bpi tape drives, a line printer and a Tektronix 613 storage scope. 
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It is also attached to the CA~~C system of the experiment. 

On-Line Program - The ~n-line program has two major functions. 

Firstly, it has to control the hardware and log the event information. 

Secondly, it has to calculate, accumul~te and display various 

quantities that indicate how well the apparatus is performing. Obviously 

these functions must be ordered such that the system collects data in 

preference to displaying information. To this end, the computer has a 

series of interrupts to which various tasks may be assigned. These 

define an order of priority such that if the computer receives an interrupt 

higher than the one it is on, it will stop the task it is doing and 

proceed on to the task associated with the higher interrupt. On completion 

of this task, it goes back to the task associated with the lower 

interrupt. 

Figure 3.7 is a simplified flow diagram of the on-line program. 

The event information is read out from the CAMAC. It is then 

organised and blocked into 600 word records. The number of records 

per event depends on the complexity of the event - i.e. the total number 

of sparks. It is typically 2 and can be up to a maximum of 4 records 

per event. The information in these records is in the order:-

scaler and cotmter latching information first, the MWPCs, Muon and 

downstream momentum measuring planes second, and the Photon and Neutron 
·-

chambers last. As the latter are associated with by far the largest 

number of sparks - generated by the various showers - the above order 

ensures that in the rare case that an event overflows the maximum 

number of records, the most essential information is always written. 

The records for events within one beam spill are stored in core. There 

is room for 20 records which sets a limit of about 10 events/pulse in 

the experiment. At the end of the beam spill all the events collected i~ 

that spill are written onto tape. 
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The tasks above are set on the highest interrupts and are always done 

first. While the on-line program is not reading and writing data: 

(a) it monitors the beam-line magnet currents and also the 

current in the CCM. This is done once a machine spill and 

the information from the CCM and the 04 dipole magnets is 

recorded so that it can be written into the event records. 

(b) It accumulates various counter and coincidence rates and also 

the spark distribution patterns of the wire chambers. This 

information - called a SAGA output - may be printed out at 

any stage and provides the first indication of any apparatus 

malfunction. 

(c) It displays events on the storage scope. This display has a 

simple · version of the track finder and gives an indication as 

to the quality of data being taken. Various wire chamber read

out problems - such as dropping bits in the spark addresses or 

missing the fiducial sparks - can be diagnosed by looking at 

the event displays. 

(d) It displays on the storage scope various histograms - such as 

plane by plane spark distributions and beam phase space histo-

· grams - and other information. These are useful for specific 

hardware debugging. 

The choice of the various on-line program options lies with a 

set E>f 32 sense switches and two thumbwheels that are linked to specific 

addresses within the E3 core memory. 

Additional Monitoring - In addition to this monitoring of the apparatus 

by the on-line program. the experiment also has access to the Neutrino 

Laboratory's monitoring and control system. This system gives.the status 
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of the accelerator and of the beam-line magnets and enables the 

experimenters to tune the muon beam. FNAL also has a TV network 

which provides more or less general information about the running 

of the entire laboratory and indi<_:ates how the experiment stands vis

a-vis the rest of the FNAL experimental program. 

Two other monitors should be mentioned at this stage. Firstly, 

the hydrogen target has its own safety and control system and checks 

can be made to establish that the target is indeed full or empty. 

Secondly there is a storage scope display that :;hows the intensity 

distribution of the beam within the beam spill. Superimposed on this 

display is the distribution of triggers within the beam spill. This 

allows a check to be made to see if events are associated with any time 

structure - i.e. high intensity spikes - in the muon beam. 

3.E TRIGGER SET-UP AND DATA TAKING 

One aspect of the experiment for which the author had particular 

responsibilities was the scintillation counter system. This section 

starts off with a 'brief outline of a few techniques in the setting-up 

of scintillation counters - the operational details of and physics underlying 

scintillation counters may be found in Ref. (SS). It then goes on to 

describe the trigger set-up and makes a few observations on actual 

data taking. 

Clipping - The technique of clipping is used to shape the ou~put pulses 

of photomultiplier tubes and of the various logic uni ts used in the 

electronics. This is done by combining the direct output pulse with 

its reflection in a short length of cable. A pulse, its reflection in 

a length of cabl.e open-circuited at the end, and its reflection in a 

len2th of cable short-circuited at the end are shown in Fi2. 3.S(a). 
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Two ~pecific uses of clipping are described here. The first uses an 

almost shorted clipping cable - i.e. a cable with 10-4CX2 at its 

end - to shorten the width of the photomultiplier output pulse - see 

Figure 3.8(b). Although the tube base has to be rtm at a higher voltage 

to produce a given pulse height - giving rise to higher noise rates -

it is found that for high pulse rates the discriminator to which these 

pulses feed works more efficiently for narrower input pulses. All 

the counters with high rates - i.e. those in or near the beam - are so 

clipped. 1be second mode of clipping is illustrated in Figure 3.8(c). 

An open clipping cable is used to double the width of an output pulse 

from a discriminator. This has the advantage that in the second half 

of the clipped output pulse the discriminator is actually ready to 

accept another input pulse, thereby reducing the discriminator dead

time for a given width output. 

Plateauing -·It is obviously important to ensure that the scintillation 

co\lllters in the experiment are highly - i.e. >99% - efficient in 

detecting particles that go through .them. Plateauing a counter deter

mines the lowest voltage - and hence the lowest noise rate in the counter -

that is requi~ed for the phototube base consistent with this high 

efficiency. 1be set-up used to plateau the counter C2 is schematically 

illustrated in Figure 3.9(a). A coincidence of the counters Cl and C3 

are used to define particles that go through C2. Using the above circuit 

the rate Cl.C3.C2/Cl.C3 is obtained as a function of the voltage on 

the C2 phototube base. Figure 3.9(b) shows a typical plot of the 

variation of this rate with the base voltage. The flat portion of the 

curve - called a plateau - corresponds to where C2 begins to register 



all the particles going through it. The C2 phototube base voltage 

is set 50-100 volts - this being a good safety margin - above the 

shoulder of the plateau, thereby ensuring a high efficiency and a 

low noise rate for the counter. Two additional conunents may be made. 

Firstly the transit time across a photomultiplier tube varies as 

a function of the voltage on the tube - typically 0.5 nsec per 100 

volts, total transit times being approximately 30-40 nsec for most 

of the tubes used in the experiment. Because of this the Cl.C3 

coincidence is made quite wide ensuring that the C2 signal is still 

in time over its entire voltage range. Secondly, if C2 is a large 

counter, care has· to be exercised to ensure that it is plateaued 

over its entire area. This is most easily done by overlapping Cl and 

C3 with that part of C2 that is furthest from the C2 photomultiplier 

Timing - Having determined and set the plateau voltages on all of the 

counters, the next stage in the electronics set up process is to 

ensure the counter pulses associated with any particular event arrive 

at the various coincidence units of the fast electronics at the same 

time. Looking back to the electronics diagram, Figure 3.3, it is 

seen that this may be achieved by timing in the beam counters - both 

trigger and veto counters - relative to each other and by making the 

outputs of the B, K, G, H and M fanouts equal time with each other. 

The basic circuit used for timing, Figure 3.lO(a), is essentially 

the same as that used to plateau counters. This time however the 

Cl/C3 coincidence is made as narrow as possible and the rate Cl.C3.C2. "'-" 

Cl.C3 is plotted as a function of the delay in the C2 signal, this 
. . 

-rate being a maximum at the timed positiqn. In practice the timing 
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of all the COWlters in the experiment is done relative to the T3 

signal. T3 is a small counter approximately 9 cm in diameter. Its 

discriminator output is set to give a very narrow - 3nsec - output 

pulse. Using an oscilloscope, the coincidence Cl.T3 is roughly timed 

by ensuring that the T3 signal lies within the Cl signal. The output 

from this coincidence is a pulse whose width is the same as T3 and whose 

timing depends only on T3. A plot of the rate Cl.T3.C2/Cl.T3 against 

the delay in the C2 signal will then give the timing of C2 relative 

to T3 independent of the exact timing of Cl. Figure 3 .10 (b) shows 

a typical timing curve. For a counter or set of counters that are 

to be used in veto, a plot of the rate Cl.T3.V/Cl.T3 as a function 

of the delay on V is made, this rate being a minimum at the timed 

position. 

The timing of the large hodoscope elements requires a little 

more effort. These elements are made of type NEllO scintillator 

which has a refractive index of 1.5. This means that for a counter 

of length 1, there is a slop in the timing of the output pulses of 

approximately 2.2 1/C - C = speed of light and allowing for reflections 

in the scintillator - depending on ~~actly where the particle goes 

through the COWlter. Because of this, care has to be taken to ensure 

that the signal from a long counter is in time regardless of exactly 

where the associated particle goes through it. To demonstrate how 

this'is effected, the timing of the G-hodoscope is specifically des-

cribed. Figure 3.ll(a) shows the electronics associated with the G-

hodoscope. An wideflected beam - i.e. with the CCM off - is defined by 

a coincidence of T3 and a small counter X set-up ·at the back of the 

apparatus. The beam so defined passes principally through the GlO 

' i 
I 
! 

I 
I 
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element at its end furthest from the photomultiplier tube - this 

corresponds to the latest G signal. The output of the G discriminator 

is clipped so that its total output width is approximately 2.2 !/C + 10 nsec, 

This corresponds to about 30 nsec for the 3 metre long G hodoscope 

elements. A T3. X coincidence is made at. the T coincidence unit -

see the fast electronics, Figure 3,3 - and fed through the logic to 

the B fan-out. The delay on the G signal is then fixed by triggering 

an oscilloscope on the G fan-out signal and arranging for the B fan-out 

signal to arrive S nsec after the G signal - see Figure 3.ll(b). This 

ensures that the latest possible G signal is still in time with B and 

the width of the G signal ensures that all other G signals will also. be 

in time. This process is repeated for the other hodoscopes and the B 

signal is placed inside the hodoscope depending on exactly where the beam 

intersects with the hodoscope elements. 

CoWlter Geometry - Having cabled up and timed in all the electronics, 

the next stage of setting-up is to determine the optimlllll positions of 

the beam. veto counters and the Triggering configuration of the M, N, 

M' counter elements - see Sections 2.C and 2.0. The holes in the veto 

coWlters VI, V2, V3 and V4 are set so as to be smaller than the 

aperture of the 04 dipole magnets. This helps to reject beam that 

is degraded in energy by scraping the insides of the 04 magnets. The 

VS hole is set so that the beam, after it has been deflected and 

dispersed by the CO.I, still lies within the K-counter. Horizontal 

and vertical scans of the K-counter are made. Plotting the B.K/B 

and B.R.M.G!B rates as a function of the X and Y co-ordinates of the 

K-coWlter gives the optimum position for the K. Next various com-

binations of elements of the H, N, M' hodoscopes are tried in the 

trigger and various trigger rates determined. Ultimately the geometry 

11 
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of the muon hodoscope elements used in the trigger is that which 

gives a data taking dead-time of 20-30% - i.e. approximately 5 

triggers per beam spill - and which also triggers on the most 

physically interesting events. In going from a 147 GeV/c incident beam 

to a 96 GeV/c incident beam, the magnetic field of the CCM is likewise 

scaled - i.e. 15 kilogauss for the 147 GeV/c data and 9.45 kilogauss 

for the 96 GeV/c data. Because of this the position of the K-veto 

and the configuration of the rnuon-hodoscopes does not have to be 

changed, and indeed checks are made to ensure that this is in fact the 

case. 

Data-Taking - Finally to end this section the following few observations 

may be made. When everything is running smoothly, the whole experiment 

can be operated by two persons. During the course of an eight-hour 

shift, a continuous watch is kept on the various monitors and on 

the beam-line. Various parameters in the experiment itself - such 

as counter voltages, the chamber voltages and gas systems, and the 

status of the read-out system - are checked once a shift. The SAGA 

outputs are printed out and checked every 1500 or so triggers. ~~en 

the beam intensity is 106 muons/machine pulse, data tapes are written 

at the rate of approximately one every two hours and contain 5000-6000 

triggers. In all apout 140 data tapes were written during the course 

of the three-month running period on which this thesis is based, split 

65/75 between t~c 147 GeV/c and the 96 GeV/c datasets. 

.• i 
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3.F PION CONTAMINATION OF nrn MUON BEAM ( 56) 

A pion in the muon beam can cause an apparent muon scatter if 

firstly it interacts in the target and secondly one of the secondaries 

of this interaction decays in flight into a muon before reaching the 

240 cm steel wall. Crude assumptions about the interaction cross-

section of pions and about the energies and numbers of the various 

products from pion interactions suggest that this effect will give 

of the order of 0.01 event triggers per incident pion in our experi-

mental configuration. An experimental estimate of this pion contri-

bution to the trigger rate was made by measuring various coincidence 

rates for different lengths of the high density polyethylene absorber 

in the D3 - see Section 2.B - dipole magnets. The results of these 

'j7 .. ·· ~ I 

' 
.·~ 

,;, .• 1. -

measurements are given in Table 3. 3. ·..,./ 

The coincidence B.N.M represents the number of particles in the 

beam that do not appear at the muon hodoscope plane. Figure 3.12 is 

a graph of the B.N.M/B rate as a fWlction of 1, the length of high 

density polyethylene absorber. An exponential drop in this rate-· 

associated with the removal of pions from the beam - followed by a 

flattening off in the rate - consistent with the estimated number 

of positrons from muon decays after the polythene absorber - may be 

discerned from this graph. , 

The w/p ratio in the beam is expected to vary exponentially as 

a f\Dlction of the length of polyethylene absorber. 

where L = 
0 

pion absorption 
length in the high 
density polythene 
and N , N~ are the 
nt.unbe¥s of pions and 
muons • 

"'' ·Il 
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If it is assumed that the measured B.N.M/B rate at 1 = 63 ft is 

predominantly due to positrons in the beam, then 

N (1) 
1r 

-N-
).1 

- B.N.M 
B 

B.~.M ( 63 ft) (1) for small pion 
contaminations. 

From the n/~ ratios for 1 = 40 ft and 1 = 50 ft of absorber, it is 

trivial to calculate Lo is approximately 4 ft and that 

N (63 ft) 
1r 

This ratio indicates an event rate due to pions of the orde·r of 

1.6 x 10- 8 per incident muon for an absorber length of 63 ft. 

Looking directly at the event trigger rates - i.e. B.N.M.G/B rates 

and assuming that the measured rate at 1 = 63 ft is predominantly 

due to muon interactions, it is seen that 

B.N.M.G 
B ( 

63 ft;) 
du~ to 

= [B.~.M.G ( 40 ft; ) 
B · measured 

- B.N.M.G(63 ft; )~* 
B measured~ (

-23) exp T 
pions 

1bis estimate of the contribution to the trigger rate from a 

pion contamination in the beam is in substantial agreement with the 

above order of magnitude estimate of 1.6 x 10-a for this rate. 

· In the end a total length of 76 ft - 23 metres - of high 

density polythene absorber was used in the 03 dipole magnets. This 

reduces the pion contamination to approximately 10-7 per muon and the 

pion induced event rate to the order of 10-g per incident muon. At 

this level, the pion contamination of the muon beam is quite negligible. 
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3.G TI1E MAGNETIC FIELD OF THE CCM 

This Section gives a brief description of the measurement 

of the magnetic field of the CCM and the use of the CCM as a 

spectrometer magnet. A more complete account of the field mapping 

may be found in Reference (57). 

Field Measurement - Hall probes(5S) are used to measure the magnetic 

field of the CCM in preference to the more accurate NMR method for 

two major reasons. Firstly, the NMR method requires a uniform magnetic 

field and measures only the magnitude of this field. The CCM field 

varies both in magnitude and direction as function of position. 

Secondly, Hall probes are considerably easier and quicker to set up 

and use. 

In view of the cylindrical symmetry of the CCM, two Hall probes 

were used to measure respectively the vertical, By, and the rac;tial, 

Br - components of the CCM magnetic field at a series of grid points 

in a cylindrical co-ordinate system whose origin lay at the centre 

of the CCM. These grid points are listed in Table 3.4 and their 

extent is indicated in Figure 3.13. No attempt was made to measure 

the angular component, B
0

, of the magnetic field. The Hall probe 

motmt was attached to a rigid vertical bar fixed on a pneumatic 

crawler, the latter running on a horizontal railway 190 inches long. 

11\e. details of this arrangement are illustrated in Figure 3.14 and a 

complete description of the entire device may be found in Reference (59). 

11\e railway bar sat on the lower pole-face of the CCM. It could be 

arranged for either its middle or one of its ends to coincide with 

the centre of this polc-!ace. Rotations of the railway bar, in the 

horizontal plane, about this centre generated the a-values of the grid-

points. The pneumatic crawler moved between machined notches on the 

.. 
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railway bar, this movement generating the radial co-ordinate. The 

Hall probe mount could be moved up and down to fixed points on the 

vertical bar, thereby generating the vertical, Y. co-ordinate of the 

g:id points. The whole system was aligned to ensure that the origin 

of the cylindrical co-ordinate system coincided with the origin of 

the experimental system. 

The two Hall probes were maintained at a constant temperature 

inside a protective jacket. The control current was fixed at (100 ± 0.3) mA 

by the use of a very stable power supply. They were both calibrated 

relative to NMR readings at the centre of the CCM for the full range 

of the central field. The outputs of the Hall probes and the various 

control voltages were displayed on a scanning DVM that could be read out 

into the on-line computer. Once the vertical height of the Hall 

probe mount and the angular position of the railway bar were set, 

the pneumatic crawler traversed the length of the railway under computer 

control, stopping long enough at every notched position for the out-

puts of the Hall probes and their positions to be read and logged onto 

magnetic tape. In this way entire field maps were constructed for 

currents in the CCM corresponding to 15.0 and 11.S Kilogauss. In 

addition, scans were made in the central plane for other values of the 

CCM current. 

Using the calibration data the magnetic field is fitted as a 

polynomial function of the Hall voltage, V. The fllltction is predominantly 

linear but tenns up to v5 are retained. The field maps are checked 

and corrected for possible alignment and positioning errors and the 

magnetic field is then calculated. Figure 3.lS(a) is a plot of the 

central field of the CCH versus the CCM current. This is called the 

f 
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"excitation" curve of the magnet. Figure 3.lS(b) is a plot of By in 

the central horizontal plane - i.e. the Y = 0 plane - as a function of 

the radial co-ordinate. 

Spectrometer Magnet - Thete are three major advantages in using the 

CCM as the momentum analysing magnet for the experiment. Firstly 

it has a large X, Y aperture and hence good acceptance for the forward-

. going particles from interactions in the target. Secondly, the large 

value of its field integral ensures good dispersion of - and hence also 

good momentum resolution for - the charged, forward-going, interaction 

products in the downstream spectrometer. Lastly, the CCM magnetic 

field is cylindrically symmetric about the Y-axis. Figure 3.16 shows 

a charged particle, in the central X-Z plane, bending in the CCM 

magnetic field. It is easy to show that for a cylindrically symmetric 

magnetic field OE = OF = b. This distance b is known as the impact 

parameter of the particle track. The equality of the impact parameters 

of the upstream and downstream tracks in the bending plane of the CCM 

affords an extremely simple method of associating tracks that belong 

to the same particle trajectory. Linking upstream and downstream 

tracks in the non-bending Y-Z plane is even simpler. The particle 

trajectories are essentially straight lines - two very small corrections, 

called vertical focussing, and the helix correction, to this assumption 

are described in Ref. C54l •. , The linking data itself is shown in the 

event reconstruction description in Section 4.B. 

From the measured field map, the parameters B and R of the 
0 

equivalent hard edge field model arc calculated - i.e. the actual field 

is approximated by one which is equal to a constant 8
0 

inside of a 



cylinder of radius R and is equal zero outside of this region. This 

is done by tracking a set of trajectories through the magnet using 

the measured field and comparing the tracks so obtained with those 

obtained by applying the hard edge field to the same set of trajectories. 

Minimizing the differences between the tracks given by these two 

methods gives B
0 

and R. For the 15 kilogauss field map B
0 

= 15 

kilogauss R = 2,4709 metres. The momenta of particles going through 

the magnet are easily calculated from ~hese Earameters, B0 and R, 

of the hard edge field and the bend of the projection of the particle 

trajectoryon the X-Z plane - see Fig. 3.16. 

Finally, two negative aspects of the CCM should be mentioned. 

Firstly the high residual radio-activity of the pole-tips causes a 

large number of extra sparks in the 2m x 4m Shift Register chambers 

immediately downstream of the CCM. These spurious sparks cause con-

fusion in the determination of the event-associated tracks in these 

chambers. Secondly the CCM has a large fringe field. Certain apparatus -

i.e. photomultiplier tubes and magnetostrictive chambers - cannot 

work in a large magnetic field and have to be shielded and kept well 

away from the CCM. Also low energy particles in the upstream MWPCs 

will bend in the fringe field causing possible losses in the detection 

efficiency in this region. 
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TRIGGER AND INTERRUPT SEQUENCE 
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TABLE 3.1 

SCALER OUTPITTS FOR A FEW TYPICAL RUNS 

147 GeV/c Incident Beam 96 GeV/c Incident Beam 

Run 886 Run 897 Run 1005 Run 930 
Target Full Target EmEty Target Full Target EmEtY 

Ungated Scalers 

Beam 708983813 1047827438 537712203 827187423 

V.G.H. Halo 1025701107 1432897211 1699160537 2169624275 

B.R 76884 102315 90717 127506 

.B.K.M.G. 7861 5665 7709 6017 

Tl. T2. (T3)t.t 125098774 119737318 72499214 118858156 

T.(V)t.t 1225946483 1754445164 944100387 1543378729 

!""""'-
B. (R) t.t 584413288 904329250 470927348 719756i46 

B.I.:. (M.G. V)t.t 583 752 621 1144 

Gated Scalers 

T 949610999 1637040582 789389089 1487527129 

T.V 581228531 1025614149 458760883 805180697 

T. (V)t.t 812236418 1451362129 684973565 1282528176 

Beam 463933698 866215609 385060859 686986085 

B. (K)t.t . 387138080 755346731 341543881 604536916 

V.G.H Halo 681125156 1200614121 1234895849 1732309585 

Tl. T2. (T3)M 82685570 100074191 52705960 99958670 

B.R 50796 85414 65505 106966 

B.R.M 13582 19910 16014 23867 

B.R.M.G 5235 4703 5576 5005 

B.Ji!..(M.G.V)t.t 371 600 437 955 

B.R.M,(G.V)f.t 714 868 955 1140 
,,..._._ 

B.R.G. (f.I. V)M 1374 1846 2711 2010 

Imbedded Beam Trigger 220 376 192 324 

..53"" ' 
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TABLE 3.2 

SCALER RATES FOR A FEW TYPICAL RUNS 

147 GeV/c Incident Beam 96 Gev/c Incident Beam 

Run 886 Run 897 . Run 1005 Run 930 
Target Pull Target Empty Target Full Target Empty 

T.V/T 0.612 0.626 0.581 0.541 

B/T 0.488 0.529 0.487 0.462 

B/T.9 o. 789 0.844 0.839 0.853 

T. (V)t\t/T 0.855 0.886 0.867 0.862 

Tl. T2. (T3) t\ t/T 0.087 0.061 0.066 0.067 

V..G.H/B 1.468 1.386 3.207 2.521, 

. B.R/B 1.09E-4 O. 99E-4 1. 70E-4 l.55E-4 

B.R.M/B 2.92E-5 2.29E-5 4.15E-5 3.47E-5 .., 
B.KM.G/B ll.28E-.6 5.42E-6 14. 48E-6 7.28E-6 

B. (K)t\t/B 0.834 0.876 0.886 0.880 

B.R.(M.G.V)t\t/B 0.80E-6 0.69E-6 l.13E-6 1. 39E-6 

(B Gated)/(B Ungated) 0.654 0.826 o. 716 0.830 

B.X.M.G/ B.RM.G 0.665 0.830 o. 723 0.831 
Gated Un gated 

B ~ 106 muon/pulse 

P~otons ~ 8 x 1012 proton/pulse 

Spil 800 ms. Pulse rep rate 1 every 7.2 seconds. 
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Table 3,3 

u-i2 target, Triplet train, 150 GcV beam tune. 

Absorber 
Thickness B.~/B B.N.M/B B.N.M/B B.N.tl.G/B -.-
20 1 (Cu targ) S. 7SE-3 

401 S.70E-4 7, 14E-S 4.90E-4 22.60E-6 

50 1 l. lOE-4 l.49E-S 0.9SE-4 10.00E-6 

63 1 0,70E-4 l.04E-S 0,60E-4 9.SOE-6 (low Q2 N) 

63 1 0.68E-4 0,90E-S 0,60£-4 6.SOE-6 

NOTE: Data taken in April 1974. At this time the N hodoscopc was 
being used instead of the K-counter as the beam veto. 
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Table 3.4 

Position of the grid points at which the CCM magnetic field 

was measured. Tile grid points lie on ~ cylindrical co-ordinate 

system (y J r1 e). 

Angular Position Radial Position Vertical Height 
e r y 

Steps A0 = 15° Ar = 3" Ay = 5" 

Extent e = oo to 360° r = 0" to 87" y = -15" to + 15" 

Extent e = 135° to 225° r ;., 0" to 177" y = -15" to + } t\ II 

-...J 

.1 



. ··------·-··.. . .................. - .. __ ' 
-- __ ........... ~----- .. ··- ··-·----.. --·- ......... -... ·-·--·-· .. -····---------------·----- -·--·- _.__ 

SKETCH OF 
MEASURING APPARATUS. 

Pneumatic 
control 

Toothed 
railway 

Optical 
alignment 

target 

Hall probes 
+10 and jacket 
0 

+8 
0 

NMR 
support 

J 



. 

........ ---?·•·- .. - ... _ - .• , ·:~:I'"."":"•-·.·------~··· .. -.·. --- .... ... .. ..... _,., ..... ~ .,. .... , .... ~-- .. ·-- .......... __ ......... . 

16 
Kgauss 

15 

.14 

13 

12 

11 

By 10 

9 

8 

7 

6 

5 
.. 

' , 

3 

2 

1000 
16 

Kgaus!> 
14 

12 
By 

10 

. 8 

6 

t. 

2 

30 
-. 

By 

, 
t 

FIG.3·15 (a) 

EXCITATION CURVE 

FOR CCM 

AT MAGNET CENTRE 

2000 3000 ,000 5000 Amps 

FIG.3·15 (b) 

Edge of 
pole 

piece. 

.60 90 120 150 180 
INCHES •'wtfll 

FROM CENTRE 

ALONG CENTRAL PLANE. 

"' ·Il 



FIG. 3· 16 

A 

O is the centre of the magnetic field 

A is the centre of the path ta.ken by the particle 

eb is the total bend in the field 

b is the impact parameter 

p is the radius of curvature of the particle track 

FOR A HARD EDGE FIELD IN WHICH 

Bo is the effective field in kilogauss 

R is the tffective field radius in metres 

2 21/2 9b p = AD+ DC = ( R - b ) Cot (T) • b 

p s: cBoP : 0.03 B0 p where P = momentum in GeV/c 
1010 

c = velocity of light in metres/sec 



CHAPTER 4 

DATA ANALYSIS - I 

4.A INTRODUCTION 

The description of the data analysis for this experiment is rather 

arbitrarily divided into two parts. This Chapter describes the 

sequence of operations necessary to obtain the distributions of raw 

events from the data runs. The next Chapter describes how the cross-

sections for muon-proton scattering and the structure functions of the 

proton are calculated from these raw nwnbers. 

This Chapter has five sections. Section 4.B describe$ the 

pattern recognition programs of the analysis. In these the raw event 

information as logged onto tape at run time is converted into particle 

trajectories and momenta. Section 4.C looks at the calculation of the 

positions and efficiencies of the downstream counter hodoscopes. The 

process of muon selection in the events is described in Section 4.D 

and finally Section 4.E describes the cuts made to the data to obtain 

the raw event distributions. 

Two additional comments may be made at this stage. The first 

concerns the units of length. In writing the on-line program and the 

raw data tapes it was found convenient to use 1/4 mm units in the X-Y 

plane and 1/4 cm W1its for the Z co-ordinate. These units were also 

adopted for the off-line analysis and hence the reader should not be 

t.oo surprised to find some lengths quoted in 
1 

/4 mm and 1 /4 cm. The 

second comment is that the data analysis is by no means as easy or as 

straightforward as this description suggests and that one often had to 

loop back and re-program previous steps at various stages of the 

analysis. 
, 

J 
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4. B EVENT RECONSTRUCT ION - TAPE SEQUENCING 

The raw data as logged onto tape by the on-line computer 

presents far too complex a task for a single program to decode and 

correct the raw data and to produce particle trajectories from it. 

It is fotmd convenient to divide the problem into three stages, tapes 

being written at the end of each stage. These tapes are all written 

at 6250 bpi and it may be commented that the resulting concentration 

of the data makes the physical problems of tape handling much easier. 

No cuts are made to the data in these three stages of the analysis 

and every trigger that is read off the raw data tapes is processed. 

Primary Tapes - The first stage of the event reconstruction process is 

by far the simplest. The raw data tapes are read and checked for simple 

tape-writing errors that might have occurred during data logging. Bad 

records are removed and the corrected data is written onto the primary 

tapes in exactly the same format as that of the raw data tapes. The 

latter then act as back-up copies of the data. 

Secondary Tapes - A few words about the structure of the raw data are 

appropriate at this point. At the beginning of .every run there is a 

set of header records - tmimaginatively called the "begin run records" -

vhlch contain information about the spatial configuration of the 

appar~tus and also information necessary to decode the event data. 

The event data records contain the packed counter latching and scaler 

information and the chamber sparks written essentially as the scanner 

addresses corresponding to the wires that fired in the various chambers. 

The purpose of the secondary stage of the event reconstruction 

is threefold. The first is to correct any of the begin run information 
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that was incorrectly entered at run time. The second is to unpack 

the counter latching bits and the scalers. Lastly, the program 

has to convert the spark addresses of the raw data into spark positions 

and spreads in real - i.e. X, Y, U, V - co-ordinate space. As one 

might expect the first two operations are straightforward and the 

real effort of this program is expended on the third. The entire 

process is called "scaling" the raw data and is executed one run at 

a time. 

To obtain real space sparks from the raw data, the alignment 

of the chambers has first to be checked and corrected. During the data 

taking, a few alignment rtms - i.e. runs with a beam trigger and no CCM. 

field - were logged onto tape. In these runs the beam muons provide 

straight lines through the apparatus, lines which may be used to check 

the relative alignment of the chambers. First the spark addresses 

of the raw data are converted into spark positions using the existing 

begin run information as input. The MWPCs in the beam apparatus - see 

Section 2.C - were accurately surveyed in by FNAL. Because of this 

the proportional chambers at the beam st~tions 3 and 4 are used to 

define the co-ordinate system, their separation - approximately 31 

metres - .being quite adequate to define the muo~ trajectory to better 

than j_ mm in the X-Y plane th~oughout the apparatus. The differences 

between the actual spark positions on a particular chamber plane and 

the positions predicted from the muon trajectory given by the beam 

chambers then give the shift that has to be applied to align the plane 

in question. The horizontal and vertical alignments of the Im x Im 

MWPCs upstream of the CCM fall out fairly readily from this procedure. ~ 

For the twenty momentum Il)easuring planes downstream of the CCM, 

additional investigations have to be initiated to check quantities such 
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as the angles of the wires to the vertical, the Z positions of the 

chambers and the fiducials of the magnetostrictive spark chambers. 

The Uuon chambers are first aligned relative to each other and then 

the system as a whole is aligned relative to the downstream measuring 

planes •. Little effort is expended in accurately aligning the Photon 

and Neutron chambers as these are used principally as shower counters. 

The MWPCs at the beam stations 1 and 2 are aligned by comparing the 

impact parameters of the beam trajectories upstream and downstream of 

the D4 dipole magnets at the centre of the latter magnets. This 

alignment correction affects only the incident beam momentum and the 

problem of the momentum calibration of the experiment is further dis-

cussed in Section 4.D. Next the data runs are used to look for any non-

linearities in the magnetostrictive chambers. Non~linear effects are 

schematically illustrated in Figure 4.1 and were foW1d in two of the 

}iuon chamber read-out planes. With all of the above corrections the 

chamber read-out planes demonstrate their theoretical resolutions of 

about I nun. 

Using the alignments so generated to correct the begin run 

"infonnation, the rW1 by rW1 scaling of the raw data is carried out. 

It is necessary to further check and correct the X, Y alignments on a 

rtm by rtm basis, principally because the properties of the magneto-

strictive read-out wires vary with time and temperature. These 

extra alignments - which may be as much as ±2 nun - are calculated 

by an automatic four-pass proc~dure that uses the first few hundred 

events of the rtm. The procedure uses a simple track-finder on the 

events and then minimises the differences between the actual values 

of spark positions and those calculated from the tracks found. The 

previous sets of data had a problem in the ~fi\'PC read-out - the noise 
t 
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from the spark chambers firing caused this read-out to lose bits, 

see Ref. (54). It is folllld that for the data on which this thesis is 

based this problem has been effectively overcome in the hardware. 

1:Jle final alignments obtained are used to generate the real space 

spark positions and spreads. The corrected begin run information 

followed by the scaled a.vent data is then written onto the secondary 

tape. The processing for this secondary stage of the event reconstruction 

takes about 40 msec per trigger. 

Tertiary Tapes - This stage is the pattern recognition stage of the 

event .reconstruction and uses the secondary tapes as input. The 

program concerns itself principally with finding tracks in the various 

sets of chambers and linking those tracks in the different sections 

of the apparatus that belong to the same particle trajectories. Before 

writing the tertiary tape, the program also makes a first attempt 

at vertex finding and muon selection. All the information required to 

carry out the latter is written onto the tertiary event buffer and 

indeed better attempts at muon selection and vertex finding are later 

made using the tertiary tape as input • . 
In order to find the particle trajectories from the real space 

sparks, the procedure employed looks separately at four regions of 

the apparatus. These regions are the beam, the lm x lm MWPCs, the Muon 

plane~ and the 20 momentum measuring planes. The second and fourth 

of these are also known as the upstream and downstream - re la ti ve to 

the CCM - regions of the apparatus. 
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Beam Reconstruction - It is self-evident that a successful beam 

reconstruction - i.e. an unambiguous calculation of the beam momentum 

and its trajectory incident upon the experimental target - is a pre-

requisite condition for the successful analysis of an event. For this. 

reason a systematic study of the performance of the beam apparatus -

see Section 2.B and 2.C - is made with a view to maximising the beam 

reconstruction efficiency. Looking back at Figure 2.3, it is seen 

that six points are needed to totally define the incident muon trajectory -

i.e. one X point at each of the four beam stations and one Y point at 

each of the beam stations 3 and 4. These points are independently 

produced and the overall efficiency of producing all six points is 

derived from six independent probabilities. Looking at the data in the 

beam chambers and hodoscopes it was decided that to have any chance of 

defining a point at each of the six positions of interest, one of the 

following four conditions must be satisfied for the appropriate Ml\IPC and 

beam hodoscope. These are in order of decreasing quality:-

(a) a single hit in the beam Ml'IPC masked by a lit counter 

element in the matching beam hodoscope. 

(b) a single hit in the MWPf: and no lit elements· 

in the hodoscope. 

(c) a single lit element in the hodoscope and no 

MWPC hits. 

(d) a single lit hodoscope element and an arbitrary 

number of MWPC hi ts. 

In addition for the two points at beam station 4 - which has a pair of 

X and a pair of Y chambers - matching hits from the pair are preferentially 

used, failing which the chamber which provides the better quality 

information is used alone. For a perfect beam apparatus, condition (a) 

would be satisfied at each of the s]X points. In practice however the 
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imposition of condition (a) only on each of the six points gives an 

overall efficiency of less than 50%. Efforts to improve this figure 

are helped by the large distances between the beam stations. This allows 

the use of cotmter information to provide adequate spatial resolution 

at beam stations 1 1 2 and 3. Using this fact, the conditions for 

obtaining a good beam trajectory may be stated as follows: 

(1) The X and Y points at beam station 4 must satisfy the 

above conditions (a) or (b). Beam station 4 is too 

near the experimental target to allow the use of spatial 

information from the hodoscopes alone. 

(2) The X and Y points at beam station 3 must satisfy the 

above conditions (a) or (b) or (c). 

(3) The two X points at beam stations 1 and 2 must satisfy 

the above conditions (a) or (b) or (c) or (d). 

(4) The beam trajectory generated from the six points so 

obtained must link to within 1 cm in X at the centre of 

the 04 dipole magnets. Figure 4.2 shows a histogram of 

this X-linking. 

(5) The beam trajectory must lie inside the apertures of the 

D4 dipoles at their entrance, centre and exit.-

Table 4.1 summarises some reconstruction efficiencies and beam 

statistics. 

Upstream Tracks - For the upstream region of the apparatus, track

finding is carried out separately in the X and Y views. Each view is 

searched for three or four point tracks that point back either to the ~ 

incident muon or the target region. A chisquared cut eliminates tracks 

that are less than 2% probable. In cases where two tracks share two or 

more common sparks, the track with the worse chisquared is eliminated. 
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Muon Chamber Tracks - The approach used to find tracks in the Huon 

chambers uti Uses the fact that these chambers lie close together 

relative to their distances from the centre of the COi and the target. 

In this method X, Y points are generated from the X, U, V sparks in 

the read-out planes. The program first looks in the X view, starting 

with the most negative spark - this may be in any spark gap. It 

then searches to see if there are at least two sparks in other gaps 

within a variable X road of the initial spark. Failing this it moves 

onto the next most negative spark and searches again, the process 

being repeated Wltil the above spark criterion is satisfied. The 

sparks thus found, together with the spark being tested, are least~ 

squares fitted for a straight line. A simple chisqrd cut corresponding 

to an error of 5 x 1/4 mm is imposed on the track - it should be borne 

in mind that the resolution of each plane is better than 2 x 1/4 nun 

and that the typical double spark separation is over 70 x 1/4 nun. 

If the track fails this cut, each of the additional sparks arc dropped 

in tum and another from the same gap is tried to see if the resultant 

track passes the chisqrd cut. Having foWld a good X track, the corres-

ponding Y values are searched for a track. The Y resolution of the Muon 

chambers, and indeed all the spark chambers in the experiment, is much 

poorer because the Y co-ordinate is derived from U and V read-out planes 

that have almost vertical wires. Because of this poorer resolution, 

a chisqrd cut corresponding to an error of 60 x 1/4 mm per Y point is 

employed to weed out the bad tracks. Having foWld a good X, Y track, 

the program drops the sparks associated with this track - great care 

is taken not to introduce any potential biases with this dropping 

of sparks - and carries on its search through the remaining sparks 

for further tracks. Figure 4.3 shows schematically how the above track-

finding operates on a simple spark pattern. 

.. Ii 
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Downstream Tracks - The situation in the downstream region of the 

apparatus is complicated by the large nmnber of read-out planes and 

by the even larger number of sparks in these planes that are not event 

associated, The extra sparks ar~se because of the long spark chamber 

memory times - approximately 2 µsec for the magnetostrictive chambers 

and 2 to 9 µsec for the shift register chambers - and because of muon 

halo and y-rays from the pole-faces of the CCM. The twelve shift 

register chambers suffer more severely from this effect than do the 

6-metre chambers - they are nearer the CCM, have longer memory times 

and are not deadened in the beam region as are the 6-metre chambers. 

Because of this, the downstream track-finder first generates 

all the tracks in the 6-metre chambers using exactly the same method 

as is used in the Muon chambers. Each of these tracks is then projected 

into the shift register planes to pick up extra contributing sparks. 

The tracks from the 6-metre chambers point well in X - better than 

0.7 cm at the furthest shift register plane - and in Y they may be 

constrained to point back to the incident muon at the centre of the 

target. These two facts enable a road of up to 3 cm at the most upstream 

shift register plane to be set for the track projection. Having found 

the extra sparks the entire track is re-fitted separately in tne X, U 

and V co-ordinates. A chisqrd cut corresponding to 5 x 1/4 mm is 

again applied to weed.out any bad tracks. A minimum of three shift 

register sparks and a minimum of eleven for the total number of sparks 

is set for the entire downstream track. If the track fails these two 

requirements, the road is widened by 1.5 cm and a further search for 

contributing sparks in the shift register planes is made. Good X, Y 

tracks are then re-constituted from the fitted X, U, V projections 

of the tracks. 
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No attempt is made to find tracks in the Photon and Neutron 

chambers, but the nwnber of sparks in a lcm road associated with each 

downstream track is recorded for both sets of chambers. This spark 

counting is of some use in particle identification. 

Track Linking - !laving found tr~cks in all four regions of the apparatus, 

the next step is to correlate tracks in the various regions that belong 

to the same particle trajectories. Trac~ linking between the upstream 

and downstream tracks is effected by the method.discussed in Section 

3.G - i.e. upstream and downstream tracks that belong to the same 

particle trajectories have matching impact parameters in the X-Z 

plane and matching slopes and intercepts in Y-Z plane. Figure 4.4(a) 

shows a histogram of the differences between the impact parameters of 

upstream and downstream tracks at the CCM centre. One can comment that 

approximately 3/4 of the width of the distribution comes from the 

resolution of the upstream track. In X a downstream track is said to 

have linked to an upstream track if their impact parameters differ 

by less than 35 x 1/4 mm. Histograms of the differences in the Y-

slopes and Y-intercepts at Z = O of u.,pstream and downstream tracks 

are shown in Figure 4.4(b) and·4.4(c). In these cases most of the 

width of the distributions come from the poor Y resolution of the 

downstream track. Upstream and downstream tracks are said to have 

linked in Y if the following inequality is satisfied 

[
6(slope) 2 

6mr 
+ 6(intercept at Z.= O)J < 1 

2cm 

The effects of vertical focussing and the helix correction are 

ignored as far as track-linking is concerned. Every d0\,11stream track is 

allowed to link to up to'four upstream tracks, and every upstream track 

can link to an arbitrary number of downstream tracks. 
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At this point two separate methods of track recovery are attempted ....,./ 

using any upstream and downstream tracks that do not link in the above 

manner. Firstly, the un-linked downstream tracks are projected back 

into the upstream chambers - by allowing for the CCM magnetic field 

and by constraining the projected line to intersect the incident 

muon trajectory at the centre of the target. The upstream t·fl~PCs are 

then further searched for two point tracks about this iine.' For 

both the 96 GeV/c and 147 GeV/c data approximately 14% of the X-

tracks and 16% of the Y tracks in the upstream MWPCs are such two 

point track~. Approximately 2.5% of the upstream tracks are two-point 

in both the X and Y views. The second recovery process searches for 

extra downstream tracks using the unlinked upstream tracks. The latter 

are used in combination with a single spark in the 6-metre chambers 

masked by lit G and H hodoscope elements to define a tight road of 

O.S cm to look for extra tracks in the shift register chambers. 

This recovery process rescues approximately 16% extra downstream tracks 

in the 96 GeV/c data and approximately 9% extra tracks in the 147 GeV/c 

data. It effectively removes any dependence of the track-finding on 

the 6-metre chambers. 

The next step is to link the downstream tracks with those found 

in the Muon chambers. In theory the downstream and Muon chamber tracks 

corresponding to the same particle trajectory should have the same 

slopes and intercepts in both X and Y. In practice the situation is much 

complicated by both the multiple scattering in the lead and steel walls 

- in between the downstream and Muon chambers and the poor pointing of· the 

~~uon chamber tracks especially in Y. In X the slopes and intercepts 

of the downstream and Muon chamber tracks are compared at a Z corresponding 

to the weighted multiple scattering centre of the lead and steel walls. 
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For tracks close to the beam the slope difference of linked tracks is 

required to be less than 12.5 mr and the intercept difference to be 

less than 150 x 1/4 mm, For tracks further away from the beam these 

cuts are relaxed by a multiple scattering factor - up to 9 in size -

to allow for differences in the amount of material traversed and the 

different particle energies. Figure 4.5 shows histograms of the X-

slope differences of downstream and Muon chamber tracks for different 

regions of X. Figure 4.6 shows the equivalent histograms for the X-

intercept differences. In both plots the multiple-scattered factor 

mentioned above has been divided out of the differences. In Y the 

intercepts of downstream and Muon chamber tracks are compared at the 

Z position of the Muon chamber.; and are required to be within 

750 x 1/4 mm of each other for a successful link. In general this Y 

condition helps only to resolve cases of confusion and ultimately the 

smallest X-intercept difference is used to decide in cases of ambiguous 

linking. 

Tertiary Output Buffer - The linking information as obtained above can 

now be used to construct the trajectory of particles in the event and 

a first attempt at a physics reconstruction may be made. The average 

values of the currents in the CCM and 04 magnets - these currents were 

recorded once every beam spill - are input into the tertiary tape 

program on a run by run basis. These along with the bends of particles 

in the respective magnets are used to calculate the particle momenta. 

An attempt at vertex finding is made by looking at the upstream tracks 

to see if they project back to a point in the target. The v, Q2 and 

angle of scatter are calculated for the possible muon candidates. But 

as stated before the emphasis of this tertiary stage of the event 
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reconstruction is in the track-finding and tr~ck-linking and the 

process of muon selection is described in Section 4.D. 

1be event buffer that is written onto the tertiary tape contains 

basically the track-finding, track-linking and vertex data and the 

particle momenta. In addition the scaler and counter latching information 

is transferred over from the secondary tapes intact. The complete 

fo1inat of the tertiary event buffer may be found in Reference (60). 

1bis tertiary stage of the event reconstruction is by far the most 

time-consuming and takes on average 150-200 msec per trigger. To end 

this section, it may be commented that the tertiary tapes have two 

main functions, firstly to be used as input for various debugging and 

efficiency programs and secondly as input for the various physics 

programs. 

4.C COUNTER POSITIONS AND EFFICIENCIES 

As an example of the first use of the tertiary tapes, this 

section describes how the data is used to check the positions of the 

elements of the downstream and Muon hodoscopes and to calculate their 

efficiencies. 

Positions - There are two reasons for wanting to know the X, Y 

positions of the elements of the G, H, M, M' and N - see Section 2. D -

co\Blter hodoscopes as accurately as possible and these are related to 

the two separate functions of these hodoscopes. Firstly, those 

hodoscope elements that trigger the apparatus define the geometric 

acceptance of the experiment and a knowledge of the sizes and positions 

of the active triggering areas is necessary for the calculation of this 
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acceptance. Secondly, all the hodoscopes, with their 30 nsec time 

resolution, are used to time the spark chamber tracks - i.e. determine 

which of these tracks are event associated and which are not. An 

accurate knowledge of ,the elemental positions within the hodoscopes 

will minimise the confusion remaining after track timing. 

The positions of the counter elements were measured prior to 

run time and in general the measurements determine the relative 

positions of the elements within the hodoscopes very well. However 

as absolute spatiar measurements, they prove less trustworthy and the 

event data is used both to obtain the absolute shifts in X ·and Y needed 

to correct the positions of the hodoscopes and to check the relative 

positions within the hodoscopes. In principle it would appear to be 

a straightforward matter to obtain the positions of all the counter 

elements. This would be done by first selecting all the events in which 

the counter element of interest is lit. Then by making an X-Y scatter 

plot of the intersection points of tracks in these events with the 

hodoscope plane containing the element, the X-Y extent of the clemen.t 

would immediately be seen. In practice this proposition is greatly 

complicated by three factors. Firstly, there are a large number of spark 

chamber tracks that are not event associated, secondly, the distribut~on 

of tracks is non-uniform in the X-Y plane, falling extremely rapidly 

with distance from the beam region and lastly the tracks have finite 

spatial resolution. All three factors serve to complicate and bias the 

above scatter-plot picture. A more profitable approach is to attempt 

to define the edges of COW1ters and to calculate positions where two 

counters touch or overlap. With this in mind, three separate methods are 

employed to obtain spatial infonnation about the counter elements and 

the results combined with the positions directly measured to generate 

the most accurate and consistent geometry for the hodoscopes. 
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The first method uses the imbedded beam triggers - see Section 

3.B - to look at the Y positions of the central N counters. In the 

data sample there are approximately 8000 reconstructed imbedded beam 

events in each of the 96 GeV/c and 147 GeV/c data sets. The beam tracks 

from these events are projected to the N hodoscope, each track being 
. 

given the appropriate X-bend and the small Y-corrections due to the 

CCM magnetic field. The distribution of beam events in the X-Y plane 

is shown in Figure 4.7. For the imbedded beam triggers, the counter 

latching information shows that the elements N6, N7, N8, N9 and NlO 

are lit for substantial numbers of events. For each of these elements 

a histogram is constructed of the Y-distribution of the projected beam 

tracks at the N hodoscope for events in which the element being con~ 

sidered is Ii t. These histograms are then normalised to overall Y-

distribution of beam events at the N hodoscope and plotted. Figure 

4.8 shows the plots so generated and it is seen that the N7/N9, N6/N8 

and N8/Nl0 edges may be determined to 10 x 1/4 mm. In an attempt to 

improve the track resolution at the N hodoscope, the process is repeated 

using both the beam track and the track in the upstream MWPCs to define 

the beam trajectory before projecting it through the CCM. It is found 

that using either method of defining the berun trajectory on either of 

the 96 GeV/c or 147 GeV/c data gave similar and consistent results. 

The use of the imbedded beam triggers for finding the positions of 

Co\Dlt~rs has two obvious advantages. Firstly, there is only one particle 

per event and secondly the use of MWPCs - which have timing resolution 

of approximately 100 nsec - means that there is no confusion due to 

stale tracks in obtaining its trajectory. Equally obvious is the major -.,JI 

disadvantage of this method, namely that the limited spatial extent of 

the beam gives the Y positions of a few of the N hodoscope elements. 
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To avoid the latter limitation, the second method used to find 

counter positions employs a similar histogramming technique using the 

spark chamber tracks of the real data as input. Firstly, the timing of 

the downstream tracks - i.e. whether these are event associated or not -

is established by demanding that they link in X and in Y to three or 

four point upstream MWPC tracks. The Muon chamber tracks arc timed 

by demanding that they link to upstream linked downstream tracks. A 

sample of events with only one such linked muon is selected in order 

to further reduce any confusion resulting from stale, out-of-time 

tracks. Next an attempt is made to improve the pointing of the spark 

chamber tracks. For the downstream tracks, the Y pointing is improved 

by demanding that the tracks go through the centre of the target at 

beam height. Each Muon chamber track is re-calculated by taking a 

line between the point on the Muon chamber track at the centre of the 

Muon chambers and the point on the corresponding downstream track at 

the centre of the 6-metre chambers. Then as before the in-time tracks 

in the chosen sample of events are used to construct nonaalised histo-

grams that look at the edges of single counters or of groups of counters. 

Great care is exercised in interpreting the data for those counter 

edges that lie on the boundaries of the K-veto or of the magnetostrictive 

chamber deadners as these boundaries cause drastic changes in the track 

distributions. Figure 4.9 shows a few of the nonnalised plots obtained 

using this method. 

The last method of position finding employs a Monte-Carlo 

technique to define the edges of the inner acceptance hole in the Muon 

trigger plane - i.e. the inner non-triggering area of the M, W and 

N hodoscopes. It would be appropriate to say a few words at this point 

about the Monte-Carlo program that is used.· The purpose of the program 

is to generate muon scatters and to track the scattered muons through 

11· . . 
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the apparatus simulating the experiment as realistically as possible. 

To take into accotmt the beam phase space, the program uses the beam 

tracks from the imbedded beam triggers. To generate a scattered muon, 

~he program first takes a beam track and randomly selects a vertex 

on this traject9ry inside the experimental target volume. It then 

chooses values of v and q2 weighted according to the cross-section 

and randomly selects the azimuthal angle of scatter. These parameters 

define the scattered muon track as it leaves the target. This trajectory 

is then tracked through the CCM magnetic field and is multiply scattered 

in the lead and steel walls. The scattered muon is then tested to see 

if it satisfies the experimental triggering requirement and to ensure 

that it misses the deadeners of the magnetostrictive spark chambers. 

A scattered muon trajectory that passes the above tests is then modified 

to take into account the effects of the resolution of the chambers. The 

process is repeated starting with beam tracks randomly selected from 

the imbedded beam triggers to generate as large a sample of scattered 

muons as is necessary. This sample may then be used to construct the 

various required histograms and scatter-plots. Comparisons of the 

real data with that which is generat~d by the Monte-Carlo program 

prove extremely useful in understanding the apparatus and debugging the 

analysis, although great care should be taken to ensure that any results 

of such comparisons are not sensitive to the exact cross-sectional 

form input into the program. In the particular application considered 

in this paragraph, various different positions of the inner acceptance 

hole are input into the Monte-Carlo program and the resulting muon 

event distributions at the Muon hodoscope plane are compared with the 

corresponding distribution from the real data. Figure 4.10 is a 

diagram of this comparison in Y. Using this method, the edges of the 

hole mnv he defined to hettcr thnn 0.5 cm. 
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TI1e three methods above are used on both the 96 GeV/c and 147 GeV/c 

datasets. It is found that both give consistent results for the 

counter positions, as indeed they should given that none of the counter 

elements were moved in going from one incident momentum to the other. 

The results for these three methods together with the positions from 

the pre-run survey give all the elemental positions with errors 

which are at worst O.S cm. 

Efficiencies - Once tl1e best set of counter positions is established 

the performance of the individual counter elements during the data 

runs may be determined. First a sample of tracks is chosen from the 

real data in exactly the same way as in the second position finding 

method - i.e. in-time relative to the upstream tracks, only one such 

in-time muon track in the event, and re-calculated track parameters 

for improved pointing. As long as the conditions imposed to obtain 

a clean and unconfused sample of tracks are independent of the counter 

information, they may be as stringent as is necessary with out fear 

of biasing the counter efficiency measurement. With the chosen sample 

of tracks, the counter efficiencies are easily obtained. The tracks are 

first tested to see if they point to the counter element of interest. 

To take into account the resolution of the tracks and possible errors 

in defining the exact position of the element, the tracks are required 

to lie SO x 1/4 nun inside of any edge of the element in order to 

satisfy the pointing criterion. This ensures that the track in question 

definitely points to the element. If the track points to the element 

in this way, the latter is tested to see if it is lit. As the G 

hodoscope stands alone in the experimental trigger, it is further 

insisted that there be at least two tracks pe~ event pointing to 

different elements of this hodoscope. The efficiency of the element is 

n ' - -L--· 
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then simply 

(the number of times the element is pointed at and lit) 
(the number of times the element is pointed at) 

Table 4.2 is a list of the efficiencies obtained in this way for both 

the 96 GeV/c and 147 GeV/c data sets. It is seen that any inefficiencies 

are in general less than 0.5%, although some of the M' elements give 

slightly higher inefficiencies. One can comment that the G hodoscope 

stands alone in the experimental trigger and for it the efficiencies 

are the efficiencies for latching the counter information once the 

trigger requirement is satisfied. The counter efficiencies are also 

generated on a run by run basis and this information is used to see if 

any particular runs have any counter efficiency problems. This last 

method did indeed show that a few of the runs in the 96 GeV/c dataset 

had some bad counter data. 

4.D· . EVENT RECONSTRUCTION - f.fUON SELECTION AND KINEMATICS 

In this step the timing of the spark chamber tracks is established 

using the counter hodoscopes. Then the muon candidates amongst the in-

time tracks of an event are established. The best muon is selected and 

the interaction vertex of the event is then re-calculated. Some pictures 

of events are shown and the momentum calibration of the experiment 

and the calculation of the kinematics of the event are discussed. 

Timing - The requirement that downstream tracks link to upstream MWPC 

tracks and that Muon chamber tracks link to upstream linked downstream ..._, 

tracks docs not in general filter out all of the stale halo tracks. If 

these halo tracks were to be accepted as genuine they would confuse the 

process of muon selection and bias the resulting particle distributions. 
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In view of this, the elements of the downstream and Muon hodoscopes -

which have a time resolution of typically 30 nsec - are used to define 

the in-time status of the spark chamb('.r tracks. First these tracks 

are timed relative to the nearest hodoscopes to their chambers - i.e. 

the G and H hodoscopes for the downstream tracks and the M', M' and N 

hodoscopes for the Muon chamber tracks. Every track is tested to see 

if it passes through the hodoscope being looked at. For this purpose 

the N hodoscope is considered to contain a hole corresponding to those 

of its elements that are not in the experimental trigger, If the track 

does pass through the hodoscope it is further tested to see if it points 

to a lit element within that hodoscope. To allow for the spatial 

resolution of the tracks and possible errors in the counter positions, 

each element is expanded by 150 x 1/4 mm in X and 300 x 1/4 nun in Y 

before being tested to see if the track passes through it. This ensures 

that good tracks that actually did go through the element being considered, 

but appear to point just outside its exact edges, are flagged as having 

hit it. 

Extreme care is excercised if the track points near the edges 

of the holes in the various hodoscopes to ensure that possible in

time tracks - i.e. those that did go through the hodoscope but appear 

to point into the hole - are not lost, It can be commented that for 

the Muon chamber tracks, this latter task is not ~ade any easier by 

the complicated geometry of the K-veto and the holes in the M, M' and 

N hodoscopes. For every track the success rate t/h is determined -

where h is the number of hodoscopes pointed at and 1 is the number of 

these in which the track points to a lit element. Downstream tracks 

are considered in-time if this success rate is 2;2 or 1;1 or 1;2. 

Likewise, Muon chamber tracks are considered in-time if their success 

rate is 3/3 or 2/3 or 2/2 or 1;2 or 1;1. The downstream tracks are 
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further timed by being projected past the 240 cm steel muon filter 

and being tested against the Muon hodoscopes. Allowances for multiple 

scattering in the lead and steel walls are made by further c~-pansions 

in size of the counter clements according to the particle trajectory. 

Muon Selection - In-time downstream tracks that link to upstream tracks 

are defined to be event-associated. Possible muon candidates are selected 

from these tracks by using one of two criteria. Firstly, an in-time down

stream track that links to an in-time Muon chamber track gi vcs rise to what 

is called a track-linked muon. Secondly; an in-time downstream track that 

points to Ii t elements in the Muon hodoscopes and also points to a cluster 

of sparks in the Huon chambers gives rise to what is called a cOLmter 

labelled muon. Any trajectory that is out-of-time with more than one hodo

scope in its path is removed from the list of possible muon candidates. Nf,,J 

the muon candidates are tested against countersNS-Nll which were not in the 

experimental trigger. If the muon trajectory points 75 x 1/4mm inside the 

inner acceptance hole in X and points to a lit NS-Nll element in Y, it is 

removed from the list of possible muon candidates. This·helps reject those 

muons that did not go through the triggering area of the f.tuon hodoscopes. In 

the majority - approximately 85% for"thc 96 GeV/c data and 92% in the 

147 GeV/c data - of events in which any muon is folllld, there is one track

linked muon only and as such the muon selection is trivial. Host of the 

rest of the events with muons fotmd contain one counter labelled muon only 

or contain two track linked muons that link to the same downstream track. 

Of those events that contain two or more genuine muon candidates -

approximately 1.5% of the events with muons fotmd in each of the two data

sets - the best muon is chosen. In this choice preference is given to 

track-linked muons as opposed to cotmter labelled muons and failing this 

the muon candidates with the better upstream· linking and colllltcr timing 

information are selected. 

11 
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Vertex Finding - Next the vertex of the interaction is re-calculated. 

This is done by taking the upstream track that corresponds to the 

downstream scattered muon and looking for its. intersection point 

with the incident beam track. The upstream track buffer is the further 

searched for tracks that pass close to this intersection point and that 

are linked to in-time downstream tracks. These extra tracks arc used 

in addition to the upstream scattered muon and beam muon tracks to 

calculate the interaction vertex. Figure 4.11 shows the distribution 

of event vertices along the Z-axis for the 96 GeV/c data for events 

with q2 > o.s. Both the target full and target empty data arc shown, 

the target empty distribution being normalised to the same incident 

flux as for the target full distribution. The target is clearly 

seen. In addition the Z-positions of the target flask material and 

the most downstream beam hodoscopes may be discerned. 

Event Pictures - An extremely useful method of checking the track-

finding, muon selection and other programs consists of drawing out 

events and visually scanning samples of these to ensure that the various 

programs are working as well as expected and possible. A program, 

using both the secondary and tertiary tapes as input, exists to draw 

out the spark, counter and track information of events. The pictures 

highlight the complexity of events and help explain why in practice 

the event reconstruction required a large amount of effort ,although in 

theory - and its description - this reconstruction appears fairly 

straightforward. 

Figures 4.12(b) to 4.12(g) are sample pictures of the various 

types of event triggers. Before describing the events, a few words 

about the layout of the pictures is necessary. Each picture is divided 
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into four views - i.e. X upstrea.J11, Y upstream, X downstream and 

Y downstream. Figure 4.12(a) details the apparatus that is drawn 

in these four views - see Figure 2.7 for the complete diagram of 

the spectrometer apparatus. Looking at the event pictures themselves, 

the crosse~ represent the sparks in the spark chambers and the hits 

in the M\tPCs - the sparks are not drawn in the Y downstream view. 

1he solid and broken lines represent the tracks found, the solid lines 

being in-time and the broken lines being out of time with respect 

to the counters. The lit counter elements are also drawn. In the 

two upstream views the projections of the downstream tracks at the 

centre of the CCM are drawn and one can see the linking of downstream 

tracks to upstream tracks. The interaction vertex is indicated by the 

letter "0". 

Figure 4.12(b), 4.12(c) and 4.12(d) are examples of events 

that the experiment is concerned with - i.e. the inelastic nuclear 

scatters. Figure 4.12(d) has two downstream muons, one of !hem probably 

~rom a decay in flight of a pion or kaon from the interaction. The 

next two pictures illustrate the two major sources of background 

scatters in this experiment. Figure 4.12(e) shows a muon-electron 

scatter. Such an event is characterised by having two oppositely 

charged tracks. These have a small opening angle in the upstream 

MWPCs and the negative particle showers in the 5 cm steel wall to 

produce a large number of sparks in the Photon chambers. It is seen 

that the signature of a muon-electron scatter is quite easily distinguishable. 

Figure 4.12(f) shows a muon bremsstrahll.Ulg event. Here there is 

one positively charged track only and a shower of sparks in the central 

region of the Photon chambers ~orresponding to the bremsstrahlung 

photon. Lastly, Figure 4.12(g) shows an example of a spurious trigger. 

One can comment that this is the type of trigger that occurs most 

often. 
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Momentum Calibration - Before the kinematic variables - such as 

"• q2, w2 etc. - of events can be calculated and the event data 

binned to obtain cross-sections and the structure functions, it is 

necessary to check the momentum calibration of the experiment. This 

is done in two stages. Firstly, the spectrometer momenta which are 

derived from the. CCM are calibrated relative to the beam momenta 

which are derived from the D4 dipole magnets. Secondly, the absolute 

momentum calibration is calculated. In theory these calibrations are 

easily obtained by looking at the energy balance and Q2 in the large 

sample of elastic muon-electron scatters that exist in the data. 

The danger in using the muon-electron scatters to calculate 

the relative calibration is that the effects of a genuine miscalibration 

between the. CCM and the D4 dipole magnets - which affects positive and 

negative particles in the spectrometer in the same way - are confused 

with the effects of a possible angular alignment error of the downstream 

part of the spectrometer relative to the upstream part - thi~ affecting 

the positive and negative particles oppositely. To get some idea of 

the numbers involved, it may be shown that a 0.2 mr error in the alignment 

produces roughly the same effect as a 1% relative miscalibration on a 

110 GeV/c particle in the 147 GeV/c data. For the CCM the relationship 

between p, the magnitude of the particle momentum and e, the magnitude 

of the angular bend in the CCM field may be written as 

p& = K where K is a constant for a particular 

setting of the magnetic field. If p 

is in GeV/c and & is in radians, then 

K = 2.23 for the 147 GeV/c data and 

K = 1.404 for the 96 GeV/c data. 
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If the angular alignment error of the downstream part of the spectrometer 

relative to the upstream part is c and the miscalibration of the CCM 

relative to the D4 dipole magnets is o, then the following relation-

seen ships between the measured momentu.~, p and the actual momentum p 

can be written 

seen 
P+ 

seen 
p_ = 

ce + - c) 
c1 + o) e P+ 

+ 

(e + c) 
Cl + o) P e -

where the +, - subscripts refer to positive and negative particles. 

For muon-electron scatters the total energy seen in the spectrometer 

is 

seen seen 
Pµ + Pe 

f(eµ
8

µ- c) 
c1 + 6) L 

Using the relationships pe = K and p + p 
µ e Pbeam• this 

simplifies to 

seen 
Ptotal = 

Assuming that o and c are small and that 6 x c is negligible, this 

equation further reduces to 

E _ seen = c ( ) 
A - Pbeam - Ptotal -opbeam + K Pbeam Pµ - Pe 

It is seen that a plot of 6E against (p -p ) will generate both 6 and 
µ e . 

c. 

The acceptance of the apparatus for muon-electron scatters 

limits the scattered muon energies in these events to be less than about 

4S GeV. Given this, these events are divided into three 10 GeV wide 

bands of v and the distribution of events as a flDlction of 6E is 

.. 
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plotted for each band. This plot is also made for the imbedded beam 

triggers, these being considered to have v =Pe= O. Figures 4.13(a)-

4.13(d) show these plots for the 96 GeV/c data and Figures 4.14(a)

.4.14(d) show the equivalent plots for the 147 GeV/c data. The plots 

are used to generate ~E values for the <p -p > in the various bands µ e 

of data. Figure 4.13(e.) and 4.14(e) show the plots of ~E versus 

<p - p > for the 96 GeV/c and 147 GeV/c data. From these plots, it 
µ e 

may be calculated that 

for the 96 GeV/c data, o=-0.0657 ± 0.0004, e = -0.277 ± 0.005 mr 

and for the 147 GeV/c data, o = -0.0010 ± 0.0004, E = -0.141 ± 0.010 mr. 

Having corrected the spectrometer momenta by using these values 

of 6 and E:, the absolute momentum calibration factor 8 - i.e. Preal = BPcalc 

for both the beam and spectrometer momenta - is determined. One can 

comment that the data is far less sensitive to this absolute calibration 

that it is to the relative calibration - i.e. for a 150 GeV/c incident 

beam, a 2% relative miscalibration changes a v of 5 GeV by. ±3 GeV 

whereas a 2% absolute miscalibration changes the same v by ±0.10 GcV. 

For the elastic muon-electron scatters 
m2v2 

2mev = q2 = 4EE'sin2 6;2 + -~~ 
EE' where m , m are the electron . e µ 

and muon masses, E, E' are the 

incident and scattered muon 

energies and e the angle of 

scatter. 

Using this equation the values of e calculated from v are 

compared with the directly measured e values. 

I (emeasured - 6calculated)
2 

h 
The x2 = w ere,a is measurement error events 02 
fore,- is plotted for a range.of values of Band the latter is determined 

by looking for a minimum in this plot. Figure 4.13(f) and 4.14(f) show 

the plots for. the 96 GeV/c and 147 Gcy/c data respectively. From these 

.: l 
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plots B is estimated to be 1.008 ± 0.005 for tile 96 GeV /c data and 

0.993 ± 0.005 for the 147 GcV/c data. 

4.E DATA REDUCTION 

This section describes the cuts made on the total data sample 

to generate the raw event distributions for the scattering of 

96 GeV/c and 147 GeV/c incident muons.off protons in our experimental 

set-up. The section ends with a few plots of the event distributions 

so generated. 

Inefficiencies - The data is first inspected on a run by run basis to 

see if any elements of the apparatus were inefficient during the 

course of that run. In most cases there is sufficient redundancy in 

the apparatus such that the effects of these inefficiencies can be 

corrected for. However, certain elements of the apparatus stand alone 

and should these malfunction, the whole run has to be reject~d. Three 

cases of apparatus inefficiency may specifically be mentioned, these 

accounting for almost all of the data lost in this step. It is 

apparent that the beam hodoscopes and the triggering hodoscopes -

especially the G - must be highly efficient. The former are necessary for 

goodbeam reconstruction efficiency and the latter for efficient 

triggering. In theory one can always correct for co\Ulter inefficiencies 

providing that these can be measured sufficiently accurately. In 

practice however it is hard to estimate the systematic errors introduced 

by these corrections. The last - and indeed the major - cause of data ~ · ' 

loss arises from the inefficiencies in the downstream shift register 

and 6-metre chambers , see Section 2.D. In the downstream region, the 
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trackfinder requires a high efficiency in the 6-metre chambers and 

at least 11 spa'rks fro~ the 20 downstream read-out planes for a good 

track. The spark distribution of downstream tracks is checked on a 

.run by ran basis and a run is rejected.if the mean of its spark 

distribution is less than 2 standard deviations above the 11 spark 

cut. 

Good Muon Scatters - The first cut made.on the remaining triggers is 

the obvious. Good events are required to have a reconstructed beam 

muon, a scattered muon and an event vertex. The beam muon trajectory 

is checked to ensure that it lies inside the target along the latter's 

entire length. The scattered muon trajectory is checked to ensure 

that it lies within the geometric acceptance of the trigger and that 

it does not point inside the deadener of the 6-metre chambers. 

Target Cut - Looking at Figure 4.11, the Z-positions of event vertices 

is fairly well defined and a target cut between Z = -7.0 m and Z = -4.8 m 

can be made. The event vertex and its error are first re-calculated 

using the track parameters of the b~am and scattered muons only - in 

this way any biases in the vertex finding that depend on the number 

of upstream tracks are avoided. Any event whose re-calculated vertex 

position is more than three standard deviations outside the target 

cut is removed from the data sample, 

Q2 Cut and Explicit Muon-Electron Scattering Cut - The events that 

~ ..... !~-u 

go to make up the raw datasets are further required to have a q2 > 0.2 (GeV/c) 2 

This helps to eliminate almost all of the muon-electron scatters -



Q2 = 2mev ~ 0.15 (GeV/c)2 - and most of the muon bremsstrahltmg 

triggers. 

Comparison of the event data at this stage with that predicted 

.from the form of the cross-section from the SLAC data indicated an 

excess of events in the low Q2 and high v kinematic region for the 

147 GeV/c data - i.e. for Q2 < 0.6 (GeV/c)2 and v > 80 GeV or so. 

Some pictures were drawn of events in this kinematic region and these 

confirmed suspicions of a possible contamination of the data from 

muon-electron scatters. In theory the latter should all be eliminated 

by the Q2 > 0.2 (GeV/c) 2 cut. In practice the effects of the 

resolution of upstream tracks - a, and hence Q2, is derived from these 

tracks - and possible confusion in linking upstream to downstream 

tracks make it possible for the measured Q2 to be larger than 0.2 (GeV/c)2 • 

Given the large number of muon-electron scatters, a few events can 

spill over into the lowest Q2 regions. In addition one expects this 

effect to be more pronounced in the 147 GeV I c data because the v 's -

and hence the Q2's of the muon-electron scatters - are higher in this 

data than in the 96 GeV/c.data. 

A program written to recognise the signature of a muon-electron 

event - see Figure 4.12(e) - is used
0

to eliminate the extra muon-

electron scatters from the data. This program is approximately 80% 

efficient in flagging muon-electron events. It is estimated that, after 

applying this program to the data, there is a residual muon-electron 

contamination in the 147 GeV/c data of approximately 6% - just less than 

.._J 

the statistical errors for v > 80 GeV and 0.2 (GcV/c)2 < Q2 < 0.3 (GeV/c)2 

and approximately 3% - about 1;s of the statistical error - for v > 80 GeV """"" 

and 0.3 (GeV/c) 2 < q2 < 0.6 (GeV/c)~. For all other kinematic regions 

in the 147 GeV/c data and for all of the 96 GeV/c data the residual 

contamination is less than o.s\. 
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Next the Q2 > O. 2 (GeV /c)2 trigger rate of the raw events 

is calculated on a run by run basis. This rate contains the 

appropriate factor to make allowances for the different beam reconstruction 

.rates for the different runs - s~e the next Chapter. The average 

Q2 > 0.2 (GeV/c)2 is calculated and any run whose rate is more than 

3 standard deviations from this average rate is removed from the data 

sample. This cut helps remove runs where it is possible that the 

target was not completely full. 

The events that are left go to make up the raw event datasets 

for the two incident energies. Table 4.3 summarises the various cuts 

made and the triggerslost at the various stages. 

Distributions - To end this section and chapter, a few plots of the 

raw event distributions are shown. Figure 4.15 (a) shows the X, Y 

scatterplot of raw events at the Muon hodoscopes for the 96 GeV /c· 

data. Figure 4.lS(b) shows a scatterplot of these events in v and 

Q2 and Figure 4.lS(c) histograms the projections of the v, Q2 

scatterplot. Figure 4.16(a), 4.16(b) and 4.16(c) show the.equivalent 

scatterplots and histograms for the 147 GeV/c data. 
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Elements lit in 
the Hodoscope 

Beam 
Station Direction 0 1 >l 

1 x 4.5 91. 7 3.8 
2 x 1.2 98.8 o.o 
3 x 1. 3 98.7 0.1 

y 1.4 98.6 o.o 
4 X(a) 1.9 98.1 o.o 

(b) 
Y(a) 1. 7 98.3 . o.o 

(b) 

) 

TABLE 4.1 

SOME TYPICAL BEAM STATISTICS 
(96 GeV/c data) 

.. 

BINS CONTAIN % OF THE TOTAL NUMBER OF TRIGGERS (• 16504) 

Beam Reconstruction 
Wire Hit in Hit Wires Masked Condition as per Description 

the HWPC by Lit Elements in Section 4.B 

0 1 >l 0 1 >l (a) (b) (c) (d) 

5.5 68.1 26.4 10.5 83.9 5.6 83.96 2.28 4.04 4.88 
9.2 66.1 24.8 12.8 78.5 8.7 78.50 0.75 9.08 8.68 
4.5 65.8 29.7 7.8 86. 3 5.8 86.35 0.84 4.44 
4.6 66.6 28.8 8.0 85.3 5.8 85.92 0.94 4.55 
5.6 79. 4 15.0 8.0 89. 4 2.6 95.88 1.19 

25.7 67 .6 6.7 28.8 69. 7 1.5 
6.8 78.6 14.6 9.1 87.8 3.1 94.47 1.03 

.6.2 76.8 17.0 8.6 87.7 3.7 

N .B. In 64,1\ of events, MW PCs 4X(a) and 4X(b) have matching hits Overall 
In 87.3% of events, MWPCs 

MAGNET FAILURES 

Failure to Link in 04 Centre 

Scraping at Entrance of 04 

Scraping at Centre of 04 

Scraping at Exit of 04 

Overall 04 Related Failures 

4Y(a) and 4Y(b) have matching hits 47.88 4.14 17. 32 7.61 

N.B. Conditions (a)~(b) represent 
an order of decreasing quality of 
information. Events arc put into 
bins in order of decreasing quality. 

• 3.58% 

1.07% 

= 1.46% 

= o. 34% 

= '4. 82~• 

Type of Tr~gger No. of Triggers Reconstruction Efficiency 

77.5 Imbedded Beam 
Trigger 
Overall 

484 
16020 
16504 

71.9 
72 .1 

I 

I 
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FIG. 4·3 

SCHEMATIC EXAMPLE OF 
lRACKFINDING IN THE 
MUON AND 6 METRE 
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Pass Sparks 

1 6 5 l* 2 

6 .s 4 2* 

3 6. 5 4 3* 

4 10 9 8 7* 

s 10* 11 12 13 

6 17 16 15* 18 

Result (* indicates most negative spark) 

Only 2 sparks in road 

Abandon 1 

4 sparks, poor chi-square, not allowed to 
drop 2*. 

Abandon 2 

. 4 spar!s• good track. 

New sparks on each plane 

10 is outside road, good 3 spark track 

4 sparks, poor chi-square. Drop 13 find 
17, good track 

New sparks on each plane. 

18 outside road. Drop 18, good 3 spark 
track (search for 4th spark only allowed 
to retrace 1 spark, misses 13). 

The compactness of the chambers in which this trackfinder was 
used and their distance from the centre o.f the magnet made crossing 
tracks - as shown on passes S a11d § - comparatively rare. 
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TABLE 4.2 

COUNTER EFFICIENCIES 

96 GeV/c Data 147 GeV/c Data 

Cotmter No. of Tracks Efficiencies No. of Tracks Efficiencies 
Element Pointing to Element (%) Pointing to Element (%) 

GI 4I 97.6 ± 2.4 40 IOO.O ± o.o 
G2 27 96.3 ± 3.6 31 100.0 ± o.o 
G3 108 9S.4 ± 2.0 I08 99 .1 ± o. 9 
G4 S4 100.0 ± o.o 84 100.0 ± o.o 
GS I26 I00.0 ± o.o 12S IOO.O ± o.o 
G6 SI IOO.O ± o.o 6S IOO.O ~ o.o 
G7 444 99. 8 ± o. 2 . 297 99. 3 ± o. s 
G8 I43 97.9 ± 1.2 I46 98.6 ± 1.0 
G9 86I4 IOO.O ± o.o 9223 99.9 ± o.o 
GlO 7266 IOO.O ± 0.0 6948 IOO.O ± o.o 
GU 316 IOO.O ± o.o 232 99. 6 ± o. 4 
GI2 114 IOO.O ± 0.0 I77 99. 4 ± o. 6 
Gl3 . I3I 100.0 ± o.o 123 IOO.O ± o.o 
GI4 6I IOO.O ± 0.0 46 . 100.0 ± o.o 
GIS I20 99.2 ± 0.8 12I 100.0 ± 0.0 
GI6 68 98.S ± 1.S 78 100.0 ± o.o 
Gl7 6I 98.4 ± 1.6 S3 IOO.O ± o.o 
Gl8 46 IOO.O ± o.o 38 ·100.0 ± o.o 

Hl 79 100.0 ± 0.0 18S IOO.O ± o.o 
H2 109 100.0 ± o.o 268 100.0 ± o.o . 
H3 201 100.0 ± o.o SS8 100.0 ± 0.0 
H4 463 100.0 ± o.o 7S2 100.0 ± o.o 
HS 677 100.0 ± o.o 991 99 .1 ± 0.1 
H6 11S2 100.0 ± o.o 138I 100.0 ± o.o 
H7 I668 99.9 ± 0.1 2I04 IOO.O ± o.o 
H8 3073 99.9 ± O.I 3S48 100.0 ± o.o 
H9 6387 99.6 ± O.I 7084 100.0 ± 0.0 
HIO 3771 99.S ± 0.1 4094 99.7 ± 0.1 
Hll 83S 100.0 ± o.o 49S 99. 8 ± o. 2 
HI2 760 IOO.O ± .o.o 371 . IOO.O ± o.o 
Hl3 279S 98.9 ± 0.2 2333 . 100.0 ± o.o 
Hl4 3947 97.4 ± 0.3 2I9S 99. 7 ± O. I 
HIS 708 IOO.O ± o.o 649 99. 8 ± o. 2 
Hl6 364 100.0 ± o.o 420 I00.0 ± o.o 
HI7 288 100.0 ± o.o 3S6 100.0 ± o.o 
HIS 20S 99.S ± O.S 319 100.0 ± o.o 
Hl9 I88 IOO.O ± o.o 2Sl 100.0 ± o.o 
H20 126 99.2 ± 0.8 228 IOO.O ± o.o 
H21 I07 IOO.O ± o.o I97 100.0 ± o.o 
H22 82 IOO.O ± o.o I9I 100.0 ± o.o 
H23 SS IOO.O ± o.o 171 100.0 ± o.o 
H24 SS 98.2 ± 1.8 . 1S4 IOO.O ± o.o 
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TABLE 4.2 (continued) 

96 GeV/c Data 147 GeV/c Data 

Counter No. of Tracks Efficiencies· No. of Tracks Efficiencies 
Element Pointing to Element (%) Pointing to Element (%) 

Ml 23 100.0 ± a.a 20 100.0 ± a.a 
M2 7 100.0 ± a.a 3 100.0 ± a.a 
M3 92 100.0 ± a.a· S9 9S.9 ± 1.1 
M4 4S 100.0 ± a.a 20 100.0 ± a.a 
MS 30S 100.0 ± a.a 17S 100.0 ± a.a 
M6 1S9 99. 7 ± o. 3 92 9S.9 ± 1.1 
M7 424 100.0 ± a.a 334 100.0 ± a.a 
MS 333 99.7 ± 0.3 1S7 100.0 ± a.a 
M9 14S 9S.6 ± 1.6 lOS 93.3 ± 2.4 
MIO SS ·9S.S±l.2 3S 100.0 ± a.a 
MU 34 97.1 ± 2.9 31 100.0 ± a.a 
Ml2 22 100.0 ± a.a 9 100.0 ± 0.0 
Ml3 6S 9S.S ± LS 63 100.0 ± a.a 
Ml4 226 98.7 ± o.s 177 97.2 ± 1.2 
MIS 10S4 99.9 ± 0.1 12SS 99.9 ± 0,1 
Ml6 2139 . 100.0 ± a.a 31S4· 99,9 ± 0.1 
Ml7 1S31 99.9 ± 0.1 2SSS 100.0 ± 0.0 
MIS 696 99.7 ± 0.2 619 100.0 ± 
Ml9 134 99.3 ± 0.7 143 97.9 ± 'Mtll 
M20 102 100.0 ± a.a 91 100.0 ± a.a 
M21 9S3 100.0 ± a.a Sl9 100.0 ± a.a 
M22 212 100.0 ± a.a 122 100.0 ± a.a 

Nl 274 9S.S ± 0.1 163 99.4 ± 0,6 
N2 4S2 99.S ± 0.2 26S 100.0 ± a.a 
N3 26S 9S.S ± 0.7 197 100.0 ± a.a 
Nl3 1S2 94.S ± 1. 7 74 100.0 ± a.a 

M'l 16 39 94,9 ± 3.S 
J.1'2 so S4 96.3 ± 2.6 
M' 3 S9 . 100.0 ±0.0 SS 90.9 ± 3.S 
M'4 110 100.0 ±a.a 103 99.0 ± 1.0 
M'S 180 99.4 ± 0.6 139 97.1 ± 1.4 
M'6 429 99.l ± o.s 2S7 97.2 ± 1.0 
M'7 1012 99.4 ± 0.2 SS4 97,3 ± o. 7 
M'S lSS 99,4 ± 0.2 91 9S.6 ± 2.1 
M'9 14 100.0 ± o.o 11 90.9 ± S.7 
M'lO 1 100.0 ±a.a 1 o.o ±a.a 
M' 11 74 100.0 ± o.o 3S9 9S.O ± 1.2 
M' 12 339 99. 7 ± 0.3 611 96.6 ± o. 7 
M'l3 792 100.0 ± a.a 1201 97.S ± 0,4 
M' 14 1S9S 99.9 ± 0.1 2S3S 97.2 ± 0.3 
M'lS 5236 99.S ± 0.1 64S4 97.1 ± 0.2 
M' 16 313 99,4 ± o.s 239 9S.3 ± o.s 
M' 17 793 99.9 ± 0.1 443 9S.O ± r ~ 

M'lS 1S74 99.3 ± 0.2 1013 97~0 ±-.J 
M'l9 43 SS.4 ± 4.9 22 72.7 ± 9.S 
M'20 9 100.0 ± o.o 4 100.0 ± o.o 
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TABLE 4.2 (continued) 

96 GeV/c Data 147 GeV/c Data 

Co\Ulter No. of Tracks Efficiencies No. of Tracks Efficiencies 
Element Pointing to Element (%) Pointing to Element (%) 

Ml 23 100.0 ± o.o 20 100.0 ± o.o 
M2 7 100.0 ± o.o 3 100.0 ± o.o 
M3 92 ioo.o ± o.o· 89 98.9 ± 1.1 
M4 4S 100.0 ± o.o 20 100.0 ± o.o 
MS 30S 100.0 ± o.o 178 100.0 ± o.o 
M6 1S9 99.7 ± 0.3 92 98.9 ± 1.1 
M7 424 100.0 ± 0.0 334 100.0 ± o.o 

I. MS 333 99.7 ± 0.3 1S7 100.0 ± o.o 
M9 148 9S.6 ± 1.6 105 93.3±2.4 
MIO 8S . 98.8 ± 1.2 38 100.0 ± o.o 
Mll 34 97.1 ± 2.9 31 100.0 ± o.o 
Ml2 22 100.0 ± o.o 9 100.0 ± 0.0 
Ml3 68 98.S ± l.S 63 100.0 ± o.o 
Ml4 226 98.7 ± o.s 177 97.2 ± 1.2 
MIS 1084 99.9 ± 0.1 128S 99.9 ± 0.1 
Ml6 2139 100.0 ± o.o 31S4 99. 9 ± 0.1 ,,,.- Ml7 1831 99.9 ± 0.1 2S85 100.0 ± o.o 
MIS 696 99.7 ± 0.2 619 100.0 ± o.o 
Ml9 134 99.3 ± 0.7 143 97.9 :!: 1.2 
M20 102 100.0 ± o.o 91 100.0 :!: o.o 
M21 983 100.0 ± o.o Sl9 100.0 ± o.o 
M22 212 100.0 ± o.o 122 100.0 ± o.o 

NI 274 98.S ± 0.7 163 99.4 ± 0.6 
N2 482 99.8 ± 0.2 268 100.0 ± 0.0 
N3 265 98.5 ± 0.7 197 100.0 ± o.o 
Nl3 182 94.S ± 1.7 74 100.0 ± o.o 

M'l 16 39 94.9 ± 3.5 
M' 2 so S4 96.3± 2.6 
M'3 89 100.0 ± o.o SS 90.9 ± 3.S M'4 110 100.0 ± o.o 103 99.0 ± 1.0 
M'S 180 99.4 ± 0.6 139 97.1 ±1.4 M'6 429 99.1 ± 0.5 287 97.2 ± 1.0 M'7 1012 99.4 ± 0.2 554 97.3 ± 0.7 M'S lS5 99.4 ± 0.2 91 95.6 ± 2.1 M'9 14 100.0 ± o.o 11 90. 9 ± 8. 7 M' 10 1 100.0 ± o.o 1 o.o ± o.o 
M'll 74 100.0 ± o.o 3S9 95.0 ± 1.2 M' 12 339 99.7 :!: 0.3 611 96.6 ± 0.7 
M' 13 792 100.0 ± o.o 1201 97.8 ± 0.4 M' 14 1895 99.9 ± 0.1 253S 97.2 ± 0.3 
M' 15 5236 99.8 ± 0.1 6484 97.1 ± 0.2 M' 16 313 99.4 ± o.s 239 98.3±0.8 
M'l 7 793 99.9 ± 0.1 443 98.0 ± o. 7 M'l8 1874 99.3 ± 0.2 1013 97,0:tO.S 
M' 19 43 88.4 ± 4.9 22 72.7 ± 9.5 M1 20 9 100.0 ± o.o 4 100.0 ± o.o 
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TABLE 4.3 

DATA REDUCTION STATISTICS 

96 GeV/c Data 147 GeV/c Data 

Total Data Samole Beam Muons Triggers· · · · ...... ' . ' . . . ·seam Muons . . Triggers 

Alignment + Halo Runs O. ll6E+05 5343 0.133E+04 663 
Target Empty .Runs O. 245E+10 18726 (+ ll83 ) 0.213E+l0 12513 (+1010 ) 

(imbedded beam) (imbedded beam) 
Target Full Runs 0.221E+ll 337136 (+ 10525 ) O. 20SE+ll 224720 (+ 9757 ) 

(imbedded beam) (imbedded beam) 
All Rtms O. 246E+ll .. : . 372913 . ~ : .0.266E+ll,,,. . : 248663. 

Sample of Good Runs Target Full . Target Empty Target Full Tai:get Empty 

Runs . 3~6 4 29 5 
Beam Muons 0.987E+l0 0.189E+l0 1.180~+10 O. 213E+l0 
Triggers 152285 14409 130713 12513 
Events with a Scattered 50224 3139 46905 2940 

Huon and a Vertex 
Events with Vertex 

Inside Target 42598 1815 39810 1920 
R.:lw Events 14165 327 10660 266 
(" 2 . i.e. Q > 0.2, Muon-

Electron scatters 
removed, unphysical 
muons removed) . 

Run to Run consistency x2= 1. 53 x2= i.1s 
for the Q2 > 0.2 rate. per degree of per degree of .. 

freedom freedom 
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S.A INmODUCTION 

This chapter describes how the raw event nwnbers are used to 

calculate the physical quantities of interest - i.e. cross-sections 

and structure functions. 

In principle this is quite straightforward. The data is 

first binned in the chosen kinematic variables - i.e. (v,Q2), 

(w,Q2), (W2,Q2), (x,y) etc. The bin sizes are selected such that 

there are reasonable numbers of events in most bins. If (a,8) are 

the chosen kinematic variables, then 

Ntarget = N _ E 
Aa,AB Aa,AB Aa,68 

where 6a = 

[
dadB d2

cr A(a,8)B(a,8) J 
da dB .RC (a, B) RS (a, 8) 

define the bin 

sizes in a and 6 

Ntarget = the number of events that fall in the 
Aa,66 

bin 6a,68 from interactions in the 

-, liquid hydrogen. 

(eqn. 5.1) 

N = the nwnber of full target events in the Aa,A8 

Aa,66 bin 

E = the background subtraction for the 6a,66 Aa,66 

bin 

'{, = total luminosity - i.e. luminosity integrated 

over time 

c = normalisation corrections. These corrections 

include all the Efficiency factors that are 

independent of the event kinematics. 



A(a,B) 

B(n,B) 

RC(a,B) 

RS(a,B) 

d2a 
dadB 

81. 

= geometric acceptance of the apparatus 

= efficiency corrections that depend on 

th"e event kinematics 

= radiative corrections 

resolution corrections 

= the cross-section of interest 

Section 5.B looks at the calculation of L, E, A(a,B) and 

B(a,B). Section 5.C discusses the cal~ulation of the correction 

factors RC(a,B) and RS(a,B). Section 5.D presents values of 

cross-sections, vw2 and R and lists some of the conclusions drawn 

· from the data. 

S.B NORMALISATION CORRECTIONS AND WEIGHTED EVENTS 

It is found convenient to modify equation 5.1 as follows. 

The data is first weighted on an event-by-event basis for the 

geometric acceptance, A(a,~),and the varying efficiency corrections, 

B(a, B). The number of weighted events, ll'lla,t.B• in a bin lla,llB 

is given by . 
N llat.B 

tlAa,llB = t:1 [Ai(a,B)Bi(a,8)]-1 EWAa,AS (eqn. 5. 2) 

the sum is evaluated for all the raw events in the t.a,t.S bin and 

·EW is the weighted background subtraction. 
Aa,AS 

Using this, equation 5.1 may be re-written as 

·~·· • t t rods::::. RC(o,B)~S(o,B) J (eqn. 5. 3) 

One can conunent that weighting procedure may be used to. 

extract RC(a,8) and/or RS(a,B) from the integral in the same way. 
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Historically however, only A(a,8) and B(a,8) are so factored out 
w 

and the quantity A~A8 may be thought of as a raw cross-section 

for scattering into the Aa,A8 bin. This section describes the 

· calcul.ation o~ L, E, A(a,8) and B(a,8) and looks at the distri-

butions of weighted events: 

Luminosity Luminosity is defined as: (the flux of incident 

particles) x (the number of scatterin~ centres in the target per 

unit area). The integrated luminosity is an easy number of calculate 

given the length and density of the hydrogen ·target and the total 

incident flux of muons, 

i.e. where N = total incident flux of muons 
1l 

· I.. = length of hydrogen target· 

p = density of hydrogen target -.-I 

~ .NAvogadro = Avogadro's number 

From the measurement errors in the target thickness and the vapour 

pressure of the hydrogen in the target, the luminosity is estimated 

. to be accurate to better than 0.5%. 

Normalisation Corrections - The factor E is a product of six 

independent corrections, i.e. E = c1c2c3E4E5E: 6• The first five are 

efficiency corrections that compensate for the fact that, even if 

a genuine muon scatter occurs, there is a probability that it will 

pass undetected by the apparatus and/or the analysis programs. The 

sixth factor, E6, corrects for the effects of the hydrogen gas that 

remains in the target during the target empty runs. 

c1 is the beam reconstruction efficiency. This gives the 

probability that the beam reconstruction program - see Section 4.B 

can calculate a good incident trajectory for a given beam muon. One 
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might think it possible to just use the beam reconstruction efficiency 

for event triggers. In practice however the apparatus is biassed 

towards triggering on bad beam and the efficiency generated from 

the event triggers is likely to be too low. Instead the sample of 

imbedded beam triggers is used to calculate c1• The fraction of 

the imbedded beam triggers that reconstruct to give a good incident 

trajectory is (68.46 ±' 0.67)%.for the 96 GeV/c data and (72.72 ± 0.59)% 

for the 147 GeV/c data. 

The second correction, c2, is also beam related. (1-£2) 

gives the probability that there is more than one incident muon in 

an r.f. bucket. As discussed in Section 3.B the overwhelming 

probability in this case is that if one of the muons scatters, 

the other(s) will veto the event by hitting the K-counter. The 

beam hodoscopes are used, as described in Section 3.B, to attempt to 

reduce this effect. Previous sets of dataC54 , 57) used double hits 

in BH5 or BH6 to veto r. f. buckets and (1-£2) was found to be of 

the order of a. For the dataon which this thesis is based, double 

hits in BH2 or BH3 or BH4 or BH5 or BH6 are used to veto r.f. buckets 

and it is found that Cl··c2) is approximately 0.1% for either incident 

energy and as such c2 has a negligible effect on the data. 

The remaining three corrections arise from the requirement 

that the analysis finds the scattered muon. The correction, c3, 

takes into account the downstream spark chamber efficiencies. The 

latter may be calculated on a plane-by-plane basis. It is estimated 

that the 11 spark requirement for a downstream track loses less 

than 0.5% of events. 

· Any downstream track must link with an upstream track before 

it can be considered as a muon candidate. The factor, c4, is the 

upstream ~~\'PC efficiency. It is directly estimated taking a set 



of 'perfect' downstream muon tracks and asking what fraction link 

to upstream Mh'PC tracks. The 'perfect' muon tracks are required 

to be positively charged, to be intime with respect to the down

stream counter hodoscopes and to be linked to intirne Muon chamber 

tracks. In addition they are required to have an impact parameter 

of less than 16 cm and in the Y-view to be within 5 cm of the 

incident beam track at the target centre - these two conditions help 

cut out halo muons. The interaction of beam muons in the material 

of the upstream MWPCs and the air before the CCM field will give 

rise to 'perfect' downstream muons that do not have upstream links. 

Taking this effect into account, it is found that e: 4 = (99 .17 ± O. OS)% 

. for 96 GeV/c data and that e: 4 = (98.68 ± 0.06)%. for the 147 GeV/c 

data. 

The factor e: 5, is the counter efficiency correction. (l-e: 5) 

is the probability that a scattered muon will not be registered in

time with respect to the downstream and Muon counter hodoscopes. 

Section 4.C shows that the downstream counter elements are highly 

efficient and (1-e:5) is estimated to be less than 0.1%. 

The full target data contains events in which the incident 

muons interact in the target flask ·material. To compensate for 

these interactions a background subtraction is made using the target 

empty data - this is more fully described under "Background subtraction" 

later on in this section. The empty target however still contains 

hydrogen gas and the background subtraction derived from the target 

empty data will be overestimated because of interactionsin the gas. 
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The factor 

1 
(density of hydrogen gas in the empty target) 0 •977 

£6 = - (density of liquid hydrogen in the full target) 

allows for this overestimation of the background subtraction. 

From the six corrections descr.ibed above, £ is calculated 

to be 0.6586 ± 0.0085 for the 96 GeV/c data and to be 0.6962 ± 0.0079 

for the 147 GeV/c data. An instructive way of looking at £ is to 

say that the six corrections reduce the effective flux seen by the 

experiment. Compounding N and £ give; the following total effective 
J.I 

fluxes for the two datasets:-

total effective flux for the 96 GeV/c data = 0.652 x 1010 muons 

total effective flux for the 147 GeV/c data = 0.822 x 1010 muons 

Geometric Acceptance - lbe geometric acceptance of the apparatus, 

A(a,B), represents the probability that a scattered muon with the 

given a,B will satisfy the experimental triggering condition and 

thus the event actually to be recorded on the data tapes. As such 

it is defined by the triggering areas of the G, M, M' and N hodo-

scopes. 

Before describing the calculation of A, it is instructive to 

see how the various v's and Q21 s relate to the (X,Y) co-ordinates 

at the M hodoscope plane. A given v and Q2 corresponds to a given 

E' and e. If it is asstuned that all the incident muons lie along 

the beam-line axis and all scatters occur at the target centre, 

then the scattered muonswill lie on a cone of half-angle e - whose 

axis is the beam-line - as they leave the target. To a good approx-

imation the half-angle of the cone is unchanged in going through the 

COi field. lbe axis of the cone, however, is bent in X by the angle 

appropriate to the scattered muon energy, E'. lbis means that the 

···1 . . \ 

; '~ 
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"locus of events at the M hod<?scope for a given v and Q2 is a circle 

whose radius depends on e and whose central displacement from the ..,,,,; 

origin depends on E'. Figures 5.1 and 5.2 show some of the circles so 

generated for various v's and Q21 s at the M hodoscope for the two 

datasets. The scattered muons are equally distributed in the 

azimuthal angle - i.e. equally distributed on the circumference of 

the (v,Q2) circles. Given this, it is seen that the geometric 

acceptance for any particular (v,Q2) is just the fraction of the 

circumference of the given (v,Q2 ) circle that is inside the triggering 

areas of the hodoscope. 

In calculating the actual geometric acceptance of the apparatus, 

·there are three complications to the above picture. Firstly, the 

incident muon trajectories do not all lie among the beam-line 

axis - see Figures 2.6 for beam phase space plots. Secondly, the -...-! 

interaction points lie along the entire length of the target. 

Qualitatively these two effects smear the<locus of events for a 

given v and Q2 from a circle into an annulus. The third compli-

cation results from there being four hodoscopes that define the 

overall geometric acceptance. In view of this, it is found convenient 

to employ a Monte-Carlo method to calculate the geometric acceptance. 

First a table is constructed of the geometric acceptances for a set 

of points on the v, Q2 plane. The Monte Carlo program used is 

basically the same as that described in Section 4.C. Again the beam 

phase space is introduced by using the imbedded beam trajectories 

as input, an interaction point is randomly selected on the beam 

trajectory inside the target, and an azimuthal a~gle is randomly 

selected. This time however, a scattered muon is thrown corres-

. ponding to every (v,Q2) point for the table being constructed •. 

The scattered muons are tracked through the apparatus and tested 
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to see if they satisfy the experimental triggering condition - it 

is further tested to ensure that the scattered muon does not go through 

the deadners of the 6-metre chambers. Repeating this process over 

. large number of input trajectories and interaction points will 

give a table of A(v ,Q2). 

i.e. A(v,Q2) =Number of scattered muons accepted at v,Q2 
Number of scattered muons thrown at v,Q2 

From this table of A(v,Q2) values, the geometric acceptance, A(a,B), 

at any point a,B may be calculated by i~terpolation. Data tables 

DTl(a) and DTl(b) ·are the tables of A(v,Q2) for the two incident 

energies. It is estimated that the maximum errors in A are ±0.02. 

Furthermore, the geometric acceptances calculated by this ~1onte-

Carlo method are consistent with those calculated by a geometric 

method described in Ref. (S 7): 

Varying Efficiency Corrections - The term B(a,B) is comprised of 

two specific effects that depend on the kinematics of the scattered 

muon. 

The first of these is the downstream trackfinding efficiency. 

The technique used to determine this efficiency starts off with the 

real data. The program generates a fake downstream track and 

calculates the sparks associated with this track. In doing so, it 

takes into account the plane-by-plane inefficiencies and track 

resolutions. The sparks so calculated are put into the spark buffer, 

allowances being made for spark spreads, and the track-finder is set to 

work on the modified spark buffer. The process is repeated for 

sufficiently large numbers of fake tracks and real events. The 

fraction of the fake tracks found is a measure of the downstream 

.• , -
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track-finding efficiency. Figure 5.3 shows a plot of the efficiency 

as a function of X across the 6-metre chambers. It is seen that 

there is approximately a 20% dip in the beam region of the chambers. 

The track-finding efficiency has an overall effect of about 10% 

on the data, although it affects some of the lower v bins by as 

much as 20%. It is estimated that the form of the inefficiency 

can be parameterised with an error of at worst 30%. Given this the 

low v bins could have a systematic error of up to 6% from the down

stream track-finding efficiency correction. 

The second effect to go into the term B(a,8) is called the 

K-veto showering correction. It reflects the probability that as 

the scattered muon emerges from the 240 cm steel wall, it is accompanied 

by an electron shower. Were one of these electrons from the shower 

to hit the K-counter, the good muon scatter would be vetoed. To 

calculate the correction for this effect, first the probability 

distribution, P(R), of there being an electron in the shower with 

sufficient energy to set a scintillation counter is determined as 

a function of the distance between the electron and muon, R. This 

is done by looking at the distribution of multiple hits in the 

N hodoscope in the sample of imbedded beam events - the beam tracks 

are used to determine which of the N hits are due to muons and all 

other N hits are assumed to be due to electrons. Figure 5.4(a) 

shows the fraction of events with associated electrons as a function 

of R, the coarse binning in R arising from the widths of the N 

counters. The overall normalisation - and hence the central bin -

is obtained by looking at the total fraction of imbedded beam 

events with multiple - .i.e. greater than 2 - hits in the N hodo

scope. The probability that an event is accidentally vetoed. by an 

-~ 
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electron from a shower is just P(R) integrated over the dimensions 

of the K-counter. Figure S.4(b) plots this integrated probability, 

Q(R), along a horizontal line going through the centre of the K-

counter. The overall effect on the data is approximately 2% and 

any systematic error introduced by this showering correction are 

less than 1%. 

Background Subtraction - As has been stated before the event 

distributions from the full target runs also contain some scatters 

where the muons have interacted with the material of the target 

flask itself. The vertex determination does not have sufficient 

resolution to reject these events using target cut in z. Some 

target empty runs were logged onto tape and are used to calculate 

the background subtraction. As there are very few target empty 

events - a few hundred for each of the two datasets, see Table 4.3 -

it was decided to fit a function to the ratio of target empty to 

target full data and use this function to make a smoothed background 

subtraction. The parameterisation eventually used is 

C(a,B) = Target empty events in ~a.~B bin 
Target full events in ~a.~B bin 

This parameterisation is purely phenomenological. 

target empty event 
normalised to the 
same incident flux 

-X x - 2Mv 

The number 0.023 

is the ratio of the weights of the hydrogen gas in the empty target 

and the liquid hydrogen in the full target and the factor (1.0 - 0.375x) 

allows for the fact that the tareet flask material· is deuteron-like. 

c2 and c3 are expected to be small and this is indeed found to be 

the case. Figure 5.5 shows how the actual background data compares 

with the smoothed background curve for the 96 GeV/c data. It is 

l~I .. l . 
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estimated that the maximum systematic errors introduced by.the 

smoothed background subtraction are less than 3%. 

Weighted Events - Having found A(a,S), B(a,S) and C(a,S), the 

weighted event distributions, w6a,'1S may be found by using equation 

5.2, i.e. 

w = ~ Aa,AS i 

-1 [(A.(a,S)B.(a,S)) 
l. l. 

C. (a,S)] 
l. 

where the sum is evaluated over all the raw events, Nlla,llS, in the 

bin 6a,6S. 

Furthermore overall cuts are made in the (v,Q2) plane to cut out 

data where the geometric acceptance is less than 0.1. Figure S.6(a) 

shows the boundaries of the weighted data in the (v ,Q2) plane for 

the 96 GeV/c dataset. Figures S.6(b) and S.6(c) show histograms 

of weighted events in v and q2 for this dataset. Figures 5.7 

show the equivalent plots for the 147 GeV/c dataset. 

S.C RADIATIVE AND RESOLUTION CORRECTIONS 
w 

Th . . . !la ,AS e quantities LE may be thought of as raw cross-sections. 

Two further factors have to be unfolded from them to obtain the 

physical cross-sections. These factors allow for radiative effects 

and the apparatus resolution and their evaluation is discussed in 

this section. 

Radiative Corrections - The process of interest in.the experiment is 

the inelastic reaction ~+ + N ~ µ+ + X, see Figure 1.1. The muon, 

. ' 
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however, can also radiate real photons before, during and after 

the interaction of interest. The processes involving the emission 

of a single real photon are illustrated' in Figures 5.8. Figure 

S.S(a) is ordinary bremsstrahlung in which the muon radiates in 

the presence of a nucleon, M. In this process the scattering 

angle, e, tends to zero and the Q2 's for these events tend to be near 

the q2. = ~· line. The processes shown in Figures S.8(b) and 
in 

S.S(c) are given the name straggling and in these the muon radiates 

a real photon in the presence of nucleon M before or after the inter-

action with the nucleon N. In the processes shown in Figures S.S(d) 

and S.8(e), the muon radiates a photon in the field of the same 

nucleon, N, from which it scatters. These processes are termed 

internal bremsstrahlung. In addition further radiative processes 

involving the emission of two or more photons may also occur. It is 

apparent that in these radiative events, the measured kinematic 

quantities, a and B, derived from the muon track before and after 

the target are not those of the interaction of interest. This 

means that the measured number of events in any particular bin will 

differ from the "true" number of events - i.e. the nuniber of events 

that the bin would contain if the one-photon exchange process, 

Figure 1.1, were the only process - by the difference in the numbers 

of events lost to and gained from the rest of the kinematic plane 

through radiative effects. Specifically this difference can be 

considered as a sum of two factors. Firstly radiative effects 

will move some elastic scatters from the Q2 = 2Mv line into inelastic 

bins and secondly they will move inelastic events from bin to bin. 

The measured cross-section at the point (a,B) may be written 

as 

r 
i 
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d2ainel(a,B) 
dadB 

where ainel(a,B) is the inelastic cross-section 

. atail(a,B) is the cross-section for seeing radiatively 

degraded elastic events at a,B. This is known 

as the elastic radiative tail 

and RCinel(a,B) is the inelastic radiative correction factor. 

Tite procedure adopted for calculating RC. 1 and ot . 1, and thus . ine a1 

obtaining o. 1 from a • foliows the method of Mo and Tsai(6l). ine meas 

It is described in detail in Ref. C57J and the more important 

features are presented here. 

Given a form for the elastic cross-section - i.e. a form for 

the elastic form factors - explicit formulae (62) exist to calculate 

the elastic radiative tail. It is found that the most important 

contribution to the tail comes from the single photon internal 

bremsstrahlung. Data tables DT2(a) and DT2(b) show the elastic 

d
20

tail 
of v .rf points radiative tail cross-sections, dndE' , at a series 

d20 tail 
tables any chdB for the 96 GeV/c and 147 GeV/c data. From these 

may be calculated by interpolation. The elastic radiative tail is 

only important at low cf and lies in the range 0%-40% of the raw 

cross-sections. It is estimated that any errors in the elastic 

radiative tail are less than 5%. · 

In the continuum region, given a form for the inelastic 

cross-section. it is relatively easy to calculate the factor RCinel (a ,B) 

and thus obtain estimates of 1adB I . Figure 5.9 is a simple .. a . meas 

illustration of what happens. Region 1 is the data bin of 

interest. Events will be moved into it by radiative effects.from 

regions A, B and 2. Events move from A into the bin if the s"cattered 

muon radiates and move from B into the bin if the incident muon 

radiates. Region 2 will feed into the bin if both the incident 
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and scattered muon radiate. In addition some events that would 

have fallen into the bin will be lost into region C because of radiation 

by the scattered muon. Two approximations are made when calculating 

the inelastic radiative corrections. Firstly it is assumed that 

the emitted photon is radiated along the muon direction - this is 

called the peaking approximation. Secondly it is assumed the 

contribution of events into the data bin from region 2 is small and 

can be ignored. If the "true" cross-sectional form for inelastic 

scattering and the probability of radiating photons of the appropriate 

energy is known over the extent of region l,A and B, the!1 the 

measured inelastic cross-section for the bin can be calculated by 

integrating over these regions. RC. 
1 

is then simply given by 1ne 

True inelastic cross-section 
RCinel = Measured inelastic cross-section 

In practice an iterative procedure is used to construct a table of 

RCinel (" ,Q2 ) at a set of (" ,Q2 ) points. In this an initial "guess" 

is first made for the form of the inelastic structure functions -

this guess is derived from the SLAC data. The inelastic spectrum 

is.then radiatively degraded and RC. 
1 

values are calculated. · 1ne 

These are used to correct the measured inelastic cross-sections 

and the corrected data is "fitted for the structure functions. The 

fit so derived is· then input back into the program and used to 

construct another set of RC. 
1 

values. The process is repeated ine 

until there is no significant difference between the input and 

output forms of the structure functions. Data tables DT3(a) and 

DT3(b) are the values of RC. 1 (",Q2) so generated for the 96 GeV/c 1ne 

and 147 GeV/c data. These numbers are estimated to be accurate to 

approximate 2\. Required RCinel(a,6) may be calculated from these 

tables by interpolation. 
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Looking back to equations 5.1 and 5.3, it is seen that the 

radiative corrections are lumped into the factor RC(.a,6) which may 

be written as 

d2atail 

RC = 1 dad6 
RC. l d2a 1ne meas 

dad6 

Radiative corrections involve terms containing factors that 

vary as log(m2) where m is the mass of the radiating particle. 

From this it is seen that the use of muons instead of electrons 

reduces radiative corrections by a factor of 5 or so. 

Resolution Corrections - 1be factor RS(a,6) allows for the fact 

that the measured (a,6) of an event may be different from the actual 

(a,6) of an event because of the finite resolution of the apparatus. 

Again this correction is calculated by first constructing a table of 

RS(v,Q2) values at a set of (v,Q2 ). points. Any RS(a,6) may then be 

calculated from this table by interpolation. 

The quantities used to calculate the a and Q2 of an event 

are the incident muon energy, E, the scattered muon energy E' 

and the muon scattering angle e. It may be shown that the measure-

ment error on E is less than 0.1% and as such its effect on v and 

Q2 is negligible. The effect on the measurement errors of E' and 

e on v and Q2 may be investigated using the muon-electron scatters 

that exist in the data. 

·The relationship between a particle momentum p and its angle 

of bend in the ccn, ab, is given by 



1-

1 

I 

95. 

peb = constant (see Section 4.D on 11Momentum 
Calibration) 

Given this, then 

AE Mb 
= p eb 

and furthermore if 60b is assumed to be a constant, then 

AE = kp where k is a constant 
·P 

Figure S.lO(a) shows the distribution of muon-electron scatters 

in the 147 GeV /c ~ata as, a function of (E-E' -Ee) where Ee is the 

energy of the electron. 1be distribution is centred on zero 

and has a half width of 1.9 GeV. Given the restricted range of 

muon-electron scatters - i.e. E' < SO GeV and Q2 < 0.15 (GeV/c}2-
"' 

it is seen that this width is dominated by the error on Ee. For 

a 147 GeV/c incident beam the average E is approximately 115 GeV. e 

Using this number, it is seen that k is approximately 1.44 x 10-4 

if p is in GeV/c. This corresponds to 60b = 0.32 mr. The major 

contribution to 60b comes from the particle trajectory as it 

enters the CCM and the above figure agrees well with the angular 

.error expected from this track. 

Figure S.lO(b) shows the dist~ibution of muon-electron scatters 

as a function of (Q2-2mev). Again the distribution is centred on 

zero. It has a half-width of 0.014 (GeV/c) 2 which comes almost 

entirely from the error in Q2• ~Q2 may be written as 

Q2 = 2EE' sine M from which Mis calculated 

to be 0.35 mr - the scattering angle is calculated from the muon 

track upstream of the CCM. If ~e is assumed constant over the range 

of Q2, it is.seen that the error in Q2 is small and can be neglected 

in the calculation of the resolution correction. 
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From the above study of muon-electron scatters, it is seen 

that to a good approximation only the measurement errors of the 

scattered muon momenta affect the resolution correction - this is 

why the correction is also known as the (momentum) smearing corrcctio.n. 

If the "true" cross-sectional form is known then the smeared cross-

section is given by 

d2a I 
dadB smeared - JJ d

2
a P(a!a•,·a,B'l da'dB' - da'dB'. 

where P(a,a';B,B') is the probability that the point (a',B') will be 

considered as (a,B) because of the apparatus resolution. (P depends 

only on v). 

Then RS(a,B) is given by 
d2o I 

RS(a,S) = dadB true 
-=d ..... 2<1-'--1--
dadB smeared 

In practice a table of RS(v,Q2) values is constructed for a set 

. of (v,Q2) bins. Various input cross-sections were tried and it is 

found that RS is not very model dependent in the deep inelastic 

region. Any RS(a,B) may be obtained from the table by interpolation. 

It is found that the smearing correction only affects the 

kinematic region v < 20 GeV. Its maximum effect on the data is 

approximately 20% and·it is estimated that any systematic errors 

arising from this correction are less than 1%. The region v < 5 GcV 

is cut because of poor resolution. Data tables DT4(a) and DT4(b) 

show the values of RS(v,Q2) for the 96 GeV/c and 147 GeV/c datasets. 

. in' ~ ' ~ 
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S.D RESULTS AND COMMENTS 

Having calculated all the various correction and efficiency 

factors, equation 5.3 may be used to cal~ulate the various physical 

quantities of interest. If the quantity of interest is F(a,6) 

and its relationship to . d2a b "t the cross-section dad6 can e wr1 ten as 

d2a -d- = D(a,6)F(a,6); ad6 
where D(a,6) is a known kinematic 
factor 

then equation 5.3 is transformed into 

W6a,6S 
<F(a, 5)>Aa,66 = a 6 

r2 J2 D( 6) 
LE a 6 [dad6RC(a,~l RS(a,6) 

· I 1 

where <F(a,6)>Aa,66 is the average value of 

F(a,6) in the bin t.a,t.6 

Further~ore the value of F(a,6) at any point a
0

,6
0 

in the bin may 

be written as 

w 
6a,66 

Providing the function F(a,6) is reasonably well behaved, this formula . 
forms the basis of an iterat.ive nethod of generating values of F(a

0
,6

0
) 

and is used to calculate bin-centred values of F. The calculation 

of the integrals is effected by using the standard Gaussian quadrature 

technique. This section presents the results from the analyses for 

three physical quantities, namely the muon inclusive cross-section 

:~~q2 , the inelastic structure function vw2 and the total virtual 

photoabsorption cross-section. 
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d2o Muon Inclusive Cross-Section - To obtain average values of dvdq2• 

it is apparent that the binning is carried out in v and Q2 and that 

the factor D(v,Q2) in ~his case is 1. The data for the analysis 
d2CJ . 

for dvdq2 is presented in Data Tables DTS(a)-(d) and DT6(a)-(d) for 

the 96 GeV/c and 147 GeV/c datasets respectively. The contents 

of the four separate tables in each set are: 

(a) the raw events seen for the target full and target empty 

data 

(b) the weight~d events, WAv,AQ2 

(c) · the weighted events after the subtraction of the elastic 

radiative tail 

(d) the average inclusive cross-sections in picobarns per (GeV)3 

. d2CJ 
The formula for the inclusive cross'-section dvdq2 can be 

written as 

d2a = 2na2 1 .!.[ 2EE' _ ~ 
dvdq2 E2 Q4 v 2 

d2CJ 
Figure 5.11 shows the variation of dvdq2 vs. Q2 at fixed v and 

from this it is seen that the major Q2 dependence of the cross-section 

1 comes from the Qli term. 

vs. v at fixed Q2 • 

d2o 
Figure 5.12 shows the variation of dvdq2 

Inelastic Structure Function vW2 - As will be seen later in this 

section, the values of R are not determined well enough to enable 

a complete separation of the two inelastic structure functions, 

2MK1 and vw2, to be carried out. This analysis looks at the extraction 

of vW2(w,Q2) assuming a value of R = 0.18. One may comment that 

data from this experiment is relatively insensitive to the choice 

·. 
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of the scaling variable - w, w', ~(3l) etc. The data for this 

analysis is presented in Data Tables DT7(a)-(f) and DT8(a)-(f) for 

the 96 GeV/c and 147 GeV/c datasets respectively. 1he contents of 

the six tables in each set are 

(a) the target full events, N6w,6Q2 

(b) the weighted events, W6w,6Q2 

(c) the weighted events after the subtraction of the elastic 

radiative tail 

(d) vW2 before the inelastic radiative corrections and momentum 

smearing (bin centred values) 

(e) 

.(f) 

final values of vW2 after all corrections (bin centred values) 

. d2o average values of the inclusive muon cross-section ~ 
q 

in picobarns per (GeV)2 

The values of vW2 are plotted in Figure 5.13-5.17. Figure 

S.13 is a plot of v\\'2 averaged over all Q2 as a function of w for 

both the 96 GeV/c and 147 GeV/c datasets. - the differences between 

the two datasets reflect the different Q2 extents of the two set·s 

of data. Figure 5.14 shows the values of vW2 as a function of ,Q2 

for various w bands for the 96 GeV/c data. Figure 5.15 is the 

' ·equivalent plot for the 147 GeV/c data. The consistency of vW2 

between the two datasets is checked and gives a x2 = 188.4 for 

185 degree of freedom, a variance ratio of 1.02. Figures 5.16 

and S.17 plot the values of vw2 obtained by combining the two 

datasets. Figure 5.16 shows the values of vW2 vs. q2 for various 

bands of w. In addition the separated values of vW2 obtained by the 

SI.AC-MIT group (l4) are also plotted in this figure. Finally, Figure 

S.17 plots the combined values of vW2 as a function of w for various 

bands of Q2• Only the statistical errors are quoted in the tables and 

11 
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drawings. If the possible systematic errors on the corrections£, 

A, RC and the background subtraction combine in the worst possible 

way, this leads to a systematic error of approximately 8% in all 

the values of vh'2" Furthermore for w < 15 there is a further 

possible systematic error of 6% because of uncertainties arising from 

the track finding efficiency and smearing corrections at low v. The 

systematic error arising from the possible contamination of the 

data from muon-electron scatters only affects the w ·> 500 bins. The 

inunediate observation from the plots shown in Figure 5.13 and 5.17 are 

firstly that this experiment agrees with SLAC in the regions of over-

lap, secondly that, although gross scaling holds, violations of scaling 

are seen and that vw2 rises with Q2 at high 111, and lastly that there 

is insufficient data to make any positive statement about the fall of 

vw2 with Q2 at small 111. 

Scaling violations may be investigated by calculating the 

quantity 
~(log F2(x,Q2)) 

8 = ~~~~~~-

as a function of x (F
2 

= vW2). Figure 5.18 shows the variation of 

8 with x for data from this experiment and from the SLAC-MIT group. 

Three functional forms are.drawn on the plot. The first, 

8 = 0._12 log(1 /6x), is favoured by the other muon scattering 

experiment at Fermilab(l7) and the second is derived from a field 

theoretical model of Parisi and PetronzioC63). It is seen that the 

8 = 0.12 log(1/6x) form does not do very well at large x. Further-

more one may comment that a simple straight line, 8 = 0.66 (0.25-x), 

does as well as any other functional form. 

11 
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Figure 5.19 compares the values of vw2 from this experiment 

and from the SLAC group A(66) with prediction of the generalised 

vector meson dominance ·theory. Two curves are drawn through the 

data, the first derived from Greco(64) and the second, which 

explicitly uses thew vector meson, from Close, Scott and Sivers(6S). 

It is seen that at high w, the data fits the second curve tolerably 

well. 

Total Virtual Photoabsorption Cross-section and R - The last analysis 

presented is the extraction of the total virtual photoabsorption cross

section, a = aT + EOL as a function of w2 and Q2 • The data is 

contained in Data Tables DT9(a)-(d) and DTlO(a)-(d) for the 96 GeV/c 

and 147 GeV/c datasets respectively. The contents of the four 

tables in each set are 

(a) the weighted events W~w2~q2 

(b) the weighted events after the subtraction of the elastic 

radiative tail 

(c) the total virtual photoabsorptio~ cross-sections before 

the inelastic radiative corrections and momentum 

smearing. 

(d) ·the total virtual photoabsorption cross-sections after all 

the corrections have been applied. 

Figure 5.20 shows the variation of a vs. Q2 at fixed 1'12 

and it is seen that a falls as a power of Q2 • Figure 5.21 shows 

plots of a vs. W2 for fixed Q2 • The variation of a with W2 is 

flat or possibly falling slightly except in the lowest q2 bins 

plotted •. 
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As was discussed in Chapter 1, the values of o in the same 

(W2,Q2) bins for the two incident energies may be used to extract 

values of R. Figures 5.22 show plots of o = oT + EOL vs. £ for 

various data bins in two bands of w2. In these plots the slope of 

the straight line gives oL and the intercept at £ = 0 gives oT. 

It is readily seen how difficult it is to obtain accurate values 

of R on a bin-by-bin basis. The results for oL' oT and R in 

the three W2 bands in which the difference between£ (96 GeV/c) and 

£ (147 GeV/c) is greater than 0.1 are tabulated in Table 5.1 -

it may easily be shown that £ varies with W2 and is essentially 

constant as a function of Q2. The data suggestsan average value 

of R = 0.07 ± 0.34 for the kinematic region 64 (GeV)2 < 1'12 < 144 (GeV) 2; 

1 (GeV/c)2 < Q2 < 4 (GeV/c)2. 

Fits to the Data - In an attempt to obtain better estimates of R, a 

program was written to fit the data to various functional forms of 

vW2 and R. The principle of this program is quite straightforward, 

namely that the functional formsof vW2 and R are used to calculate the 

number of raw events expected in the various data bins. The quantity 

x2 = I (measured events - expected events)2 
bins (error in.measured events)2 

is calculated. The parameters of the input functions are then varied 

in an attempt to minimise x2• This method has the additional 

advantage that systematic effects may be studied by varying the 

magnitudes of the various corrections. 

Two fits to the data are described here, i.e. 

(l) vW2 = [a1(1-x)3 + a2 (1-x)~ + a3(1-x)S](l+a4 log¥21o&i) 

R = a5 

' ~ . ....... 
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103. 

Q2 
vw2 = (a1(1-x)3 + a2(1-x) 4 + a3(1-x)S](l+a4(0.25-x) loga-

5
-z) 

R = a6 

where the a's are the fitting parameters; 

In the first the form for vw2 is suggested by asymptotically 

free guage theories and is used by Chang et al(l?). The second form 

of vW
2 

is chosen because it fits the SLAC-MIT data(l 4) very well, 

see Figure 5.18. The results from these fits are tabulated in Table 

5.2 and the more important features are listed here. 

(1) A cut of q2 > 1.0 (GeV/c)2 gives much better fits to the 

data - i.e. better variance ratios - than when all the data 

is used. This is because there is little overlap in the 

(v,Q2) plane between the two datasets for q2 < 1.0 (GeV/c) 2 

and because a possible muon-electron contamination of the 

data in the low Q2 , high v region in the 147 GeV/c data. In 

addition the Q2 < 1.0 (GeV/c) 2 kinematic region is the turn-on 

of scaling region and the above forms of vW2 are bad fits to 

the data in this region. 

(2) The correlations between the coefficients of the (1-x)n 

terms is high. 

(3) The correlations between R and the scaling violation parameter 

(4) 

a4 are small. 

For fit 1; 

All the data 

For fit 1; 

Q2 > 1.0 (GeV/c)2 
data 

R = 0.15 ± 0.08, a4 = 0.049 ± 0.002 

variance ratio = 1.034 per degree of 

freedom 

R = 0.21 ± 0.12, a4 = 0.061 ± 0.015 

variance ratio = 0.649 per degree of freedom 

In both these cases the systematic errors for R are estimated 

to be approximately ±0.05. 

!l 



(S) For fit 2; 

All the data 

For fit 2; 

q2 > 1.0 {GeV/c)2 
data. 

104. 

R = O. Sl ± 0.14,. a4 = O. 72 ± O. 24 

variance ratio = 0,868 per degree of 

freedom 

R = 0.38·± 0.16, a4 = 0.61 ± 0.20 

variance ratio = 0,630 per degree of 

freedom 

In these cases, the systematic errors for R are estimated 

to be approximately ±0,08, 

Attempts were made to fit the data for varying functional 

fonns for R(l4) ~ various theories suggest 1;q2C67) or 1/log q2C68) 

dependences. These fits however suffer from the fact that most of 

the data lies in a limited region of Q2 and could not be made to 

converge in a sensible manner. 

Callan-Gross Sum Rule - Once the data has been fitted for F2 = vw
2

, 

the values of the JF
2
dx may be evaluated in various ranges of x and 

Q2, In parton models, the integral gives the mean of the squares 

of the parton charges. The results for the integrations are presented 

in Table 5.3. These calculations also include earlier hydrogen data(S4) 

from this ezj>eriment as well as the SLJ\C-MIT data and R is set equal . 
to 0.18. Thf,n form for F: ~s]ed for the fi.ts is Q

2 
F2 = Ll:i=l ai (1-x) 1+ (1 + b 1(0.25-x) lo~ ) 

Fits for both n = 3 and n = 4 are tried and the effects of changing 

the normalisation of this experiment with respect to the SLAC-HIT 

data are investigated. 

Table S.3 may be divided into two parts. First the results 

for the integral from x = 0 to x = 1 for various bands of cf is 

presented using data from both this experiment and SLAC-MIT group. 

It is seen that the integral is essentially flat as a function of 

r 
! 
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Q2 and has a value in the range 0.16-0.19 as compared with 0.33 

for a naive three quark model. In addition one can comment that 

raising the normalisation of this experiment by 5% improves the fits 

for Q2 > 2.0 (GeV/c) 2 • The second part of the table evaluates the 

contribution of the data from this experiment alone to the integral. 

This contribution is seen to increa~e with increasing Q2 and the 

integral for 0.0 < x < 0.25 lies in the range 0.06-0.10. 

Conclusions - The conclusions drawn from this experiment may be 

listed as follows: 

1. Scaling violations. are seen and the inelastic structure 

function, vw2 , increases with increasing Q2 for large w. 

·2. 'lbe value of R remainssmall - as in the previous electron 

experiments - in the extended kinematic region of this 

experiment although unfortunately there is insufficient 

data to investigate its variation with the kinematic 

variables. 

3. The Callan-Gross sum rule integral is in the range 0.16-0.19 

which suggests that in parton models roughly 50% of the 

proton momentum is carried by partons andthat this fraction does not 

vary ~i th Q2 • 

In view of these observations, it will be extremely interesting 

to see the results from the second generation of high energy muon 
. 

experiments, especially at CERN, which promise greatly improved 

statistics with which to extract accurate values of R and the inelastic 

stnicture functions. 
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FIG. 5·21 
TOTAL VIRTUAL PHOTOABSORPTION CROSS - SECTION VS. w2 
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Table 5.1 EXTRACTED VALUES OF aL , aT AND R 

Q2 w2 O'L O'T R c (147GeV)-

(GeV/c)2 (Gev)2 µbarns µbarns c ( 96GeV) 

0.8 - 1.0 64 - 100 20.1±83.8 17 .4±71.6 1.55±9 .53 0.10 

1.0 - 1.5 64 - 100 -16.9±33.8 44.7±29.7 -0.38±0.51 0.10 

1.5 - 2.0 64 - 100 6.4±29.2 15.9±25.8 0.40±2.48 0.10 

2 - 3 64 - 100 3.9±20.4 14;1±18.2 0.28±1.81 0.10 

3 - 4 64 - 100 5.1±18.9 7.4±16.9 0.69±4. 71 0.10 

0.6 - 0.8 100 - 144 36.1±31.9 13.9±20.1 2.59±6.04 0.26 

0.8 - 1.0 100 - 144 2.1±22.9 34.5±15.6 0.06±6.92 0.26 

1.0 - 1.5 100 - 144 6 .8±13.4 25 .1±9 .3 0.27±0.62 0.26 

1.S - 2.0 100 - 144 20.8±12.1 7.4±8.6 2.82±4.89 0.26 

2 - 3 100 - 144 9.6±8.2 10.0±5.9 0.95±1. 39 0.27 

3 - 4 100 - 144 6.7±7.9 7.5±5.8 0.89±1. 74 0.27 

0.2 - 0.3 144 - 196 22.8±16.0 58.7±8.4 0.39±0.33 0.61 

0.3 - 0.4 144 - 196 -11.3±16.3 50.5±9.1 -0.22±0.29 0.60 

0.4 - 0.6 144 - 196 2.9±13.4 52.3±7.2 0.06±0.26 0.57 

COMBINING BINS 

l - 2 64 - 100 -0.35±0.50 

2 - 4 64 - 100 0.33±1.69 

1 - 2 100 - 144 0.27±0.58 

2 - 4 100 - 144 0.92±1.08 

l - 4· 64 - 144 0.07±0.34 

Note Only the bins with greater than 50 events and ~(147Gev) - c(96GeV) 

greater than O.l are tabulated. 



Table 5.2 (continued) 

Fit 2 

(a) All the data 

Correlation matrix 

ai= 1.071±1.071 1 . 1.000 

a2=-0. 331±2. 060 2 -0.987 1.000 

a3=-0. 207±0. 992 3 0.888 -0.950 1.000 

a.i.= 0~719±0.238 4 0.866 -0.785 0.561 1.000 

as= 3.328±3.200 5 -0.858 o. 771 -0.539 -0.995 1.000 

a6= 0.511±0.136 6 0.534 -0.532 0.488 0.456 -0.481 1.000 

1 2 3 4 5 6 

NDF = 254 
,,-... Variance ratio = 0.868 

(b) q2 greater than 1.0 (Ge\Vc)2 data 

Correlation matrix 

ai= 1.784±2.536 ·l 1.000 

a2=-1.403±5 .484 2 -0.999 1.000 

a3= 0.045±2.831 3 0.996 -0.998 1.000 

a.i.= 0.609±0.200 4 0.825 -0.831 0.838 1.000 

as= 1.482±1.872 5 -0.956· 0.948 -0.934 -0.742 1.000 

aG= 0.384±0.163 6 0.243 -0.262 0.288 0.360 -0.111 1.000 

1 2 3 4 5· 6 

NDF = 204 
Variance ratio = 0.630 



Table 5.2 FITS FOR. w2 AND R 

·pit 1 

· R = as 

· (a) All the data 

a1= 0.761±0.522 

a2= 1. 029± 1. 210 

a3=-1.456±0.698 

8"""' 0.049±0.002 

as-= 0.137±0.085 

NOF = 255 
Variance ratio= 1.034 

1 

2 

3 

4 

5 

Correlation matrix 

1.000 

-0.996 1.000 

0.987 -0.997 1.000 

0.215 -0.230 0.242 1.000 

0.268 -0.294 0.319 -0.355 1.000 

1 2 3 4 5 

(b) cf- greater than 1.0 (GeV/c)2data 

Correlation matrix 

a1= 1.282±0.642 1 1.000 

82~0. 333± 1.524 2 -0.997 1.000 

a3=-0 .576±0 .900 3 0.989 -0.997 1.000 

ai.= 0.061±0.015 4 0.499 -0.519 0.538 1.000 

as= 0.205±0.121 5 0.356 -0.383 0.407 0 .171 . 1 • 000 

1 2 3 4 5 

NOF"" 205 
Variance ratio = 0.649 

. lJ 
" ll 

~.? 

Tl·· i '• 
l . . 
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TABLE 5.3 

CALLAN-GROSS sun RULE CALCULATION 

Data fitted to the form 

F2 =~~I ai (1-x) "
2 

}1'b1(O.25-x).lo,r) 

R = 0.18 

1 
1 F2(x)dx Variance 

r!F2(x)dx 
Variance· 

Q2 x limits 0 Ratio of Ratio of 
(GeV/c)2 of data (n = 3) Fit (n = 4l Fit 

1-2 0.0025 0.178±0.002 1.297 0.188±0.008 1.259 
-0.33 

2-4 
0.0083 0, 176±0. OCH 1.134 0.177±0.001 1.151 

-0.50 

4-8 0.0170 0.172±0.002 1.705 0.173±0.002 1.707 
-0.67 

8-15 0.029 0.168±0.004 0.990 0.168±0.004 1.026 
-0.80 

15-30 
0.050 

0.164±0.010 0.915 0.161±0.012 1.138 
-0.80 

Moving the normalisation of this experfment up by 5% relative to the 
SLAC-MIT data gives: 

1-2 
2-4 
4-8 
8-15 
15-30 

Values 

Q2 

of the 

(GeV/c)2 

1-2 
2-4 
4-8 
8-15 
15-30 

'• 

0.181±0.002 
0.178±0.001 
0.176±0.002 
0.173±0.004 
0.173±0.011 

1.463 
0.961 
1.489 
0.874 
0.914 

0.189±0.007 
0.179±0.002 
0.178±0.002 
0.174±0.004 
0.169±0.013 

1.455 
o. 977 
1.477 
0.900 
1.113 

integral using data from this experiment only: 

0.25 0.25 

xmin Ix . F2dx 
min 

I F2dx 
0.05 

0.0025 0.0772±0.0067 0.0606±0.0067 
0.0080 0.0809±0.0018 0.0658±0.0017 
0.0167 0.0811±0.0021 0.0670±0.0019 
0.029 0.0852±0.0033 o. 0726±0. 0029 
0.05 0.0799±0.0094 0.0799±0.0094 

Extrapolation of the data from this experiment to x = 0 

Q2 
(GeV/c)2 

1-2 
2-4 
4-8 
8-15 
15-30 

0.25 
10 F2dx 

0.0782±0.0067 
0.0809±0.0018 
0.0874±0.0021 
0.0962±0.0033 

l. ~=°-989±0 .0094 

Systematic error 
from extrapolation 

0.0003 
0.0007 
0.0016 
0.0030 
0.0050 

Systematic errors 
calculated by assuming 
a 25\ error in the 
extrapolation 

j 
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APPENDIX A 

SUMMARY OF TIIE KINEMATICS OF CHARGED LEPTON-NUCLEON SC.A.TIERING* 

Masses 

mt 

me 

m 
µ 

M 

Variables 

p = (E, p) 

p' 

p 

q 

= (E,p') 

= (M, O)lab 

= (p-p') 

E 

E' 
~ 

p 

p' 
e 

v =~ 
M 

q2 = -Q2 

w2 = (q + P)2 

mass· of the lepton 
I 

mass of the electron 

mass of the muon 

mass of the proton 

four-momentum of the incident lepton 

·four-momentum of the scattered lepton 

four-momentum of the target nucleon 

four-momentum of the exchanged virtual 
photon 

energy of the incident lepton 

energy of the scattered lepton 

three-momentum of the incident lepton 

three-momentum of the scattered lepton 

angle.of scattered lepton w.r.t. the 
incident lepton - i.e. angle between 
pandp'. 

laboratory energy loss of lepton 

four-momentum transfer squared, q2 ~ O. 

centre of mass energy squared of the 
virtual photon-nucleon system. 

·• Only the muon inclusive kinematic is swrunarized here. 
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APPENDIX A (continued} 

Ill= 
1 /x 

lll1 = 1 /x' 

K 

r 

c 

Formulae 

p2 = p' 2 = m2 . .e. 

\I= Elab - E' lab 

/ 

scaling variables 

scaling variables 

equivalent photon energy 

transverse virtual photon flux 

ratio of the longitudinal to transverse 
virtual photon fluxes 

q2 = -(p-p 1
)
2 = 2(EE' - p.p' - m~l 

Q2min = 2(EE' - l!il. Ip• I = m~) 
2 

Ill v 2 

Q2 = 4EE'sin2(
9
/2) + ~E' 

1'1
2 = 2Mv + M

2 
- Q

2 

1a1 = 2Mv 

q2 
w2 

111'=1+-
q2 

W2..M 2 
K=--

2M 

a K =- E' 1 r 1-£ 2 .. 2 .Q2: E 
....ll 
EE' 

c .. [' • 2(g
2
+ v'J t:,.,.,~ 

Q2(1 _ ~in/Q2)2 

-1 

in the limit ~here terms of orders 

higher than m.e. are ignored. 
E2 

31 



APPENDIX A (Continued) 

Cross-sections, Form Factors, Structure Functions 

Electric elastic form factor for the 
nucleon 

magnetic elastic form factor for the 
nucleon 

inelastic structure functions for 

the nucleon 

transverse virtual photoabsorption 
cross-sect.ion 

longitudinal virtual photoabsorption 
cross-section. 

.. , ' 

ratio of the longitudinal to transverse 
virtual photoabsorption cross-sections 

for elastic scattering 

{G~ 
Q2 ] da 4•• [ Q' G2 + 

+ 4M G~ 
( (W2-M2 f . _2 w2) -= 

dq2 QI+ (W2-M2)2 . 2 M Q2 
1 + 4M2 

~or inelastic scattering 

11' 
= 

or 

where 

a2 · · cos2 (8 /2) .. _ 
4E2 sin4 (8 /2) 
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APPENDIX A (Continued) 

or 

where 6 = 
2rn~(l-c) 

q2 

the following relation between aT, aL·, W 1, w2 may be written 

finally F1, F2 are defined as 

·l 



REFERENCES 

1. R. Hofstader et al, Ann. Rev. Nuc. Sci. J_, 231 (1957). 

· 2. H. Pilkuhn, Interactions of Hadrons (North Holland, 
Amsterdam, 1967). 

3. S.D. Drell and J.D. Walecka, Ann. Phys. 28, 18 (1964). 

4. L.N. Hand, Phys. Rev. 129, 1834 (1963). 

s. L.N. Hand, Thesis, Stanford (1961) unpublished. 

6. W. Bartel et al, Phys. Lett. 258, 236 (1967). 

7. D.H. Coward et al, Phys. Rev. Lett. 20, 292 (1968). 

8. E. Bloom et al, Phys. Rev. Lett. _?l, 930 (1969). 

9. M. Breidenbach et al, Phys. Rev. Lett~, 935 (1969). 

10. G. Miller et al, Phys. Rev. 05, 528 (1972). 

11. J. Friedman and H. Kendall, Ann Rev. Nuc. Sci.~, 203 (1972). 

12. A. Bodek, Thesis, MIT (1972). 

13. P.N. Kirk et al, Phys. Rev. D8, 63 (1973). 

14. E.M. Riorden et al, SLAC-PUB-1634 (1975). 

IS. s. Stein et al, Phys. Rev. 012, 1884 (1975). 

16. W.B. Atwood, SLAC-Report-185 (1975). 

17. Y. Watanabe et al, Phys. Rev. Lett. 35, 898, (1975). 
C. Chang et al, Phys. Rev. Lett. 35,--gOI (1975). 

18. W.A. Loomis et al, Phys. Rev; Lett. 35, 1483 (1975). 
H.L. Anderson et al, Phys. Rev. Lett-.-36, 1422 (1976). 
H.L. Anderson et al, Phys. Rev. Lett. 37, 4 (1976). 

19. M. Gell-Mann, Phys. Lett.!, 214 (1964). 

20. K. Gottfried, Phys. Rev. Lett • ..!§_, 1174 (1967). 

21. C. Callan and D. Gross, Phys. Rev. Lett.~, 311 (1968). 

22. J. Bjorken, Phys. Rev. 179, 1547 (1969). 

23. N. Dombey, Rev. Mod. Phys • .!!_, 236 (1969). 

24. J. Bjorken and E; Paschos, Phys. Rev. 185, 1975 (1969). 

25. E. Rloom and F. Gilman, Phys. Rev. Lett. 25, 1140 (1970). 



. ,,,-.... 

I 
! 

I 
I 
I 

I 
I 
I 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

F. Close and J. Gunion, Phys. Rev. D4, 742 (1971). 

C.H. Llewellyn-Smith, Phys. Rev. D4, 2392 (1971). 

J. Kuti and V. Weisskopf, Phys. Rev. 04, 3418 ( 19 71) • 

J.J. Sakurai and I. Schildknecht, Phys. Lett. 40B, 121 (1972). 

A. Chodo.s, R.L. Jaffe, K. Johnson, C.B. Thorn and V. Weisskopf 
Phys. Rev. 09, 3471 (1974). 

H. Georgi and H.D. Politzer, Phys. 11e:v. Lett, 36, 1281 (1976). 

D.H. Perkins, Sum Rules in Deep Inelastic Scattering, 
Oxford Internal Note (1972). 

R.P. Feynma!1, ·Photon-Hadron Interactions, Benjamin (1972). 

P. Roy, Theory of Lepton-Hadron Processes at High Energy, 
Clarendon Press, Oxford (1975). 

W.K.H. Panofsky, Proceedings of the 14th International 
Conference on High Energy Physics, Vienna (1968). 

F.J. Gilman, Proceedings of the International Symposium on 
Electron and Photon Interactions, Daresbury (1969). 

J.G. Rutherglen, Proceedings of the International Symposium 
on Electron and Photon Interactions, Darcsbury (1969). 

38. H.W. Kendall, Proceedings of the International Symposl.um on 
Electronand Photon Interactions, Cornell (1971). 

39. E. Bloom, Proceedings of the International Symposium on 
Electron and Photon Interactions, Bonn, (1973). 

40. R.E. Taylor, Proceedings of the International Symposium on 
Lepton and Photon Interactions, Stanford (1975). 

41. C.H. Llewellyn-Smith, Proceedings of the International 
Symposium on Lepton and Photon Interactions, Stanford (1975). 

42 •• Proceedings of the International Symposium on Lepton and 
Photon Interactions, Stanford (1975). 

43. L.S. Rochester et al, Phys. Rev. Lett. 36, 1284 (1976). 

44. R.W. Ellsworth et al, Phys. Rev. 165, 1449 (1968). 
L. Camilleri et al, Phys. Rev. Lett, 23, 153 (1969). 
I. Kostoulas et al, Phys. Rev. Lett. 32, 489 (1974). 

45. W. Toner et al, Phys. Letts. 36B, 251 (1971) 
T.J. Braunstein et al, Phys. Rev. 06,106 (1972). 
A. Entenbcrg et al, Phys. Rev. Lct~32, 1284 (1976). 

46. F.H. Comblcy, Proceedings of the Incrnational Symposium on 
Lepton and Photon Interactions, Stanford (1975). 

T" 



47. R~ Heistcrberg, Thesis, University of Chicago (1976). 

48. F.E. Close, Proceedings of the Physics with Polarized Targets 
at High Energy Meeting, RL-73-088 Rutherford (1973). 

49. A.J. Alguard et al, SLAC-PUB-1790 (1976). 

50. M. Livingston and J. Blewett, Particle Accelerators, 
McGraw-Hill (1962). 

51. P. Rice-Evans,.Sparks, Streamer, Proportional and Drift 
Chambers, Richelieu (1974). 

S2 •. K. Burns et al, Nuc. Inst. Meth. 106, 171 (1973). 
T.A. Nunamaker, Nuc. Inst. Meth. 106, 557 (1973). 

53. T.A. Nunamaker and D. Turner, Nuc. Inst. Meth. 113, 445 (1973). 
T.A. Nunamaker, R~v. Sci. Inst. 42, 1701 (1971)~. ~ 

54. S. Pordes, Thesis, Harvard University (1976). 

SS.· D. Ritson, Techniques of High Energy Physics, Interscience 
Publishers, Inc. New York (1961). 

S6. W.A. Loomis, E98 Internal Report (1974). 

S7. G.I. Kirkbride, Thesis, Oxford University (1976). 

58. C. Kittel, Introduction to Solid State Physics, Wiley (1971). 

S9. E. Wallis, Rutherford. Report, RHEL-M-Hl9. 

60. Off-line Analysis Notes, E98 Internal Document (1974) 
Oxford Analysis, E98 Internal Document (1975). 

61. L. Mo and Y. Tsai, Rev. Mod. Phys. !!_, 205 (1969). 

62. Y.S. Tsai, Proc. Nuc. Structure Conf. Stanford (1963). 

63. G. Parisi and R. Petronzio, Phys. Lett. 628, 331 (1976). 

64. M. Greco, Nuc. Phys. B63, 398 (1973). 
G.J. Gounaris, E.K. Manesis and A. Verganelakis, Phys. 
Lett. S9B, 391 (1975). 

6S. F.E. Close, D.M. Scott and D. Sivers, Phys. Lett. 628, 
213 (1976). 

66.. S. Stein et al,, SLAC-PUB-1528 (1975). 

67. C. Callan and D. Gross, Phys. Rev. Lett.~' 156 (1969). 

68. J. Kogut and L. Susskind, Phys. Rev. 09, 3391 (1974). · 



) ) 

DATA TABLE DTI(a) 
Geometric acceptance (96GeV data) 
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8:~~s. 8:~b~ 
o. 599 0. 3 7 '> o. 2 ~2 

2.1 o.o 0.02 0. 6'-3 O.t>74 o. 774 o. 8 lC> o.e:.o o.~15 0.%1 o. 9 l l 8• 92b o. "/19 J.4e3 o. 2 92 
2.2~0.o 0.649 o. ~~o o. 7! l o. 731 o. ~ 19 o.•h6 c. 'll 0 0. ")()3 O.'il2 • 911> 0.9~u o • ..,44 o. ~40 0. 622 o. 3.:;7 
1.75 0.6!>9 0.1175 o. ~~o O.bn o. 735 c. e 23 0. ~ •4 o.904 o.n;~ C.90f 0.901> 

8:if~ 8:~~~ 
o. 905 0. 1\ 3 0.447 

1.25 0.6':i4 0. l ~-; 0 .~71 O.<>M5 o. 7J3- o. 7 49 0,'3'>!1 0.005 o.ai,~ o. ~ 'i O. tN3 o.·n1 J. 7-9 o. 4C>7 
0.9~ 0.5110 0,51_.a I). 505 o. 60'1 0. ~29 0.6 50 o. («0 C.3 3{') o. ,;~-s O. fl~Z 0. O•i5 8:~E6 8:~2~ 

o.~42 o. 773 0.460 
c.£15 o.5oa o.5u~ 0. 5:10 0.554 o.~~5 o. 1>03 0,6'll, O. dOO iJ. <j}~ u.~5~ o. ~1-, o. 949 J. 1.~1> J. "'60 
o. 75 0,47.7 0. 1.31 0. 454 o. <.77 0.528 0. 5 Sb 0.630 o.Hij g.ez;; o. b 50 O.b75 0.91-l O.<J?l g.94o O. Nb o. 4f,!> 
0,6~ 0.352 0.355 0. j5 9 o, ~Ob 0.435 o. 4e1 o.sn 0,762 ,1$:7 o. f 44 0. 857 0.'169 0.9113 .9~5 o.e11 0.478 
0.55 0. 24 I 0,2"1 0. 2':> 2 o,2a5 o. Hl o. 4J2 o. 53 3 o. 7 34 0. ll07. 0.833 o. as 3 c. 913. Q,9Cl4 o.'157 0. Slb o. 471 
O.t,5 0.1,.4 o. 14!1 0. 15 7 o. ! ill 0.221 c. 3 03 0.412 C.1>51 0. 773 O. uOl 0. 860 0.9P.5 0.995 0.95R 0. F.2 3 o. 468 
o.35 o,01a O.C79 o. 011> O.Ou7 0.103 o. l -,i 0.216 0.511 o. 724 G. 7 83 0. E&2 O. '>S4 o.993 Q,Q6l '). 83 8 0.477 
0.25 0.032 0.030 0 .O?. l o. on 0 • rJ2:L, G.Q~5 o. 12 l 0.31'· 0.6!:> 0.719 J. 816 0.9<;<; 0.995 0.967 o. a~ l O. 5QO c. l:; o. ooa O.OJ8 0 .005 0.002 c. 001 O, OOb 0. Cl ii c.or,o a. t.o~ 0.657 0. ~l,3 !.000 0.9?5 C.978 o. a >3 O. l.39 

NU 1.0 3.0 7.5 15.0 25.0 35.0 45,0 55.0 62.5 67.5 72.5 'f7. 5 62.0 85.0 a1.o 89.0 
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DATA TABLE DTl (b) 

Geometric acceptance (147GeV data) 

.. 

. , .. ... --- . .;.:.._ 

- ~-.. ··- ""' .. . ;~ 

ASSUMED ACCEPTANCE FOR !'Ht DI STRt BUTIONS 

Q s9R~ 4 • 0 o.o o.o o.o o.o o.o 0.6'53 0.573 o. 520 g.453 8. 356 8• 346 o.~63 8:Ha 8:l~i 8:19.; 0.092 
42. 50 o.o 8:8 8:8 o.o 0.10~ 8• 7~2 8. t.31 g.539 .456 .389 .350 o. 03 o. l 05 
37.50 o.o o.o O.A6 • 8 l • 740 .614 0.537 C.4C6 0.406 0.360 0 .• 257 o.t45 0.095 0.110 
32.50 o.o o.o o.o o. R 0.913 o. 902 0. :v.,, 0.725 g.548 0.41J7 0.459 o. 359 0. 330 O. l 46 O. ll 5 0.102 
~7.50 o.o 8:8 o.o o. 99 O.A% o. 908 0.9)0 0.842 l.f,50 o. 539 0.46"> 0.455 0.370 o.~010.121 o. l 37 
2.5c o.o o.o 0.887 o.899 O. 6 !!B o.~:.> 5 Q.9130.fll!t 8.637 0 •• 552 o. 502 0. 4'·0 o. 82 0.148 0.124 

11 ... c o.o o.o o.o O.A65 0.855 O. 8 7B 0.9J2 Q.88!,0.9)~ • 806 o. 718 0.6 26 o.525 o. 402 0 .1'>3 o. l t.6 
13.t)C O.O o.o 0.841 Q.'l38 o. 347 o. 13 6 2 O. O'i S C.900 O.'l:l3 o. ('199 0. !''37 o. s 3 5 0. 137. o. 5 57 0.259 o. 192 
10.25 o.o o.o 0. 789 Q.ll05 o. 819 o. "1 l 7 O.•B 3 O. Al-.2 O. ll'>!:I 0.900 0.-;12 o. 907 0.855 o. f,99 0. 39'> o. 7. 35 
0.25 o.o o.o 0.741 0. 7 73 0. 71Yl c. 'i20 o. rn 2 C.A53 0.1173 o. 897 0. 13'10 o. 9 20 0.91'1 0.1% 0 • '·59 o. 2 57 
11.15 o.o o.o 0. 71 ~ 0.151 0. 11•1 o. 6 33 O.A'J'• o.845 a.an o. fl94 o. qz3 O. 9 C5 o. en o. n 52 ,, • 47 ':l o. 2!>1, 
6.25 o.o o.o 0.69 o. 7 '>3 o. 793 o. 818 0 .1:12 8 0.11-;0 o. El54 o.ae5 0. <;l 2 0.905 0.907 0.856 0. 5'>1 Q.320 

L. 7.75 o.o o.o 0. 7J2 c. 77.0 Q.7f>8 Q. ll I 8 o.aoq o. 8 30 0, !FIA 0.879 o. c;o~ Q,900 0. 917. o. 8139 0. 6n2 o. z 99 
7.25 o.o o.o 0.676 0.101 0. 71,4 C.780 C.ll28 Q,A44 0,1355 0.912 Q,<;Q4 0.026 Q,9'-7 0. 9 7.1 0 • 64. 1 0. 'H9 
6.75 o.o o.o o. <!17 3 o. 7\ 4 o. n4 0. 1 Ab 0 .842 O.Jt.4 o.877. o. 901 0.909 o. 9 15 0.926 0.946 0.74(, o. 378 
6.25 J.O 0.647 0 .67 6 o. 68 Ii o. H9 c. 7 f> Ii O. 8? II O.f!~OQ,1Jq1 O.Q05 0.913 O. q I 2 0. '?i':J o.q39 o.1e;3 o. 3 92 
5. 75 o.o 0.649 C.679 o. 670 Q.139 C. 74S o.13:.0 0.879 Q,P,b7 o. 921 0. '119 0.927 O.Cll.9 o. 97.4 0. 839 o. 4 33 
5.7.5 o.o 0.647 0.657 o. 651 0. 725 o. 7 74 0 .8,, 3 o.tt1>3 o.Q:Jo o.9•J5 o.P.n Q,Q)fl o. 9?!! 0.941 0 • R<i ~ o. 500 
4.750.0 O.b70 0.6!)3 0.101 0. 741 c. 7 2 5 0. A"> 0 Q,91)1 0.916 0.912 o. i;oa 0.918 o.9q 0.944 Q.916 c.561 
l,.?5 o.o O.t..'73 0. 6~ 9 0.101 0.12~ o. 7 6 l o. 82 •l O.!l~·J 0.11'17 o. e ·n 0. '71) !; o. 0 93 0.920 o. 91, s 0.937 o.579 
3.75 :.i.o o.t..76 o.670 o.f>97 0.715 c. 734 0, l):J i c.390 o.!1-i~ o.;, '14 o. 900 0.9 00 0.<1!3 0.950 0. ;4 7 o. ,, 2 5 
~· 7.~ o.o Q.b68 0.678 0.681 0.112 O. 7: A 0. 77f> O.ll69 a.SH Q,A79 o. e9'.l o. fl 90 0.906 Q.955 0.956 o. 6 35 

• 1 0. 0 0.043 ·0.646 0.663 o. 674 o. C. 7 4 0 .11 1 0. 8 ~'· O.R47 o. e 11 0. IH!3 o. e ea 0 .904 0.967 0.%~ 0.653 
f. H o. o o. 571 0.5A6 0, Sf?O 0.6'l7 0.619 0,6,6 O. 12 L o.'.134 0.0% 0. IJ69 O. ll 7 8 o.s:;a C.9A7 0.<;71 o. 670 

• I) .425 0.425 0.429 o. 452 0.4C4 o. 51 3 o. 52 0 0.606 o. 7'1q Q.8213 0. !l55 o. 860 0.903 0.<192 0.976 0.6~9 
1.25 o.p1 0.221 0.213 0.738 0. 269 o. 310 0. 3•; 4 0.1,510.10;? 0.797 0. ~35 o. 8 50 0.927. o.9r;e 0.9fl5 o. 71 °\ 
0.9~ o. 13 0.101 g.uo o. 11 3 fJ. l ·<O c. l .,2 0.2:>~ 0.30~ 0.570 o. 7 62 o. 1'°16 O. B 50 0,<l47 o.99c; o.n4 o. 12.7 
O. P5 0. 077 o.OHI .O~I) o. Qll3 0,CJ6 o. l l 11 o.1n 0.2.5 l).517 o.749 o. 790 o • ., ~o 0.9~'6 0.99<; O.<;% o. n? 
l).7'i J.J'.i3 Q,Q4fi 0 .rHA O.IJSJ o.co3 o. o e o o • 11 1 o.1790.431 c.1 ?O o. 762 o. 8 4 3 0.967 o.<:i99 o.9~6 o. 1 3 
o.t.~ 0.07.t"> 0.033 0 .02" o. 02 t> O. C;\8 o. 0411 o. 07 5 0.1?9 o.H3 o. 1:>76 0.152 o. !153 0. 978 o. 999 0. 9% 0.740 
0.5'> 0.013 o.Ol5 o.:H 3 0.010 1).017 o. 024 0.·)3 ~ O.Cfl':J0,2'•6 o. 6?.4 o. 152 o. Fl p 3 0.9<13 0.'Fl'l 0.<;~1'3 0.744 
0.45 o.oos 0.006 O.C04 0.004 O.C03 c. 006 0. o: 1 o.o>A. o.11s C.576 IJ. 7~ 0 o. a 9:> o.? rn 0.999 0.9~9 o. 757 
c. 3 5 0. 00 5 0.005 O.COl 0.001 o.c O. OCl 0. 0.13 0.010 c.:P~ o. 4'i8 0.156 o. 91 <; o.o.:is o.999 0.990 09756 
0. z 5 0. 00 3 o.ooz 0 .1)0 l o.o o.o o. 0 o.o O.JOl 0.034 o. 4 38 0. ?t.9 0.948 0.999 0.999 0.9~1 o. 762 
0.150.0 o.o o.o o.o o.o o. 0 o.o o.o o.o:n 0.415 o. 804 o. 974 1.000 0.?99 0.993 o. 792 

NU 1. 0 3.5 7. 5 15.o 25.0 35.0 47. 5 62. 5 .ao.o 95.0 l OZ.5 107 .5 112 .5 120.0 127.5 132. 5 

·-·-·--·----·----· .. -----·-- -----



) 

0 SOllO 
47.50 . o. 0 
42.~0 o.o 
37,50 

o.o 
32 .50 

o.o 
27.~0 

o.o 
22 ·~? 0 
17 .50 o.o 
12.5:> o.o 
9.75 

o.o 
9 .2 5 o.o 
s.75 o.o 
8 .2 5 

o.o 
7. 7 ~ o.o 
7.25 

o.o 
6 .75 o.o 
6.25 

I), 0 
5. 7 5 

o.o 
5 .2 ~ 

I). c 
4. 7) o.o 
4. 2 5 
. (). 0 
l. 75 o.o 
3.25 o.o 
2.75 

o.o 
2 .2' o.o 
1 .75 

l. tE-04 
1.zs 

I. 2E·04 
0.95 

2. ?E-04 
O.~~CE-04 
0.75 

4, 2E· 04 
0 .~ ~ 

~.2£-04 
0 .5~ 

9.tE-04 
0 .45 

1.6E·Ol 
·o.n 

2, SE- 03 
0.25 

6.4E-03 
0.15 

1.ee-02 

NU 1.0 

) ) 
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DATA TABLE DT2(a) (96Gev data1 . 
RADIATIVE tcmR!CTlON FROM !LASTIC SCATTERING d~O' 

. . Elastic radiative tail cmaE' in 

o.o 

o.o 
o.o 

o.o 
o.o 
o.o 
o.o 
o.o 

o.o 
o.o 

o.o 

o.o 

o.o 
o.o 

o.o 
o.o 
o.o 
o.o 
o.o 

o.o 

o.o 
o.o 
o.o 

o.o 
o.o 
o.o 

o.o 

o.o 

o.o 

o.o 

o.o 

o.o 
o.o 

o.o 

o.o 

o.o 

o.o o.o o.o o.o 1.2e-1l 1.n-12 1.5E-11 4 •. 3e-11 11.2e-11 1.3e-10 1.ai;:J.o (fermi)2. 
o.o ].9E·13 6.3E 12 3.3E-11 T.9E-11 1 .... E-10 2.ce-10 2.ee 10 

6.,,E-11 z.5e-12 2.oe-11 1.1e-11 1.4e-10 2.3e-10 3.3e-10 4.5e 10 per GeV 
o.o o.o o.o 

o.o o.o o.o 

o.o o.o 

o.o 
o.o 
o.o 

o.o 
o.o 

o.o 

o.o 1.1e-12 1.2e-11 5.,,e-111.5e-10 2.1e-10 4.oe-10 5.5e-10 7.5E 10 

2.oe-11 4.TE-12 4.7E-ll 1 .... e-10 3.lE-10 5.lE-10 7.3E·lC 9.9E-10 l..3!:-09 

8.BE-12 3.2E-11 1.6E-10 3.6E-10 6.9E-10 lolE·09 1.5E·09 l.9E-09 2.5!:·09 

o.o 1 .... e-10 5.oe-11 1.8E-10 5.4E·10 9,<;E-10 1.7E·09 2.5E·09 3.3E·09 4.2E·09 5.loE-09 

.... 8E-10 2.2e-10 4.2E-10 9,4E-10 2.0E-09 3.3E-09 5.lE-09 7.1E·0'19.2E09 1.lE-08 1.4E 08 

o.o 9.4e-10 7.5e-1o 1.4e-09 2.5e-09 '>.8E-09 7.4E-09 1.1e-09 1.5e-oe l.9E·08 2.3E·08 2.9e Oil 

4.8E-08 1.2E-09 9.8E·10 1.7E-09 3.lE-09 5.7E·09 8.7E-09 1.3E-08 1.7E·08 2.2e-oe 2.7E-08 l.4E 08 

o.o o.o o.o l.3e-oe l.5E-09 l.3E-09 2.2e-09 3.8E·09 6.9E 09 1.oe·08 1.5e-09 2.oe-08 2.6e-oe 3.1e-09 3.9F.·08 

o.o o.o o.o l.OE-08 lo'iE-09 l o7E-09 2.SE-09 4.7E-09 8.4E-09 1.2E-08 1.BE-08 2.4E·08 l.OE-08 3. 7E 08 4. 6E 08 

o.o o.o o.o 9.9e-o9 2.5e-09 2.3E-09 3.6e·o9 5.9e-09 1.oe-08 1.5e-oe 2.2e-oe 2.9E·08 1.6e-oe 4.4E-o8 5.4E·08 

o.o o.o 9.lE-08 1.1e-08 3.4E·09 3.2E·09 .... 7E-09 7.5E-09 1.3E·08 l.9E·08 2.7E·08 3.5E·08 4.3E-08 5.2E·OIJ 6.~E 08 

o.o o.o .... 5e-·011 l.3E-08 .... 7E-09 4.4E"-"09 6.3E-09 9.7E-09 le6E·08'.2'.3E·08 3.3E•'!t8 .... ·.2E·09''5;2E'=-oa.6:."!£-08 7.8: OB 

O.O O.O 4.0E-08 1.6E-08 6.7E-09 6.2E·09 8.4E·09 1.3E·08 2.0Ec08"2.91:·08 4.lE·08 5.2E·08 6 .... S-08 7.8E·08 ~.5E·08 
·• . 

o.o o.o 4.4E-08 2.lE-08 9.EE-09 9.0E-09 1.2E-08 1.7E·08 2.7E-08 3.7E-08 5.2E·08 6.6E 08 8.1E·08 9.7E·08 1.2: 07 

o.o 3.3E-OT 5.4E-08 3.oe-oe l.5E·08 1.3E·08 la6E·08 2.?E-08 3.5E-08 4.9E-08 6.7E·08 e.5E·08 l.OE·07 1.ze-07 1.5~ 07 

o.o 2.3E·07 7.3E·08 4.loE-08 2.3E-08 2.1e-oe 2.4E·08 3.2E-08 4.8E·08 6~5E-08 8.6E·O~ 1.lE-07 1.3E·07 l.H-07 1.9<: 07 

o.o 2.6E·OT l.1E·07 6.ee-oe 3.7E-08 3.3E-08 3.7E·08 4.7E-OR 6.ee-oa 9,0E 08 1.2e-07 1.5E·07 1.8E·07 2.lE-07 2.5E 07 

2.2e-04 3.4E·07 1.1e-01 1.1e-01 6.4E·oa 5.6E·08 5.ee-oe 1.2e-oa 9.9E·08 1.le-01 1.1e-01 2.1e-01 2.5e 01 2.qe .. 01 3.5i; 01 

2.6E-06 5.3E-07 3.oe-07· 2.1E-07 1.2E-07 1.0E"01 l.OE·07 1.2e-01 1.5E-07 2.oe-01 2.5e-cn ,.lE·OT 3".6'E~7 .. 4'."2E·07 i..9E·07 

2.ee-06 9.5E·07 5.7E-07 4olE·07 2.4E·07 2.oe-07 l.9E-07 2.1e-07 2.6E·07'3.lE·07 3.'1E··07 4.7E·0.1 ,.5'E·07 i. .... F·07 7.3~ 07 

4.5E•06 2.0E·06 1.3E-06 9,4E·07 5.5E·07 ~.bE-07 3.9E·H .... OE·07 4.7E·07 5.6E 07 6.SE-07 a.oe-019.1E·071.0E-06 1.2E 06 

9.9E·06 S.lE·O!I 3.4E-06 2.5E·06 1. 5c 06 l.2E·06 9.7E·07 9.'tE-07 1.oe- 06 1.1e 06 ldE·06 1.5E·06 1.7E·06 l.9E·06 2.1: 06 

3.0E-05 1.7E·05 1.2E-05 9.lE-oe 5.4E-06 lo.3E-06 3.2E-06 2.se .. 06 2.8E·06 2.9E 06 3.2E·06 3.6E 06 3.ee .. o~ 4.1E·06 4.~c: o~ 

7.4E·05 4.4E·05 3.1E·05 2.4E·05 1-~E-05 1.lE-05 e.OE·06 6.7E·06 6.1E·06 6.lE-0~ 6.5E-06 7.0E·06 7.6E·06 7.6E·06 7.8E 06 

1.lE·O't 6.3E·05 ~.5E-o5 3.5E-05 2.1E·05 l.6E-05 1.lE-05 9.5E-O!> 8.'tE-06 8.3E-Of> 8.5E·06 9.lE·O!> 9.8E·Oe 9.7(·06 '1.o~ 06 

1.6E·04 9.5E·05 6.7E-05 5.2E-05 3.lE-05 2.SE-05 1.7E-05 1.4E·05 1.2E·05 l.lE-05 l.2E-05 l.2'0·05 1.3E-05 l.3c·05 l.3E·05 

2.4E·O't 1.5E·O't l.lE·O't 8.2E·05 4.~E-05 3.8E·05 2.H-05 2.lE-05 1.SE-05 1.7E·05 1.6E·05 l.7e·05 1.8E·05 l.'lF.·05 1.1: 05 

3.9E·Olo 2.4E·04 1.7E·04 1.4E·04 8.0E·05 6.3E-05 4.2E·05 3.3E-05 2.7E·05 2.5E·05 Z.'tE·05 Z.5E·05 2.6E·05 Z.8E·05 2.4E-05 

6.8C:·O't 4.2E·04 3.lE-04 2.'tE·O't 1.4E·04 1.1E·04 7.4E-05 5.7E·05 4.6~·05 4.lE 05 3.9E·05 3.8E·05 3.9E 05 4.2!'·05 3.7E 05 

1.3E·03 '8.2E·Olo 6.0E-04 4.7E-04 z.eE-04 2.2e-01, 1-'tE·04 1.lE·O't e.5E·05 7.4E-05 6.eE-05 6.6E·05 6.7E·05 7.lE·05 8.3E 05 

2.9E•03 1.9E·03 1.4E-03 1.1e-03 6.3E-04 .... 9E-04 3.2E·04 Z.4E·04 1.ee-0 ... l.6E-04 l.4E·O't 1.3E·04 1.3E·O't 1.4E·04 1.6t: 04 

8.5E·03 5.5E·03 4.0E·03 3.2E-03 1.9E-03 l.5E-03 9.5E·O't 7.lE·O't 5.'tE·O't 4.5E·04 4.0E-04 3.8E·04 3.7E·04 3.9E·04 4.lE 04 

z;o 3.0 4.o 5.0 a.o io.o 15.o 20.0 · z1.5 35.o 45.o 55.o 65.o 75.o 85.o "-. ____ J;:,.~ 
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DATA TABLE DT2(b) (147Gev data) 
RAOlATlV! CO~RECTlON "ROH ELASTIC SCATTERING . d2 . 

Elastic radiative tail (fr.~' in 0 $0110 
47.50 

o.o 
42.50 

o.o 
37.50 

o.o 
J?.50 

o.o 
27.50 

o.o o.o o.o o.o 1.9i:-12 1.1e-11 5.oe-11 9,61:-11 l.5?·10 z.1!-10 z.Te-10 3.4e-10 4.2e-10 5.oe-10 6.1e-10 
2 

o.o 5.7!-13 1.1e-12 3.ee-11 9.Zr:-11 l.6e-10 z,4e-10 3.ze-10 4.1e-10 5.oe-10 6.1e-10 7.3E-10 e.t!E :o (fermi) o.o o.o 
o.o o.o o.o 1.2e-12 2.2e-11 e.21:-11 1.1e-10 z.?E-10 3,9e-10 5.oe-10 6.3e-10 1.7E-10 9,3e-10 1.1e-09 1.3e-09 per GeV 

. o. c 
22 ,'>O o.c 
17.S!l o.o 
12.~Q v. 0 
9.H 

o.c 
9.75 o.o 
8.7:> 

o.o 
9 .2 5 

o.o 
7. 7 '> o.o 1.zs o.o 
6. 7 5 

o.o 
1> ,z 5 

o.c 

o.o o.o 3.6!-U 6,2E•1Z 6.lE-11 1.7E-l0 3,lE·lO 4 •. TE-10 6.4E·10 8.3E-10 1.0E•09 l.2E•09 le5E·09 le7E-09 2.1!!•09 

a. o o.o 6.4E·l2 3.oe-11 i.~E-10 3.6~10 6.0i;-10 ft.6E•10 1.1E-09 l.4E-09 1.ee-09 2.lE•09 2.5E-09 2.9F.-09 3,..,,,·0'I 

o.o 1.1e-10 2.oe-11 1,u-10 4.lE-10 7.9E-lO 1.2e-09 1.7E·09 z.ze-09 z.n-09 3.3E·O~ 3.9e·09 4.5E·09 5.2!'··09 6.2E 09 

a.a 7.8E·ll l.2e-10 4,5E-1C l.lE-09 i".9E·09 Z.9E-09 3.8E-09 4.9f-O'J 5.9E·09 7.0E-09 8-1E·09 9.31!·09 l.1E·08 l.?:: oe 

l.8E•09 4.lE•lO 7.7E•l0 l,8E·09 3,1E-09 5.9E·09 8.ZE-09 l,1E·08 lo3E-08 l.6E·08 l.BE·08 2.le-oe Z.4E·08 2,7E·08 3.2E 08 

z.6E•09 1.41:·09 2.3E-09 4,5e-o9 a.3E-09 t.3e·08 l.7e·oB 2.2e-oe 2.6E·08 3olE·08, 3.~e-oe 4.1E-o8 4.H-08 5.2E·08 6.lE oe 

3,1e-09 t.8E·09 2.ee-09 5,4e-0<1 9,ee-09 l .5e-o8 2.oe-08 2.se-08 3.1e-08 3.6e-os 4.le-o8 4.7E-08 5.3E·08 6.ce-oe 1.ce-oe 

3.ee-09 Z.4E·09 3,5E-09 6.6E-09 1.2e-09 l .8E·08 2,4e-oa 3.oe-oe 3.6e-oa 4,Ze-oa 4.8e-oe 5.4E-08 6. le-oe 6,t;E·oe 8. :e-os 

4.ae-09 3,1E·09 4,5E·D9 9,oe-09 i.•E·08 2.1e-08 z.8E·JB 3.5e-o8 4,ze-08 4.9e-oe 5.6E-08 6.31;-09 1.1e-09 8.1e-.08 9.4e·os 

6.te·09 4,ze-09 5,7E·09 1.oe-08 i.ie-09 2.se-oe 3.3r:-oe 1,.1i:-08 5,oe-08 s.8e-oe 6.6e-os 7.4E·08 8.4E·08 9,5E-os 1.H-07 

8.1e-09 5.6E·o9 7.5E-09 1.3e-oe 2.1e-oa 3,1e-oa 4,02-oa ,.oe-08 5.9E-08 6.9e-oe 7.8~-oe 8.8E-08 1.oe-01 1.1e-01 t.3E·07 

1.ie-oa 7.7E·09 9.ee~o9 l.6E-o8 2.~e-oe 3.8E·08 1t.9E·:>e 6.lE-08 1.2e-08 8.3e 08 9.4e-os i •. 1e-01 1.2e-01 l.4E·07 1.6i:-01 

l.5E·08 l.lE-oe l,3E-08 2.1e-08 3.3e-oa 4,7e-oa t..le·oe 1.~e-08 8.ee-08 1.oe-01 1.2e-01 l.3E-o7 1.5E·07 l.6E·07 1.9~ 07 

2.2e-08 1.5;;-oe 1.e~-08 2.1E-08 4,3e-09 6.0E·08 7,7E·08 9.4F.·08 1.1e-01 1.3E·07 l.4E-07 l.6E-07 1-8~·07 2.ce-01 2.~E 07 
5. 75 

J.O 
5 .Z 5 

O.C 3.3E·08 2,3!:-08 2.~E·OS 3,7E-Oe 5.6E·08 7o7E-08 9~9'.:·08 l.2E-07 l.4E·07 1.6E-07 t.8E-07 2.0E·OT Z.3E·07 2.SE-07 2.9l'·07 
4 .75 a.a s.ze-oe 3.5E·08 3,8F.-08 s.ze-oe 7.7E-08 1.oe-01 1.3!·07 t.~e-01 1.8e-01 2.1e-01 2.3e-01 Z.6E-07 Z.9F.·07 3.3f.·07 ~.6!; 01 
4d5 . 

1.~e-06 e.se-08 5.7E·08 5.8E·08 7.5e-oe 1.1e-01 l,.r,e-01 l,ae-01 2.1e.:.01 2.4e-01 2.ae-01 ~.1e-01 3,5e-01 3.8!!·07 ... 3E·07 4,7E 01 
3,75 

1.~E-06 l.5e-07 9.6E·08 9,4E-08 l.lE-07 lo6E-07 2.oe-01 2.5E-07 2.'lE-07 3.4E-07 3.8E·07 4.JE-07 4.7E-07 5.2E·07 5.8E-07 6.3E 07 
3 ·~~0E•06 2o8E·07 lo8E-07 1.6E·07 1.ee-07 Zo4E-07 3.0E-07 3.7E·07 4.4E-07 4.9E·07 5.5E-07 6.lE-07 6.7E·07 7,4E•07 8.1£·07 e.llE-07 

Z·~~3E·06 5.6E·07 3.5E-07 3.1E·07 3.3F·07 4.0E·07 4.H-07 5.111;•07 6.SE-07 7.7E·07 8.7E-07 9.2E·07 l.OE·06 1.lF.·06 l.2E·06 l.3F:_.06 

Z·~~4E·06 1,3E-06 8.0E-07 6o6E·07 6,5E-07 7.3E-07 8o6E·07 loOE·06 1.1E·06 lo!E-06 l,4E-06 l.H-06 lo6E-06 l.8E·O! l,t;£·06 2.0E·06 
1 ·r~~E·05 3.f>E·06 2.2e·06 1.7E·06 loSE-06 lo6E-06 1.8E-06 2,0E-06 2.2E-06 2.4E 06 Z.7E-06 z.~E-06 3.2E·06 3.2E·O~ ),.t,E-06 3dE·06 

l.~~Cf·05 lo3E·05 7.7E·06 5.e".·06 4.7E-06 4.4E·06 •.6E·06 4,9E·J6 5.2E-06 5.6E-06 6.0E·06 6,5E-06 7.0E·06 7.7E·O~ 7,1E·06 7.lE·O! 
o.n 

lo?E•C.t, 3,:;i:-05 2.0E-05 l.5E-05 .1.ZE-05 loOE-05 9,SE-06 i.oe-05 l-CE-05 l.lE-05 l.2E·05 1.2e-05 l-3F.-05 l,4E·05 l.6E·05 l.3E·05 
0

·?:eF.·04 5.lE-0'5 3,0E-05 2.2E·05 l.6E·05 l.4E·05 l,3E-05 l,3E·05 l.4E-05 l.4E-05 l.5E-05 l.~E-05 l.7E·05 l.8E·05 2,CE·05 lo6E O' 
0 ·~:1E-04 7.oE-05 4.5E·o5 3.2E·05 2.4E·05 2.ce-os l .9=·o5 i.ee-05 l .9e-os l.9E-o5 2.oe-05 2.1e-.05 2.2e-os 2.3e o~ 2.6E·os 2.ie·os 

o.~~2E·04 lo2E·04 7.0F.·05 5.0E-05 3.7E·05 3.Ct:·05 2.7E-05 2.6E·05 Z.6E-05 2.7E·OS 2,7E·05 2.e:-05 3.0E·05 3.2E·05 3.5E-05 4,H·05 
0 ,5 5 

6.SF-04 2.0e·04 l,2E·04 8,2E-05 5.9E·05 4,?f-05 4,ZE-05 4,0E-05 3.9E·05 3.9E·05 4,0E·05 4.1E·05 4.3F.·05 4.5E·05 5.CE·05 6,32 05 

:l·t~2E·03 3.6E-04 2.1E·04 l,U•04 l.OE·04 7,se-05 6.9E·05 6.4~-05 6.2E-05 6.2E-05 6.2E·05 6o3E-05 6o5E·05 
O.H 

2. ?E-03 7,0!'·04 
o.?s 

~. 2E 03 l.6E·03 
0. ~" 

l.5E·02 4,8€-03 

NU 2.5 7,5 

4,0a-04 2.eE-04 2.0E-04 l.'.SE-04 t.3E·04 l.1E·04 1·11'·04 l.1E·04 lolE-04 t.lE-04 lolE·04 

9,!E·04 6.?E•04 4,4E·04 3o2E-04 2.7E·04 2,4!:·04 2.?E-04 2.2E-04 2.lF.·04 2.ZF.·04 2.2F;·04 

2.7E·03 l.9E•03 l.?E-03 9o!E·O'• 7.8f·04 6,9E·0''( "E-04 6,2E-04 6.0E-04 6.0E-04 6010:·04 

12,5 17.5 25,Q 35,0 45,0 55.0 ,~.O 75.0 85,0 S5.0 105.0 

6.9F-05 7.6!;-05 q, 4E· 0 5 

1.2!'· Q.t, l.3E·O'+ l.5E 04 

2. 3~- QI, 2.~!:-04 2. Re 04 

6.2~·04 6.8E·04 4, 3E·04 

115 .o 125.0 135. 0 

.. 

·~ ... 

I 

I 
! 

I 
! 

l --·-- ·-------~~...--.......... ---------.... lll!'lfl!lmr.-------=-----
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DATA TABLE DT3(a) 
Inelastic radiative correction5(96GeV data) 

----- . -·- ----· -- ·-·----"'-- -- . :--- --· ·-·· 

RAOIATIVE CO'tRiCTt~NS l'OR IN!\AST15 R~GION iAL~UlATEO ""°"' RAHO OF TRUE/ MEA UR!D-ELAST C RA IA IVE T IL . 
OATA FIT 

0 ~0110 
o.o o.o g.o 1.154 1.05!1 1.033 1.013 0.993 0.91>3 47. 0 o.o o.o o.o o.o o.o o.o i-095 

42 .50 o.o 8:8 3.0 o.o o.o o.o o.o o.o .o 1.1z4 .081 1.048 l.OZ5 1. 001> 0.9&1> 0.955 
F·'o o.o .o o.o o.o o.o o.o o.o o.o 1. 102 1.01>8 1.039 l. 01 7 0 .999 0,979 0.941> 
2.so o.o o.o o.o o.o o.o o.o o.o o.o 1.142 l. 085 . 1.0 51> 1.030 1.01)9 0. 991 0.971 o.<>35 

p.5o g.o g.o o.o 8:8 o.o o.o o.o o.ou 1.111 1. 069 1.044 1.020 1,0{)[ o. 983 o. "61 0.9D 
l.50 .o .o o.o o.o o.o o.o 1 .1 2 9 1·088 1. 054 1.0 32 1.009 0.99 o. 973 o. 9 51 0.908 

17.50 o.o o.o o.o o.o o.o o.o (l, 297 1.097 .067 1. 038 1.:11e O.'l'l8 o.900 o. 9i,2 o. 9 39 0.899 
12.50 g.o o.o o.o o.o o.o 1. 041 1. 110 1.0~9 1.045 1. 021 1.003 0.984 0. %8 0. 949 o. 9 2't 0,864 
"'. 75 .o o.o o.o o.o o.o l. I 09 1. 087 l ,05 4 1 ,033 1. 010 0.994 0.916 0. 959 0. Y4l o. q 12 Q,845 
9.p g.o o.o o.o o.o o.o 1. I 04 1. 0 8 3 1.051 1.030 t:88i 0.9'lZ Q,q74 8·958 o. 03<1 o. 01 0 o.e.01 
a. 5 .o o.o o.o o.o 0. 048 1. 099 1.079 I ,Q4 8 1 .021 0.9 .. 0 0,97Z .956 0. 937 o. 9('8 a.~37 

8.Z5 o.o o.o o.o o.o 0 .4•9 1. 01)4 1. 0 75 1.045 1.025 1. 004 O.'l&3 0.970 0 .954 0. 935 0.905 a.en 
7 .75 o.o o.o o. () o.a 0. 639 1. Od'1 l • 071 1.042 1 .OlZ I, 001 0,906 0.969 0. 952 0. 933 o. 'l02 o.~zq 

1.n o.o o.o o.o u.o 0. 724 1.0~4 .067 1.038 1.019 o. 999 0.'164 0.967 0.951) 0. 9 31 o. 91)\) 0 .977 
6.75 o.o o.o 0.,) O. DZ 1. 05 2 1. 079 1. 06 3 1 .o~ 5 1.016 0. 997 O.<l~2 0.<165 0 .94~ 0. 9?9 o. 8 97 o.s Zl 
6.25 o.o o.o o.o o. 3 77 1. 010 1. 074 1. 059 1.0~1 1. 0 I 4 o. 994 0.9 79 0.963 0.947 0. 4?6. o. 8 93 0. ~''9 
5.7S o.o o.o o.o 0,b10 l .CH 1. 069 1. 0 54 1 .O? 8 1. 010 0.992 0.977 O.<l'> l 0. 944 0. 924 0. B 90 O.lll6 
5.25 o.o o.o Q,()44 0 .1:114 1.on I. 01>4 1.049 1.02 4 1.007 o. 909 0.975 O.'l59 (). 942 0. <lll O. n A 7 0.8 l 4 
4. 7 !> o.o o.o o. 313 1·o5 5 l • c~ 1 1. 050 1.044 1.02 0 1-004 O, <JR6 g.972 0,956 0 ... 40 o. 919 o. 8 ft 3 o.~12 
4,2 5 . 0 .o o.o 0.305 .071 1. oqo 1.052 1. 0 39 l .J l 6 .Olla o. 98~ .969 0.954 0. 937 0. 916 o. 8 79 0.810 
3,75 o.o o.o o.586 l .:J 7 8 1 • 07 2 1.046 1.0 l3 1.01 1 0. 9% 0.980 0.967 0.951 0.9~4 0. 913 o. e11 0,H09 
3 .~ s o.o 0.058 0.<140 1.012 1. 064 l ,OH 1. Ol8 l. l)') 1 0,992 o. 971:J 0.964 0.-14~ 0. 931 0. 9()9 o. 8 75 0.008 
z. 7 'i o.o o.~11 1. 03 8 1.0, 3 1 • o~ 5 l • 0 32 l. 0 ll 1. 0) l 0 ,<;Oil o. 972 0.960 0.94 5 0 .928 0. 90, o.8H 0. 3'.l8 
2 .is I). 0 0. ~31 1. 04 7 1.052 1 • C1

• 5 l. 024 1. 01 3 0,'115 0.9fi2 o. %8 0.956 0.'•41 0. 97.5 o. 905 O.dH o.~J~ 

I • 7 5 o.o 0.52 .. 1. 039 1 .o 3, I • 03 2 l. 014 1. 004 0 ,.,'IS 0.976 o. 963 0.952 o.·ne 0.97.3 0. 905 o. 0 74 o. q 11 
1. 2 !> o. 12 3 0.912 I· i>2 2 l·O~l l. Cl 5 

b:~~3 
0.993 0.9l 9 1).96~ o. 957 0.94 7 0.916 O.'l35 o. 905 o. 6 76 o. 8 ll:J 

O.H 0. 4~ 3 0,946 , OIJ6 .a 6 1, C02 0.901 o.n 1 o.963 0. «;53 0.945 o.·n4 0. 9<2 0. 905 O. A 77 0.020 
o.s5 Q,54t 0.9~4 o. 99~ 1.000 0.9H 0. 9~, o.9ao o. ,, a 0,961J o. 951 0.943 0.933 0. 921 0. 904 o. 877 o.<.121 
o.B o.'Hll 0. qt,() 0, 9c; 1 0.993 0. 99 l 0. 9 ll o.976 0.90 5 0.957 8• 94!1 0.94~ 0.931 0.920 o. 'i04 o.eH 0.~21 
0.65 0.4H 0,9H 0,'1&2 0.9S5 0. 984 8: ~l~ o. ·~71 0,90 l 0,954 • 94!> 0.93 0,929 0.919 0. 903 0.878 C.821 
0.55 0 .293 0.92\ 0, 'HI 0.9 76 0. 97b 0.965 0,'H7 0.950 o. 943 o. 93!> 0.'l? 7 0.917 Q.903 o. 8 7'I o.s21 
0 ... 5 0 .21 5 0.9U9 (), 9 5 7 0.9 b 5 o.%5 o. 961 0.950 0 ,<;5 l 0.945 o. 9~8 0.9 33 o.n1 0 .916 0. 903 o. 879 o. e 1 a 
0 .? ' 0. 38 2 o.~91 0,940 0,950 0. 952 o. 951 0.948 0 ,1)4 3 0.939 o. 934 0.929 0,923 0 ,91 5 0. 902 o. 8 78 0.8()9 

'. 0 .l5 0.436 o.0ce. 0.91~ Q,930 8. c;34 o. 933 0.936 0 .93 3 Q,930 o. 927 0.924 0.919 o.9t3 0. 901 o. 8 7 5 0.783 
o.ts 0.4J8 o.02a o.883 0,900 ,907 0.915 0.916 o.911 0.911> 0.91~· 0.914 0.911 0.905 o. 8~2 o. 8 5b 0.667 

PiJ t. 0 z.o 3.0 4.0 5.o e.o 10.0 15. 0 20.0 27.5 35 .o 45,0 55.0 65.0 75.0 85.0 

\l 
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DATA TABLE DT3 (b) 

Inelastic radiative corrections (147Gev data) 

RAfJATtY! C~RECTt~NS F~ 1~TTASTtC RfGtON CALfULATEO 
RA J Of Tfl.U:IC!'l~A U~!O·J;L S C 11.AOIA lVE TAIL 

FROM CATA FJT 

0 SORO 
o.o o.o o.o o.o 1.110 1.030 1. 014 0.912 0.954 o. 928 0.87~ 47 .so o.o I.on f ·049 1.000 0.91;16 

42.50 o.o o.o &:8 o.o 
\ • ro l .09; 0063 .or~o 1.022 lo 007 0.993 0.979 0 .965 0.947 0.918 o.s5 

H:~& 
o.o O.ll o.o • ~5 .082 1. 052 1.031 r .ol4 o. 99~ 0.985 0.972 0.9;1> 0 o93R 0.907 0.837 
o.o o.o o.o l:Ht i · 1: 2 \. 0,.,9 lo 047. 1.022 ,005 0. 991 0,977 C,91>4 0 ,948 o. 928 c.e94 0.1311 

2 7 .so o.o o.o o.o • 093 1. 0;5 lo U 31 l •Ol 2 0.991) o. 992 o. ?68 0.95~ o.c;3' 0. 915 0.1178 o. 79 l 
22.50 t) .o 

0 ·" l•f 47 l-11 l r. C75 l '042 l. o l 9 .o:"J o O,<>A5 o. 971 o • ., 57 0.94 0. c;25 0. 901 o. ~ 67 o. 770 
I ·1 .50 o.o 

~:Y26 
• 34 .o., .o.;6 .0211 lo 0 05 0.9~ 7 o,91z O, c;5A 0.945 0.'131> 0. 911, 0, RR9 O. R '• 3 o.nz 

12. ii) o.o l• o~~ i ·065 l • C~5 l. 008 o. 90 3 I) ,')7 l 0,956 O,•Hll 0,9 3 3 0.91 B o.e?7 0, A66 o. ~ 12 c.1,qo 

2:H g.o t·l2b • 07 ,049 , C2 l o. 'l'i!, C.9 76 O.-io~ 0.951 o. 93~ o.·12 3 Oo?O T O.Mt. 8: ~4~ Q, 7fiA 0.6~4 

.o .1p l· 07 3 l ·04b l •cl 9 o. <;13 0.974 o.~? 0 ,9.:,9 0. '135 o.n1 o.ao5 0. A~ l O. H l o.,.,51 \" 
s.1~ 0 ,\) .1 b • 01'>9 .o4 3 • 0 6 0.991 o. 9 72 r>.9i>l 0 .947 0. 933 0.91'1 8 .902 0.1179 0, A43 o. 777 0.648 
3 .2; o.o 1.110 i· 06!> 

l oCl9 1 , C! 3 0. ')~q " o. 975 0 .9~9 o,945 0. 931 O,H7 ,900 0.876 0. 839 o. 772 (\,641'> 
7,75 o.o l.104 .o~; 1.0 36 1. 01 0 0, 9ttS 0.972 0. '75 b o.9'·2 o. 929 o.914 o. 897 0. 872 0, A )5 o. 71>1> 0.64~ 
7 .z ~ o.o .0?9 • J lj t .o 32 l •OJ 7 o.%3 o. 9!J9 I) o'15 4 0,940 o. •127 0.9 l2 0,A94 0. 9,.,9 0, R 30 o. 7 51 0.64 l 
6.75 o.o 1.0~3 .053 l.O 79 , C03 0,9N O.'lt.6 0 ,'15 l 0.'138 o. 924 o.~ to O,S9l o. e1,5 0. Et2~ o. 7 52 Q,1)39 
•• 7. ~ o.o t. l)1)7 1. 0 1t9 t .o 2 s l. 000 0. 911? s· 91,') 0 ,q4 9 0.9,b o. n2 0 .9 07 0,B7 O.A~l 0. 81 q o. 7 45 0.1>'7 
5,75 o.o l • 0.12 1· 0'•4 t .oz l 0. 9"'l~ 0 .97~ • ql>O 0 ,Q4 6 0.933 0. q l'J 0.104 O.B~4 l).C~7 o. n !4 o. 7 41 0.6 '" 5.75 0 ,I) ,QT:; .OB l .o ! ,, 0. <;')2 o. 974 c. ·157 0 .q4 3 0,930 o. 916 0.900 o.~80 0.8~2 o. ao1 o. 7 ~8 O.tH 
... 7'; o.J i • u~9 i· 0 ~4 1·o17. 0 • t;>t A o.nJ 0.9~5 0. '14 l 0.927 o. 913. 0 .fl 97 o.n1> o. e41> o. ~on o. 7 ?6 o .. •,,3 
4.Z 5 \,OH .oi.~ .029 .~C7 0. <;~ q o,<Jb7 o. •)51 0.'137 o.974 o. 910 O,il 9' O,A7l 0. 840 0. 79~ o. 7 ~4 ('l,b '2 
3. 7; 1.095 l -055 1. 0 2 2 \ .o 01 I). <;1 3 0. 91'' o. q4f O.'H4 0.9?0 O. 9Co o.aeA o.~t.5 0. •.33 o. 790 o. 734 0.1> 3Z 
3 .2 5 I ,077 l. ,14 7 t. 0 l 6 .o 0 l 0. 979 0. 95·1 o. ')4 4 l). 'J) 0 0.9lb o. 901 o.~ ~3 o.~s 9 o.e2b 0. 7119 o. 7 3l O.b12 
2.H . l .068 1. Ola t. 00~ o.9•n 0. <;7 3 o. qi;4 o. ~ 3q 0 ,')!. 5 0 .911 I}, 096 0.979 0. q 5 l I}.~~" o. 1ns C. B3 0.1:>34 
2.25 l "J:> b 1. 028 1. OO't 0.985 0. ~~7 0. 91'tq 0.-l 34 0 .92 0 0 .')rJ5 o. 9~9 0.9 70 o.~4? 0 .1124 0. 78'1 o. 7 35 0.637 
l. 7 s .0'•5 l. l)l 6 0.993 0.977 o. <;~o o. ?47 0.927 CJ ,•Jl 3 0 ,B'IH o. 884 0.369 o. q51) n. ~7.5 0,791 o. 7 ?8 O,b4l 

A:n l. 03 3 1.0')) 0,98\ 0.966 0. c;5 0 0.9~4 0.921 0 .~1)9 a.on 8· ~65 o.o 70 Q,AS?. 8. ~7·1 8: ~6~ o. 71, 5 0.t,48 
1. a1 s o. 'P~?. 0.97?. 8,q')~ 0. <;4 5 0. ') 31 o. q l q 0,'1;)9 o .an • A Rb O.P, 72 o.~55 • ~1) o. 7 52 Q,t,5?. 

o.~ ~ l.017. O.<;~J O.?b-1 .9511 0. 9·, 2 0.'121 0.9~8 0. 'Ill 0 0.915 o. '.!~~ o.a 73 o. 'l 5 7 0. ~1!') 0. AQ5 o. 7 S7 C.!>;5 
0.15 1.00 ~ o.~~" o. 960 .o ,954 0. 940 0. 927 o. ') l '> n .~:J 1 0 .A'l7 n. H3o 0.87'+ o.~~9 0.819 0. 909 o. 7 b2 o.,,>7 
u .c.5 0 .9·)6 o.~19 0,963 0 ,9 51 0. <;)8 o. '12'> Odl5 o .~o 5 0 .8'11> 0. 987 o.'l 75 0. ~,, l 0. •1,2 O.?ll4 o. 7 ~7 n.657 
0.55 0 .9~ ~ c. 973 o. ?51l 0.94d o. •r11, o. 9?.4 o. 914 Q,9 1) ii; 0 .~91• o. ~87 0.1177 ().~ ,., .. 0. 5'+6 0.6H a. 712 C.652 
0,45 0.1.111 o. 'lb'> o. ~53 0.9't4' 0. 933 0. ~22 o. •J ~ '• o ,CJ;15 o.~n o. 13~9 o.~n o. ~·; 7 o. s~o 0. A24 o.; 76 0.639 
0 .35 0 .~53 o. <;)I, 0,94(, 0.?36 0. Q?.9 o.no 0, 'JI~ f]. ')l) 5 o,q99 o. ~~! o.eH O.B 70 0. ll~4 0, llZ•J f], 777 c •. ~04 
0 .2 5 0. 92 7 o.942 o.'IH 0,930 0. c;23 0. 911:> o. -i;i 0 ,\10 5 n.R99 o. ~n o. 31'3 Q,874 o. u'a 0. ~~q c. 7 ~5 o .... ~Q 
o.1s 0 • B' 7 0.9ZO u.919 0.917 0. 913 o. 90'} 0,905 u.nt 1).897 O. An 0,885 0.874 0.854 0. 814 0.1> 'l6 0 .119 

NU 2. 5 7,5 12.5 17. 5 25, 0 3 5.0 45,0 55. 0 65.0 TS.o 65 .o 95. 0 105.0 1 \ 5.o 12 5 .o 135. 0 

( ( 



) ) ) 

DATA TABLE DT4(a) 
Momentum smearing correction (96GeV data) 

-~~ ....... ~...-..-- -----------·-·----··----- .. 

~011115cTiONS FOR ElCPF.RAMENTAI. MOMENTUM MEAS UR.EH EN~ . . .. 
AT! 0 TRUE/MEASURE 

0 ~ORO 
47. 0 o.o o.o o. 0 o.o o.o o.o o.o o.o o.g o.o o.o o.o o.o g.o o.o o.o 
42 .~O o.o o.o g.o o.o o.o o.o o.o o.o o. o.o o.o o.o 0 .o .o o.o 1.4 36 
37. 0 g.o o.o .o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o. 0 1 ,41 3 
32.50 .o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 1.154 
2 7 .50 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.oot 0. 259 o. 639 0.999 
22.51) o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 0.137 o.5t8 0.727 0. 8~3 0.962 1.008 
17,50 o.o o.o o.o o.o o.o o.o 0.9 0.047 0.311 ? . 713 o. 8 31 0,962 1. 001 l • 018 1. 0 19 1·o·J7 
t2.50 o.o OoO OoO o.o 0. 001 o. 300 Oo 20 Ooli'+9 0.9 9 • 028 loO 34 l oOZ 8 1 • 021 10016 1. 0 11 .002 

9o 75 o.o OoO OoO OoO 8 0 01 ~ 8· 30~ g.809 l ·02 ~ I ·0~6 1. 8"5 1.0 32 l .02 l l. 014 1. 009 1. 0 05 1.000 
9 .is o.o o.o o.o o.o • 05 ,4b .910 .oi. .o 8 l. 43 l .O 29 1.;)19 1. Ol.2 1. 007 1. ooi. o.n<i 
0. 7 5 o.o o.o o.o o.o 0 oll 6 0. 624 o.901 1.0~4 l.05b i 0 039 i .025 i .o l 6 1.010 1. 005 l. 0 0 3 o.q19 
8 .2 5 o.o o.o o.o 0.002 0. 212 o. 774 l. 031 1.071 .053 • 035 .022 l .o l 3 1.007 1. 004 l. 0 0 l 0.'1'16 
7. 7 5 o.o o.o o. 0 o.o 2 3 0. 38 2 0. 091 l. 064 l.071 l .0 1.e l. 030 l. 0 l 8 l .O l 0 l .oos l. 00~ l. oco 0.9'18 
1.2 5 o.o o.o o.o 0.078 0. SS o o. 905 l. 0 82 l .O~ 8 1.043 1. 025 1.0 l'- 1.007 l. OU3 l. 001 o. 9~9 o.qq1 
b. 7 5 o.o o.o o.o 0 .155 o. 113 l. 047 1.088 l.Ool 1.036 1. 020 1.0 10 i .005 l • 001 0. qq~ o. q q6 o. 997 
b.25 o.o o.o 0.005 o.3oo 0. 83 4 l .0% l. 08 7 l .o~ 3 1.029 1. 0 15 1.0 07 .002 0. 9?·~ o. '1'18 o. q 97 0.9'1b 
5.H 0. I) o.o 0.045 0.4 96 0 0 9l4 l. l 0'> 1·o79 i. o •, 4 1.022 l. 010 1.0 03 0.99'l 0.997 0.9% o. 9 <;6 O.'l~b 

5 .2 5 o.o o.o 0.124 0.092 i 0 07 6 l. l Ol .067 l .1)3 3 l. Ol 5 l. 005 O.'l'l9 0.997 0.995 0. 995 o. 9 94 0.9'-lb 
4,75 o.o o.o o. 236 o.~99 , 11 B l. l U2 l.053 1 .oz 3 1. 008 1. 000 0.996 O,Y'l4 0. c;93 o.9'13 0.993 O.'l95 
4 .2' o.o 0.011 o. 460 1.0 25 1. 134 l. 0~5 l.037 l .01 2 l • 001 0.995 0.99 3 0.992 0 .992 o. 992 0.'191 0.'1Q5 
3. 75 OoO 0.100 0.68) 1. l 2 5 1 .12 8 l. 064 lo 0 21 i .oo 2 0.994 Oo 991 0.990 0.990 0 .'l90 0 0 991 0.9'l2 0.'1H 
3 .2 5 o.o 0.2.io Oo 959 l. l 0 2 lol:J6 l .OH l. o t>5 0.992 0 oY88 o. 98!> 0.907 0.9 B 8 0 .'?89 o. 990 o. 9 c; l 0.994 
2. 75 0 ,l)Jl 0.45' 1. 095 lo l 58 l .070 l • 012 0.989 0 oY~ 3 Oo9'!2 o. 9:13 0.904 0.'Ho 0. G3~ 0. 969 o. 9c;o o. ,.,,, 
2o25 0, l)g o. 772 1. 7.08 l. l 2 0 l 0 r.7.7 0. Y05 o. 9 75 0.974 Oo976 o. ?79 0,982 o.oa4 0. <;87 0. 9~'! o. 9 c;o O.'l·.14 
1. 75 0 o 12 8 lolO~ lo l 77 l .o 5 3 0 .979 0.91>::1 0.9bl 0.9b6 0.972 0. 97b O.'l ~o 0.9J 3 0 .<;ii!) o. 'li\8 o. ~ 69 C.<114 
l.25 Oo703 l .2b7 l. 092 0.9~6 0. <13 l o. 938 o. 9 51 0 .96 l 0.9b9 ooq15 0.9 79 0.'1!!3 0. 985 o. <ie~ c. '! 09 0.9~4 
o.~5 0. 8 7 l 1,246 1.016 Oo922 0 0 <;l l) o. 93::> O, 9'• 7 0 .~5 9 0.968 Oo 974 O.'l79 0.98 l 0.985 0. 98d o. 9 o9 o ...... 
0.115 0.9)9 l. Zll l. o la 0.9lb 0. 91)0 0 0929 o. 94 7 0 0959 Oo96~ Oo 974 0.9 7q 0.98 ~ 0 oG9b o. 'l86 o.cc;o C.994 
0. 7 5 0 .'i5 5 1.240 lo 0 03 0.908 0 .'105 0 .929 o. 94 7 0 0 ~~ 9 0 .91>8 o. 975 0.979 0.'18 3 0 .986 0. ?88 o. "~0 0.9?4 
0 .b 5 1. 03 5 1.253 o. 986 0.901 0, GOl o. 928 o. 94 7 0 .Q~ 9 o.c;be 0. 975 0.979 o.n 3 o.q86 o. 988 o. 9 r,o 0.994 
o.s5 1. 14 9 1.229 0.%9 0 .894 o. c;o l 

8:~~~ 
O.'l47 O,Ql>O 0,969 o. 975 0.930 0.983 0. 986 0.988 o. 9'l0 0.994 

0 o4~ l. 20 5 1.202 o. 952 O.·H7 o. 900 0.948 0. 'll> l 0.969 o. 975 0.9()0 0.984 o.nb 0. 'l88 O.'l 90 0.9'l4 
Oo3 lo 2b 3 1.1 72 o.938 Oo882 0 .900 o. 930 Oo949 0 .90 l 0.970 o. 97b 0.980 O.<iB4 0 .987 0. <;&~ o. qqo 0.994 
0 .25 l .37 l lol56 Oo 922 0.0 76 0 o 'lO l o. 932 o. 951 Oo963 0.971 o. 977 0.931 0.984 0.%7 o. 98'l o. 990 0.995 
0 .15 lo4b8 lo 102 Oo 899 0.8 71 0 ,G03 o. 935 Oo953 0.9b5 0 0973 o. 978 0.982 0.985 0 0988 o. 989 o. 9 91 0.9'15 

NU lo 0 2o0 3.0 4.0 5. 0 6.0 7o0 Bo 0 9o0 l o.o 11 .o 12 0 0 13.0 14.0 15.0 20o0 



DATA TABLE DT4(b) 

Momentum smearing correction (l47GeV data) 

CORRECTIONS l'OR ElCP!IU"!ENTAL 
RA TIO OF TRUCIHEASUREO 

11011ENTIJl'I Ml!A S \JREM ENT ~· ..... ,.~-. 

0 ~ORD 
47. 0 8:8 g.o o.g 8:8 o.o g.o o.o 8:8 8:8 o.g g.o 8:8 g.o g.o , o.o o.o ........ 
42 .5:> 

0:8 8:0 
o.o 

0:8 g·o o. .o .o .o o.o 0.7Z3 
n.s:> g.o o.o o.o .o o.o o.o o.o o.o o.o o.o o.o o.o 1-230 
37.S'J .o o.o o.o o.o o.o o.o o.o o.o o.o. o.o o.o o.o o.o o.o o.o 1.0'-6 
21 .~o o.o 8:8 8:8 o.o o.c o.o 3.0 o.o o.o o.o o.o o.o o.ooi 0. 065 o. 2 55 o. "'~ 1 
27.'50 g.o o.o o.o o.o .o o.o o.o o.o 0.034 0.196 0.40 0. 636 o. 842 1. ') 2 0 
11.so .o g.o o.o o.o o.o o.y 8:200 o.ou 8:!~t o. 3~ y.59T y.e35 0. Q69 1. 026 1. 042 t .a?. l 

2 .~:> o.o .a o.o o.o a .ooa o. 20 0.6 1.0 .063 .Ol>'l l. 059 1.045 l. 0 ~· '.()JS 
'-1.75 a.o 0.1) a.a a.a 0. cos a.111 o. 6a2 O.'l30 1.a1a 1. 10~ l .a~6 1.0 ... 3 1 .or,4 l. azq 1. 019 1.1'.'01 
9 .2 5 a.a c.,, a.a o.o 0 .024 0.287 Oo 7 32 l .a!l2 .a97 1.10 1.0 9 L l.il57 1. 03' l. 025 1. 0 11> 1. a~1J 
'. 7'5 a.o o.o o.o 0 .:i o.oB 0.416 a.845 l .us 6 1 • 110 t. l 01 1.874 l.a~a l • 03~ 1. 020 lo 0 12 Oo9'18 
~ .2'> o.o OoO o.o o.ao1 0. 11 Q Oo 56!. Oo ')?q l .OH 1.116 • 096 1. 66 1.043 • 02 1. () 16 lo OC ~ c .9 97 
7.75 o.o o.o OoO OoOl 0. 2~0 0.737 lo 0 7 1. 11 6 l .11 ~ lo 09~ l .O 5 7 l .O 3 5 1.0:.t l. Oll 1. 005 0.9~5 

7.25 o.a o.a a.a a.o1T 0. :!'}.q a. ~5~ l. o~o l ·P 2 l .112 1. 077 l .04R l.'l2R 1. 014 l. 006 ! 00c1 0.?'.14 
6.7S o.o o.o o.o a.O'l'• 0 0 5~1\ 0. q5~ l. l 2 ~ • 14 1.103 l .CM l.')B 1.0 2 0 1. C01 l. 002 o. 9~7 Oo'N3 
6 o~ 5 o.o o.<J O.U03 Oo200 0 0 7'J 5 l 0 03~ l. 14 3 1.13 0 1 .C90 l. 053 1.)2~ l .:n 2 1. 003 0. "'J7 O.'l o 4 o.9n 
5. 7'> o.o o.o O.D?.6 o.v.t 0. R50 1.131 1. 153 1. 12 :> l .075 . 1. 03? ! .o 17 1.0 05 0. 9'?7 o.o;•n o. <l91 o.9qo 
5 .2 5 o.o o.o o.on o.~28 1 .en 1. I 5i 1. 1 51 1.103 l .057 1. 02~ 1.007 O.'l97 0. 992 0. 98'1 . Q.9fi8 0.939 
4.75 OoO o.o 0.11>0 o. 71l0 1 • l~ R 1. l 7'1 1. l 3 7 1.0~3 1.038 1. 012 o.997 0.990 0. 987 0. 995 o. q 85 O.<J~ q 
4 .? <; OoO 0 .011 c .. 3~0 0.9 l2 1 • 14 5 1. 173 1. 1 14 1 .o~ 9 1 .OIQ o. 990 Oo)qq 0.9B 0. <;~ 1 0. 9~1 o. q ~2 C.C?S7 
3.75 o.o o.y61 CJ. 563 1 oO!>I! 1 0 '15 1.157 lo 0 85 1.0 l 2 1.000 O. 9A4 0.<175 o.n 1 0. 977 0. Q78 o. 97<> o. o:-q6 
3.H o.o o. 69 0.854 1 .2 16 1. <O I 1. 11~ 1. () 5;) l .OJ4 O.Q30 o. 972 O.Q 70 0.9i0 o .n~ O,Q75 o. q 77 no~ ·15 
2. 75. ooo:>o 0. '\1!7. 1. 091 l 0222 l • 151 1. 0~1 1. 0 11 0 .97 5 0.962 o. <;(Jn o.91.2 O.'lb5 0.%9 c. 972 c. 9 75 c. ~~4 
2 .7 o; Oo0'>5 I). 704 1. 2 19 o2 24 .113 l o0l9 Oo9~S •). ·/'• 7 OoQ'-5 (). 94Q 0.955 O.Q'>O o. 965 c. Q70 Oo973 0,<lS4 
l .H I) .239 1. 1 3'1 1. JO~} l.!46 1. C}l 0. 95~ 6• 924 o. H 1 OoQ10 o. Q40 0.'149 O.Q57 Oo'l'd o. qig o. 9 72 0."~4 

1 .H Oo 7'15 l.J46 1.196 o!l22 0. qJ4 O. A 9'• .~n I).~~ 9 0.?!9 o. q34 C.946 o.?5 s 0.'16Z 0 0 96~ o. <; 7 z o.q~,. 

".~') 0 .A82 1 .43<> lo 14 4 0.954 0 0 071 O.A50 C. B63 J.An 0.915 0.931 O.HS o.~s s 0.%7. 0. 96!1 O.Q 72 o.9q4 
o.•s 1olli>3 1 • 4 li) 1. 121 0.919 o. P.nl 0.045 o. a 61 Oo8H 0.?!5 Oo q33 0.945 0.9 5 5 0.%7. o. •u,q o. q 73 ('.9S4 
0., 5 1.071 1. 1017 1.099. 0.'17.1 0. P.52 o. 114() OoS59 O.Nl g.Ql5 0. 931 0.'1~6 Od55 0.%2 0. 'Jbq O.Q71 0.9~4 

0 .i.o; 1-1311 1.403 1.07d ".<iL)6 n. S•" 3 0. 83~ 0. 858 ().Bl .916 o. 933 o.94'> 0.956 0.%3 o. %a Oo q73 O.CH4 
Oo~s .2n4 l .HI> 1. 0 ~6 O.B'I'> 0 0 8)1! o.ov. Oo e5q Oo~J2 OoQl7 o. 934 0.'147 0.956 0.%3 0 .96'1 (]. "7 3 o.9qo; 
0 .4 5 l ·279 1. 3 .,, lo C54 o.n~o 0. 03 l 0. I! 31 Oo ~ s e o .s~ 3 O.'llR o. 935 0.94S o.qs1 Oo 9~4 IJ. q1,q o. 974 0.0~5 

0.35 .4l11 l ·'•J2 l-033 O.B 73 0. P23 g.a21 o. 960 ll .e'l6 0 .92() g.c1H 0.949 O.Q51! 0.%5 0. Q70 o. Cj 74 o,qq5 
0 oZ 5 1. 55 7 1o~70 .OOJ 0 .851 0. ~I 5 • 0zq O. B 63 o. q" 9 o.9n • 939 C.951 C.9 5 'l 0. 91,i, 0. ·l71 Oo 915 O.'J 0 b 
o.D lo 7il4 1. 37.5 Oo Q~'t 0.82il 0. 806 o. 87.9 O.S68 ll.904 o.q27 O.Q42 0.953 0.%1 0.%8 0. 972 o. 'l 71> O.'<d6 

NU 1. 0 z.o 3.0 4.0 So 0 6.0 7.0 o. 0 9.0 1 o.o 11.0 12. 0 13.0 14.0 .15.0 20.0 

~ ·--1 ( ( ( 
~-~~~~~~~ 



) ) 

.. DATA TABLE DTS(a) (96GeV data) 
EVENTS SEEN -~ -. - :e-· .--: .---_: 

ro.oc- ,o.oo 10 y 1 0 1 ~ 
1 0 1 0 0 0 1 1 1 !T 

5.oo- to.oo 6 0 0 0 3 12 8 8 2 7 5 6 l 62 
10.00- 5.00 6 0 l 2 2 7 5 lb 2't 15 7 5 b 6 0 102 

9.00· 10.l)O 1 0 
~ 

0 2 
~ 

3 5 8 2 3 l 0 } 0 3: 
e.oo- 9.00 4 0 2 " 9 10 13 . 7 7 l' 3 1 72 
7. 00· e.oo 2 0 l 3 3 H 1~ 

15 
~i 

8 d 3 2 2 2 84 
b. 00- 7.00 ll 0 l 4 9 22 14 8 5 4 0 148 
5. oc- b.O(J 7 0 9 15 9 22 H 29 21 17 13 8 11 6 1 l 9! 
4. 00- 5.00 H 1 19 21 lb u "l 31 .. ~~ 17 13 12 \g 0 2~t1 
3. oo- 4.00 12 48 47 49 

-~~ 85 43 23 lf ~~ 3 
l~n 2. 00- 3.l)J 51 82 144 121 89 13~ 122 ~4 70' 53 34 5 1· 5 c- 2.00 ·1~~ p1 bl 32 97 

Bo 
·9g 129 95 ·72 43 42 48 4b 4 lZ'P 

.00· l.~J 99 55 250 l5R lb1 219 lb5 115 117 91 7b 71 2 2497 
o. 8 o- l .oo p3 ~42 241 131 96 127. 72 127 1b 65 66 bO M 57 3 1. 564 
o. b c- o.ao Bil 39 263 183 106 142 93 l'• 7 l 19 81 89 73 84 76 6 19~9 

0.4 o- 0.61 225 420 f7b 135 
~~ l ~i .. ·~$ 

12'1 120 .1u. 164 F4 . 155 ··HS .;. ~ 2363 
o. 3C- 0.40 127 l 68 10 bl 1+7 39 102 31 ... 42 1227 
o. 20- 8.10 122 135 73 30 18 lb .. . 1 3 35 33 '.'49 90 173 239 250 7 1283 
0.1 0- .20 0 0 0 o 0 o· : 0 0 0 0 0 0 8. •' 0 0 0 
o. 05- 0.10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
o. 0 - 0.05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1197 l8lb 1706 1143 780 ll 5b 808 1190 935 756 810 813 92b 884 39 11,959 

NU GEY _,.o o.o z., ,.o 1., 10.0 15.0 20.0 30.0 40.0 ,o.o 60.0 TO.O eo.o 90.0 100.0 

EHPTY 7ARGET EVENTS FOR 0.245E+10 SEAM W17H FULL/EHPTY 8EAH RATIO• 4.03 

-' 

3 o. oc- 50.00 0 0 0 8 8 0 0 0 0 0 0 1 l 1 1 4 l 5• JC- £0.00 r 8 0 0 0 0 y 0 0 0 8 l 0 1 
o. oc- 5oll0 0 0 0· 1 0 1 0 1 0 0 0 5 
-;.oc- l O.OJ 0 0 0 0 0 l 0 0 I 0 0 0 0 0 0 2 
e.oo- 9 .Cl? 

A 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1. 
7. Jo- . e.oo 0 0 0 l 0 0 0 0 0 0 0 1 0 0 2 
t-. oc- 7.0J t 0 0 0 0 0 0 0 2 0 l 0 0 0 l 5 
s. 0 c- 6.0J 0 1 0 0 l 0 0 2 0 0 0 0 0 0 5 
... oc- 5.00 2 0 0 0 0 0 4 3 3 0 0 0 1 1 0 

i~ 3. 00- 4.0J 2 0 1 1 1 2 1 2 2 l 0 0 2 0 0 
2. oo- 3.00 9 3 4 3 1 5 0 1 ~ ~ i ~ 

0 0 0 25 
1- sc- z.oo 2 1 2 0 3 3 1 2 1 0 31 
J. oo- l.SJ 6 9 4 5 3 l 2 5 5 5 5 3 .. 4 0 61 
O. SC- 1.00 9 5 6 ~ 

2 3 ~· 
2 4 g 1 2 1 3 0 48 

o. bC- O.P,O H 6 9 2 1 8 3 6 .. .. 3 0 bB 
O. 4 C· o.i.o 8 6 3 5 7 o 3 2 4 1 b b s 0 u 
o. 3 0- 0.40 1~ b 1 1 1 f 3 2 2 3 2 2 7 7 0 51 
o. 2 o- o. 3o 5 2 1 2 2 0 1 2 2 5 10 17 1 58 
o. l 0- 0.20 8 8 0 0 8 0 o 0 0 0 0 o 0 0 0 0 
o.o~ 0.10 0 o 0 0 0 0 0 0 0 0 0 0 0 
o.o - O.l)5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 • 0 

73 44 35 24 18 28 25 28 33 22 23 27 39 lob 3 4b8 

• NU GEY .,.o o.·o z,, ,.o 1., 10. 0 B.o 20.0 30.0 40. 0 ,o.o 60.0 10.0 eo.o 90.0 100.0 

------OVERALL NOR~ALIZATl::JN CORRECTIO'IS 
TUT4L FLUX ~ECORDEC WAS 9.8~87E•09 HUONS 
THc er~~ EFFICIENCY WAS 0,635 
TH( ~R~C EFFICltNCY WAS 0.912 
TH~ C/S EFFJClfNCY WAS 0.9~5 

" ~ 
P~N~O~S CC~RECTION WAS 0.99; 

~ ~\ 
CORr<ECTJOCN FOR CAS IN t~t'T'I' TARGET 0.977 Gt ~ING A't EFFECTIVE FLUX Of 0.6515E+10 HUONS 

~ 

! 

L:::i~ 



. ·, 

-~··· 

Q SQAO 
30000- 50.00 

+I• 
l'oOO- ,0.00 

+I• 
lOoOO- 1,.00 

+I• 
9.00- 10.00 

+I• 
80 oo-

T.oo-

6000-

5o00-

4000-

3o00-

2.00-

lo50-

lo 00-

Oo 80-

Oo4C-

Oo30-

0.20-

Ool 0-

Oo05-

o.o -

9oOO 
+I• 

aooo 
•I• 

1.00 
+I• 

6.oo 
+/-

5.00 
•I· 

4o00 
•I· 

3o00 
+I• 

2.00 
•I· 

lo50 
•I• 

loOO 
•I· 

Oo80 
•I• 

Oo60 
•I· 

0.40 
•I• 

Oo30 
+I• 

0.20 
•I· 

OolO 
•I· 

o.o5 
+I• 

+I• 

NU GEY -5o0 

0 
0 

g 
g 
0 
0 

0 
0 

0 
0 

g 
0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

8 
0 
0 

8 
8 
0 
0 

8 
0 
0 

OoO 

8 
0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

o. 
0 

8 
0 
0 

8 
0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

8 
8 
0 
0 

Zo5 

0 
0 

0 
0 

8 
g 
8 
0 
0 

0 
0 

8 
8 
0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

EYENl'S .WEIGHTED 8Y ACCEPTANC! 

8 
0 
0 

8 
8 
~ 
2 
2 

5 
2 

18 
5 

27 
6 

ts 
195 

17 

198 
17 

390 
25 

245 
21 

474 
35 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

8 
1622 

St. 

5o0 

0 
0 

0 
0 

~ 
2 
2 

~ 
3 
2 

1~ 

11 ... 
21 

5 

t~ 
133 

14 

144 
15 

242 
19 

177 
18 

268 
26 

0 
0 

0 
0 

8 
0 
0 

0 
o. 

8 
1095 

4't 

To5 

0 
0 

2 
2 

! 
~ 

15 
4 

2~ 

25 
5 

46 
7 

ft 
193 

17 

195 
17 

333 
l2 

230 
20 

356 
30 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

1522 
52 

lOoO 

0 
0 

3 
2 

~ 

I 
10 

3 

9 
3 

15 
4 

26 
5 

38 
7 

74 
10 
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C ROSS•SECTJONS IN Pl tOBARNS PER GEY.-• 3 
DATA TABLE DTS(d) (96GeV data) 
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EVENTS S!!i:N . ---- . -· -· •--DATA TABLE DT6(a) (14 7GeV data) 
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9. 00- o.oo 4 2 3 4 7 10 10 ~ 5 4 l 77 
IJ.ilO- 'l.ilO l 0 1 2 2 9 " ' 12 ' 7 9 7 " 5 3 10:> 
1. oo- A .fl:) l 4 l lO 11 7 15 16 20 16 7 7 5 3 \2<. 
~.00· 7.0:> 2 l 5 '• i~ ~i l~ 

23 
~2 

33 24 14 12 9 5 200 
s. oo- 6.0il ,, 8 15 3::l 39 20 20 17 13 4 267 
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SO &PT!~ IN!~ASTIC RAOIATIV! CORRECTIONS 
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SO VT!R l'l!LASTIC IUDIATIV! CORRECTIONS 
DATA TABLE DT8 (e) (147 GeV data) 

,o.oo-7~;~0 g g g g g g . 0 
0 

30.oo-5~;20 n l:? u; ~l~ m _,~ g 
u.00-30.00 

+I- l! l§~ 2 :~ 2g~ 5gi ,;~ H! 
g 1H 2 ~~ "U 2U "U 33t 

e.00-10.00 75 
•t • Z6 

150 224 407 334 444 501 
411 68 102 75 100 122 

g 
0 
0 

1234 
452 

0 
0 

0 
0 

1362 
1436 

0 
0 

g 
0 
0 

4*~ 5~~ 1m 
3~s 3~~ m 

l! 2 :~ 3U f~1 3g~ tu m m ~~; 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

8 

0 
0 

0 
0 

0 
0 

8 
8 
8 

g 
8 
0 
0 

0 
0 

0 
0 

8 
8 
8 
0 
0 

8 

g 
8 
0 
0 

0 
0 

0 
0 

8 

0 
0 

8 
0 
0 

8 
0 
0 

8 

0 . 
0 

8 
0 
0 

8 
0 
0 

0 
0 

i..oo- 1.00 
+I- 8 2 ~Z 3

;: l8~ 2H m m. m "lg '9¥ lU 0 
0 

8 
8 0 

0 
0 
0 8 . 8 

'.DO• 1>. DO 24 
•I- 17 

2 z~ '?g ~~ 2zJ "~: 3g1 ?6: "~~ 3~? 
3
:~ ~i 0 

0 

... oo- 5.oc 
+I-

J.50· ... co •I-

0 220 '80 365 313 417 343 367 424 383 495 '1'11 1191 
0 48 67 72 53 71 7Z 68 60 45 78 87 906 

s 2H 3 ~~ m 3
~' 'il 3

~~ 
3U 3n 3H 3n "':~ u~ 

0 
0 

0 
0 

8 

8 
8 
8 

8 8 
0 
0 

0 
0 

0 
0 

0 
0 

J.oo- ,.5o 
+I- 8 m 3H 3H "~2 3n 

8 ~8~ 2i! 3 ~~ . 
3~~ 

455 449 250 446 335 
86 78 48 52 66 

41 l 422 •30 
"~ 76 0 8 8 8 

z .n- ?;2o g 
2 .5o- 2. T5 o •I- 0 
z.z5. z.50 o •I- 0 

z.oo· ~;!5 8 
l.n-2.00 

•I-
0 
0 

l .50- !;!5 8 
l .H- t.50 0 •I- 0 

l .oo- !;~5 8 
0.90- 1.00 0 

•I· 0 

o .ao- o. 90 
+/· 

0 
0 

o.TO· o.ao o 
+I· 0 

155 294 381 48b 266 
63 79 77 70 75 

0 181 
0 91 

557 Z64 343 436 2'11 2n 458 345 
110 59 77 98 73 51 63 80 

3H ·· ,~~ m 
302 318 327 
68 70 92 

0 
0 

0 
0 

0 
0 

. 0 
0 

8 
. 0 

0 

0 41' 228 2 ~~ 3~; 4 48 54f "~b 31~ "~~ 3~; 'gt "~l 0 
0 8 8 0 2 93 66 

0 
0 

0 
0 

0 
0 

8 
g 
8 
0 
0 

0 
0 

8 1H 309 369 294 357 459 274 488 533 292 349 -40 
5" 69 69 70 67 41 A4 81 51> 52 0 

0 
0 8 

8 0 378 z~i ,~ 5 2:~ 1zi 3~~ 3:J 3g~ 3~~ "g~ 3t~ r~~ 0 
0 0. 21>9 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 J77 301> 
0 75 57 3~: "ji 3~~ 3~J 41Z 1~3 3~~ 3i8 2z~ -1~ 0 

0 

O 230 363 449 231> 419 404 310 323 310 321 348 290 0 
0 0 134 62 7• 50 51> 44 57 5) 50 38 40 54 

0 0 291 288 281 272 J63 '"6 3bb 302 352 387 249 706 
0 0 105 62 55 45 44 ()] 5? 48 42 39 26 807 

0 0 . 

0 
0 

8 

0 
0 

0 
0 

8 

0 
0 

0 
0 

8 
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0 
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0 

0 
0 
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0 

0 
0 

0 
0 

0 
0 
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0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

8 i;~ 4'~ 2~~ 2;1 1;~ 

0 0 2~9 212 319 342 
O O 11? 58 H 46 

0 
0 

0 
0 

0 438 2b4 252 
0 l 74 4 l 30 

0 
0 

8 
0 
0 

8 
0 
0 
0 . 
0 

0 
() 

8 
0 
0 

8 
8 
0 
0 

8 
8 
0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

8 
0.60- 0.10 o 8 0 

0 
0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

c 
0 

0 
0 

0 
0 

0 
0 

0 316 254 517 
•I· 0 

o.50· 0.60 o. •I- 0 
0 
0 8 0 

0 8 0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 63 Zl 8Q3 

0 
0 

0 252 1\9 o z5 za 

0 
0 

0 
0 

0 
0 

8 
0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

g 
0 
0 

0 
0 

0 
0 

8 
8 
0 
0 

8 
8 
0 
0 

0 
0 

8 
8 
0 
0 

g 
g 
0 
0 

0 
0 

0 
0 

8 
0 
0 

0 
0 

0 
0 

0 
0 

8 
0 
0 

0 
0 

8 
0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

8 
0 
0 

8 
0 
0 

0 
0 

0.40- o. 5C O 0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 . 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

o- !55 "2\!> . '507 0 
0 +I- 0 

0.30- 0.40 0. 
•I- 0 

o.zo- 0.30 0 
+I- 0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

8 

0 
0 

0 
0 

0 
0 

0 
0 

8 8 

0 
0 

0 
0 

TOUl 
+I-

40 205 328 34Z ,23 376 J52 364 
8 19 23 25 17 21 23 21 

O~EGA 1. 2. '· 7. 9. 11. 

0 
0 

& 
35b 

•• 1 B 

14. 20. 

0 
0 

0 
,0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

379 365 375 34'7 
16 24 23 22 

35. 45. 60. 

0 
0 

8 

0 
0 

8 

0 41 17 814 

0 0 160 157 
0 0 16 17 

o. 
0 

0 
0 

0 228 I 83 152 
0 115 10 19 

355 325 284 258 181 I 78 152 
21 • 23 18 14 11 9 :v 

so. 1 zo. 160. 240. 400. 600. 1000. 141)0, 
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SO A'Tell l"l!LASTtC UOUTIV! COU!CTIONS 
DATA TABLE DTS(e) (147 GeV da~a) 

o so~c 
50.00-10.00 0 0 0 

•I• O o 0 
0 
0 

30.ocMz;20 Jt l:f m t!~ 

c 
0 

0 
0 

tn · -3~ 
0 
0 

g 
l~ lJ' z:; 2ft 5gJ 3;J t~: 15.00•30.00 .,. 

0 
0 

0 
0 

0 0 
0 0 

lm uu 

0 
0 

8 
0 
0 

10.oo,1?;~0 

1.00-10.00 
•I· 

n 1H 2 l~ "H 2n "n ,~~ ·i: 5~; lm 
U 1zg 2 ~; t8I 3i~ ~~ m 3~A 3 l~ m 

7.0.)· ~i~O l: 2 :~ 3 ~~ f~1 3g~ ta m m g~ 3~3 

0 
0 

8 
0 
0 

8 
8 
8 

•• oo- 1.00 
•I· . 8 2n ';: l8~ 

2H ~rl m m "A~ 
5¥' iU 

8 
8 
8 
g 
0 
0 

g 

8 
5 .OO• 6. 00 

•I· 
247 277 328 zoo 273 419 383 579 420 330 395 t~t 
1 62 76 b7 6J 88 93 10" 72 51 88 ~3 

0 
0 

8 
0 
0 

8 
0 
0 

8 
8 
8 

4.00• s.oc 0 220 380 365 313 41 7 343 3b7 424 383 "95 "'1 891 
•I• 0 48 1>7 72 53 71 72 68 60 45 78 87 901> 

0 
0 

8 
8 
8 
0 
0 

8 
8 
0 
0 

8 
3.50• 4.CO 

•I• 8 2H. 322 505 3b2 .r,()1 
74 • 101 b9 82 

3U 3H 3a 3~~ 3 jz ":~ n~ s 

8 
8 
0 
0 

g 
0 
0 

0 
0 

8 
8 
0 
0 

8 

0 
0 

8 
0 
0 

8 
0 
0 

0 
0 

8 
0 
0 

8 
3.oo- 3.so 

•I• 8 m 3H 3H 
8 8 ~8l 

2H 

428 3b8 
64 69 

4 ~~ ·~: 2 ?g 4~~ 3~~ 4U "H -3g 8 8 . 
z.75. 3.oo 

•I· 

z.so- z.n o 
•I· 0 

2.25· ?;~O 8 

342 . 382 
72 88 

8 1 ~1 m 2H 343 
59 77 

s rn 2u 2H 3~; 

1U 2
;; 

3H 4
~8 2 ~~ 3H ·· 3U m 8 8 

43b 291 2n "58 345 3oz 319 321 o · . o 
98 7l 51 63 80 1>8 70 92 0 0 

4 ~8 5~f 4~i 31~ 
4
~~ 3~~ 'gt 4

~~ 8 8 

0 . 0 
0 0 

8 
0 
0 

8 
0 
0 

0 
0 

0 
0 

8 
0 
0 

0 
0 

8 
0 
0 

0 
0 

8 
0 
0 

8 8 
8 8 

8 8 ' 8 8 

8 
8 
8 
8 
8 

• 0 
0 

8 

8 
8 
0 
0 

8 
8 
8 
0 
0 

8 

8 
8 
0 
0 

8 
8 
8 
0 
0 

8 

0 
0 

0 
0 

0 
0 

8 
8 
8 
0 
0 

g 
Z.OO· ~;~5 8 0 

0 8 1;~ 'g: ':; . 2i; 3n "n 2Zt 4a 'H 2;f · 'H -•g 8 8 8 8 8 
1.15- 2.00 0 

•I· 0 

1.50• 1. 75 0 
•/• 0 

1.u-1.50 o 
•/• 0 

~ .oo- b~' 8 
0.90• 1. 00 0 •I· 0 . 

0.80• o. 90 0 
•I· 0 

0.10- Z;~O 8 
O.bO• Z;~O 8 
0.50· O.bO 0 · 

•/• 0 

0 
0 

0.30• o. 40 0 
•/• 0 

8 
8 

8 m 2H "'~ 
2
l~ 

3
Z~ 

3lt 32i 3
2~ '~t 

4 U 3
~~ f li 8 · 8 8 8 8 

8 
8 

8 
0 
0 

0 
0 

8 . g 
0 
0 

0 
0 

8 

8 
0 
0 

8 

8 3 ~~ ~~ 3~~ 4;~ 3 ~1 3:i "1Z 3~g 3 Z~ 3I8 2 Z~ -
1
~ 8 8 8 8 

8 m ':~ "~: 2~8 4 !% "2: 3H 3H 3 s8 3H '!~ 
2t2 8 8 8 8 

8 8 ro~ 2 :~ 2~~ 2U 3:! 3
:; 

3~~ 3 2~ 3Z~ 
3
~~ 

2
~: ~8~ 8 8 8 

8 
0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

8 
g 

0 
0 

0 
0 

8 
8 

8 8 8 8 8 8 ~;~ "I; 2 ZI 2ll 1
;: 8 8 8 

0 0 0 0 0 0 0 22'1 212 31 'I 342 0 0 0 
0 0 0 0 0 0 0 11? 5S H 46 0 0 0 

s s s s s s s s n: 2~t 2 ~~ s s s 
8 8 g 8 8 8 8 8 8 3H 2H m 8 8 

s s s s s s s s s s s s s s s 2 
~~ 

1n s s 
8 8 8 8 8 8 8 - 8 8 8 8 8 8 8 g- 2 Z? .. 2 !~ - m g 
8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 1t2 1 H 8 · 

0-2°- 2;?0 s s g s s s s s & 0 s s s s s s s m 1 
r~ 

1n l 
TOUL 40 205 328

3 
342 323 3'1'6 352 36" 356 ( 365 375 3"'7 355 325 284 258 181 178 152 , 

•/• 8 19 2 Z5 17 21 23 21 ·' 18 24 23 22 21 , 23 18 14 11 9 H • • 

O~EGA 1. z. 3. 4. '· 7. 9. u. 1". .zo. 35. 45. 60. eo. 120. lbO. 240. 400. 600. 1000. 14/JO-______ ........., ___ ~ .. 
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!Y!~TS WEtGHTEO BY AttEPTA~C! 
Q SORD 

so.oo 
30.00 

1,.00 

1 o.oo 
9.00 

a.oo 

O+l-

0•1· 

O•l-

0•1-

O•I-

7.00 O•l-
0•1-

6.00 
O•I· 

5.00 
O•I• 

4,00 . O•l

,,00 •O•I• 
2.00 

1.50 

1.00 

o.~o 

0.60 

O•I• 

O•I• 

O•/• 

0•1-

O•I• 
0.40 O• I• 

O.JO . 0• 1-
c.20 

.0.10 

o.o 
wz cav .. 2 

1.0 

0•/-

0•/-

0 O+l-

0 2•1-

0 9+/• 

0 4+/-

0 9+/-

0 11 •l-
o 20•/-

o 35•/-

o 58•/-

o 133•/-

o 295•/-
o 29b+ ,_ 

0 501 •/-

o 340• t-

o 590• /-

o O•l-

0 0•1-

0 0+1-

0 

0 

4o0 

O+l

O•I-

0 O+l-

2 18•/-

3 18+/-

2 9,•/-

' 20•/-
4 22 •/-
, 34+/-

6 51 +/-

9 33 •/-

14 160•/-

21 366•/-

21 373+/-

28 681 •/-

0 ,.,_ 

5 24+/-

4 33•1-
3 10•/-

5 19+/-

5 25•/-

6 42•1-

a 47•/-

10 60•/-

15 126+/-

23 204+/-

23 244•/-

32 452 +/-

s 0•1-

6 15•1-

6 24+/-

3 5•/-

4 13+/• 

5 16+/-

7 30•/ • 

7 28+/• 

8 48•/-

12 74+/ 

16 161•/-

18 . 145•/-

25 298•/· 

25 40'l+/- 27 ~00•/- 23 189•/-

39 689•/- 42 472•/- 32 288•/-

o O+I- 0 O•/- 0 71 •/ 

0 O•/- 0 O•/- 0 0•/-

0 O•I- 0 O•/- 0 0+1-

0 

0 

16.0 

O•l-

0+1-

0 

0 

36.0 

O+l-

0+1-

0 

0 

64.0 

O•I· 

0+1-

) 

0 0+/-

6 75•/-

5 Zl•/-
z. 3+/-

4 9+/-

4 7+/-

6 17•/-

5 21 •/-

7 32•/-

9 56•/-

13 112•/-

13 103 •/-

19 218•/-

0 

28 
6 

z 
4 

3 

4 

5 

6 

7 

10 

10 

15 

16 151+/- 13 

22 200•/- 15 

10 385+/• 21 

0 160•/- 13 

0 252•/- 16 

0 

0 

100.0 

O•l-
0•1-

0 

0 

1 .. 4.0 

O+l-

0•1-

27•/-

0+/-

8•/-

3•/-

7•/-

8•/· 

9+/-

12• /-

32•/· 

32•/-

50•/

"7•/-

55•/-

127+/-

105+/• 

193• /· 

0•1-

0•1-

DATA TABLE DT9(a) 

0 

0 

1 .. 

0 
6 

3 .. 
.. 
.. .. 
5 

5 

7 

6 

7 

10 

9 

12 

0 

0 

196,0 

O+l-

0+1-

0+1-

0+I-

0•1-

0•1-

O•l-

0+1-

O•l-

0•1-

0•1-

0+1-

O•l-

0•1-

0•1-

0•I-

0•1-

0•1-

0•/-

0+/-

0 

0 

0 

0 

0 

0 

0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2 .. 0.0 

O+I• 

O•l-

0• 1-

O+l-

0+/• 

0•1-

0•1-

O+/• 

O+l-

0•1-

O+/• 

O+l-

0+1-

0•1-

0•I-

0•1· 

0•1-

0• I

O+l-

0•1-

0 

6 
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(96GeV data) 
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rvE~TS ll!IGHTEO IT ACC!PTAlltE 

o so~o so.oo 
l0.00 

15.00 

10.00 

9.00 

e.oo 
1.00 

•• oo 
5.DO 

4.00 

3.oo 
2.00 

1.50 

1.00 

o.eo 
o •• o 
0.40 

0.30 

0.20 

0.10 

o.o 
llZ GEV .. 2 

1.0 

O+l

O• I· 

0•1-

0•1-

O•l-

0•1· 

O+I• 

0•1-

0•1· 

0•1-

D•I
O+/• 

O•l-

0•1-

O•I• 

O•/• 

O•l-

0•1-

0•1-

0•I-

0 0•/-

0 Z+/• 

0 9+/~ 

0 4•/-
0 .,.,_ 

0 ll+/-

0 ZO+/• 

0 35•/

o 5B+/• 

0 lH+/• 

0 295•/-

o 296•/-

o 499•/-

o '38•/-

o 516•/-

o 0•1-

0 O•I· 

0 0+/• 

0 O+/• 

0 O+/• 

0 0•/

z 1&•/-
3 18•/

z 9•/

, ZO+/• 

4 22+/• 
5 ,,,.,_ 

6 51 •l-
9 U+/-

14 160•/

Zl 365 •/• 

21 372•/-

28 678+/• 

Z5 406 +/• 

39 682 •l-
o O+I• 

0 O•I• 

0 O+/• 

0 0•1-

0 O•I• 

16.0 

DATA TABLE DT9(b) 

so APTU suniu.:TION DP llAOUTIYE TAIL 

0 ,.,_ 

5 ZO/• " ,,.,_ 
, 10•/-

5 19•/-

' 25•/-
6 42•/

• 47+/-

10 60•/-

15 126•/-

23 204•/-

23 243•/-

32 448•/

n 296+/-

42 4•5•/-

0 0•/-

0 0•1-

0 O•I• 

0 0•/-' 

0 0•1-

, 0•/-

6 15•/-

6 ZO/• , ,.,. 
4 U+/• 

' 16•/
., 30•/

., 28•/ 

e 48 .,. 

12 ll•/-
16 159•/· 

18 142•/-

25 291 •/-

23 lU•/• 

3Z 277+/• 

0 66•/

o 0•/-

0 0•/-

0 0•/-

0 O+/ 

0 0•/- 0 ... ,0•/-

6 T4•1-· ze 0+1-

5 ZO+/- 6 'l.7+/• 

z 2•/- z 0•/-
4 8•1- 4 8+/• 

" .,.,_ 3 2+/• 

6 . 16+/- 4 T•/• 
5 ZO+/· 5 8+/• 

1 )1•/- 6 9•/. 

9 53•/- 1 

q . 106•/- 10 

10•/• 

28•/-

13 96•/- 10 25•/-

19 201•/- 15 36•/-

16 137•/- 13 36•/-

22 174•/- 15 36•/-

10 329•/- 21 87•/-

o 125•/• 13 58•/· 

0 183•/- 16 99•/

o 0•/· 0 0•/• 

0 0•1- 0 0•1-

1 oo.o 144.0 

{ 

0 

0 

14 

0 

6 

3 

" 
" 
" 4 

5 

5 ., 
6 

1 

10 
9 

12 

0 

0 

196.0 
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0•1- 0 
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0•1- 0 

O•I- 0 
O+/• 0 
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0•1- 0 

O•I• 0 

O•I- 0 

0•1- 0 

0•1- 0 

O•I- 0 
O+/• 0 

0•1- 0 

O•I- 0 

O•I• 0 
O•I- 0 

0• 1-: 0 

240. 0 

0•1-

0•I

O•I• 

0•1-

0•I

O•l-

0 •I-
0•/-

0•/

O•l-

0•1-

O•I• 

O•l-

0•1-

0•1-

0•1-

0•/-

0•/• 

O•I· 

0•1-

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
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(96GeV data) 
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DATA TABLE DT9(c) (~6GeV data) 

Total virtual pli.otoabsorption cross-section 
·, --

!STIMU! O' C:llOSS S!C:TION IN 111 C:l'llllAM 

0 so-o 
,o.oo 

o.o 8:8 -o.ooo o.76Z ·0.0ZT -o.o,, o.o o.o o.o o.o .,_ 
o.o o.o o. 763 o.o o.o o.o o.o o.o o.o ... 30.00 
o.o o.•46 A:Hg z. 3Z2 1.110 11.z59 -0.003 o.o 8:8 o.o 

•I• o.o 0.3U o. 60'1 0.670 4.237 o.o o.o o.o 
1,.00 

o.o t. 486 2.0•8 4.016 3.623 4.009 66.945 o.o o.o o.o 
•I• o.o 0.526 0.4 98 o. 724 o.an 1. 261 33.715 o.o o.o o.o 

10.00 
o.o f: A~ l l:H~ t: ~g~ f. ~ 01 1. 793 -0.104 o.o o.o o.o 

•I• o. 0 .Zb8 1. 392 o.o o.o o.o o.o 
t.oo 

6.191 8:8 l.473 l•9Z5 6.661 ~.199 40.5 81 o.o 8:8 o.o 
•I• .z2a • 3 99 lo 573 1. 730 .257 29.615 o.o o.o 

a.oo 
o.o l.501 ?·517 7.6ZZ 6.467 3. 663 11.147 o.o o.o o.o 

•I· o.o .108 .2 37 1. 559 1.631 1. 610 11.957 o.o o.o o.o 
1.00 

10.329 o.o o.o ... 739 
t:~2~ 

1
r:~l~ 

7.HO 20.327 o.o o.o 
+I• o.o 1. 11:? 1.899 2.009 1.2.661 o.o o.o o.o 

6000 
o.a 6. Zt• 7.9 7' 9. 5 88 7. 8 66 7. 7 91 12.417 o.o o.o o.o 

•I· o.o lo 166 lo 191 1. 4 66 1. 5 01 1. 7 85 6.057 o.a o.o o.o 
5.00 

7. 874 o.o 9. 7 89 9,462 10.607 9.423 u. 312 o.o o. 0 o.o 
+I• o.o 1. l 7 7 1.172 t.305 t. 598 lo 7 50 4. 815 o.o o.o o.a 

4.00 
i4.ZE5 a.o 13. 3 84 14. 7 91 12.238 12. 5 24 la.442 o.o o.o o.o 

•I- a.a 1. 461 1.2 25 1. 450 1. 51 s 1. 7 34 3.742 o.o o.o o.o 
3.00 

o.o 20.839 19.90~ 16.151 18.HO 17.232 19.805 o.o o. 0 o.o 
•I• o.o 1.500 1.2 56 1.2qo 1. 5 45 1. b95 3.860 o.o • o. 0 o.o 

2.00 
o.o 32. 05 5 26. 7 55 26. 232 z z. 7 07 21.706 25. 211 o.o o.o o.o 

•I- o.o 2.2e5 1. 6 7 8 loH9 z.o IO 2.290 5.219 o.o o.o o.o 
1.50 

o. a 35. 02' 1 f:H; 3 l:~~2 32.43" 32.114 25.600 o.o o.o o.o 
•I• o.a l.963 2.0Q5 2. 3 89 4.5 84 o.o o.o o.o 

1.00 
o.o 40 ... 89 

'~:Ht 
39, 6 oz 36.787 3l:rn 46.001 o.o o.o o.o 

•I- o.o 3. 019 3. 029 ),269 7,963 o.o o.o o.o 
c.eo 

o.o 'i:m "~:Hf 
47,779 42,?10 )9.076 35 ... 14 o.o o.o o.o 

•I- o.o 3. Z83 ).4 )6 3. 3 07 6.6SZ o.o o.o o.o 
0.60 

o.o o.o o.o o.o 
H:~i~ 

52.340 61. 6 80 o.o o. n o.o 
•I- o.o o.o o.o o.o 3. )&9 7.196 o.o o.o o.o 

0.40 
o.o o.o o.o o. 0 o.o 79. 812 58 .4 3Z o.o o. 0 O.J 

•I- o.o o.o o.o o. 0 o.o 8.214 - . 9.H6 o.o o.o o.o 
0.30 

o.o o.o o.o o. 0 o.o .. e3.b65 72.146 o.o o. 0 o.J 
•I- o.o o.o o.o o. 0 o.o 7.~ )3 9.082 o.o o.o o.o 

o.zo 
o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 

•I- o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 
0.10 

o.o o.o o.o o.o o.o a. o o.o 3.0 8:& o.o .,_ o.o o.o .o o.o o.o o.o o.o o.o o.o 
0 .o 

llZ GEV .. 2 
l.O 4o0 16.0 36.0 64.0 100.0 144.0 l 96. 0 240.0 324.0 .. oo.o 

\,., -



DATA TABLE DT9 (d) (_96GeV data) 

Total virtual photoabsorption cross-section 

SO Al'T!lt INeLAST IC ltADIAT IY! COUECT IONS 

HTlllU! OP tllOSS SECTION IN 111 C"OllAllN 

o so•o 
so.oo 

o.o 8:8 -o.ooo 8:tiY -o.o 21 -0.053 8:8 o.o o.o o.o 
•I· o.o o.o o.o o.o o.o o.o o.o 

3C:.OO 
o.o 8.ltH ~=~n 3:lH 1.69' 10.6'3 -o.oos o.o 8:8 g.o 

+I• o. 0 .300 0.66J lt.010 o.o o.o .o 
15.00 

A:~U ~:Bl 
lt.05Z 

'·' 39 
3. 736 iB.03Z o.o o.o o.o 

•I• 8:8 o. 730 o.&Olt 1.175 9.226 o.o o.o o.o 
•.· 

10.00 r:m ?:fU 1t.112 2. 719 1.661 • O. l Olt o.o o.o o.~ . o.o 
•I• o.o 1.367 l. 2 31 l.Z89 o.o o.o o.o o.o 

9.00 
r-763 

8: 8 l· 640 r-149 t:~~~ f·9'11t lt.801 8:8 o.o o.o 
•I• .207 ... 52 ,675 2.085 5.369 o.o o.o 

a.oo I· 594 3,373 9.522 o.o o.o g•o r·n1t r-6~8 6,21t3 o.o 
+I• .o .182 .277 .~53 l. 5 71t l.483 10.215 o.o o.o o.o 

1.00 
iy:~n r:~H 

6.775 11.1t19 o.o o.o o.o o.o r· 506 t·99' •I• o.o • 299 .278 1.841t 10.887 o.o o.o o.o 
6.00 

7.097 9. 1t1 a 7.121 10.361t o.o o.o o.o o.o 8.131t 7 .5 lt3 
•I• o.o l. 3 21 l,2 14 1.449 l. 4 )9 l.6 32 5.056 o.o o.o o.o 

s.oo 
e.575 o.o o.o o.o e. 791 9,90 3 9. 30'1 I 0.1 30 9.430 o.o 

•I• O, a l. 312 l. U6 l. Z Bit l. 5 26 1. 5 93 4.014 o.o o. 0 o.o 
1t.oo 

1l:Hl lit. 462 • 11. 3 •S a. 109 · o.o lS.1'14 11.6 31 o.o o.o o.o 
•I• o. 0 l. ~51t lo 41 7 l.4 40 1.5 71 1.121 o.o o.o o.o 

3.00 
Zf:?~~ 17.353 15. 5 5 7 16.5 02 o. 0 g.o 1 ~:~ :~ 1i:m o.o g.o 

•I• .o l .4 59 1. 5 )0 3.232 o.o c.o .o 
2.00 

21.215 o.o 31. 463 Z6. l 5 9 z1: ~~* Zl.346 19. 6 0 l o.o o.o o.o 
•I• o.o 2. 242 l.641 1. 8 89 2.068 lt,392 o.o o.o o.o 

1.50 
33. 2 36 32. 134 29.124 Zl.677 o.o o. 0 o.o o.o 'l:~a~ 

30.4 61 
•I• o. 0 1. 863 l. ~Zit 1. 9 68 2.167 3.881 o.o o.o o.o 

1.00 
35.745 39.128 o.o o.o 37.440 33.2 2Z 37. 742 34.4 13 o.o o.o 

•I• o.o 2.792 2. 2 32 2. 887 3.05& 3. 2 92 60773 o.o o.o o.o 
0.80 

lt5.260 30. l 77 o.o o.o o.o lt7, 775 1ttH~ 39.995 ]5. 290 o.o 
•I• o.o 3. 205 3. 110 3.2 03 2.Y 88 5.668 o.o o. 0 o.o 

0.60 
52. 515 o. 0 o.o o.o o. 0 66.952 It 7. 2 52 o.o o. 0 o.o 

•I• o.o o.o o.o o.o 10.596 3.060 6.133 o.o o.o o.o 
c.40 

o. 0 7 O. 9 21 4'1. 564 o.o o.o o.o o. 0 o.o o.o o.o 
•I• o. 0 o.o o.o o. 0 o.o 1. 299 7 ,902 o.o o. 0 o.o 

D.30 71t, 1 39 60.127 o.o o, a o. 0 o. 0 o.o o.o a.o o. 0 
•I• o.o o.o o.o o.o o.o 6.587 7.569 o.o o. 0 o.o 

c.zo 
o.a a.a a.a O. a a.a a.o a. o a.a a.o o.a 

•I• a.a o.o o.o o.o o.o o.a o.o o.o a. a o.a 
a.10 

o.~ o.o o.a o.a o.u o.a o.o a.a o.a a.o 
•I• o.a o.a o.o o.o a.a o.o o.o a.o O, a o.o 

a.o 

l . Ill G!r:o z 4.0 u.o S6.0 61t.O l oo.o 11t1t.O 196.0 ZltO.O 324.0 ltOO.O 
; : 

~- 'l ( 
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!Y!~TS ll!IGHTEO av ACC~PTANCE 

- --'"""' 
~ ..... ----' ~ ilo4-'lt'tl~~ 

0 ~o'e 
50.00 O•/• 

,0.00 O•I• 

15.00 0•1-
1 o.oo 

9.00 

e.oo 
7.00 

6.00 

5.00 

4.00 

3.oo 
2.00 

1.50 

l .O~ 

o.~o 

0.60 

0.4 0 

O.JO 

0.20 

0.1? 

o.o 
11z Gev••2 

1.0 

O•I• 

O•l-

0•1-

O•l-

0•1-

O•l-

0•1-

O•l-

0•1· 

O•I• 

O+/• 

O•I• 

O•I• 

O+I• 

O•I· 

0•/• 

0•/• 

0 

0 
0 

0 

0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
0 

0 
0 

0 

0 

.... o 

0+/• 0 

5•/- 2 

U•/• '4 

10• /- 4 

9•/- " 
lh/• 5 

J0•/-

57+/• 

102•/• 

187•/-

32A•/-

371•/-

684•/-

O•I• 

O•l-

0•1-

O•l-

0•1-

O•l-

0•1-

7 

9 

13 

17 

24 

31 

59 

0 

0 

0 

0 

0 

0 

0 

16.0 

4•1- l 5•/-

12 •/- " 27•/-
31 •/- 6 43•/-

14•/- 4 17•/-

24•/- 6 26•/-

36•/- 7 25•/-

52•/• 

5J•/

l19•/-

245 •/· 

47~ •/-

4qz •/• 

996+/• 

O•/• 

O•I· 

O•I• 

O•I• 

O•I· 

O•I• 

0•1-

9 

'I 

13 

19 

29 

35 

71 
0 

0 

0 

0 
0 

0 

0 

36.0 

4b•/

TJ•/-

90•/-

158•/-

310•/-

357•/-

667•/-

0•/

O•I• 

O•I· 

O•I· 

O•I• 

0•1-

0•1-

, 
5 

7 

5 

6 

6 

7•/

J5•/-
39•/-

13•/-

22•/-

22•/· 

, 7•/- " 
6 36•/· 6 
7 ,,.,_ 6 

4 11•/· . 4 

5 10•/· 3 
5 21•1- 5 

8 34•/- 6 

10 57•/· 8 

11 SJ+/• 10 

15 111+/• 12 

23 237•/• 19 

zq. 115•/• 21 

55 407•/•' '7 

0 lZZ•/ 25 

0 O+/· 0 

0 O•/• 0 

0 O+/ · 0 

0 

0 

0 

64.0 

O•I• 

O•I· 

O•I-

0 

0 

0 

1 oo.o 

3J•/• 

27•/-

48•/-

92•/-

184•/-

186•/-

328•/-

214•/· 

164•/• 

O•I· 

O•I· 

O•I• 

O•I• 

0•1-

6 

5 
7 

10 

16 

17 

28 

29 

28 

0 

0 

0 

0 

0 

144.0 

DATA TABLE DTlO(a) 

ll•/-

24•/· 

28•/• .,.,. 
10•/-

7•/-

23•/-

27•/-

46•/-

72•/-

135•/• 

114•/· 

2~5•/· 

171•/· 

257•/ · 

405•/-

157• /-

365•/-

0•/-

0•/• 

9 

6 

5 

3 , 
3 

6•/- 6 

25•/- 11 

26•/- T 

8•/- " 
11 •/- 3 

12•/- " 

5 14•/- " 

5 20•/- " 
T J6•/- 6 

9 55•/- T 

12 ~4•/- 9 

11 ~a•/-

18 147•/-

16' 141•/· 

9 

11 

11 
21 175•/- 12 

Jl JC5•/• 16 

16 2C4•/• · 15 

25 563•/- 21 

0 

0 

196.0 

0•1-

0•I-

0 

0 

240. 0 

0•1· . 0 
O•I• ll 
O•I• 0 

0•1- 0 

O•I• 0 

0•1- 0 

O•I• 

0•/• 

0•/

J•/-

8•/-

9•/-

14•/-

6•/• 

B•/-

31•/• 

27•/• 

55•/• 

0•1· 

O•I• 

0 

0 

0 

3 

3 

3 

2 

3 

5 

5 
7 

0 

0 

324.0 

(14 7GeV data) 
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O•I· 

O•I• 
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DATA TABLE DTlO(c) 

T~~al virtual p~~~a~~o~~i~n ~r~s~-section 
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DATA TABLE DTlO(~) (147GeV data) 
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