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CHAPTER I

INTRODUCTION

Electron-nucleon scattering has traditionally provided the best in-

formation on the electromagnetic structure of the nucleons, a subject of

utmost importance for the understanding of the most basic building blocks

of matter. 1 As shown in Figure 1, the basic interaction of the electron

and the nucleon is through the exchange of a single virtual photon. 2 Very

few other particles make a better probe of nucleon structure. Quantum

electrodynamics has been verified experimentally3 to be valid at distances

-15as small as -10 cm, and the electron-photon vertex can be regarded as

fully understood. The electron can be considered simply as a source of

virtual photons to probe the nucleon. Unlike real photons, both the

energy and four-momentum transfer of the virtual photon can be varied at

will by specifying the angle and energy of the scattered electron in the

laboratory. The energy of the virtual photon, v, is given by the differ-

ence of the incident and scattered electron energies

v = E - E1

and q2, the square of the four-momentum transfer, can be written as

q2 = 2(EE 1 - pp1cose _ m 2)
e

(1.1)

(1. 2)

where e is the electron scattering angle. The final state hadronic system

which is produced in the interaction can be characterized by its invariant



2

mass W, whose square is given by

(1. 3)

where Mis the mass of the nucleon. (For elastic eN scattering, q2 = 2Mv,

and W= M.)

With the virtual photon as a probe, any difference between the mea­

sured cross section and that anticipated for a point particle can be

unequivocally interpreted as representing the electromagnetic structure of

the nucleon. For elastic scattering this deviation from a point cross sec­

tion is described in terms of the "charge" and "magnetic" form factors, G (q2)
E

and G
M

(q2), for the photon-nucleon vertex. 4 They are empirical functions of

q2 to be determined by experiment. For inelastic scattering the form fac­

tors that describe the photon-nucleon vertex can be functions of both q2

and v.

Electron-nucleon scattering is much simpler to interpret than say

TIp scattering. In hadron-hadron collisions there are two unknown vertices,

and the quanta exchanged virtually can consist of an entire spectrum of

particles. The task of unraveling the information on the structure of the

nucleon is much more complex.

The first elastic electron-nucleon scattering experiments, demon-

strating the deviation of the cross section from that expected for a point

particle and thus measuring the form factors of the nucleon, were carried

out by Hofstadter1 and his collaborators of Stanford. These measurements

have since been extended at numerous laboratories. The elastic ep cross

sectionS has been measured at values of q2 up to -25 (GeV/c)2, and elastic

en scattering 6 to q2 -6 (GeV/c)2. The results of these experiments can
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be summarized by the statement that the elastic form factors, G (q2) and
E

G (q2), for the proton and neutron obey the simple scaling law7,8
M

1. 912.793

G P(q2) G n(q2)
G P(q2) = _M__ = _M__ = _

E

(1. 4)

The expression 1/(1 + q2 /0.71) is called the "dipole form factor,"

and is purely empirical. This scaling law holds to within 10% over the

range of q2 studied. 9 At the higher values of q2, only electron-proton

scattering data exist and here only from the measurement of the magnetic

form factor G
M

P(q2), since the electric contribution is small and difficult

to measure.

In addition to elastic scattering, inelastic processes also occur in

electron-nucleon collisions which result in the production of one or more

pions or other particles in the final state. Inelastic electron-nucleon

scattering was first studied by Panofsky et al. ,10 also at Stanford. Ini-

tially these experiments were aimed at measuring the form factors of each

of the rrN resonances in a manner similar to what was done for the elastic

scattering cross section. The first measurements on the electroproduction

of the N* (1238) were made by Panofsky and Allton. 11 Measurements were

* * *extended to other rrN resonances such as the N (1512), N (1688), and N

(1920). The results of these measurements indicated that the q2-dependence

of the rrN resonances was quite similar to the elastic form factors. 12 ,13

The breakthrough in inelastic electron-nucleon scattering came in 1968

from an experiment performed at the 20 GeV Stanford Linear Accelerator

Center (SLAC).14,15 It was found that the most exciting physics was not in
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the study of the TIN resonances, but rather in the continuum part of the in­

elastic electron scattering spectrum. The continuum cross section, unlike

elastic scattering, was found to be varying slowly with q2 and its value

approached that for a point-like particle, as predicted by Bjorken. 16 This

marked the beginning of an era of intense study of "deep inelastic" scat-

tering phenomena, and we present a brief review here.

The Inclusive Cross Section

In the first Born approximation, the differential cross section for

the scattering of electrons of energy E to a final energy E' through an

angle e is related to the two inelastic form factors WI and W2 for the

nucleon1? by

where v = E - E' , and q2 = 2(EE' - pP'cose - me
2 ). Another useful repre­

sentation, originally due to Hand,18 is to express the inclusive cross

section in terms of the total photo-absorption cross sections for transverse

and longitudinal virtual photons:

(1. 6)

where r T(q2,V) is the flux of the virtual photon, 0T and 0L the total photo­

absorption cross sections for transverse and longitudinally polarized

virtual photons, and E the photon polarization. In the limit of q2 ~ 0,

the transverse cross section approaches the total photo-absorption cross

section Gyp for real photons. This offers the possibility of obtaining
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information on 0yp at high energies by extrapolating the data of electro­

production experiments to the limit of q2 = o.
The relationship between the two representations is given below:

(1. 7)

where w2 _ M2 _ n 2
K= =v.:L..-2M 2M (1. 8)

is the equivalent real photon energy needed to photoproduce a final hadronic

system of invariant mass W. The ratio of the two inelastic form factors WI

and W2 can be written as

(1. 9)

where R =a /0 , the ratio of longitudinal to transverse photo-absorption
L T

cross sections.

The original experiments at SLAC measured the inclusive cross section

for inelastic electron-proton scattering using incident electrons of energy

up to 20 GeV. The results can be summarized by plotting the two quantities

2MW I and vW2 versus the dimensionless variable w, defined by:

_ 2Mv
w -~ (1.10 )

As shown in Figure 2, the data points tended to fallon a universal curve in
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w for all values of qZ and v. This agreed with Bjorken's hypothesis. 16

Bjorken originally suggested that, at large values of qZ and v, the two

structure functions 2MW 1 and vWz should manifest a property of scale in­

variance. That is, as both qZ and v approach 00, keeping w finite, the

two structure functions should be universal functions of only the dimen­

sionless variable w:

2MW
1

(qZ ,v) ---_J F1 (w)

vWz(qZ,v) J Fz(w)
(1.11)

One of the simplest models put forward to explain the scaling be­

havior of vWz is the parton model, originally proposed by Feynman. 19

Feynman hypothesized that the nucleon consists of a number of elementary,

point-like constituents called partons. Each parton carries a fraction

x of the nucleon momentum P. The important feature of this model is that

the interaction of the virtual photon with the nucleon can be resolved

into virtual photon-parton interactions. As shown in Figure 3, the parton

model assumes that the virtual photon is absorbed incoherently by a single

parton--this is a crucial assumption. The inelastic cross section is then

obtained by adding incoherently the cross sections for scattering from each

of the individual partons. This immediately yields the large point-like

cross sections observed in deep inelastic scattering at SLAC, and the

scaling behavior of vW z. Using this model the two nucleon structure func­

tions, 2MW 1 and vW 2 , can be calculated by simply summing the individual

parton contributions weighted appropriately by the parton charge and the

probability for finding a parton with fractional momentum x. 20 This leads

to the Bjorken scaling relations:
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2M 1W1 (q Z , V) = F1 (X)

vWZ(qZ,V) = FZ(x)
(1.12)

where x = l/w.

It is experimentally known 21 that the ratio R = a /0 ~ 0.2. The
L T

" h t . 1 t' 1 22smallness of thlS ratlo suggests t at par ons are spln ~ par lC es.

Thus it is tempting to identify partons with the fractionally charged

quarks of Gell-Mann in SU(3) theory.23 With partons as quarks, the

parton come in three varieties and have momentum distributions within

the nucleon denoted by u(x), d(x), and s(x). The u, d, and s partons

carry quantum numbers identical to the up, down, and strange quarks of

Gell-Mann, except that the number of partons is not limited to three for

the nucleon. The model does not have to be restricted to just three

different types of partons. For example, we can add a charmed 24 parton

distribution c(x), or multiply each parton type by the three colors. 25

We can also view the nucleon as consisting of three "valence quarks" as

in the three quark-model plus an infinite sea of quark-antiquark pairs. 26

One of the striking successes of the parton model (with partons as

quarks) is the prediction that the ratio of vWz for the neutron and proton

should approach the value ~ as x ~ 1. The observed structure function

F2 P(x) = ~[u(x) + u(x)]x + i[d(x) + d(x)]x + ~[s(x) + s(x)]x

for protons, and

Fzn(x) = i[u(x) + u(x)]x + ~[d(x) + d(x)]x + ~[s(x) + s(x)]x

(1.13 )

(1.14 )
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for neutrons. As x + 1, if we can neglect the contributions of the d

and s quarks (and antiquarks), F2
n
/F2

P should approach ~.27 Experi­

mentally, this was found to be a correct prediction. 28

Electroproduction of Hadrons

One of the most interesting observations on the experimentally

measured parton distributions for the proton and neutron is that29

J: [[u(x) + u(x)] + [d(x) + d(x)] + [s(x) + S(X)]]XdX '" 0.51 (1. 15)

This integral represents the fraction of the virtual photon energy carried

away by the charged partons. The question then immediately arises as to

what happened to the missing energy. The most plausible theoretical hypoth-

esis is that the missing energy is carried away by neutral gluons which

are the quanta mediating the interaction between quarks. 30 In view of this

perplexing situation, one cannot help from thinking that perhaps the

answer to understanding the structure of the nucleons lies in the study of

the final state hadrons.

The virtual photon makes a good probe for the study of the constit-

uents of the nucleon because it has an energy deficiency, as observed by

Chou and Yang. 31 From the simple expression

(1.16)

it ;s easy to see that in the high q2 limit the 3-momentum of the virtual

photon overwhelms its energy content. In a limiting fragmentation proc­

ess,32 the fragmentation of a fast projectile ;s a gentle process
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requiring only an infinitesimal energy transfer and small amount of trans­

verse momentum. However, in deep inelastic electron scattering', the

virtual photon cannot fragment into hadrons because of its large energy

deficiency. It must first absorb a part of the target and then IIpulverizell

into hadrons. The remainder of the target then fragments in the usual

manner. Another way to visualize the process is that the virtual photon

must make a violent collision with the nucleon without transferring much

energy to it. The large 3-momentum transferred to the nucleon can eject

a parton, which then fragments into ordinary hadrons before it leaves the

IInuclear volume. II Since there is little energy transfer, the final state

hadrons primarily originate from parton fragmentation, rather than energy

materialization.

If this picture is indeed correct, we should anticipate approximately

the same distribution of hadrons, except for minor details, independent of

the type of interaction. This feature can be examined, by comparing the

hadron distributions from deep inelastic muon and neutrino scattering, high

energy e+e- annihilation, and hadron-hadron collisions. The final state

hadrons in all different kinds of interactions should simply be the frag­

mentation products of the outgoing quarks, and we would expect the final

state hadron distributions to be universal .19,32 This will be the main

subject of this thesis.

In hadron-hadron collisions, the hypotheses of Limiting Fragmentation32

and Feynman Scaling19 make the prediction that the invariant cross section

Ed 3a/d 3p for the reaction a + b + c + anything should approach a limiting

value at high energies (large IS), which is finite and independent of s.

In other words,



10

lim E d3cr __ lim f(p ,p ,s) = f( p)
II 1. x II' 1.

s~ d3p s~

(1.17)

Here, xII is the ratio PII/Pmax with Pit being the longitudinal momentum of

particle c in the em-system of particles a and b, P1. its transverse

momentum, and p its maximum poss i b1e momentum in the em-system. Themax

hypothesis of limiting fragmentation leads to the picture that the frag­

mentation of the projectile should be independent of the target particle

and vice versa, and that the hadron distributions from each should

approach a definite limit. If we translate this picture into the rapidity

distribution. dcr/dy. where y is the longitudinal rapidity of particle c,

(1. 18)

then the hypothesis of hadronic scaling states that the height of dcr/dy

should not change with s. Only its width should increase. This is illus-

trated in Figure 4. At ISR energies in pp collisions. the experimental

data indeed indicates that the height of the rapidity plateau is constant

to within _15%.33

This evidence for hadron scaling in hadron-hadron interactions has

stimulated much experimental interest in the study of inclusive reactions

in electroproduction. 34 For electroproduction we would expect that the

hadron distributions in the target fragmentation region to be independent

of q2, the negative mass-squared of the virtual photon. The interesting

question, of course. is how do the hadron distributions in the region of

photon fragmentation change as we increase q2.
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Other than the parton model and the model of limiting fragmentation,

there are also several other interesting models which we would like to

understand:

1. Vector Dominance35 and the Generalized Vector Dominance Model. 36 __ In

this model, the virtual photon is supposed to turn into neutral vector mesons

(pO, wO, <po, $0, ••• ,etc.), and the vector meson then interacts elasti­

cally with the target nucleon. The features of this model can easily be

checked by measuring the decay products of the spectrum of vector mesons.

2. The p+ Dominance Model.--T. D. Lee37 has proposed a p+ dominance

model in which the interaction of the virtual photon with the nucleon can

be described by the process

+p -+ p + n

L'IT+ 'ITo
(1.19)

This model is beyond the ability of our apparatus because we cannot measure

the neutrals with good efficiency.

3. The Regge Pole Model.--The Muller formulation38 of strong inter­

actions seems to enjoy some quantitative success. It assumes triple Reggeon

couplings of the type RRR, PPR, or PPP for inelastic collisions, where R is

the Reggeon and P is the Pomeron. It is interesting to see whether this qual­

itative model can also be applied to virtual photon interactions.

The Study of Deep Inelastic Scattering at Fermilab

With the advent of the 400 GeV proton synchrotron at the Fermi National

Accelerator Laboratory, a high energy muon beam of modest intensity could be

produced economically.39 This irrmediately opened up the opportunity to
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extend the study of deep inelastic scattering to an energy of 150 GeV.

This energy cannot be easily achieved at electron accelerators because of

the heavy losses due to synchrotron radiation.

As far as we know, the muon behaves in every aspect as an electron

except for its much larger mass--a mystery yet to be understood. Thus the

muon serves as an equally good probe to study nucleon structure. The high

energy muons of Fermilab would enable us to explore a (q2,V) range unattain­

able before. The goals of this experiment are essentially threefold and

can be summarized as follows:

1) To measure the muon inclusive cross section of the muon

energies available at Fermilab and to investigate the

behavior of the nucleon structure functions, 2MW 1 and

vW 2 at larger values of w.

2) To continue the test of Bjorken scaling to higher values

of q2 and v, and

3) In addition, to study the distributions of the final

state hadrons produced in deep inelastic muon scattering.

The specific subject of this thesis is the study of the muo-produced

final state hadrons from a deuterium target with 150 GeV incident muons.

The major emphasis will be on the hadron distributions, but other topics

will also be discussed because of their close relationship.

Chapter II starts with a description of the muon scattering spectro­

meter and the experiment at Fermilab. Chapter IV describes the analysis of

the inclusive muon cross section and presents the results of the deuterium

cross section measurement. In Chapter V the nucleon structure function vW2

is discussed. Finally, the analysis of the final state hadrons and a

discussion of the hadron distributions are presented in Chapter VI. Various
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technical details concerning the experiment and the data analysis are de­

scribed in the Appendices.



Fig. l.--One-photon exchange Feynman diagram for inelastic electron­
nucleon scattering.
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Fig. 2.--The inelastic structure functions 2MW 1 and vW 2 as measured

in electron scattering experiments at SLAC.
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Fig. 3.--The Feynman diagram for the parton model explanation of
inelastic electron-nucleon scattering. In the parton model, the virtual
photon is absorbed incoherently by a single parton.
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Fig. 4.--Schematic diagram showing the s-dependence of the longitu­
dinal rapidity distribution, dcr/dy. Hadron scaling predicts that the
height of the central region plateau should remian constant as s increases.
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CHAPTER II

THE EXPERIMENT

Experiment E-98 was proposed in 1970 to study inelastic muon-nucleon

scattering at Fermilab. The experiment was a collaboration of physicists

from the University of Chicago, Harvard University, and the University of

Oxford, formed for the purpose of constructing and operating a Muon Scat­

tering Facility.40 The group proposed to build a large aperture

multi-particle megnatic spectrometer to measure both the inclusive muon

cross sections and the final state hadrons produced in inelastic ~N proc­

esses. The accelerator at Fermilab would extend the energy range of

previous deep inelastic scattering experiments by nearly a factor of ten

and it was hoped that muon-nucleon scattering at the energies available at

Fermilab would reveal new information about the fundamental structure of

the nucleons. Also, with a multi-particle detector, the final state hadrons

produced in inelastic ~N scattering at these energies could be examined.

The construction of the Muon Facility was a major undertaking. It

required nearly three years of effort by the three universities and

Fermilab to complete. The Chicago Cyclotron at the University of Chicago

was dismantled and the 2400-ton magnet moved to Fermilab for use as the

analysis magnet. The wire chambers, scintillation counter hodoscopes,

and other equipment for the muon spectormeter were built by the three

universities at their home institutions and moved to Fermilab for final

assembly. The setup and testing of the spectrometer started in late

22
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1973 and data-taking began in March 1974 with 150 GeV muons on a liquid

hydrogen target.

This chapter describes the Muon Scattering Facility and Experiment

E-98 at Fermilab. The muon spectrometer is described in detail. The

experimental trigger and the control system for on-line data acquisition

are discussed, and a summary of the data collected during the experiment

is presented. Finally, the off-line data analysis of the experiment is

outlined.

The Accelerator

The Fermi National Accelerator Laboratory is located at Batavia,

Illinois, about 40 miles west of Chicago. The accelerator is a four-stage

synchrotron capable of accelerating protons up to energies of 500 GeV. A

layout of the accelerator and the experimental areas is shown in Figure 5.

Protons, from ionized hydrogen gas, are first accelerated to 750 KeV

by a Cockcroft-Walton generator, and injected into a 145 meter long linear

drift-tube accelerator (Linac). The Linac takes the protons from the

Cockcroft-Walton, accelerates them to 200 MeV, and injects them into a

medium-size synchrotron (Booster) with a radius of 75 meters. In the

Booster the protons are accelerated to 8 GeV and injected into the Main

Ring at 15 pulses per second. It takes about 13 pulses, or 0.8 seconds,

for the Booster to fill the Main Ring. The Main Ring is a larger version

of the Booster with a diameter of 2 kilometers, and accelerates the protons

to their final energy of up to 400 GeV, and an intensity of up to 2 X 1013

protons per pulse.

At the end of the acceleration period the protons are extracted from

the Main Ring and directed to the experimental areas. The extracted proton
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beam is split and directed to the experimental areas in the Switchyard,

a complicated arrangement of bending and focusing magnets. The protons

can be switched left to the Meson Area, or right to the Proton Area, or

straight ahead to the Neutrino Area. The Muon Scattering Facility is

located in the Neutrino Area, about a mile from the extraction point.

The Muon Beam

A simplified schematic of the muon beam at Fermilab is shown in

Figure 6. Figure 7 is a schematic diagram of the beam optics.

Protons from the accelerator strike a 12 11 aluminum production target

(-1 interaction length). The charged pions and kaons produced at the tar­

get are first focused into a parallel beam along a 1400' decay pipe by a

quadrupole triplet located immediately after the production target. In

the decay channel a few percent of the pions and kaons decay to muons and

neutrinos. Since the pion decay can only give a maximum transverse momen­

tum of 30 MeV/c to the muon, most of the muons are concentrated in the

forward direction. At the end of the decay channel, the charged particles

are bent out of the original beam line by a dipole magnet. The decay

neutrinos continue in the forward direction to the neutrino experiments.

The decay muons were focused onto the experimental target by three

quadrupole doublets and three sets of dipole bending magnets. At the

intermediate focal point, approximately 50 1 of polyethylene (CH2) was in­

serted into the beam line to remove the hadrons. The absorber was located

at the focal point to reduce the deteriorating effects of multiple Coulomb

scattering in the polyethylene. At the focal point, the muon beam had an

angular divergence of -1 mrad. Any additional angle introduced by the

multiple scattering in the absorber was small in comparison. The pion
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contamination in the muon beam after the hadron absorber was measured to be

-61ess than 10 .
-7target was about 10

For 1013 protons,

The yield of positive muons at the experimental

per incident primary proton at the production target.

the typical muon intensity was 106 per pulse. For negative muons, the yield

was nearly a factor of three lower. The muon beam intensity became optimum

for a muon momentum equal to approximately half the momentum of the primary

proton beam from the accelerator. The beam had a momentum spread of typi-

cally ±2.5% and was confined to an area of ~511 in diameter at the experimental

target.

The momentum and direction of the incident muons were measured by six

sets of beam multi-wire proportional chambers (BMWPC) and hodoscopes, located

before and after the last set of bending magnets. The beam hodoscopes each

consisted of eight adjacent counter elements, oriented in either the hori-

zontal or vertical direction. The BMWPC's had a wire spacing of 2 mm and

used a shift-register readout. Each beam proportional chamber was com-

bined with a beam hodoscope to measure either the x (horizontal) or y

(vertical) position of the muon beam. The incoming muon was measured

upstream of the last set of bending magnets by two sets of x-chambers and

hodoscopes. After the magnets there were two sets of x-chambers and hodo-

scopes and two sets of y-chambers and hodoscopes to determine the position

of the muon. The momentum of the muon was calculated from the measured

bend angle and the known integral jBodl of the tagging magnets. The nomi­

nal bend angle was 28 mrad in the horizontal plane. The BMWPC's determined

the position of the incident muon to within ±1 mm at the experimental target

and measured the angle to within ±0.06 mrad. This corresponded to a momen-

tum resolution of ±0.3%.
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Typical spatial and angular distributions of the muon beam at the

experimental target are shown in Figures 8 and 9, respectively. Figure 10

shows the reconstructed momentum distribution of the muon beam for a

nominal beam momentum of 147.22 GeV/c.

The Muon Spectrometer

A schematic of the muon spectrometer at Fermilab is shown in Figure

11. The muon scattering spectrometer is a large acceptance, multi-particle

detector, consisting of a liquid hydrogen/deuterium target, a large volume

bending magnet for momentum analysis, multi-wire proportional chambers,

wire spark chambers with shift-register or magnetostrictive readout, and

several banks of scintillation counter hodoscopes. The trigger for the

apparatus was defined by a change of direction of the scattered muon from

the incident muon beam. Identification of the scattered muon was provided

by a 2.44 meter thick steel hadron absorber. In addition to the scattered

muon, the charged hadrons produced in the interaction were also detected.

The incident muon beam interacted in a 48" long 1iquid hydrogen/

deuterium target located upstream of the Chicago Cyclotron magnet. Halo

muons were vetoed by a large bank of scintillation counters located in

front of the target. This veto hodoscope was shielded from backward

scattering in the target by a 2 1 -thick concrete wall. A set of 1m X 1m

MWPC's was placed behind the experimental target to measure the forward­

going charged particles, and on each side a set of recoil spark chambers

and time-of-flight (TOF) system to detect wide angle tracks.

The forward-going charged particles were dispersed horizontally by

the 15 kg magnetic field of the Chicago Cyclotron magnet, and measured

downstream of the magnet by several sets of wire spark chambers and two

x-y hodoscopes. The charged particles were first detected downstream by
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sets 2m X 4m and 2m X 6m spark chambers spaced over a distance of approx­

imately 6 meters. Behind this group of chambers there were two banks of

scintillation counters, the G hodoscope with horizontal elements, and the

H hodoscope with vertical elements, to mask the in-time charged particle

tracks found in the spark chambers. The scattered muon was identified by

a set of spark chambers and two x-y hodoscopes, the Mv and Mh, located

behind the steel absorber. Muons in the unscattered beam were vetoed by

the N hodoscope, a set of small horizontal counter elements, also located

behind the hadron shield. The scattered muon was defined in the trigger

by the I~v' Mh, and N hodoscopes. Hadrons produced in the interaction were

stopped by the 2.44 m thick steel absorber.

Although there was no means for specific particle identification in

the muon spectrometer, electrons and positrons from ~e scattering, nO

decays, and photon conversions could be identified by a set of 2m X 4m

spark chambers placed behind a 3 radiation length steel plate. Behind a

16 inch thick lead brick wall, there was another set of 2m X 4m spark

chambers to measure the neutron-induced cascade showers.

A more detailed description of the elements of the muon spectrometer

is given in the following sections. Attention is paid to the specific

dimensions, characteristics, operation, and performance of each of the

elements.

The Experimental Target

The liquid hydrogen/deuterium target is shown schematically in

Figure 12. The liquid hydrogen/deuterium was contained in a 48" long,

7" diameter cylindrical flask made of 14 mil Mylar. The target flask was

surrounded and protected by a 10 inch diameter cryostat made of 94 mil

aluminum with 32 mil end caps.
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The target was cooled by a 50 watt liquid helium refrigerator.

Hydrogen/deuterium gas was condensed in the cryostat and allowed to fill

the target reservoir. Once the cryostat was cooled to liquid helium

temperature, it normally took about thirty hours to condense the 30 liters

of liquid necessary to fill the target assembly~ There were resistors

mounted at the top and bottom of the target flask and in the reservoir to

indicate the level of the liquid in the target.

For empty target running, the target assembly was designed to be

able to quickly empty the target flask by forcing the liquid up into the

reservoir with helium gas, leaving only helium vapor in the flask itself.

This would allow the full target running to be interspersed with empty

target runs at convenient time intervals. In practice however, this was

never accomplished successfully because of operational difficulties. The

empty target runs were all taken at the end of the experiment when the

target was allowed to warm up and the hydrogen/deuterium gas simply vented

to the air.

The Chicago Cyclotron Magnet

The Chicago Cyclotron was dismantled and moved from the University of

Chicago as the analysis magnet for the muon spectrometer. The magnet has a

pole face diameter of 4.3 meters and the gap was increased to 51 inches for

a larger acceptance. During normal running, the magnet was operated at

full field (-15 kg at a current of -4800 amperes) and dissipated approxi­

mately 1.8 megawatts of power. The magnet produces a uniform. cylindrically

symmetric magnetic field with a central value of 15 kg and has an integral

JBodl of 74.15 kg-m along its diameter.

The Chicago Cyclotron proved to be an ideal spectrometer magnet

because its magnetic field is very uniform and cylindrically symmetric.
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It dispersed charged particles in the horizontal direction with very little

vertical focusing. The cylindrical symmetry of the magnetic field greatly

simplified the pattern recognition and the momentum determination of charged

particle tracks upstream and downstream of the magnet. (These will be de­

scribed in the discussion of the off-line data analysis.)

The magnet pole faces, coils, and yoke were slightly radioactive

(-20 mCi) as a result of more than twenty years of cyclotron operation.

This radioactivity, mostly soft gamma rays from C0 60, increased the dark

current of the 1m X 1m MWPC's behind the target, and produced spurious

sparks in the 2m X 4m wire spark chambers near the magnet. These spurious

sparks complicated the task of pattern recognition in the data analysis.

The Hodoscopes

The scintillation counter hodoscopes in the spectrometer were used to

define the trigger for the experiment, and served to mask in-time charged

particle tracks in the wire spark chambers. Each counter element, except

for the halo veto hodoscope, was latched and recorded on magnetic tape

together with the data from the wire chambers and other electronics.

The resolving time of the scintillation counters varied from hodoscope

to hodoscope, depending mostly on the length of the counter elements, but

was typically 20 nsec. Each of the hodoscopes in the muon spectrometer is

briefly described below.

The Beam Hodoscopes

Each multi-wire proportional chamber in the beam momentum tagging

system was immediately followed by a scintillation counter hodoscope with

either horizontal or vertical elements. As shown in Figure 13, each
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hodoscope consisted of eight counters that were 6 inches long, 3/4 inch

wide, and 1/4 inch thick. The hodoscope covered the active area of the

beam MWPC's and their good time resolution (-8 nsec) helped define the

track of the incident muon.

The Halo Veto Hodoscope

The halo veto hodoscope (VH) in front of the target vetoed muons

that were outside the muon beam and would accidentally trigger the spec­

trometer. The hodoscope consisted of 24 counter elements, covering an

active area of 3 meters by 5 meters, with a 5 inch diameter hole in the

center for the muon beam. In the center there was a small scintillation

counter II veto jaw ll which helped define the beam. The scintillation

counters were shielded from possible backward scattering in the target by

a 2 foot thick steel-reinforced concrete wall.

The G and H Hodoscopes

The G and H hodoscopes, illustrated schematically in Figure 14, were

located downstream of the Chicago Cyclotron magnet, behind the set of

2m X 6m wire spark chambers. The G hodoscope was constructed of 18 hori­

zontal counter elements, each 3 meters long. The hodoscope covered the

entire active area of the 2m X 6m chambers except for a small square in

the center for the muon beam. The H hodoscope consisted of 24 vertical

counters and covered an area of 2 meters by 4 meters.

The G hodoscope was included in the experimental trigger to help de­

fine the scattered muon, and both the G and H hodoscopes were latched and

used in the pattern recognition. The H hodoscope proved to be most useful

in separating in-time charged hadron tracks from stale halo muons in the

downstream spark chambers. The G hodoscope was not very useful
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since the counter elements were arranged horizontally, and the Cyclotron

magnet dispersed the charged particles along that direction.

The Mv' Mh, and N Hodoscopes

The muon trigger hodoscopes, Mv and Mh, are shown in Figure 15.

These two hodoscopes were located behind the 2.44 meter steel hadron ab­

sorber, and defined the scattered muon in the experimental trigger. The

M
h

hodoscope consisted of 20 overlapped vertical counters. The Mv hodo­

scope was constructed of 22 horizontal counters; a central band of 10

elements that could be adjusted horizontally to change the position and

size of the hole for the muon beam; and two sets of six elements above

and below this central band. The N hodoscope consisted of 13 overlapped

horizontal counters, as shown in Figure 16, and was used to veto muons

in the unscattered beam. The position of the N hodoscope could also be

adjusted horizontally to cover the hole in the Mv and Mh hodoscopes.

The 1m X 1m MWPC's

There were eight 1m X 1m multi-wire proportional chambers installed

behind the experimental target; four x-planes and four y-planes. For the

runs in 1975, there was also one x-y chamber located in the center of the

Chicago Cyclotron magnet. These chambers were used to detect the forward­

going charged particles emerging from the target, and most importantly,

to determine the scattering angle of the muon and measure the final state

hadrons. When the scattering angle was large, or when there were charged

hadrons produced at wide angles, the tracks found in the 1m X 1m MWPC's

could be used to locate the vertex of the muon interaction in the target.

The mechanical construction of the MWPC's41 consisted of an anode

wire plane and two cathode wire planes mounted between two rectangular
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aluminum frames. The construction is illustrated in Figure 17. The

cathode planes were made of silver-plated Be-Cu alloy wires, 4 mil in

diameter, with a wire spacing of 1 mm. The tension applied to the

cathode wires was very high, 800 grams per wire, to prevent mechanical

oscillations, and the aluminum frames had to be prestressed before the

wires were applied. The anode or signal wires were made of gold-plated

tungsten, 0.8 mil in diameter, and spaced 1.5 mm apart. The tension

applied to the anode wires was approximately 70 grams per wire.

Each wire of the cathode plane was soldered to an 18 MQ resistor

on a miniaturized thick-film substrate. The high voltage to the

chamber was applied to these resistors to limit the current through the

wire during a possible spark breakdown. These resistors also served to

decouple the cathode wires. Further protection was provided by an ex­

ternal resistor in series with the high voltage power supply.

The anode and cathode wire planes were tensioned and epoxied to

Fiberglas G-10 boards mounted on the aluminum frames, and were separated

by 3/16 inch G-10 spacers. The two aluminum frames were bolted together

and gas seals, made of laminated Mylar and aluminum foils, 2.5 mil and

0.5 mil in thickness, respectively, were put in place. The gas seals

were held down by Lucite strips and a layer of RTV was painted on all

edged to prevent possible gas leakage. The G-10 boards glued to the

aluminum frames contained the gas manifolds for the flow of gas through

the chamber.

The signals on the anode wires were typically a few tens of milli­

volts with a rise time of less than 50 nsec. To achieve full detection



33

efficiency, it is necessary to use an amplifier before the discriminator

and other stages of readout electronics. The amplifier and associated

readout electronics developed for the 1m X 1m MWPC's41 is described in

Appendix 1. The amplified signals from each anode wire were used to

trigger a discriminator and the output from the discriminator was

latched as a bit in a shift register when an event trigger occurred.

The latched shift registers on each chamber were readout by a CAMAC

scanning module42 also described in Appendix 1.

The chambers were normally operated at a high voltage of -4000

volts. The gas mixture used was 84.6% argon, 15% CO2, and 0.4%

Freon-13Bl, although the percentage of CO2 was not critical. Increasing

the percentage of CO2 in the gas mixture reduces the gas amplification

and raises the threshold high voltage plateau curve. It was found exper­

imentally that the chamber operation could be improved and spark breakdown

prevented by "ramping" the high voltage applied to the chamber during the

beam pulse. While the beam was off, the high voltage applied to the

chambers was kept -300 volts below the plateau curve threshold. A frac-

tion of a second before the beam pulse, the high voltage was increased to

its plateau value and maintained for the duration of the pulse.

The shift-register readout for the MWPC's was latched by a "l oad ll

signal generated by the master trigger for the experiment. It was found

that a gate width of 50 nsec was adequate for achieving near 100% efficiency

for all wires, although a gate width of 100 nsec was used. Figure 18 shows

the chamber efficiency as a function of the gate width of the latch. Figure

19 is a distribution of the spatial resolution obtained for these chambers.

The ratio of one-wire spread events to two-wire spread events was greater

than 10.
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The Wire Spark Chambers

The wire spark chambers all had a wire spacing of 1 mm. The chambers

downstream of the Chicago Cyclotron magnet had the wires arranged into x-,

u-, and v-views. The x-wires were vertical; the u- and v-wires made angles

of ±7.l25° (tangents of ±1/8) with the x-wires. These three small angle

stereoscopic views with 1 mm wire spacing combined to give a resolution of

~l mm in the horizontal x-direction and ~10 mm in the vertical y-direction.

The three sets of 2m X 4m spark chambers immediately downstream of

the magnet used a capacitor storage shift register readout developed by

T. A. Nunamaker. 43 The other chambers used a conventional magnetostrictive

readout. All the chambers were pulsed as parallel plate transmission lines

terminated in resistive loads. The type of readout used for the shift

register chambers was not affected by magnetic fields and operated with

very low spark currents (200 rna flowing for 300 nsec), assuring high multi­

spark efficiency. For the magnetostrictive chambers, the threshold for

spark detection was approximately 5 amps flowing for 300 nsec.

All the spark chambers were operated with a gas mixture of 90% Ne

and 10% He, and used alcohol as a quenching agent. The magnetostrictive

chambers had an 8-inch diameter Mylar circle placed between the wire planes

to deaden the central beam region.

The 2m X 4m Shift-Register Chambers

The 2m X 4m shift-register chambers had the advantage that, unlike

magnetostrictive delay line chambers, they could be operated in a magnetic

field. The spark information is held on individual wire capacitors until

the electrical pulsing noise has subsided, and then parallel loaded into

shift registers located directly on the chamber. The shift registers are
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then serially readout by the same CAMAC scanning module used for the 1m X 1m

MWPC's. The readout is described in detail in Appendix 1.

The mechanical construction of the chambers44 is illustrated in Figure

20. Altogether there were 12 wire planes arranged into three modules. As

shown, a module consisted of two spark gaps (four wire planes) mounted on

each side of a 2m X 4m rectangular frame made of extruded aluminum channel.

In addition to providing the support for the wire planes, the aluminum

channel frame served as the intake and exhaust gas manifolds for the chamber.

The construction techniques used were new for wire chambers of this size.

The wires were first wound on a compact drum and glued to support strips.

The wires were then removed from the drum, stretched over the chamber, and

epoxied to Fiberglas G-10 boards mounted on the frame. The wire planes

were made of 3 mil silver-plated Be-Cu alloy with a wire spacing of 1 mm.

The wires on the low voltage (L.V.) plane were vertical, perpendicular to

the 4m side of the chamber. The high voltage (H.V.) wires were slanted at

an angle whose tangent was 1/8 with respect to the vertical direction.

These two wire planes give a stereo image with 1 mm horizontal and 8 mm

vertical resolution. The separation between the L.V. and H.V. wire planes

was 3/8 inch.

The two chamber gaps were separated by a Mylar laminated aluminum

foil mounted in the center of the aluminum frame. This foil was not a gas

seal but served to optically decouple the two gaps and provided a dc

clearing field to sweep away ionized particles. The chamber was sealed

with two foils mounted on the outside of the chamber and held in place with

Lucite strips. All edges were painted with RTV to prevent gas leakage.

The pulsing of the chamber is illustrated in Figure 21. The H.V.

pulse was provided by a simple three electrode, nitrogen pressurized spark
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gap with a 25,000 pF charging capacitor. The H.V. pulse was fed to the

chamber by an aluminum bus bar, which ran the 4m length of the chamber and

was terminated in a 3.1 n resistive load. One chamber gap presents a capac­

itative load of about 8,000 pF to the pulser. Diodes were mounted on the

high voltage pulse bar in series with the 3.1 n termination resistance. They

maintained a positive dc fast clearing field between the wire planes while

passing the negative polarity high voltage pulse. After the chamber is

pulsed, the pulser recharging current produces a large positive voltage across

the chamber. This acts as a fast pulsed clearing field. The pulse shape pro­

duced across the chamber is shown schematically in Figure 22. A dc clearing

field of -100 volts on the H.V. wire plane and -600 volts on the inner

aluminum foil was also applied. The recharging time of the chambers was

-5 msec. This allowed a maximum pulsing rate of about 50 Hz. All of the

chambers were powered by a single high voltage power supply. The typical

operating voltage on the chamber was -4 kV.

The gas used in the chambers was a mixture of 90% Ne and 10% He,

with approximately 0.2% I-propyl alcohol to promote spark quenching. The

alcohol concentration was controlled by bubbling a fixed proportion of the

input gas through alcohol held at a stable temperature. Each chamber re­

quired a gas flow of about 10 cm 3/min to maintain a stable, low-oxygen gas

mixture. The maximum permissible oxygen level was approximately 600 ppm O2.

The Magnetostrictive Chambers45

Each magnetostrictive chamber was constructed of two wire planes wound

on a 1/2 inch thick Fiberglas G-10 frame with aluminum angles on each side

for support. The wires were either vertical or slanted at tangents of ±1/8

with respect to the vertical direction and were spaced 1 mm apart. The
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chambers were sealed with Mylar laminated aluminum foils that also served

as the electrodes for a dc clearing field. Each chamber had an 8 inch

diameter Mylar circle glued between th~ wire planes to deaden the central

beam region. The chambers used 90% Ne and 10% He gas mixture with alcohol

added to promote spark quenching and were typically operated at a high voltage

of ~6 kV. For additional support, the chambers were stacked and bolted to­

gether in compact modules of three to four chambers.

Both the low voltage and high voltage wire planes of each chamber

were readout using a conventional magnetostrictive delay line. There were

fiducial wires at the ends of each chamber to provide two reference pulses

on the magnetostrictive wands. One problem with the magnetostrictive wands

was that the propogation velocity was a function of temperature. This caused

the position of the fiducial pulses to wander. Their position could change

by as much as 3 cm over a period of a few hours and they had to be closely

monitored in the data analysis. A small shift in position severely affected

the alignment of the downstream chambers. Otherwise, these chambers per­

formed well throughout the experiment. The following paragraphs briefly

describe the various sets of magnetostrictive chambers used in the muon spec­

trometer.

The 2m X 6m chambers formed a module of 3x-, 3u-, and 2v-wire planes.

These eight wire planes were used in conjunction with the twelve 2m X 4m

shift-register planes to measure the tracks and determine the momentum of

charged particles downstream of the Chicago Cyclotron magnet.

There was a set of four 2m X 4m magnetostrictive chambers located behind

the 2 inch thick steel wall. Electrons, positrons, and photons would shower

in the 3 r.l. steel plate and produce a dense cluster of sparks in these

chambers around the track found in the spark chambers in front of the steel

converter.
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There were three 2m X 4m chambers installed behind a 16 inch thick

lead brick wall (-70 radiation lengths) with the intention of measuring the

neutron-induced cascade showers. After looking at the on-line event dis­

play, it was felt that the chance of success in neutron detection was

remote. No attempt was made to use these chambers in the data analysis.

The muon chambers were located behind the 2.44 meter steel hadron

absorber. These four magnetostrictive charnbers were used to identify the

scattered muon. Identification of the muon was complicated by multiple

Coulomb scattering and showers in the steel.

The Recoil and TOF System

On each side of the target there was a set of four 2m X 4m magneto­

strictive chambers and a set of scintillation counters to detect recoil

particles. The chambers had wires oriented in either the x- or y-direction.

The scintillation counters measured the velocity of a particle by tillle-of­

flight and, in conjunction with the pulse height from the counters, could

separ~te pions from protons up to a momentum of 500 MeV/c.

The recoil and TOF system was moved to Fermilab from a ~p scattering

experiment46 at Brookhaven National Laboratory. These chambers failed to

work properly during most of the experiment. Neither the data collected

from the chambers nor the counter TOF information was used in the data anal-

ysis.

Experimental Trigger

The trigger for the muon scattering experiment was an extremely simple

one. The trigger was basically the requirement that an incoming muon scat­

ter by a large enough angle or lose enough energy to fire an element of the
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muon hodoscope located behind the 2.44 meter steel wall. As shown schemat­

ically in Figure 23, the trigger signal was provided by the logic requirement

B*N*M*G

Each of the four inputs to the trigger logic is briefly described below:

1) B is formed by an incident beam particle passing through trigger

counters, T , T , T , and T in the muon beam line. The veto counters,
1 1 A 2 3

VS, ensure that the incoming muon pass cleanly through the apertures of the

tagging magnets, and the halo veto counters, VH, reject in-time muons out-

side the beam region from triggering the spectrometer. The additional

requirement that the two beam hodoscopes, Band B , just before the target
5 6

have at most one struck element reduced the number of spurious triggers due

to upstream interactions of the muon beam.

2) N required that the triggering muon had lost sufficient energy or

scattered by a 1arge enough angl e to mi ss the beam veto hodoscope N, located

behind the steel hadron absorber.

3) Mwas the requirement that the triggering particle penetrate the

2.44 meter steel absorber and fire an element of either the Mv or Mh hodo­

scope.

4) G ensured that the scattered muon also fired an element of the

G hodoscope located in front of the hadron absorber.

It should be noted that the (q2,V) limit of the experiment could be

varied by changing the size and position of the N hodoscope, or by the

removal of Melements in the median plane. Removal of elements in the

central band of the muon trigger hodoscope corresponds to the requirement

that the vertical scattering angle of the muon be larger than some minimal
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angle. This eliminates the high trigger rate caused by low q2 events.

Since the muon beam intensity was only 106 muons/pulse, it was not neces-

sary to exclude this central band. With this central band included in the

trigger, ~e scattering events comprised approximately 16% of the total

triggers. These events could be easily rejected in the data analysis.

About 10% of the event triggers were accidental coincidences. The

accidental trigger rates were monitored by a set of scalers that measured
-

the random coincidences of B*N*M*G with one or more of the inputs delayed.

Interactions of the muon beam upstream in the tagging magnets, in the beam

trigger counters and hodoscopes, and in the aluminum walls of the target

accounted for a sizeable fraction of the experimental trigger rate. These

were measured during empty target runs. During the LD runs in 1974 1 the
2

ratio of the trigger rates for target full to target empty was close to 1.

The typical trigger rate for a full LD target run was -8/pulse for a muon
2

beam intensity of -5 X 105 muons/pulse.

The On-line Control System

The primary function of the on-line computer control system was to

collect data for the experiment and record it on magnetic tape. The major

elements of the system were an XDS Sigma-3 computer, an experimental con-

trol panel, a CAMAC data acquisition system, and the on-line program.

These are described in detail in Appendix 2.

In addition to its main task of data acquisition l the on-line control

system served to monitor the performance of the muon spectrometer and pro­

vided the basic control for the experiment. No physics calculations were

done on-line. The control system was designed to provide a great deal of

flexibility and a minimum of confusion for the experimenter. There were
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only four buttons to push to control the experiment and the on-line program

could be tailored to one's specific needs by means of a panel of thirty-two

sense switches.

The vast amount of electronics in the muon spectrometer was interfaced

to the Sigma-3 computer through the use of a CAMAC data acquisition system.

The CAMAC system provided a convenient standard for integrating the many

different pieces of equipment in the muon spectrometer, and could easily

incorporate the addition of a new piece of electronics. The prime merit of

the Sigma-3 computer was its hardware priority interrupt structure. This

allowed the on-line program to respond to event triggers at the highest

priority level, reading the event data from the CAMAC system and logging it

on magnetic tape, while monitoring the performance of the spectrometer and

performing basic control functions at lower levels. A small sample of the

event triggers recorded on magnetic tape were examined by the on-line program

to ensure that the spectrometer was functioning properly.

The Collection of Data

Experiment E-98 at Fermilab conducted two major periods of data-taking

with liquid hydrogen and liquid deuterium targets. The data collected during

these two periods is summarized below:

Useful
Period Muon Energy Muon Intensity Target # Triggers

Ma rch-Jul y 150 GeV -5 X lOS/pulse LH -242 K
1974 2

IViarch-July 150 GeV -5 X 105/pulse LD -256 K
1974 2

December-February 150 GeV -5 X 105/pulse LH -355 K
1975 2

December-February 100 GeV -5 X 105/pulse LH -360 K
1975 2
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This data was collected in approximately 1000 hours of running time.

Each major period of data-taking was divided up into short runs, each

a few hours long. The length of each run was in general determined by the

amount of time it took to fill one magnetic tape with data (-5000 events).

In too many instances, a run was prematurely terminated because of equipment

failure in the muon spectrometer, a beam line magnet tripping off, or loss

of beam in the accelerator. Rarely, however, was the experiment down for

more than a few hours.

The full target runs were interspersed with runs for various types of

studies. Some data was taken using a beam trigger for studies of the beam

distribution and reconstruction efficiency. Also, a few runs were taken

using a muon halo trigger. The muon halo illuminated the apparatus rather

uniformly and these runs were intended for checking the alignment of the

chambers and hodoscopes in the spectrometer, although they did not turn out

to be as useful as thought. The empty target runs were taken at the end of

each major running period because of operational difficulties with the target.

Off-line Data Analysis

The off-line data analysis was performed on computers in the Applied

Math Division of Argonne National Laboratory (ANL). The major software

development was done on an IBM 360/75 computer using an interactive time­

sharing option (TSO). The processing and reduction of most of the

experimental data was performed on an. IBM 370/195 computer with 4 million

bytes of memory. The data analysis was carried out in three separate phases

which are briefly described below.

In the first phase, the II raw li data tapes written by the on-line program

were processed and checked for errors. The hodoscope information was unpacked
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and the wire chamber addresses were converted into spatial spark coordi­

nates. The wire chambers were checked for missing fiducials and any errors

in hodoscope positions or chamber alignment were corrected. Once the muon

spectrometer was properly aligned, the tracks were found in the wire

chambers. The pattern recognition took an average of 0.2 seconds per event

on the IBM 370/195 computer, which made this phase of the analysis the most

time consuming (more than 90% of the total computer time was spent in the

pattern recognition). After the tracks had been found in the wire chambers,

a summary containing the decoded hodoscope information and reconstructed

tracks was written on magnetic tape. All the tracks in the wire chambers

were recorded--no selections were made on the tracks found.

In the second phase of the analysis, the in-time particle tracks were

identified and stale out-of-time tracks rejected. Most important was the

identification of the scattered muon from among the tracks found in the

downstream spark chambers. If the scattered muon could not be found the

event was rejected. The momenta of the scattered muon and all the tracks

identified as in-time hadrons were calculated, and the event was classified

accordingly as a nuclear scatter, ~e event, or radiative tail event, etc.

In the third phase the kinematics of each scattering event were

calculated and cross sections tabulated. The measured cross sections were

corrected for the geometrical acceptance, efficiencies, and dead-time of

the apparatus, and the radiative corrections were applied. Finally, a sub­

traction for the empty target background, evaluated in the same manner, was

made. More details will be discussed in the following chapters.



Fig. 5.--Layout of the Fermi National Accelerator Laboratory, showing
the 500 GeV synchrotron and experimental areas.
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Fig. 6.--Schematic layout of the muon beam at Fermilab.
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Fig. 7.--Schematic of the muon beam optics.
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Fig. 8.--Spatial distributions of the muon beam at the experimental
target, reconstructed from tracks in the beam multiwire proportional
chambers.
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Fig. 9.--Angular distributions of the muon beam at the experimental
target, reconstructed from tracks in the beam multiwire proportional
chambers.
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Fig. 10.--Typical reconstructed momentum distribution of the muon beam
for a nominal momentum of 147.22 GeVjc.
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Fig. 11.--Schematic layout of the muon scattering spectrometer at
Fermilab, built by a Chicago-Harvard-Illinois-Oxford collaboration.
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Fig. 12.--Schematic diagram of the liquid hydrogen/deuterium target.
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Fig. 13.--Drawing of the beam hodoscopes.
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Fig. 14.--Layout of the G and H hodoscopes.
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Fig. 15.--Schematic drawing of the muon trigger hodoscopes Mv and Mh.
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Fig. 16.--Drawing of the N beam veto hodoscope showing overlapping
counter elements.
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Fig. 17.--A schematic of the mechanical construction of the 1m X 1m
MWPC's.
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Fig. 18.--A typical efficiency curve of a 1m X 1m MWPC as a function
of the gate width at the latch.
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Fig. 19.--Spatial resolution of a 1m X 1m MWPC. The anode wire spacing
is 1.5 mm.
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Fig. 20.--0verview of the construction of the 2m X 4m shift-register
wire spark chambers.
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Fig. 21.--Schematic of the pulsing arrangement for the 2m X 4m shift­
register wire spark chambers.
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Fig. 22.--Drawing of the high voltage pulse on the 2m X 4m shift­
register wire spark chamber.
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Fig. 23.--Block diagram of the experimental trigger for the muon spec­
trometer.
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CHAPTER III

EVENT RECONSTRUCTION

The first task of the off-line data analysis is event reconstruction.

For a wire chamber experiment this task is complicated by the fact that

the track information from the event is degenerated into a finite set of

sparks. For a large aperture multi-particle detector, such as the muon

spectrometer, the reconstruction of scattering events can be quite complex.

It was not uncommon to have more than ten charged particle tracks in the

wire chambers. The reconstruction problem was further complicated by the

presence of spurious sparks and inefficiencies in the chambers, and by the

fact that the charged particle trajectories are bent by the magnetic field

of the Cyclotron magnet.

In this chapter, we describe how we solved the problems of pattern

recognition and momentum determination in the muon spectrometer. The cri­

teria used for particle identification and the general classification of

the different types of scattering events are also discussed.

Pattern Recognition

Pattern recognition for the muon experiment was divided into three

parts. The first task was to find the incoming muon track in the beam

MWPC's and hodoscopes before and after the momentum tagging magnets. The

second task was to find the tracks of the scattered muon and the charged

hadrons in the 1m X 1m MWPC's located behind the target. And finally,

the tracks were found in the spark chambers downstream of the Cyclotron

magnet.
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The task of pattern recognition was often confused by upstream inter­

actions of the muon beam, electromagnetic showers in the target, and

multiple Coulomb scattering and showers in the steel hadron absorber. Acci­

dental tri ggers coul d produce events that were totally "un i ntell i gi bl e. II

Track finding in the downstream spark chambers was complicated by the pres­

ence of spurious sparks from the Cyclotron radioactivity, stale beam tracks,

halo muons, and the long memory time of the chambers (1-3 ~sec). These out­

of-time tracks could be eliminated to a great extent by "linking through

the magnet" to tracks in the 1m X 1m MWPC's because of their much better

time resolution. The counter hodoscopes also proved to be useful in filter­

ing out stale tracks. By requiring that the downstream tracks fire at least

one hodoscope element, most of the out-of-time tracks could be rejected.

The following paragraphs describe the methods of track finding in the

three sections of the spectrometer and the techniques of magnet linkage and

counter masking for the downstream spark chambers. First however, we briefly

discuss the procedures used for chamber alignment.

Chamber Alignment

To ensure that the wire chambers were properly positioned for each run,

a portion of each raw data tape was first checked for alignment and any

errors in chamber position corrected. This pre-processing task was neces­

sary because the positions of the fiducials in the magnetostrictive delay

line chambers could change from run to run. About 500 events on each tape

were analyzed and the tracks found in the different sections of the spec­

trometer were checked for consistency. The positions for the magnetostrictive

delay line chamber fiducials were adjusted and any discrepancy in wand prop­

agation velocity was corrected. Once the spectrometer was properly aligned,



84

a corrected set of chamber positions and alignment specifications was re­

tained. The data tape was rewound, and the analysis began with these new

specifications. The fiducials of the magnetostrictive delay line chambers

were checked and corrected event by event through the entire tape.

Beam Reconstruction

The track of the incoming muon was measured by six sets of MWPC's

and beam hodoscopes located before and after the momentum tagging magnets.

The geometry of the beam tagging system is shown schematically in Figure

24. Eac h beam chamber was i mmed i ate1y fo 11 owed by a sc i nt i 11 ati on counter

hodoscope (eight counter elements) in a single module to measure the beam

position in either the x (horizontal) or y (vertical) direction.

The wires fired in the MWPC's were first masked by the struck hodo­

scope elements in that module to see if they were in-time. If a hodoscope

element was set without an accompanying wire set in the MWPC, the center

of the counter was used as the position of the muon in that module. Using

the center of a beam hodoscope element was not a serious compromise in

resolution because of the large distances between modules. The width of

each hodoscope element was 3/4 inch and the typical distance between

modules was ~300 feet. Using the center of the hodoscope element corre­

sponded to a maximum error of -0.3 mrad in angle.

All possible tracks before and after the tagging magnets were formed

from the sets of IIhits li (struck wire or hodoscope element) in each module.

Some combinations were rejected by demanding that the reconstructed tracks

pass through the beam trigger counters and the apertures of the beam line

magnets. The tracks downstream of the tagging magnets were required to pass

through the hole in the center of the halo veto hodoscope (VH) and strike
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the target. In the x-view the tracks upstream and downstream of the tag­

ging magnets were required to IIlink ll (i.e., have the same intercept) in

the tagging magnet bend plane. Tracks that failed to link were rejected.

This requirement was extremely powerful in eliminating false tracks. The

distribution of track linkage in the tagging magnet bend plane is shown

in Figure 25.

The reconstruction of the incoming muon was complicated by multiple

tracks and inefficiencies in the beam MWPC·s. Spikes in the beam spill

structure could produce more than one muon track in the multi-wire propor­

tional chambers. These could mostly be eliminated by masking the MWPC·s

with the beam hodoscopes. A more serious problem was that the muon beam

could IIscrapell in the tagging magnets or interact in the beam trigger

counters and hodoscopes to produce multiple tracks in the beam line. One

of the more annoying problems of beam reconstruction was ~e scattering in

the beam hodoscopes downstream of the tagging magnets. Both the muon and

electron remained in the beam line to strike the target. If the inter­

action occurred upstream, both particles were swept out of the beam line by

the tagging magnets.

In a small fraction of the events the incoming muon could not be iden­

tified. For these events the decision was postponed until more information

was available from the tracks in the 1m X 1m MWPC·s after the target. If

the ambiguities could not be resolved the event was rejected. The typical

reconstruction efficiency was about 85%.

Downstream Pattern Recognition

The track finding in the wire spark chambers downstream of the Chicago

Cyclotron magnet was the most complicated and time-consuming of all the
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pattern recognition. There were a total of 42 wire planes arranged into

three small angle stereo x-, u-, and v-views. The u- and v-wires made

angles of ±7.125° (tangents of ±1/8) with the vertical x-wires. There

were typically ten tracks in these chambers and each wire plane had an

average of 20-30 sparks.

The decision was made to only do track finding in the 2m X 4m and

2m X 6m spark chambers immediately behind the magnet. Tracks in the muon

chambers behind the hadron absorber were often confused by multiple

Coulomb scattering and showers in the steel. Consequently, it was not

always possible to find the muon tracks in these chambers. Track finding

in the photon and neutron chambers was al so ruled out due to the same prob­

lems of showers and multiple Coulomb scattering in the steel plate and lead

wall in front of these chambers.

For the 20 x-, u-, and v-wire planes in the 2m X 4m and 2m X 6m

chambers, the track finding was done separately in the x-view and in a com­

posite "u" view. Since there were not enough wire planes in either the

u- or v-view to ensure a successful independent search (there were nine

x-, six u-, and five v-planes), the planes in the v-view were combined

with the u-planes to form a composite "U " view of 11 wire planes. The

spark coordinates in the v-view were rotated about each track found in the

x-view to give the coordinates in the composite "u" view.

The methods of track finding in the x-view and in the composite "U"

view were identical. First an arbitrary pair of reference wire planes is

chosen. One spark from each reference plane is selected and a straight

line is connected between the two sparks. The line is extended to the next

plane and if a spark falls within calculated error, the line is refit in­

cluding this new point. This procedure is continued until all the wire
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planes in the view have been interrogated. The search process is then re­

peated several times with different pairs of initial reference planes.

Finally the tracks found in each search process are compared and the common

ones regarded as the genuine particle tracks. The "efficiency" of this

search method was very high. Identical tracks were typically found in 80%

of the individual searches. This provided ample redundancy in the pattern

recognition to compensate for any chamber inefficiencies. Once the tracks

were found in these two views, the individual x-, u-, and v-spark coordinates

of a track were fitted by the method of least squares to form a three­

dimensional track.

The downstream pattern recognition was complicated by a number of prob­

lems, and we simply list them below:

1) The positions of the fiducials in the magnetostrictive chambers had

a tendency to wander throughout a run. This shifting of the fiducials caused

an excessive amount of work in trying to maintain proper chamber alignment.

This problem was handled by processing the first 500 events of each run to

find the correct starting position of the fiducials, and then correcting for

the fiducial shifts event by event.

2) There were often stale beam tracks and out-of-time halo muons in the

wire spark chambers. The 2m X 4m shift-register chambers were not deadened in

the central beam region and saw the full unscattered muon beam. The chambers

close to the magnet contained spurious sparks due to the radioactivity of the

Cyclotron magnet. These extra sparks added additional burden to the pattern

recognition.

3) The 2m X 6m magnetostrictive chambers were deadened in the central

beam region so that they did not see the unscattered muon beam. However,
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this created another problem. Oftentimes the scattered muon or one of the

forward-going hadrons passed through the deadener and was undetected by

these chambers. This left only the twelve 2m X 4m shift-register wire

planes to measure the charged particle tracks near the beam region. The

pattern recognition near the beam region was more difficult because of the

large number of sparks.

Track Finding in the 1m X 1m MWPC's

The eight 1m X 1m MWPC's were placed directly behind the target and

spaced over a distance of about two meters in a yxyxyxyx arrangement. The

tracks were found in the x- and y-views separately in a manner similar to

the downstream pattern recognition. Here however, the x- and y-views are

orthogonal and there was no correlation between the two views to resolve the

classical x-y ambiguity. During the LD running in 1974, an attempt was
2

made to correlate the x- and y-views by rotating one of the y-chambers to a

tangent of 1/8 from the horizontal. This third view would provide the neces­

sary information to resolve the x-y ambiguity. The attempt turned out to be

unnecessary because we were able to correlate all the tracks by simply de-

manding linkage through the magnet. We also realized that all four y-planes

were necessary for efficient track finding. The rotated plane was restored

to its original position for the subsequent LH running. To supplement
2

the planes in each view, a fictitious plane was constructed in the center

of the Cyclotron magnet using the intercepts of the downstream tracks. This

greatly improved the efficiency of the 1m X 1m MWPC pattern recognition by

adding another plane to the search. This fictitious plane was only used to

aid the search algorithm and was not included in the least-squares fit of

the track. For the LH
2

runs in 1975, an x-y chamber was installed in the
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center of the magnet. Its better resolution along the y-direction helped

to improve the efficiency of pattern recognition and magnet linkage.

The 1m X 1m MWPC s had the advantage of good ti me resol uti on (~100

nsec). They did not suffer nearly the problems of stale out-of-time beam

tracks and halo muons that complicated the downstream pattern recognition.

However, there could be electromagnetic showers in these chambers since

the target represented ~1/8 of a radiation length. When electromagnetic

showers occurred, there could be too many tracks in these chambers to do

the pattern recognition.

The tracks found in the 1m X 1m MWPC's were used to determine the

angles of the scattered muon and the hadrons. The muon was identified in

the downstream spark chambers and the corresponding track in the MWPC·s

determined by III inking ll the downstream tracks through the magnet. (See the

following section for a description of magnet linkage.) In events where

the muon scattering angle was large or there were charged hadrons produced

at large angles, the tracks in the MWPC1s could be used to determine the

vertex of the muon interaction. In most cases, however, the scattering

angle was too small to determine the position of the vertex to better than

the length of the target along the beam direction.

Magnet Linkage

One nice feature about the Chicago Cyclotron magnet is that its mag­

netic field is cylindrically symmetric in azimuthal angle ¢ about a vertical

axis in the center. This means that a charged particle1s angular momentum

J¢ about this axis will be conserved. This follows most easily from

Lagrange's equation:
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~(a~) _~ = 0
dt a¢ a¢

(3.1)

Since the lagrangian for the Cyclotron magnet is cyclic in the variable ¢,

then

d~ (~) = 0 (3.2)

i.e., J¢ = constant. Since the magnetic field also conserves the particle's

linear momentum p, this implies that the impact parameter b of the particle,

defined in the usual sense as the distance of closest approach to the center

of the magnet, will remain constant.

Thus, in the horizontal x-view or bending view of the Cyclotron magnet

the tracks found downstream in the spark chambers should have the same im-

pact parameter b with respect to the center of the magnet as the tracks

found in the 1m X 1m MWPC's. In the y-view, the tracks upstream and down­

stream of the magnet should have the same slope and intercept at the center.

This is illustrated in Figure 26.

By demanding "l inkage" through the magnet in the x- and y-views, most

of the stale tracks could be eliminated because of their random orientation.

The good time resolution of the 1m X 1m IVlWPC's also helped, particularly

for those near the beam region. Figure 27a shows a distribution of the

linkage in impact parameter in the x-view for tracks upstream and downstream

tracks of the Cyclotron magnet. Figure 27b shows the difference in slope

for upstream and downstream tracks in the x-view for zero magnetic field.

Figures 28a and 28b show the linkage in intercept and slope in the y-view.

The typical linkage efficiency for downstream tracks was -90% in the x-view

and -75% in the y-view. The y-linkage efficiency was slightly lower because
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of the rotated y-plane in the 1m X 1m MWPC·s and because of the poorer

y-resolution of tracks downstream.

Counter Masking

The G and H hodoscopes in front of the hadron absorber, and the Mv and

Mh hodoscopes behind the hadron absorber, were also useful in filtering out

stale tracks. The Hand Mh hodoscopes were particularly useful for this

purpose since their counter elements were arranged vertically and the Cyclo­

tron magnet dispersed particles horizontally. Each track found in the

downstream spark chambers was tested to see if it was masked by a struck

hodoscope element. For the Mv and Mh hodoscopes behind the hadron shield,

the tracks were tested for a struck hodoscope element within the multiple

Coulomb scattering cone around the track. By requiring at least one struck

hodoscope element, most stale tracks could be rejected.

The counter-masking of downstream tracks was not perfect. There were

inefficiencies caused by holes in the hodoscopes for the muon beam, and by

cracks between adjacent non-overlapping elements. Also, more than one

track could pass through the same hodoscope element. When this happened,

the struck hodoscope could not distinguish which track was in-time. This

was especially a problem for the central elements of the G and M hodoscopes.v

Because of the high trigger rate of ~e scattering and low q2 nuclear events,

these elements were fired almost every trigger.

Momentum Determination

Once the tracks had been found in the downstream spark chambers and in

the 1m X 1m MWPC's behind the target, their momenta were calculated. The

calculation was greatly simplified by the uniformity and cylindrical symmetry

of the magnetic field of the Chicago Cyclotron. The circular pole faces of
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the magnet have a diameter of 4.3 meters and are separated by a gap of 51

inches. The magnetic field has a central value of 15 kG when operated at

1.8 Mw of power, and is symmetric in azimuthal angle about a vertical axis

in the center of the magnet. The magnetic field is vertical and has almost

no radial component. Figure 29a shows the measured vertical magnetic field

as a function of radial position, and Figure 29b shows the radial component

at the center of the magnet as a function of vertical position.

The momentum of charged particles could be calculated with good

accuracy by using a hard-edged model approximation for the magnetic field.

The magnet was approximated by a cylindrically symmetric field of uniform

strength Bo = 15 kG and effective radius Ro = 2.47 meters. Bo and Ro were

determined from measurements of the integrals47

IB.d~ = 2B oRo = 74.15 kG - m (3.3)

and

J
aB

r a/ d~

Ro - = 2.47 meters

J
aB
-y d~a r

(3.4)

With a hard-edged model, the calculation of charged particle momenta

can be reduced to an analytic expression. The time-consuming procedure of

tracing the particle orbits through the magnet by numerical integration was

avoided. The procedure used to calculate the momentum of charged particles

is illustrated in Figure 30. The magnet is centered at x = y = z = 0 in

the coordinate system. The magnetic field is in the vertical y-direction.

For a particle of charge e and momentum p parallel to the z-axis, the

initial trajectory outside the magnet is given by
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x. = a. + m z = b
I I i

(3.5)

where b is the particle's impact parameter with respect to the center of

the magnet, defined in the usual sense as the distance of closest approach.

Inside the magnet, the particle follows a circular path with radius of cur-

vature p given by:

p = l = P (3.6)
~ 0.03B
c

where p is in meters, p in GeV/c and B in kG. As illustrated in Figure 30a,

the magnet deflects the charged particle by an angle e given by

(3.7)

The momentum p of the charged particle can then be expressed in terms of

the angle e and the impact parameter b:

[ /R2- b2 ]= 0.03B tane/2 - b (3.8)

If the initial trajectory of the particle is at an angle e. with re-
I

spect to the z-axis,

x. = a. + m.z = a. + ztane.
I I I I I

(3.9)

we can use the cylindrical symmetry of the magnetic field to obtain the

solution. We rotate the coordinate system by an angle e. around the y-axis
I

to a new set of axes Xl and Zl, and shown in Figure 30b. In this new coor-

dinate system, the incident particle is parallel to the zl-axis with impact

parameter b = a. cose.. Since the magnetic field is unchanged by such a
I I
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rotation, the solution for the momentum is given by

[
IR2 _ b2

P = 0.038 tan(8 -8 )/2
f i

with

(3.10)

(3.11)

The tracks in the 1m X 1m MWPC's were used to specify the initial par-

ticle trajectories before entering the magnetic field, and the tracks

downstream determined the angle of deflection. A particle path through the

magnetic field was determined by linking the upstream and downstream tracks.

Particle and Event Identification

After the momenta of the charged particles had been calculated, they

were classified as muons, electrons, or hadrons. As illustrated in Figure

31, the different particle types could be identified by their behavior in

the various converters and absorbers in the muon spectrometer. Electrons,

positrons, and photons could be identified by showers produced in the 3 r.l.

steel radiator. Muons were perhaps the easiest to identify by their ability

to penetrate the 2.44 meter steel absorber.

The criteria used to identify each type of particle and the general

classification of events into nuclear scatters, ~e events, and radiative

tail events from elastic ~N scattering are described below. Figures 32-37

are examples of the different types of scattering events.

Muons

Muons had the unique ability to penetrate the hadron absorber; this

fact, of course, was used to define the trigger for the experiment. In
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passing through the hadron absorber, the scattered muon could change direc­

tion due to multiple Coulomb scattering. Because of this, all particle

trajectories in front of the hadron absorber were determined independently

of the muon chambers. Muons were identified from among the downstream tracks

by projecting each track into the muon chambers and counting the number of

sparks within a multiple Coulomb scattering cone around the track. The

angular width of this cone was determined by the thickness of the Pb-wall

and the hadron absorber t in radiation lengths (-210 r.l.) and the momentum

of the particle p as measured by the tracks in the 1m X 1m MWPC's and spark

chambers in front of the hadron absorber:

<e> = .£lit (3.12)
P

where p is in GeV/c and <e> is given in milliradians. For a 10 GeV muon,

this cone could cover an area as large as 20 cm in diameter at the muon

chambers. By looking for clusters of sparks in the muon chambers within a

multiple scattering cone around the track, the problems of track finding

behind the hadron absorber were avoided.

Stale beam tracks and halo muons were eliminated by demanding that there

be a fired element of Mv or Mh within the multiple Coulomb scattering cone.

If an in-time muon could not be identified, the event was rejected. In

about 2% of the triggers there was more than one in-time muon in the muon

chambers and the scattered muon could not be identified. These events were

a1so rej ected.

Electrons (Positrons)

The primary sources of electrons and positrons in the muon spectrometer

were from ~e scattering, nO decays, and photon conversions. The ~e events
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comprised about 16% of the experimental triggers. For this reason it was

"important to be able to identify electrons so that lle events could be

separated from low q2 nuclear scatters.

Electrons (positrons) were identified in a set of magnetostrictive

spark chambers located behind a 2 ft thick steel plate (-3 r.l .). Showers

in the steel plate induced dense clusters of sparks in these chambers. Elec­

trons and positrons were identified in the photon chambers by counting the

number of sparks within a cone around the track found in the spark chambers

in front of the steel plate.

The lle events were identified by having only one other in-time track in

the downstream spark chambers besides the scattered muon. The particle was

required to be negatively charged and satisfy the electron shower criteria

in the photon chambers. Even though lle events are due to elastic scattering.

one cannot take advantage of energy conservation to identify them because of

the radiative effects. Figures 32 and 33 are examples of lle scattering

events.

Photons

Although photons were not identified explicitly. it should be mentioned

how they affected the data analysis. Photons of course do not leave tracks

in the 2m X 4m and 2m X 6m spark chambers immediately behind the magnet.

but they do induce showers in the photon chambers located behind the 3 r.l.

steel plate in the same way as electrons and positrons. In principle they

could be identified by the same procedure of counting sparks. but no attempt

to do so was made. There was no viable means to measure the photon energies.

A large number of the experimental triggers were nuclear scatters

belonging to the category of elastic radiative tail events. They were
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characterized by a single scattered muon and a photon along either the in­

coming or scattered muon direction. These events were included in the

category of nuclear scattering to allow the radiative corrections to be

properly applied to the measured cross sections according to our procedure.

Figures 34 and 35 are examples of radiative tail events.

Hadrons

The charged particle tracks identified as hadrons in the muon spectro­

meter contained a few percent contamination of electrons and positrons that

could not be eliminated by hardware requirements. These could be rejected

by demanding the scattering event to have q2 greater than 0.3 (GeV/c)2.

Since there was no facility in the muon spectrometer to measure the hadron

mass, we could not separate pions, kaons, etc. Depending on the physics

results desired, they were assumed to be pions or kaons in the data analysis.

In principle, the total energy of the forward-going charged hadrons

must be less than or equal to the energy loss v of the muon. This is par­

ticularly true for the muon experiment in view of the fact that the energies

of photons and neutral particles are not measured. Charged particles

produced in the backward hemisphere in the center of mass could not be de­

detected, and forward-going charged particles with less than -8 GeV/c

momentum were swept out by the Cyclotron magnet. The total energy spectrum

of the detected hadrons plus scattered muon did exhibit the correct shape; a

peak at the incident muon energy followed by a rising low energy tail as

anticipated from the radiative corrections. However, on the high energy

side a few percent of the events violated energy conservation. These ori­

ginated mostly from stale tracks in the beam region which were misidentified

as genuine hadrons. These events could be excluded from hadron studies
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and did not affect the muon inclusive cross sections. Figures 36 and 37

are examples of inelastic muon scattering events with several charged

hadrons in the final state.

Resolution in 92 and v

The accuracy to which we can determine q2 and v depends on the basic

resolution of the muon spectrometer and our ability to measure p, the momen-

tum of the incident muon, and determine the momentum pi and angle e of the

scattered muon.

The uncertainty in the incident muon momentum was determined by the

spatial resolution of the beam MWPC's and hodoscopes and the uncertainty "in

the field integral I = JSodi of the three tagging magnets in the muon beam

line. Using the 2 mm wire spacing of the beam chambers determines the bend

angle of the incoming muon to -±O.OS mrad. With a nominal bend angle in the

tagging magnets of 28 mrad, and assuming that the field integral was known

to -0.2%, this corresponds to a momentum resolution of

= [(2~)2+ (.002)21~

'" 0.3%

or
op '" ±O.S GeV/c

(3.13)

(3.14)

for 150 GeV muons. If the incoming muon tracks were measured using only the

beam hodoscope elements, then

op '" 2.5 GeV/ c (3.15)



99

The resolution of the apparatus in measuring pi and 8 for the scattered

muon was basically determined by the combined angular resolution 08 of the

1m X 1m MWPC's behind the target and the 2m X 4m and 2m X 6m wire spark

chambers downstream of the Chicago Cyclotron magnet. For an apparatus in

which the momentum of a charged particle is determined by its angle of de-

flection 8 in a magnetic field, the momentum resolution deteriorates with

increasing momentum p, i.e.,

~ ~ p08 (3.16)
P

For the muon experiment, 08 was -0.5 mrad. Thus for a scattered muon of

50 GeV/c momentum, the momentum resolution was about ±2.5% or ±1.25 GeV/c.

Figures 38 and 39 show a rough calculation of the resolution of the

muon spectrometer in q2 and v for an incident beam momentum of 150 GeV/c.



Fig. 24.--Schematic drawing of the beam momentum tagging system. In
the horizontal direction (x-view), the incoming muon is measured before
and after the tagging magnets by two sets of multiwire proportional chambers
(2 mm wire spacing) and scintillation counter hodoscopes (8 elements). In
the vertical direction (y-view), the muon is measured by two sets of MWPC's
and hodoscopes located downstream of the tagging magnets. The nominal bend
angle is 28 mrad in the horizontal plane.



101

I I

I I
I I
I I
I I
I I
I I

I I
I I

~
~

I
I

CI) N Q) t()

-- 0- I
> E > E
I ~

I '-

X « ~ «

C'
c:---0
C
CI)

OJ

CI)
a.

...... 0
0

E
U)

0... "'0
« 0

:x:
u

I . (l.

3=
~



Fig. 25.--Linkage of tracks upstream and downstream of the beam momen­
tum tagging magnets. The distribution is a plot of the difference in
intercepts at the bend plane of the magnets.
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Fig. 26.--Illustration of the technique of linking tracks found in the
1m X 1m MWPC's through the Cyclotron magnet to tracks in the downstream
spark chambers. In the bending view, tracks upstream and downstream are re­
quired to have the same impact parameter with respect to the center of the
magnet. In the non-bending view, tracks are matched in slope and intercept.
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Fig. 27.--Distributions of track linkage through the Cyclotron magnet
in the x-view: (a) The difference in impact parameters. (b) The difference
in slopes for zero magnetic field.
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Fig. 28.--Distributions of track linkage through the Cyclotron magnet
in the y-view: (a) The difference in intercepts at the center of the magnet.
(b) The difference in slopes.
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Fig. 29.--Plots of the vertical and radial components of the magnetic
field of the Chicago Cyclotron magnet: (a) The vertical magnetic field as
a function of radial position. For the calculation of charged particle
momentum, a hard-edge model with an effective radius of 2.47 m and uniform
field of 15 kG was used. (b) The radial magnetic field as a function of
vertical position, measured at the center of the magnet.
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Fig. 30.--The geometry for momentum calculation using a cylindrically
symmetric. uniform magnetic field of radius R: (a) The charged particle is
initially parallel to z-axis with impact parameter b. The angle of deflec­
tion is 8. (b) The charged particle is initially at an angle 8. with respect
to z-axis. I
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Fig. 31.--Simplified drawing of the muon scattering spectrometer.
Upstream of the Cyclotron magnet, halo muons are vetoed by a large hodo­
scope wall located in front of the liquid hydrogen/deuterium target.
Forward-going charged particles are measured by a set of 1m X 1m MWPC's
located behind the target .. Downstream of the magnet, charged particles
are detected by sets of 2m X 4m and 2m X 6m wire spark chambers. The
scattered muon is identified by its ability to penetrate the 8' steel
wall and fire elements of the muon trigger hodoscopes. Electrons, posi­
trons, and photons can be identified by showers produced in a set of
wire spark chambers located behind a 3 r.l. steel plate.



-------

Charge
particles

Halo
Veto

~
Large angle

charged particles

I) <::::)
I

fL 8eam I LH2 Target
I
I
I
I
I
I
!

Cyctotron Magnet

M1 M
Ne~trions-\ ,:8~.Fe (:,rJ

I I /11\ ,>../ " <. I I
I I ,..:. '.>:/<~. I I

. \ '" . II I, ' / .,'/ '/ I
I I \ .,/ './ ',', , I I

I I;-:~:/ >- '> : I ScatteredI I ' ..' / /" ", . II • ,." .... ".// I
I ;'///-:/ .... I I Muons
J, \ />;../ / / I II I >/0. II." /'"11"///. 1 I
I I' '.~/;>' I I
I I . "',. I I
I I ':. ~';<, :<~. I I
I I ' '/ ~ /.'. / 1 I

\
. /'/".' ,: ! 1~IIPb' ".'/.,. ~ I

J 1'2 I \rrl..;r: . \
G H Fe \ photons and

L. electrons

N

--'
--'
U1



Fig. 32.--Example of a ~e scattering event. The scattered muon, ~l,

fires elements of the muon trigger hodoscopes (indicated by dotted lines),
and registers in the wire spark chambers behind the steel hadron absorber.
The electron e3 fires elements of the G and H hodoscopes in front of the
hadron absorber and showers in the 3 r.l. steel plate, producing a dense
cluster of sparks in the wire spark chambers. The scattering angle of the
muon in the experimental target is extremely small. Both the scattered
muon and the electron appear as a single track in the 1m X 1m MWPC's behind
the target.
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Fig. 33.--Another example of a ~e scattering event. In this event,
the scattered muon and electron are separated in the 1m X 1m MWPC's be­
hind the target and the linkage to the individual downstream tracks of
the center of the magnet can be seen. Notice the stale tracks in the
central beam region of the wire spark chambers. These extra tracks can
especially be a problem in identifying the scattered muon in wire spark
chambers behind the hadron absorber because of multiple Coulomb scattering
and showers in the steel.
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Fig. 34.--Example of a radiative tail event in which the muon has
emitted a high energy photon before or after scattering from the target
nucleon. The radiated photon appears as a shower of sparks in the wire
spark chambers located behind the 3 r.l. steel plate. These radiative
tail events are included in the category of nuclear scatters (~N events)
and a radiative correction applied to the data. There is no viable
means to measure the energy of the radiated photon.
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Fig. 35.--Another example of an elastic scattering event accompanied
by the emission of a high energy photon. Notice the large scattering angle
of the muon in the target with no evidence for any other charged particle
tracks in the 1m X 1m MWPC's.
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Fig. 36.--Example of an inelastic scattering event with several charged
hadrons in the final state. The vertex of the interaction in the experi­
mental target can clearly be seen. Notice the linkage of tracks found in
the downstream spark chambers with tracks found in the 1m X 1m MWPC's behind
the target. The linkage requirement is a powerful technique in eliminating
stale out-of-time tracks. Two of the charged hadrons produced in the inter­
action have low momentum and are swept out by the magnetic field of the
Chicago Cyclotron.
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Fig. 37.--Another example of an inelastic scattering event. In this
event the muon scatters by a large angle in the experiment target and is
then deflected back through the central beam region of the downstream spark
chambers by the Cyclotron magnet. The pattern recognition of these types
of scattering events is particularly difficult to handle because of the
large number of sparks in the central beam region. Notice that the scat­
tered muon ~6 does not produce a clearly defined track in the wire spark
chambers behind the hadron absorber. Multiple Coulomb scattering and
showers in the steel often make track finding in these chambers impossible.
There are also a large number of stale tracks from the unscattered beam.
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Fig. 38.--A two-dimensional plot of the resolution of the muon spectro­
meter in determining v, the energy loss of the muon. The ratio dv/v is
plotted as a function of v and q2.
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Fig. 39.--A two-dimensional plot of the resolution of the muon spectro­
meter in determining q2, the four-momentum transfer-squared of the virtual
photon. The ratio 6q2/q2 is plotted as a function of v and q2.
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CHAPTER IV

INCLUSIVE MUON CROSS SECTION

The muon inclusive cross section can be calculated in a straightforward

manner once the tasks of pattern recognition, momentum determination, and par-

ticle identification have been done. We need only to determine the momenta

of the incoming and scattered muon and the muon scattering angle. Various

corrections, such as acceptance, efficiency, radiative corrections, etc.,

have to be applied. In this chapter, we describe the detailed procedures

used to evaluate the muon cross section and discuss the various corrections

applied to the data. Results on the measured muon cross section for the

deuterium data are presented. Discussion of the structure function vW2 , and

comparison with theoretical models will be presented in Chapter V.

Evaluation Procedure

For each muon-nucleon scattering event, the kinematics were calculated

and the event binned versus the kinematic variables, q2 and v. The muon in­

clusive cross section for each (q2,V) bin was evaluated by summing over all

the scattered muons in the bin, according to the following relation:

(4.1 )

where

N (q2,V) is the number of scattered muons in the
Bin

N is the total number of incident muons;
].l

132
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N is the number of target nuc1eons/cm2; and,
T

C(q2,V) is a factor to take into account several

corrections to the measured inclusive muon

cross section:

1. Beam Selection

2. Track Finding Efficiency

3. Magnet Linkage

4. Counter Efficiency

5. Dead-time Corrections

6. Acceptance Calculation

7. Radiative Corrections

Each of these corrections to the inclusive muon cross section is discussed in

the following sections.

Beam Selection

In order to evaluate the muon cross section, we must be able to recon-

struct the incoming muon track. In calculating the kinematics of a scattering

event, it is important to know both the position and angle of the incoming

muon at the experimental target. Because of chamber inefficiencies, it was

not always possible to reconstruct the incoming muon track. To facilitate

the data analysis, we demanded that the incoming muon satisfy a number of

stringent requirements.

The reconstructed tracks of the incoming muon before and after the

tagging magnets were required to 11ink" in the bend plane of the magnet and

any tracks which did not pass cleanly through the apertures of the beam line

magnets or the hole in the halo veto hodoscope were rejected. Also the muon

beam was restricted to a 5 inch diameter circle at the experimental target
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to eliminate possible interactions in the aluminum walls of the target. We

required that the incident muon fire elements of the two beam hodoscopes,

Bs and B6 , in front of the target and also register in the MWPC's associated

with each hodoscope. This determined the position of the muon interaction

within the target to ±1 mm in both the x- and y-directions and reduced the

uncertainty in the direction of the incoming muon to less than ±0.3 mrad.

Events with multiple muons in the beam line were also eliminated to reduce

the possible confusion.

This pre-selection of triggers simplified the data analysis since it

was found that multiple-muon tracks were often associated with non-analyzable

events in the muon spectrometer. To correct for this beam selection pro-

cedure, the muon inclusive cross section was multiplied by a factor of

lin where n was the fraction of triggers selected for analysis. n was
B B B

typically 70%.

Track Finding, Linkage, and Counter Efficiencies

The efficiency of the pattern recognition was evaluated by visually

scanning computer-generated pictures of scattering events. From these pic­

tures the track finding efficiency was estimated to be better than 99% and

no correction to the cross section was applied.

The downstream tracks of the scattered muon and hadrons were required

to link through the magnet in both the x- and y-views to tracks in the

1m X 1m MWPC's. This requirement was important to eliminate stale out-of-

time tracks in the wire spark chambers and gave more reliable measurements

of the muon scattering angle and the angles of the final state hadrons.

Because of this restriction, the muon cross section was corrected for the

combined x-y linkage efficiency for upstream and downstream tracks. This

efficiency was typically 70%.
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The scattered muon was also required to fire elements of the G and

H hodoscope and the Mv and Mh hodoscope. This more stringent requirement

on the scattered muon led to a correction factor of approximately 1.1.

Dead-time Correction

For a period of ~50 msec after an event, the master event trigger

logic was gated off to allow the spark chamber pulsers to recharge and to

read the event data and record it on magnetic tape. Actually, only ~10

msec were needed to recharge the 2m X 4m shift-register chamber pulsers, and

somewhat longer for the magnetostrictive delay line chambers. Reading out

of the wire chambers and fast electronics took about 35 msec. During this

time the spectrometer was unable to accept another trigger and a dead-time

correction had to be applied to the muon cross section.

The dead-time of the apparatus was measured by using two scalers,

51 and 52' before and after the master event gate. The placement of these

two scalers in the trigger logic is shown in Figure 103 in Appendix 2. 51

recorded the total number of event triggers. 52 was only incremented for

event triggers accepted by the apparatus. Thus, the dead-time was simply

(5 1-5 2)/5 1. Typically, the dead-time correction was ~1.4.

Acceptance Calculations

To account for those events which failed to trigger the apparatus

because of the finite size of the trigger counters, the muon cross section

had to be corrected for the acceptance of the spectrometer, A (q2,V), at
~

each value of q2 and v. The calculation of the spectrometer acceptance

for the scattered muon is in principle a straightforward geometical problem.

The complication came from the spatial and momentum distribution of the muon
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beam, the finite size of the target, the arrangement of the beam veto ho­

doscope, and multiple Coulomb scattering in the steel hadron absorber.

Because of the finite size of the muon beam and length of the liquid

hydrogen/deuterium target, the acceptance for the scattered muon was a

function of the position of the muon interaction inside the target volume.

Any change in the lateral (x,y) or longitudinal (z) position of the inter­

action vertex would affect the position where the scattered muon struck the

muon trigger hodoscopes. Multiple Coulomb scattering and showers produced

in the hadron absorber could also affect the acceptance. For low v, low

q2 events the showers produced by the scattered muon could veto the event

by firing an element of the beam veto hodoscope. In order to avoid inad­

vertent systematic errors and the problem of muon induced showers in the

vicinity of the beam veto hodoscope, events were rejected in the kinematic

region where the acceptance was less than 10%.

A further complication was caused by ~erenkov light produced in the

plastic light pipes of the beam veto hodoscope. If the scattered muon

passed through one of the light pipes, the ~erenkov light could falsely

veto the event. The effect can be seen by looking at the distribution of

scattered muons across the muon hodoscope in the vicinity of the beam veto,

as shown in Figure 40. The dip near the edge of the N hodoscope is caused

by events being vetoed by Cerenkov light in the thick part of the light

pipes near the phototubes. The muon acceptance was corrected for this

effect by assigning a veto efficiency to each of the light pipes.

The spectrometer acceptance for the scattered muon was calculated

using two different methods described below. Both calculations yielded

similar results.
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Pre-calculated Acceptance

In this method the spectrometer acceptance is pre-calculated as a

function of v and q2 for the scattered muon and stored in a two-dimensional

(V.q2) lookup table. Then for each scattering event the muon acceptance.

A (V.q2). is evaluated by performing a two-dimensional interpolation in
~

and q2 from the pre-calculated table of acceptances.

For each value of v and q2 in the table. the muon acceptance is cal-

culated by making the following set of assumptions: (1) the interaction

vertex of the muon is at the center of the target. (2) no multiple Coulomb

scattering in the hadron absorber. and (3) no scattered muon induced showers.

For each (V.q2) value, the scattering angle 8 of the muon is calculated and

momentum vector of the scattered muon is rotated in azimuthal angle ¢

around the direction of the incident beam in 103 steps. As illustrated in

Figure 41, the rotated cone of the scattered muon is traced through the

magnetic field of the Chicago Cyclotron to the muon trigger hodoscopes. For

each value of azimuthal angle ¢, the trajectory of the scattered muon down­

stream of the Cyclotron magnet is calculated using a hard-edged model for

the magnetic field. The muon acceptance is defined as the fraction of the

cone that is accepted by the trigger hodoscopes and not vetoed by the beam

veto hodoscope. This procedure is quite straightforward but tedious.

Figures 42-45 illustrate this procedure for several different values of v

and q2. The muon acceptance for two different ranges of v and q2 are shown

in Figures 46 and 47. In Figure 46, note the region of low v and low q2

which is excluded by the beam veto hodoscope. For v values less than 90 GeV,

the beam veto effectively limits scattering events to q2 values greater than

2 (GeV/c)2.
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Event-by-Event Acceptance

This method differs from the one described above in that the muon

acceptance is calculated event-by-event for each scattered muon. Once

the scattered muon is found, its momentum vector is rotated around the

direction of the incident muon and traced through the Cyclotron magnet to

the muon hodoscopes. This procedure has the advantage that it automatically

folds in proper distributions of the beam momentum and vertex position.

Muon induced showers are not considered. The boundary of the acceptance

is again defined by the muon hodoscopes and beam veto.

Muon Acceptance in 92 and v

The kinematic region in q2 and v available to the muon experiment for

150 GeV incident muons is shown in Figure 48. Except for the small shaded

area excluded by the beam veto hodoscope, the entire range of q2 from q~in

up to more than 50 (GeV/c)2, and v from 10 to 130 GeV could be reached. The

acceptance of the apparatus is illustrated by the contour lines of constant

acceptance in the figure. In w the region extends from the elastic scattering

peak at w = 1 to values of w = ~1000 for small values of q2 in the deep in­

elastic region for v between 90 and 130 GeV. It should be noted that for w

values greater than about 60, the kinematics and spectrometer acceptance

limit the data to ranges of q2 which become rapidly narrower and progres­

sively lower as w increases. This can be seen by extending in v along lines

of constant w. For an w value of 100, the q2 range is about 1 to 3 (GeV/c)2.

Radiative Corrections

The radiative corrections complicate the measurement of the muon in­

clusive cross section. Theoretically, we are interested in studying the

process in which the muon interacts with the nucleon through the exchange
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a single virtual photon, as shown by the first diagram in Figure 49. In

reality, however, this scattering process is always accompanied by the

emission of real photons. As shown in Figure 49, the measured cross section

is a sum of the two processes (a) and (b), in which the muon radiates a

photon before or after scattering from the target nucleon.

An important feature of these radiative processes is that they change

the values of q2 and v, the square of the four-momentum and the energy trans­

ferred to the nucleon. In muon or electron scattering experiments~ q2 and v

are deternlined by measuring the momentum and angle of the scattered muon (or

electron). As shown in Figure 50, if the muon emits a photon, the actual

values of q2 and v transferred to the nucleon are changed from their apparent

values. Moreover, since the YNW vertex has a q-N dependence (for elastic

scattering N= 4), the emission of photons can change the cross section for

scattering considerably, particularly for process (a). These radiative pro­

cesses must be taken into account if one hopes to extract information about

the structure of the nucleons.

For elastic scattering from nucleons, the radiative corrections are

well understood and straightforward once the instrumentation resolution is

known. 48 The radiative corrections to the elastic cross section depend on

the energy resolution 6E of the experimental apparatus. As the energy

resolution becomes sma)ler, more scattering events are excluded from the

elastic peak due to energy loss from photon emission, and the radiative

corrections to the cross section become larger.

The radiative corrections for inelastic scattering are more compli­

cated than for the elastic scattering case. First, there is a contribution

to the measured muon cross section from the "radiative tail II of elastic

scattering. These elastic scattering events appear to be inelastic scatters
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because of the emission of a photon. Second, the measured cross section

at a given kinematic point contains contributions from inelastic scattering

at lower incident energies and higher outgoing energies because of photon

emission by the incident or scattered muon. This is illustrated in Figure

50. The inelastic cross section at a point (E ,E ), for fixed scattering
s p

angle e, contains contributions from the entire shaded kinematic region.

For the purpose of convenience in calculation, a peaking approximation49

was used to avoid a two-dimensional integration. The peaking approximation

corresponds to only considering the contributions from the two strips of

width~. The horizontal strip represents the contribution from the high

energy photons emitted before scattering, and the vertical strip contains

the contribution from the high energy photons emitted after scattering.

The procedure used for calculating the radiative corrections was

essentially the same as that described by Mo and Tsai. 50 However, because

of a lack of data at many incident energies, the radiative corrections

could not be done numerically by the model-independent unfolding technique

suggested. Instead, the well-established inelastic structure functions

measured at SLAC were used as an input model to calculate the theoretical

cross section as well as the cross section including radiative corrections.

In other words, for a given (q2,V) point, the input model was used to cal­

culate the ratio 0R(q2,V) defined by:

For protons,

a
(

2 Theory
OR q ,V) = ------

O"Experimental

P
0"

P 2 Inelastic
OR (q ,V) =-p::---------------

+ aP
O"lnelastic Radiated Elastic Tail

(4.4)

(4.5)
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where P is the theoretical inelastic cross section calculateda
Inelastic

using the oj nput mode1~ a~ I . is the inelastic cross section
ne astlc Radiated

including radiative corrections, and a:, .
Ta i I

is the contribution
a s tiC

from the radiative tail of elastic ~p scattering. Figures 51 and 52 show

the calculated values of 0R
P as a function of q2 and v for an incident

muon energy of 150 GeV. The largest correction is in the high v region.

For deuterons,

o
a .o InelastIc

OR (q2,v) =--::-D------------=:-------------:D~---- '
a + 00. . + a

I n e I a s tic R a d i ate d Qu a s I - era s tiC Ta i I E f a s tic T a i I

where aD . is the theoretical inelastic cross section and
Inelast I C

(4.6)

D
a I .Ineastlc

recti ons.

Radiated

o
a I .Eastlc

is the inelastic cross section including radiative cor-

Tai I is the contribution to the measured cross section

from the radiative tail of elastic dueteron scattering, ~ + D+ ~I + D.

In calculating aD . . I' the elastic form factors of the deuteron were
EI a s tiC Ta I

calculated in the impulse approximation using a phenomenological model for

the deuteron wave function. o
a . I .Quasl-e astlc Ta i I

is the radiative tail from

quasi-elastic ~D scattering, ~ + D+ ~I + P + n, in which the deuteron

breaks up into its constituent proton and neutron. These calculations are

discussed in Appendix 4. Figures 53 and 54 show the calculated values of

0R D(q2,V) as a function of q2 and v for 150 GeV incident muons.

Using the calculated values for 0R(q2,V), the muon cross section is

then simply given by the product of the experimentally measured cross

section and 0 .R'

(4.7)
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The radiatively corrected cross section was then compared with the input

model. If necessary, the model was adjusted and the radiative correction

procedure iterated until the input model agreed with the final result.

As a last remark, the radiative corrections (associated with scat-

tering) for muons is only about a factor of 5 less than that for electrons,

since their ratio is proportional to

(4.8)

However, the cross section for real bremsstrahlung is different by a factor

of 40,000 (m 2/m 2). For muon scattering, the real bremsstrahlung can be
II e

ignored. If electrons were used, the experiment would have been impossible

with a 48 inch long liquid hydrogen/deuterium target.

The radiative corrections and the procedures used in calculating

8 (q2,V) are described in more detail in Appendix 5.
R

Results on the Muon Inclusive Cross Section

We end this chapter by presenting the results on the muon inclusive

cross section, d2a/dq2dv, for 147.22 GeV/c positive muons on deuterium.

The measurement of the cross section was made with a total of 2.36 X 1010

incident muons. The empty target background subtraction was made with a

total of 1.42 X 109 incident muons.

Figures 55 and 56 show the number of scattering events collected as

a function of q2 and v. Two different ranges of q2 are shown. Figures 57

and 58 show the measured cross section, d2a/dq 2dv. Values of the cross

section are only presented for q2 values up to 15 (GeV/c) because of the

limited statistics for larger values of q2.
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Discussion of these results will be presented in the next chapter in

terms of the nucleon structure function vWzo



Fig. 40.--The distribution of scattered muons across the muon hodo­
scope in the vicinity of the beam veto. The dip near the edge of the N
hodoscope caused Cerenkov light in the plastic light guides vetoing scat­
tered muons can clearly be seen. The correction for this effect was less
than 3% for the worst possible case.
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Fig. 41.--Illustration of the method of calculating the acceptance
of the scattered muon, ~I, for a given value of q2 and v. The momentum
vector of the scattered muon was rotated in a cone around the direction
of the incoming muon and traced through the Cyclotron magnet to the muon
hodoscope in 10 3 steps. The acceptance is defined as the fraction of the
projected cone which intersects the muon hodoscope and is not vetoed by
the N hodoscope.
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Fig. 42.--Projected muon acceptance cones for q2 = 1 (GeV/c)2 and
100 $ v ~ 130 GeV.
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Fig. 43.--Projected muon acceptance cones for q2 = 2 (GeV/c)2 and
110 s v s 130 GeV.
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Fig. 44.--Projected muon acceptance cones for q2 = 5 (GeV/c)2 and
80 ~ v ~ 125 GeV.
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Fig. 45.--Projected muon acceptance cones for q2 = 10 (GeV/c)2 and
60 , v , 125 GeV.
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Fig. 46.--Values of the muon acceptance as a function of q2 and v for
o $ q2 $ 5.0 (GeV/c)2 and 0 $ v $ 150 GeV. For v values less than 90 GeV
and for q2 less than about 2 (GeV/c)2, the scattered muons are vetoed by
the N hodoscope.



2 2
AJL Values x 10-3q (GevIe)

4·8 5·0 400 640 668 689 'jIf8 892 942 910 818 829 848 868 964 379
4·6 4·8 368 616 649 673 707 861 917 BB6 809 825 844 865 963 411
4·4 4'6 341 586 625 651 667 824 888 858 802 821 840 862 962 440
4·2 4·4 320 540 587 625 637 783 859 820 796 816 836 859 964 452
4·0 4'2 313 493 544 590 607 733 822 782 790 810 832 854 969 461
3·8 4·0 337 459 500 537 572 670 766 758 784 805 827 850 980 478
3·6 3·8 384 438 458 471 529 593 695 'jIf6 Tn 799 822 846 994 504
3'4 3·6 422 420 418 407 477 508 624 735 769 792 816 842 1000 527
3·2 3 ·4 404 396 390 376 409 405 583 713 759 785 810 836 1000 530
3·0 3·2 388 367 . 362 348 336 311 539 688 'jIf9 Tl6 803 830 1000 530

2·8 3·0 328 331 329 314 263 242 481 861 739 766 795 B23 1000 530
2·6 2'8 270 287 286 265 203 211 370 623 725 758 786 813 1000 531

2'4 2·6 199 217 233 182 171 197 270 564 702 'jIf3 Tl6 803 1000 532
2·2 2 ·4 155 139 114 114 148 m 215 4iIt 667 728 763 797 1000 534

2·0 2·2 128 69 10 37 115 151 178 403 589 708 'jIf9 797 1000 536
1·8 2·0 83 59 117 157 360 516 685 731 809 1000 537

l' 6 1· B 50 118 296 495 622 708 837 1000 539
1'4 1· 6 31 196 454 569 673 873 1000 543
l' 2 1'4 15 3BB 550 657 901 1000 545
1·0 l' 2 249 521 643 952 1000 549

0·8 l' 0 204 406 619 1000 1000 555
0·6 0·8 120 395 627 1000 1000 565
o ·4 0·6 24 373 653 1000 1000 609
0·2 o ·4 335 705 1000 1000 703

0·0 0·2 157 1000 1000 1000

lJ (Gev)
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

(J1
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Fig. 47.--Values of the muon acceptance, A (q2,V), for 0 ~ q2 ~ 25
II

(GeV/c)2 and 0 s v s 150 GeV for 150 GeV incident muons.



2 2
AJ.L Values x 10-3q (Gev/c)

24·025·0 889 1000 1000 1000 994 969 869 737 628 540 455 m 99

23·024·0 1000 1000 1000 1000 1000 984 906 769 649 556 465 182 97

22·023·0 1000 1000 1000 1000 1000 993 940 805 673 572 478 189 99

21·022·0 1000 1000 1000 1000 1000 997 970 842 703 591 492 200 102

20·0 21· 0 1000 1000 1000 1000 1000 1000 992 882 'iIl0 612 508 217 106

19·0 20·0 1000 1000 1000 1000 1000 1000 1000 927 791 636 525 247 107

18·0 19·0 1000 1000 1000 1000 1000 1000 1000 970 850 665 543 262 110

17 ·0 18·0 1000 1000 1000 1000 1000 1000 1000 994 893 701 565 301 127

16·0 17·0 1000 1000 1000 1000 1000 1000 1000 1000 922 'iIl5 590 305 154

15·0 16·0 1000 1000 1000 1000 1000 1000 1000 1000 954 796 617 313 171

14·0 15·0 1000 1000 1000 1000 1000 1000 1000 1000 987 858 650 333 m
13·0 14·0 999 1000 1000 1000 1000 1000 1000 1000 1000 922 708 386 183

12·0 13·0 991 1000 1000 1000 1000 1000 1000 1000 1000 979 782 466 191
11·0 12·0 971 999 1000 1000 1000 1000 1000 1000 1000 1000 823 527 201
10·0 11'0 935 987 1000 1000 1000 1000 1000 1000 1000 1000 831 569 212
9·0 10·0 879 953 998 1000 1000 1000 1000 1000 1000 985 851 626 226
8·0 9·0 810 897 980 1000 1000 1000 1000 1000 1000 947 885 703 242
7'0 8·0 534 769 838 911 995 1000 1000 1000 1000 965 908 898 786 262
6·0 7·0 507 7tf7 778 803 960 999 1000 998 991 887 876 889 867 289
5·0 6·0 457 696 715 729 853 956 984 961 884 841 857 876 942 322
4·0 5·0 341 586 625 651 667 824 888 858 802 821 840 862 962 440
3·0 4·0 422 420 418 407 m 508 624 735 769 792 816 842 1000 527
2·0 3·0 199 217 233 182 171 197 270 564 702 'iIl3 776 803 1000 532

1· 0 2·0 31 196 454 569 673 873 1000 543
0·0 1· 0 24 373 653 1000 1000 609
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Fig. 48.--Plot of the kinematic region in q2 and v covered by this
experiment for an incident energy of 150 GeV. Contours of constant muon
acceptance are shown.
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Fig. 49.--Radiative corrections to muon-nucleon scattering. The top
diagram illustrates the scattering process we are interested in studying.
The muon can, however, emit high-energy photons before (a) or after (b)
scattering from the nucleon.
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Fig. 50.--The radiative correction triangle for inelastic muon nucleon­
scattering. The cross section at the point (Es ,E p ) contains radiative
contributions from the entire shaded region. The horizontal strip corresponds
to radiation before the scattering (a). The vertical strip corresponds to
radiation after the scattering (b). The interiar of the triangle corresponds
to radiation both before and after the scattering. The effects of radiations
are roughly equivalent to those produced by two radiators, one placed before
(a) and one placed after (b) the scattering.
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Fig. 51.--The proton radiative correction factor 0RP(q2,V) in the
kinematic range 0 ~ v ~ 150 GeV and 0 ~ q2 ~ 5 (GeV/c)2.



2 2 <5 p Values x 10-2q (Gev/c) R

4·8 5·0 110 102 99 rn 96 94 93 91 89 86 81 75 65 49
4·6 4·8 110 102 99 rn 96 94 93 91 BB 65 81 75 65 49
4'4 4·6 109 - 102 99 rn 96 94 92 91 BB 65 81 'jIl 65 49
4·2 4·4 109 102 99 rn 95 94 92 90 BB 65 81 'jIl 64 48
4·0 4·2 109 102 99 rn 95 94 92 90 BB 65 eo 'jIl 64 48
3·8 4·0 lOB 102 99 rn 95 94 92 90 BB 65 eo 'jIl 64 48
3·6 3·8 lOB 101 99 rn 95 94 92 90 BB 84 eo 73 64 48
3'4 3·6 lOB 101 98 96 95 93 92 90 87 84 80 73 63 48
3·2 3·4 107 101 98 96 95 93 92 90 87 84 79 73 63 .rt
3,0 3·2 107 101 9B 96 95 93 91 89 87 54 79 73 63 .rt
2·8 3·0' 107 100 9B 96 95 93 91 89 87 84 79 72 63 .rt
2·6 2·8 106 100 98 96 94 93 91 89 B7 B3 79 72 62 .rt
2 '4 2·6 106 100 rn 96 94 93 91 ',89 '86 B3 78 72 62 .rt
2·2 2 '4 105 100 rn 96 94 93 91 89 B6 B3 .78 71 62 46
2·0 2·2 105 99 rn 95 94 92 91 89 86 82 78 71 61 46
1, 8 2·0 104 99 rn 95 94 92 90 BB B6 .82 Tl 71 61 46
1· 6 l' 8 104 99 rn 95 93 92 90 BB 65 82 76 70 61 46
1·4 l' 6 103 9B 96 95 93 92 90 BB 65 81 76 70 60 45
1· 2 1·4 103 9B 96 94 ~ 91 90 87 65 " 81 76 68 60 45..
l' 0 1· 2 102 98 96 94 93 .91 89 B7 84 eo 75 ff7 59 44
0·8 l' 0 101 rn 95 94 92 91 89 B7 ' 84' ~ 'jIl 67 55 44
0,6 0·8 100 rn 95 93 92 90 BB' 86 B3 .79 73 . 65 53 42
o·4 0'6 99 96 94 93 91 90 .BB .65 82 77 72 63 50 30
0·2 0'4 rn 94 93 92 90 .. BB 86' 63 79 'jIl 67 58 ,44 . 26
0·0 0·2 94 92 90' 89 86 83 eo 75 69 62 52 41 30

lJ (Gev)
0 10 20 30 40 50 6P 70 eo 90 100 no 120 130 140

10 20 30 40 50 60 70 eo 90 100 110 120 130 140 150

0">
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Fig. 52.--The proton radiative correction factor 6R
P(q2,V) in the

kinematic range 0 $ v ~ 150 GeV and 0 ~ q2 ~ 25 (GeV/c)2.



2 2 <5 p Values x 10-2q (Gev/c) R

24·025·0 116 108 105 102 100 99 97 96 94 91 87 81 67
23·024'0 108 104 102 100 99 97 95 94 91 87 80 66
22·0 23·0 108 104 102 100 98 97 95 93 91 87 80 66
21· 0 22·0 113 107 104 102 100 98 97 95 93 90 86 79 65
20·0 21· 0 113 107 104 101 100 98 96 95 93 90 86 79 64
19·0 20·0 112 106 103 101 99 98 96 94 92 90 85 78 63
18·0 19·0 111 106 103 101 99 97 96 94 92 89 85 78 62
17 ·0 18· 0 111 106 103 101 99 97 96 94 92 89 84 T7 62
16·0 17 ·0 110 105 102 100 99 97 95 94 91 88 84 76 61
15·0 16·0 110 105 102 100 98 97 95 93 91 86 83 76 60
14·0 15· 0 109 104 102 100 98 96 95 93 91 88 63 75 59
13·0 14·0 108 104 101 99 98 96 95 93 90 87 62 'ill 58
12·0 13·0 108 104 101 99 97 96 94 92 90 87 82 73 57
11'0 12' 0 107 103 101 99 97 96 94 92 90 86 81 72 56
10·0 11·0 107 103 100 98 97 95 94 92 89 86 80 71 55
9·0 10·0 106 102 100 98 96 95 93 91 89 85 80 71 54
8·0 9·0 105 102 99 98 96 94 93 91 88 84 79 69 53
7·0 8·0 105 101 99 97 96 94 92 90 88 84 78 68 52
6·0 7·0 104 101 98 97 95 94 92 90 87 83 T7 67 51
5'0 6'0 111 103 100 98 96 95 93 91 89 86 82 76 66 50
4·0 5·0 109 102 99 97 96 94 92 91 88 85 81 'ill 65 49
3·0 4·0 108 101 98 96 95 93 92 90 87 84 80 73 63 48
2'0 3'0 106 100 97 96 94 93 91 89 86 83 78 72 62 C

l' 0 2·0 103 98 96 95 93 92 90 88 85 81 76 70 60 45
0·0 1· 0 99 96 94 93 91 90 88 85 82 T7 72 63 50 30

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
1) (Gev) 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
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Fig. 53.--The deuteron radiative correction factor ORD(q2,V) in the
kinematic range 0 ~ v ~ 150 GeV and 0 ~ q2 S 5 (GeV/c)2.



2 2 <5 D Values x 10-2q (Gev/c) R

4·8 5·0 110 103 100 98 96 95 93 92 90 87 83 T7 68 53

4·6 4·8 110 103 100 98 96 95 ·93 91 89 87 83 T7 68 52

4'4 4·6 109 102 99 98 96 95 93 91 89 86 83 T7 68 52

4·2 4·4 109 102 99 97 96 94 93 91 89 86 82 T7 67 52
4·0 4·2 109 102 99 97 96 94 93 91 89 86 82 76 67 52
3·8 4·0 108 102 99 97 96 94 93 91 89 86 82 76 67 52
3·6 3·8 108 102 99 97 96 94 93 91 89 86 82 76 67 51
3·4 3·6 108 101 99 97 95 94 92 91 68 86 82 76 66 51
3·2 3 ·4 107 101 99 97 95 94 92 91 88 85 82 75 66 51
3·0 3'2 107 101 98 97 95 94 92 90 88 85 81 75 66 51
2'8 3·0 107 101 98 96 95 94 92 90 88 85 81 75 66 51
2·6 2·8 106 101 98 96 95 93 92 90 .88 54 81 75 65 50
2 ·4 2·6 106 100 98 96 95 93 92 90 88 54 81 ';'l 65 50
2·2 2 ·4 106 100 98 96 95 93 92 90 87 84 80 ';'l 65 50
2·0 2·2 105 100 97 96 94 93 91 89 87 83 80 ';'l 64 50
l' e 2·0 105 99 97 96 94 93 91 89 87 84 79 73 64 49
l' 6 1·8 104 99 97 95 94 93 91 89 87 83 79 73 64 49
1'4 1· 6 104 99 97 95 94 92 91 89 86 83 78 73 63 49
1· 2 1'4 103 98 96 95 94 92 91 89 86 83 78 71 63 48
1· 0 1· 2 102 98 96 95 93 92 90 88 86 82 T7 70 62 -rt

0·8 1· 0 102 98 96 94 93 92 90 88 85 82 T7 69 57 46
0·6 0·8 101 97 95 94 93 91 90 87 85 81 76 68 56 44
0'4 0·6 100 96 95 94 92 91 89 87 84 80 ';'l 65 52 31
0·2 o ·4 98 96 94 93 91 90 88 85 81 76 70 60 46 26

0·0 0·2 96 94 93 91 89 86 82 T7 71 63 54 42 30

V (Gev)
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

10 20 30 40 50 60 70 80 90. 100 110 120 130 140 150
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Fig. 54.--The deuteron radiative correction factor OR D(q2,V) in the
kinematic range 0 ~ v ~ 150 GeV and 0 ~ q2 ~ 25 (GeV/c)2.



2 2 <5 0 Values x 10-2q (Gev/c) R

24·0 25·0 116 108 105 103 101 99 98 96 95 92 89 83 71

23·024·0 108 105 102 101 99 98 96 94 92 89 83 70

22·0 23·0 108 104 102 100 99 97 96 94 92 88 82 69

21' 0 22·0 113 107 104 102 100 99 97 96 94 91 88 82 69
20·0 21·0 113 107 104 102 100 98 97 95 94 91 88 81 88

19·0 20 - 0 112 107 104 101 100 98 97 95 93 91 87 81 67
18 -0 19·0 111 106 103 101 99 98 96 95 93 91 87 80 66

17 -0 18·0 111 106 103 101 99 98 96 95 93 90 86 80 65

16 -0 17 -0 110 105 103 101 99 97 96 94 92 90 86 79 65

15·0 16 -0 110 105 102 100 99 97 96 94 92 89 85 78 64

14 -0 15 -0 109 105 102 100 98 97 95 94 92 89 65 77 83

13 -0 14 -0 109 104 102 100 98 97 95 93 91 89 84 77 82

12 -0 13 - 0 108 104 101 99 98 96 95 93 91 88 84 76 61
11- 0 12·0 108 103 101 99 98 96 95 93 91 88 83 75 60

10 -0 11·0 107 103 101 99 97 96 94 92 90 87 82 11 59
9·0 10·0 106 103 100 98 97 95 94 92 90 87 82 73 58
8·0 9-0 106 102 100 98 96 95 93 92 89 86 81 72 57
7-0 8·0 105 102 99 98 96 95 93 91 89 85 80 71 56

6-0 7·0 104 101 99 97 96 94 93 91 88 84 79 70 55
5·0 6·0 111 103 100 98 97 95 94 92 90 87 84 78 69 53
4·0 5-0 109 102 99 98 96 95 93 91 89 86 83 77 68 52
3·0 4·0 108 101 99 97 95 94 92 91 88 86 82 76 68 51
2-0 3-0 106 100 98 96 95 93 92 90 88 84 81 '/Il 65 50
1· 0 2·0 104 99 97 95 94 92 91 89 86 83 78 73 63 49
0-0 1- 0 100 96 95 94 92 91 89 87 84 80 '/Il 65 52 31

lJ (Gev)
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

-....J
W



Fig. 55.--The numbers of muon-nucleon scattering events as a function
of v and q2 in the kinematic range 0 ~ v ~ 130 GeV and 0 ~ q2 ~ 5 (GeV/c)2.



2 2 Events Values x 10°q (GeV/c)

4'8 5·0 11 10 10 5 3 3 6 2 4 2 1 2
4·6 4'8 13 19 4 3 6 9 2 4 1 2 2 3
4-4 4·6 '{/ 11 7 6 7 6 6 3 4 5 2
4·2 4'4 20 15 10 3 3 2 3 4 1 2 3 2
4-0 4·2 13 9 6 5 8 7 4 1 4 6 4 2
3·8 4·0 14 9 8 4 13 10 4 7 2 3 6
3-6 3·8 21 9 5 9 3 10 7 3 8 5 2 4
3'4 3·6 24 13 8 5 13 7 5 5 7 6 4 4
3·2 3'4 20 10 14 3 5 3 4 9 3 8 5 1
3·0 3-2 '!1 7 12 9 5 10 7 8 6 5 3 5
2·8 3·0 '{/ 10 9 3 11 4 4 6 9 7 5 7
2·6 2·8 25 11 6 7 3 3 7 9 4 4 9 6
2·4 2-6 16 11 4 3 4 4 5 5 9 9 2 8
2'2 2·4 '{/ 4 4 4 5 5 9 8 5 8 6 14
2·0 2'2 8 4 3 10 6 7 6 10 9 10
1· 8 2·0 1 6 3 11 9 9 9 16,
1· 6 l' 8 1 6 12 11 8 14 20 23
t'4 1· 6 2 10 12 '{/ 20 24
t· 2 1'4 2 12 18 26 36 32

l' 0 l' 2 15 23 27 36 52
0·8 1· 0 31 38 70 60
0-6 0·8 44 80 92 94

"

0·4 0'6 84 156 197 m.
0·2 0-4 265 519 687 590
0·0 0-2 1181 3941 3955 2556

lJ (GeV)
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

......
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Fig. 56.--The numbers of muon-nucleon scattering events as a function
of v and q2 in the kinematic range 0 ~ v ~ 130 GeV and 0 ~ q2 ~ 25 (GeV/c)2.



2 2 Events Values x 10°q (GeV/c)

24·0 25·0 1 1 1 2

23·024·0 2 1 2 2 1

22·0 23·0 1 2 2

21·022·0 1 2 2 3 1 1

20·0 21' 0 1 4 1 1 1 1

19·0 20·0 2 1 1 1 1 2 2 2

18·0 19·0 1 2 1 4 2 1 2 2
17 . 0 18·0 4 3 4 1 4 1 2 1
16·0 17 . 0 3 6 4 2 3 1 1 1 4 1

15·0 16' 0 3 3 5 1 3 1 5 3 1 2 1
14· 0 15·0 6 5 5 6 3 2 2 3 3 1 2
13·0 14·0 3 6 3 2 5 2 3 1 3 1 1
12·0 13·0 11 7 8 10 6 4 4 2 1 2 1
11·0 12·0 9 '(/ 8 8 5 3 4 1 1 3 1
10·0 11· 0 4 21 8 6 4 7 3 2 3 3 1 1
9·0 10· 0 28 '(/ 16 6 6 4 7 6 1 2
8·0 9·0 33 22 25 13 13 8 12 4 3 6 4
7·0 8·0 34 22 26 19 14 15 6 11 5 5 2 4
6·0 7·0 37 30 ~ 25 16 10 7 7 6 6 7 1
5·0 6·0 52 41 26 31 26 11 14 9 10 9 12 8
4·0 5'0 'jIl. 64 37 22 ~ 27 21 14 14 '(/ 10 11
3'0 4·0 96 48 ifI 30 39 40 ~ 32 24 26 '(/ 20
2·0 3·0 83 36

..
23 21 26 26 31 35 33 38 31 45

1· 0 2·0 2 12 19 59 70 93 121 lif1
0·0 1· 0 1605 if/34 5001 3m

lJ (GeV)
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

'-I
'-I



Fig. 57.--The muon inclusive cross section d2a/dq 2dv for deuterium in
the kinematic region 0 $ v ~ 130 GeV and 0 $ q2 $ 5 (GeV/c)2, before empty
target subtraction.



2 2 d2a/dq2dv Values x 10°q (GeV/c)

4·8 5·0 246 241 224 95 45 53 87 38 59 2B 11 21
4·6 4·8 366 429 91 69 101 141 33 66 14 32 30 32
4·4 4·6 439 282 151 120 124 105 91 46 65 ';II. 22

4·2 4'4 556 404 229 75 58 38 55 72 23 35 42 23
4·0 4·2 407 255 151 115 166 121 65 r1 57 87 46 22

3·8 4·0 484 254 226 96 294 180 ';II. 110 42 38 58
3'6 3·8 765 298 181 243 ';II. 223 139 50 138 73 29 38

3'4 3·6 666 499 271 158 354 154 96 81 114 93 61 46
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Fig. 58.--The muon inclusive cross section d2a/dq2dv for deuterium in
the kinematic region 0 $ v $ 130 GeV and 0 $ q2 $ 25 (GeV/c)2, before empty
target subtraction.
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CHAPTER V

NUCLEON STRUCTURE FLI NCT! ON vW2

In this chapter we discuss the method used to extract the nucleon

structure function vW2 from the muon inclusive cross section, and present

measurements for the kinematic ranges 0.2 ~ q2 ~ 50 (GeV/c)2 and 10 ~ v

$ 130 GeV, obtained by scattering 147 GeV positive muons inelastically from

a deuterium target. Some of the results of these measurements have already
51been reported.

After a discussion of the extraction procedure, the results on vW2

from deuterium are presented and compared with recent measurements at

Fermilab with 56 GeV and 150 GeV muons scattering from an iron target52 and

with lower energy electron scattering results from SLAC. 53 The results are

discussed with regard to a test of Bjorken scaling, and the q2-dependence of

vW2 is examined for possible patterns of scaling violation. The behavior of

vW2 as a function of w is investigated, with particular emphasis on the large

w region (w ~ 60) which has not been explored by previous experiments.

Several theoretical models which are relevant to the subject are discussed.

Extraction of vW2

At the present time, the muon experiment has only taken deuterium data

at one incident energy; namely, 147 GeV. We cannot do a complete separation

of the two inelastic nucleon form factors Wand W. The separation of both
I 2

WI and W2 at a given (q2 ,v) value requires the measurement of the differential

182
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cross section for at least two different incident energies, or equivalently,

two different scattering angles. In order to extract a value for vW2 from

the measurement of the cross section at a single incident energy, some

assumption about WI must be made.

In the first Born approximation, the differential cross section for

the scattering of muons of energy E to a final energy E1 through an angle e

is related to the two inelastic form factors WI and W2 by1?

where v = E - E', q2 = 2(EE 1
- pp1cose - m 2). The ratio of the inelastic

]J

form factors can be expressed as

WI _ 2
W

2
- (l + ~2)/(l + R) , (5.2)

where R =a /a is the ratio of the longitudinal to transverse virtual photo­
L T

b t · t' 18 U' th 1 t' h 1a sorp lon cross sec lons. slng ese re a lons, t e nuc eon structure

function vW 2 can be calculated from the following expression:

d2 a
v--,---,~

( 2 ) -=-dq:L2...:::.d:...::.v _vW2 q ,v =

UP') ~~' (r) [(2EE' - q'/2) + (q'-2m/ l (\++~l ]

(5.3)

To evaluate this expression and extract a value for vW2 from the mea­

sured cross section, we have assumed R = 0.18. This value of R is taken from

lower energy electron scattering measurements where WI and W2 have been
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separated. 54 These measurements are consistant with R being a constant,

although some dependence of q2 and v is not ruled out. Assumptions about

the value of R, however, do not affect the value of vW2 significantly. At

incident energies of 150 GeV, the WI term only contributes about 10% to

the muon cross section in the large w region. Changing the value of R by a

factor of two only affects vW 2 by 15%.

It should be mentioned that when studying the behavior of vW2 as a

function of wand q2, vW 2 was evaluated event by event directly in terms of

wand q2, rather than v and q2. For a fixed range of w, vW 2 is quite sensi­

tive to kinematic boundaries imposed in q2 and v.

The results on the measurement of VW 2
D from deuterium, binned as a

function of v and q2 are presented in Figure 59. The number of scattering

events in each (q2,V) bin is shown in Figure 60. Since we have not completed

the analysis of the data taken on hydrogen, we make no attempt here to sepa­

rate VW 2
D into individual contributions from vW 2

r for the proton and vW 2
n

for the neutron. Results on the nucleon structure function vW 2 are presented

per nucleon; that is, simply dividing VW 2
D by two.

No corrections for Fermi motion were made. These corrections to vW2

are only important for values of w near 1. In the large w region with which

we are mainly concerned, the scattering from deuterium is approximately the

sum of scattering from the proton and the neutron. Fermi motion corrections

are less than a few percent.55

Also, no Glauber corrections56 were applied to the deuterium data. Pre­

vious electron scattering experiments have shown no evidence for a shadowing

effect. This is very strange, since shadowing of nucleons has been observed

in experiments studying the absorption of real photons in heavy nuclei.
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Theories like Vector Meson Dominance (VMD) have predicted 35 that shadowing

should also occur for virtual photons in electron and muon scattering ex­

periments. Recently, in a low q2 electron scattering experiment at

Cornell,5? some shadowing (-10%) was seen in a number of heavy nuclei

(carbon, aluminum, copper, and tantalum) for q2 ~ 0.1 (GeV/c)2, but there

was no evidence for shadowing at higher q2. From these results, one can

take the view that there is little shadowing at any value of q2, or that

there is a rapid dependence of q2 between 0 and 0.1 (GeV/c)2. With either

alternative, the Glauber correction for deuterium is negligible.

Patterns of Scaling Violation

We begin by discussing the results on the q2-dependence of vW 2. Bjorken16

originally suggested that for large values of v and q2, vW should have the
2

universal form

(5.4)

where w = 2Mv/q2. F2(w) is a universal function in the sense that it only de­

pends on the ratio of v and q2, but not on v and q2 separately. This predicted

scaling behavior of the nucleon structure functions has been verified in elec­

tron scattering experiments at SLAC. 53 Measurements at SLAC energies indicate

approximate scaling for q2 ~ 1.2 (GeV/c)2. The experimental observation of

the large, almost point-like, cross sections in electron scattering has

prompted much discussion on constituent models of the nucleon, notably the

parton model. However, theoretical attempts to justify this physically ap-

pealing interpretation of incoherent scattering off point-like constituents of

the nucleon have been difficult. In view of the situation, two important

questions come to mind for the present muon experiment at Fermilab. First,
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will the scaling behavior of vWz persist at the higher energies at Fermilab?

And, at what values of qZ and v? Secondly, if Bjorken scaling does hold,

does it hold in the strict sense, or will patterns of scaling violation

emerge?

We first look at the qZ-dependence of vWz for fixed values of w. Figure

61 shows vWz (qZ,w) per nucleon as a function of qZ for various ranges of w.

The most prominent feature of the data is that there is no large violation

of scaling. At an incident energy of 150 GeV, and over a greatly extended

kinematic range in wand qZ, the nucleons still exhibit the large point-like

cross sections seen at lower energies and there is approximate scaling behav­

ior of the structure functions. However, vW z does show some systematic

qZ-dependence and we are interested in the finer deviations from strict

scaling behavior. The results indicate that vWz is a decreasing function of

qZ for w less than about 5, it remains fairly constant at w ~ 5, and becomes

an increasing function of qZ for w > 5. As shown in Figure 62, this system­

atic change of the qZ-dependence as a function of w agrees with recent

measurements of vWz by Chang et al.,52 made with muons scattering from an

iron target at Fermilab. Although this experiment does not measure vWz(qZ,w}

directly, the information on the (qZ,w) dependences has been extracted from

Monte Carlo calculations. The results also agree with the SLAC measurements

of vW z at lower energy,53 as shown in Figure 63. This observed pattern of

scaling violation is in accord with the predictions of field theoretical

calculations. 58 The pattern disagrees with that predicted by various modi­

fied parton models. 59 These models predict similar qZ-dependence for all

ranges of w.

To parameterize the qZ-dependence of vWz, we have fitted the data to

the form
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(5.5)

The results obtained are given in Table 1. For a fit to all the data in the

ranges 2 ~ q2 ~ 50 (GeV/c)2 and 3 ~ w ~ 80, we find a = 0.16 ± 0.04 with a

X2 of 25.1 for 21 degrees of freedom with Wo = 6 and qo2 = 3 (GeV/c)2 fixed.

This parameterization is essentially the same as that used by Chang et al. 52

for muon scattering from an iron target. They found a = 0.099 ± 0.018 for

data in the range 3 ~ w ~ 50, 1 ~ q2 ~ 50 (GeV/c)2.

There have been many discussions on which variable is the correct one

to use to study the scaling question. The original scaling variable of

Bjorken, w = 2Mv/q2, has been supplemented by several others. 60 based on

various reasons, to salvage the scaling of data measured at low energy elec­

tron accelerators. For our experiment, because of the fact that v is large,

these variables all approach the Bjorken scaling variable w to within a few

percent. Different choices of scaling variables do not affect our results

significantly, but they do make a big difference for results obtained at

lower energy.

The Structure Function vW 2 Versus w

Since the amount of observed scaling violation is small, it is appro­

priate to average over the q2 range and to plot vW 2 as a function of w.

The main feature of approximate scaling holds to within 20-30% over the

measured range of q2. In Figure 64, we plot vW 2 averaged over the appropri­

ate q2 range versus w. All but the last three data points at high w have

average q2 values above 1 (GeV/c)2, which is approximately the scaling region

for vW2 measured at SLAC energies. For values of w larger than 240, the
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average q2 is less that 1 (GeV/c)2. The values of vW 2, along with the q2

ranges, are given in Table 2. Figure 65 shows vW2 plotted as a function of

the Feynman scaling variable x = l/w.

For w values less than about 60, where we overlap with lower energy

experiments at SLAC, the results on vW2 are in good agreement with previous

measurements. vW 2 rises quickly from zero at w = 1 to approximately 0.32

at w ~ 5, and remains essentially constant out to an w value of approximately

60. For w values greater than 60, our results show that vW2 is decreasing as

a function of w.

The behavior of vW 2 in the large w (equiva~ent1y small x) region is of

great physics interest. It notably provides information on the anti-quark

distributions, q(x), inside the nucleon. As it stands at this time, this

muon scattering experiment is the only one which can provide such information.

One can always argue that the average q2 is not high enough in the large w

region. This defect can only be remedied by doing the experiment at higher

incident energies. It should be pointed out that the average q2 value at

w = 200 is 1 (GeV/c)2. The value of vW 2 is only 0.22 at this point, con­

siderably lower than that anticipated from the SLAC measurement.

There are a number of theoretical models which make predictions about

the shape of vW 2, particularly its behavior at large w, or in the small x

region. We briefly mention a few.

The Kuti-Weisskopf Model

In a model proposed by Kuti and Weisskopf,26 the physical nucleon is

composed of three valence quarks (qqq) which contribute all of the nuc1eon ' s

quantum numbers, and a core of "sea " of quark-antiquark pairs (qq) and

neutral gluons. The interaction amplitude of the virtual photon with the
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valence quarks is assumed to be of the Regge type and is interpreted as the

nondiffractive part of the cross section. The scattering amplitude from

the core is assumed to be of the Pomeron type and is interpreted as the

diffractive component of the cross section. The interaction between the

quarks is mediated by neutral gluons. As mentioned in Chapter I, neutral

gluons are necessary to account for the energy of the virtual photon not

carried away by the charged constituents of the nucleon. There is only one

adjustable constant in this model, which determines the ratio of the number

of gluons to quark-anti quark pairs in the core. This ratio was determined

by comparison with electron scattering data on vW
2

for x ~ 0.1. At the

time, no data for x values less than 0.1 was available. Figure 66 shows

such a fit. It is important to note that the Kuti-Weisskopf model predicts

that vW
2

should decrease for x ~ 0.1, which is in qualitative agreement with

the data from our muon experiment. It is also interesting to notice the

relative contributions to vW 2 from the valence quarks and the sea of quark­

anti quark pairs. At x values near 1, the main contribution to vW
2

is from

the three valence quarks, and the contribution from the sea is small. As

x ~ 0, however, the contribution of the valence quarks vanishes, and vW
2

is

dominated by diffractive scattering from the sea. This is one of the reasons

why the behavior of vW
2

at small x is interesting. We are measuring the con­

tribution of the sea of quark-anti quark pairs.

Modified Kuti-Weisskopf Models

One of the objections to the simple Kuti-Weisskopf model is that it

fails to predict the correct ratio of the neutron and proton structure func­

tions as x approaches 1. In particular, Kuti and Weisskopf assume identical

momentum distributions for the u-type and d-type valence quarks. This leads
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to a prediction of 2/3 for the ratio vW 2
n

/vW2
P as x ~ 1~ whereas experimentally

it is known 28 to approach the value 1/4. McElhaney and Tuan 61 have pro-

posed a modified version of the Kuti-Weisskopf model which assumes different

momentum distributions for the valence quarks. By modifying the momentum

distribution of the d-type valence quark so that it vanishes as x ~ 1~ they

find that they can accomroodate a value of 1/4 for the ratio vW 2n/vW/ at

x = 1~ and not change any of the qualitative predictions of the model. In

particular~ vW2 should still exhibit a decrease at small x values.

Model of Alterelli ~ Cabibbo~ Maiani~ and Petronzio

Another model ~ suggested by Alterelli ~ Cabibbo~ Maiani. and Petronzio. 62

is quite similar to that of Kuti and Weisskopf. An interesting feature is

that each of the three constituent quarks~ which make up the nucleon~ is

itself a complex object~ made up of point-like partons and neutral gluons.

The structure functions of the nucleon thus result from two factors~ one

determined by the momentum distributions of the three constituent quarks~ the

other being the structure function of the constituents themselves. Their

calculation~ using a complicated SU(6) ~ 0(3) theory~ also indicates the
w

observed decreasing behavior of vW2 at small x~ as shown in Figure 67.

Parton Model Fit to VW2

Several other authors have proposed quark-parton models assuming dif-

ferent momentum distributions for the valence quarks and quark-anti quark

pairs in the sea. Barger~ Weiler~ and Phillips~63 using a modified Kuti­

Weisskopf model ~ have taken our measurements of vW 2 from deuterium and

determined the relative valence and sea contributions. The results of the

fit are shown in Figure 68. They find that the sea contribution is small ~

which simply reflects the fact that vW 2 is decreasing at large w. As we
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shall see in the next section, the small sea contribution observed in the

muon experiment is consistent with a small or zero sea component observed

in recent neutrino scattering experiments at Fermilab.

One remark should be made with regard to the specific forms of the

momentum distributions of the constituent quarks used in the different

models. It should be remembered that many possibilities exist that can fit

the available data on vW2 equally well. Even with the constraints imposed

by the numerous quark sum rules, many models can reproduce the observed

shape of vW 2 and accommodate a value of 1/4 for the ratio vW n /vW2
P as x ~ 1.

We adopt a "rea listic ll point of view and regard the various models as con­

venient numerical representations of the data. They rarely lead to any

deep understanding beyond the original ideas of the quark-parton model.

Comparison with Neutrino Scattering

The weak interactions provide an alternate and complimentary way to

probe the structure of the nucleon through the study of inelastic nuetrino­

nucleon scattering at high energies. The cross section for inelastic

neutrino-nucleon scattering is given by an expression analogous to that for

inelastic muon scattering, except for two important differences: First, in

the neutrino-nucleon interaction there are axial as well as vector

current contributions. This leads to a description of inelastic neutrino

scattering in terms of three structure functions, as compared with two for

the electromagnetic interaction. Secondly, the factor of l/q~ from the

virtual photon propogator in the expression for the muon cross section is

absent in the expression for the neutrino scattering cross section. Hence,

the fraction of high q2 events compared to the total cross section will be

larger than in electron or muon scattering.
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Within the framework of the parton model ~ the neutrino is assumed to

scatter incoherently from the individual partons~ analogous to the virtual

photon in electron or muon scattering. This leads to similar predictions

of Bjorken scal-ing for the three structure functions that describe the

neutrino-nucleon vertex. These three structure functions can be expressed

in terms of the parton momentum distributions of the nucleon~ u(x), d(x)~

etc.~ and compared with results obtained in electron or muon scattering

experiments.

Figure 69 shows results from a recent neutrino scattedng experiment

at Fermilab.
64

We observe that the data indicate a shape similar to that

observed in our muon experiment. The structure function is decreasing when
65x becomes smaller. The curves are a parton model fit to the data by Barger.

The solid line represents a valence only solution~ with zero sea contribu-

tion. The dashed line corresponds to a valence plus sea solution. We see

that the neutrino scattering data is consistent with a small or zero sea

component~ in qualitative agreement with our results.

Regge Pole Model

Regge theory can also yield the observed decrease of vW2 at large w.

This is accomplished by the addition of a fixed pole at J = a in the forward

Compton scattering amplitude for virtual photons in describing the deep in­

elastic scattering process. 66

In Regge theory the total photoabsorption cross section a for realyp
photons is considered to be described in terms of the pomeron P~ and the

ordinary Regge trajectories f~A2 with interc~pts at t = a of approximately

0.57. This predicts an energy dependence of the form67

(J (K)yp (5.6)
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where K is the photon energy. As shown in Figure 70, this is in reasonable

agreement with the observed high energy behavior. A fit to the experimental

data yield a value of c 1 = 89.0 ~b for the pomeron contribution, and
1

Cz = 93.2 ~b-GeV~ for the f,A z trajectories. Evidence for a fixed pole with

a(o) - -~ has come from a detailed analysis of the forward Compton amplitude

by Damashek and Gilman. 68 They concluded that a fixed pole (i.e., a pole

whose trajectory a(t) is independent of t) was needed in the real part of the

Compton amplitude to get agreement between the observed yp cross section and

forward dispersion relations for Compton scattering. Since such a fixed

pole term exists in the on-mass-shell Compton amplitude, it is not improbable

that there is also a J = 0 fixed pole in the off-mass-shell amplitude. The

implications of this additional fixed pole in the Compton amplitude for qZ ~ 0

has been investigated by Cheng and Tung,69 and also Close and Gunion. 70 The

application to vWz presented here is that due to Close and Gunion. They

suggest an expression for vWz of the form

where the w- 3/ 2 term is due to the inclusion of a fixed pole. A fit to elec­

tron scattering data is shown in Figure 71, and yields a = 0.12, b = 0.462,

and c = 4.02. The implications of this result are significant. For w values

less than 10, there are important contributions to vWz from terms other than

those arising from the leading Regge singularities. The pomeron contributes

only a relatively small part. Consequently vW z must decrease significantly

from its measured value of w = 10 as w + 00. This, of course, is what we

observe. In a theory given by Harari,71 the deep inelastic scattering proc­

ess is assumed to be dominated by the pomeron contribution. It yields a
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constant vW 2 for all values of w, and thus contradicts our result.

Heavy Quarks and Color Brightening
72

Several authors have suggested that we might begin to see evidence

for heavy quarks or other new degrees of freedom, such as color, at Fermilab

energies. Evidence for heavy quarks would appear as an enhancement in vW2

at large w as the threshold for their excitation was crossed. Needless to

say, we have seen no indication in our data of such an effect. Evidence for

the excitation of color, or color brightening, would be a more subtle

effect--a general increase in vW 2 above the color threshold. Pati and
72Salam have suggested that this would be a 10-20% effect.

Approach to Scaling

Since the nucleon structure function vW2 does not strictly observe

Bjorken scaling, it becomes difficult to express vW2 as simple functions of

w, q2, v, etc. One important aspect of the structure function is its be­

havior in low q2 region. It is interesting to see how vW2 approaches its

scaling behavior as q2 is increased. We would also like to see how well this

region can be described by vector meson dominance35 or the generalized vector

. d 1 36domlnance mo e .

In the SLAC electron scattering experiments, vW2 is observed to reach

a constant plateau at a q2 value of approximately 1.2 (GeV/c)z. This is

illustrated in Figure 72, where vWz is plotted as a function of q2 for all

values of w. A similar plot for our muon experiment is shown in Figure 73,

for data in the deep inelastic region 90 S v ~ 130 GeV. At Fermilab energies,

the onset of scaling occurs at a higher qZ value of approximately 3.5 (GeV/c)2.

Figure 74 shows vWz measured with muons scattering from an iron target at
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Fermi1ab. 73 These results also indicate an onset of scaling at a q2 value

between 3 and 4 (GeV/c)2, in agreement with our result.

Apparently we are observing a v-dependence in the way vW 2 approaches

its scaling behavior. In both the experiments at SLAC and at Fermi1ab,

the values of vW2 were extracted assuming the same value of 0.18 for R.

The major difference is in the value of v, which is nearly a factor of ten

higher at Fermi1ab. As v increases, the approach to scaling is slower,

and the onset of Bjorken scaling shifts toward higher values of q2.

The vector meson or generalized vector dominance models are expected

to describe the nucleon structure function in the low q2 region. In a

specific calculation, given by Devenish and Schi1dknecht,74 vW 2 is expressed

as:

vK
(5.8)

where a (K) is the total photoabsorption cross section for real photons of
YN

energy K, and m, an adjustable parameter in the model. For a fit to the

SLAC electron data, m2 = 0.61 m 2. Figure 75 shows a comparison of our
p

muon scattering data in the high v region, 90~ v ~ 130 GeV, with this

particular model.
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TABLE 1

FITS OF THE q2-DEPENDENCE OF vW2
(TO THE FORM

VW2(q2 tW ) = VW2(qo 2,W}[1 + a tn(~~)tn(~o)l

WITH W
O

= 6 and qo2 = 3 (GeV/c}2 FIXED)

<W) WRange a

2.0 1 - 3 0.27 ± 0.09

4.0 3 - 5 -0.06 ± -0.26

8.0 5 - 11 0.34 ± 0.23

23.0 11 - 35 0.22 ± 0.07

57.5 35 - 80 0.10 ± 0.09

120.0 80 - 160 O. 12 ± 0.06

200.0 160 - 240 0.13 ± 0.10

320.0 240 - 400 0.07 ± 0.07

500.0 400 - 600 0.21 ± 0.29

800.0 600 - 1000 0.02 ± 0.15

41. 5 3 - 80 0.15 ± 0.04
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TABLE 2

VW
2

FROM DEUTERIUM FOR 150 GeV INCIDENT MUONS

<w) Range
q2 Range vW 2w (GeV/c)2 (per nuc1eon)

1.5 1 - 2 4 - 50 .08 ± .01

2.5 2 - 3 3 - 50 .16 ± .02

3.5 3 - 4 2 - 50 .21 ± .02

4.5 4 - 5 2 - 50 .29 ± .02

6.0 5 - 7 2 - 30 .33 ± .02

8.0 7 - 9 2 - 30 .32 ± .02

10.0 9 - 11 2 - 15 .33 ± .02

12.5 11 - 14 2 - 15 .34 ± .02

17.0 14 - 20 2 - 15 .32 ± .02

27.5 20 - 35 2 - 10 .29 ± .01

40.0 35 - 45 2 - 6 .30 ± .03

52.5 45 - 60 2 - 6 .30 ± .02

70.0 60 - 80 2 - 4 .29 ± .02

100.0 80 - 120 1 - 3 .25 ± .02

140.0 120 - 160 1 - 2 .24 ± .03

200.0 160 - 240 0.8 - 1.4 .21 ± .03

320.0 240 - 400 0.4 - 1.0 .21 ± .01

500.0 400 - 600 0.3 - 0.6 .16 ± .02

800.0 600 - 1000 0.2 - 0.5 .12 ± .02.



Fig. 59.--Measured values of the structure function VW 2
D versus q2 and

v before empty target subtraction. All other corrections have been applied.
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Fig. 60.--The numbers of muon-nucleon scattering events as a function
of v and q2 in the ~inematic range 0 ~ v ~ 130 GeV and 0 ~ q2 ~ 50 (GeV/c)2.
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Fig. 61.--The qZ-dependence of vWz for several different ranges of w.
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Fig. 62.--vW2 as a function of q2 measured with muons scattering from
an iron target at Fermilab. 52 The ratio of observed to simulated event rate
is plotted versus q2 for eight ranges of w.
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Fig. 63.--The qZ-dependence of the two nucleon structure functions
vWz

P and 2MW 1

P for several values of w, as measured in ep scattering at
SLAC.
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Fig. 64.--vW2 as a function of the Bjorken scaling variable w. The
three data points plotted with open circles have average q2 values less
than 1 (GeVjc)2.
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Fig. 65.--vW
2

as a function of the Feynman scaling variable x = l/w.
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Fig. 66.--The predicted behavior of vWz as a function of Xl in the
Kuti-Weisskopf model. The model is fitted to electron scattering data
from SLAC.
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Fig. 67.--vW 2 as a function of x in the model of Alterelli, Cabbibo,
Maiani, and Petronzio. In the model, each of the three constituent quarks,
which make up the nucleon, is itself a complex object, made up of point­
like partons and neutral gluons.
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Fig. 68.--A parton model fit to vW2 from deuterium by Barger, showing
the relative contributions of the valence quarks and the sea of quark-
anti quark pairs.
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Fig. 69.--A parton model fit to recent neutrino scattering data from
Fermilab.
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Fig. 70.--The total photoabsorption cross section for protons, cr (K).yp
as a function of the photon energy, K. The solid line is a Regge model fit
including the pomeron. p. and the ordinary Regge trajectories f,A 2 •
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Fig. 71.--A Regge model fit to vW 2 including a fixed pole in the
forward Compton scattering amplitude. The data is from electron scat­
tering experiments at SLAC.
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Fig. 72.--vW2 as a function of q2 for all values of w, as measured
in electron scattering at SLAC.
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Fig. 73.--vWz as a function of qZ for data in the deep inelastic
region, 90 $ v $ 130 GeV.
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Fig. 74.--vW2 as a function of q2 for all values of w, as measured with
muons scattering from an iron target at Fermilab.
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Fig. 75.--Comparison of vWz with the generalized vector dominance
model of Devenish and Schildknecht. The solid line is a fit to the SLAC
4° data of Stein et at. 53
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CHAPTER VI

INCLUSIVE HADRON DISTRIBUTIONS

In this chapter we present the results on the inclusive muoproduction

of hadrons in scattering 150 GeV ~+ from a liquid deuterium target. 75 We

detect most of the charged hadrons produced in the photon fragmentation re­

gion, i.e., hadrons which go forward in the virtual-photon-nucleon center

of mass system. Hadrons produced in the target fragmentation region are not

detected. The single particle inclusive cross section for producing these

hadrons is studied as a function of transverse and longitudinal momentum,

rapidity, etc., and as a function of q2 and v, the four-momentum transfer­

squared and energy of the virtual photon. Results are compared with the

distributions of hadrons produced in e+e- annihilation and in inelastic

neutrino scattering.

As discussed in Chapter V, the observation of large point-like cross

sections in inelastic lepton-nucleon scattering experiments and the scaling

behavior of the nucleon structure functions has led to the notion that the

nucleons are composed of point-like objects called quarks or partons. 19 ,23

However, attempts to theoretically justify this intuitive picture have been

difficult, and many questions remain unanswered. One puzzling result within

the framework of this model is that nearly half the energy of the virtual

photon must be carried away by neutral constituents of the nucleon. An even

more puzzling fact is that these point-like objects have never been observed

experimentally. This raises the question of whether they really exist, or

232
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only provide a convenient language to describe the actual processes taking

place in lepton-nucleon scattering. One would hope that by studying the

final state hadrons that we could gain some insight into the physics under­

lying the remarkable success of these models.

Besides the above mentioned reasons, interest in the final state

hadrons produced in lepton-nucleon scattering has been stimulated by the

hypotheses of Feynman scaling19 and limiting fragmentation 32 in hadron-hadron

interactions. This scale invariance says that the invariant cross section

Ed 3a/d 3 p for the process a + b ~ c + anything, approaches a limit at high

energies ~, which is finite and independent of s:

lim E d3 a = lim f(PII'Pl.'s) = f(xlI,p.L)
S-+oo d 3 P s-+oo

(6.1)

Here xII is the reduced longitud"inal momentum, p~m/p::x' with p~m being the

longitudinal momentum of particle c in the center of mass system of particles

a and b, Pl. its transverse momentum, and pcm its maximum possible momentum
max

in the center of mass system. Considerations about fragmentation have led to

the picture that the fragmentation products of the projectile should be inde-

pendent of the target and vice versa. The projectile products would appear

at positive values of xII' those of the target at negative values. Muon and

electron scattering experiments offer the unique opportunity to investigate

these theoretical ideas by using the virtual photon as the projectile particle.

Very few other particles are as well known.

Invariant Hadron Cross Section

When one is trying to characterize the final hadronic state produced in

inelastic muon-nucleon scattering, it is convenient to think in terms of the
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corresponding virtual photoproduction process, Yv + N~ hadrons, as shown

in Figure 76. The interaction of the muon with the nucleon is mediated by

a single virtual photon. 2 From the incident and final muon momenta, we

can determine the mass, _q2, energy, v, and direction of the virtual photon,

and thus regard the muon as defining a beam of virtual photons. The one­

photon exchange allows us to view the hadrons as being virtually

photoproduced.

The total virtual photoproduction cross section for hadrons,

ototal (q2,V), at a given q2 and v can be related to the inelastic muon cross
y

section by assigning a flux, r
T

(q2,v), to the virtual photon:

I
ototal (q2,V) = _

y r (q2,V)
T

d2o
ll

(q2,V)

dq 2dv
(6.2)

where r (q2,V), as defined by Hand,I8 is given by
T

(6.3)

with E the virtual photon polarization. The invariant cross section for pro-
~

ducing a hadron h of momentum Ph and energy Eh in the phase space volume

d3Ph for the inclusive reaction Yv + N+ h + X can be written as

d60j.l(q2,V)

dq2dvd3Ph
(6.4)

It is convenient to normalize the invariant hadron cross section to the total

virtual photoproduction cross section:
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(6.5)

The above expression represents the probability of producing hadrons in the

invariant phase space volume d3Ph/Eh per scattered muon.

The virtual photoproduction of hadrons is most easily described in

terms of kinematic variables defined relative to the direction of the inci-

dent virtual photon, Yv. The hadron azimuthal angle, ¢, is measured

relative to the muon scattering plane. The transverse momentum of the hadron

relative to the virtual photon is denoted by p~. The longitudinal component

of the hadron momentum is denoted by PII. The square of the total energy, s,

in the virtual-photon-nucleon center of mass is given by:

s = W2 = M2 + 2Mv _ q2 (6.6)

Us ing these vari abl es, the i nvari ant hadron cross secti on takes the form

d30 (q2,S)
_ 2E _ .......y---

h dPlidp~2d¢
(6.7)

(f is sometimes called the invariant structure function.) We can also con-

sider the reaction in the virtual-photon-nucleon center of mass. Here it is

convenient to use the reduced longitudinal momentum, xII' to express the in­

variant cross section as:

em

Pmax

d30
y

(q2,s)

dXlldp~2d¢

(6.8)
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where E~m is the hadron energy in the center of mass. Several other vari­

ables and forms of the invariant cross section have also been used. For

example, one useful variable is ~, the reduced rapidity as suggested by Van
76Hove,

y - Ytarget
~ =---------

Yprojectile - Ytarget

where Y is the longitudinal rapidity defined by

(6.9)

(6.10)

Other commonly used variables and forms of the invariant cross section are

listed in Table 3.

As can be seen from the myriad of variables used in parameterizing the

invariant cross section, one of the difficulties is how to present the data.

The structure function a priori depends on several variables. For this study,

we consider only the invariant cross section as a function of one variable at

a time, averaging the other variables over their allowable kinematic ranges.

For example, averaging over azimuthal angle and integrating 'over p~2 gives

the normalized structure function F(x
ll

) often found in the literature:

1

tot a I (2 )a q ,sy

d 3 a
y

(Q2,s)

dx11dp ~2d¢
(6.11)

Evaluation of the Invariant Cross Section

In this section we describe the procedures used to evaluate the invari-

ant hadron cross section from the individually detected hadrons in each
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inelastic muon scattering event. We only discuss the calculation of the

single particle inclusive cross section, as defined in the last section.

Two-particle correlations are not considered. Even though there may be

several particles in the final state, we treat each hadron separately,

summing over all particles, to produce the single particle distributions.

Since there was no means for specific particle identification (we

could not identify pions, kaons, etc.) in the muon spectrometer, we have

assumed that all hadrons are pions. That is, in calculating a hadron's
-+

energy, Eh, from its measured three-momentum, Ph' we have used the pion

mass, m The hadron momentum was calculated by assuming a cylindrically
7T

symmetric, hard-edged model for the magnetic field of the Chicago Cyclo-

tron. The calculation is exactly the same as that described for the

scattered muon in Chapter IV, and will not be discussed here.

The normalized invariant hadron cross section was evaluated in a

specified (q2,V) region according to the following formula:

Hadrans

(d'cr t P
~

Eh
1 d 3a

f
T

(q2,V)
II -+ olnelastic(q2,v)

y dq2dvd3ph R
E --= (6.12)t at a I h d3pa

~
1 d2ay h

f (q2,V) dq 2dv
ll'

T

The denominator is simply the total virtual photoabsorption cross section,

atatal (q2,V) evaluated over the specified (q2,V) region. The numerator is
y

a sum of the individual hadron contributions to the invariant cross section,
InelastiC( 2 ) .including a factor, OR q ,v , to take lnto account the radiative

corrections to the inelastic muon scattering cross section. In order to

obtain reasonable statistics, the above expression was evaluated over fairly

large (q2,V) regions.
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The contribution of each hadron to the invariant cross section was

individually corrected for the acceptance of the spectrometer and for link-

age and counter efficiencies. These corrections are discussed below. The

inelastic radiative corrections, clnel astic(q2,v) were evaluated for the
R

particular (q2,V) value of each scattering event. The contribution of each

hadron was then binned versus the different kinematic variables to produce

the one-dimensional distributions.

Acceptance Corrections

The acceptance correction to the invariant hadron cross section is a

product of two terms: the first is the acceptance of the spectrometer for

the hadron, the other the acceptance for the scattered muon. Both factors

must be taken into account. The invariant cross section, Ehd30y(q2,v)/d3Ph'

is the cross section for producing a hadron in the invariant phase space

volume d3Ph/Eh' and a scattered muon at the given values of q2 and v.

The calculation of the muon acceptance, A~(q2,v), was described in

Chapter IV. For each scattering event, A~(q2,v) was evaluated by performing

a two-dimensional interpolation on a pre-calculated table of acceptance in

q2 and v. The acceptance for each hadron was calculated individually in a

manner similar to that for the scattered muon, except for two essential modi-

fications. First, the hadrons are treated as being photoproduced by a beam

of virtual photons. The momentum vector of each hadron was rotated around

the direction of the virtual photon as it was tracked through the magnetic

field of the Chicago Cyclotron. Secondly, the hadron acceptance was deter­

mined by the G and H hodoscopes located in front of the hadron absorber.

The acceptance was calculated as the fraction of the cone which intersected

these two hodoscopes and did not pass through the hole in the center for the

muon beam.
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Linkage and Counter Efficiency Corrections

In addition to acceptance corrections to the invariant hadron cross

section, there were also linkage and counter efficiency corrections for

the hadron and scattered muon. The scattered muon was required to fire

elements of the G, H, Mv' and Mh hodoscopes downstream of the Cyclotron

magnet, and to link in both the x- and y-views to tracks in the 1m X 1m

MWPC1s. Each hadron track was required to link in both the x- and y-views,

and to fire elements of the G and H hodoscopes. These restrictions were

necessary for several reasons. First, the requirement that the hadron fire

elements of both the G and H hodoscopes helped to eliminate stale out-of­

time tracks. The H hodoscope requirement was essential since its elements

are arranged vertically and the Cyclotron magnet deflects charged particles

in the horizontal plane. A simple G or a (G.or.H) requirement was not

enough since the central elements of the G hodoscope were fired almost

every trigger. The x-y linkage requirement also helped eliminate stale

tracks that could be misidentified as in-time hadrons, especially in the

central beam region of the downstream wire spark chambers. More importantly,

the linkage requirement enabled us to determine the angles of the hadrons

using the tracks in the 1m X 1m MWPC's. This gave more reliable measure­

ments of the transverse and longitudinal components of the hadron momentum

relative to the direction of the virtual photon.

Radiative Corrections

As discussed in Chapter IV, the muon can radiate a photon before or

after scattering from the nucleon. These radiative processes can change the

muon cross section considerably and must also be taken into account when

evaluating the invariant hadron cross section. The procedure used for
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calculating the radiative corrections to the muon inclusive cross section

is applicable for the invariant hadron cross section with one minor modi­

fication. Since we have detected a hadron, only the radiative corrections

to the inelastic muon cross section should be considered. There are no

corrections for the radiative tails from elastic and quasi-elastic muon-

nucleon scattering. The radiative corrections to the invariant hadron

cross section were evaluated by calculating the ratio:

° (q2,V)o I n e 1 a 5 tic ( q 2 , V) = _---=-I'-'-o.=..e.:....1a::,.:s::-t:...:i-"c'-- _

R °1n e I as tic Ra d i ate d (q 2 , V)
(6.13)

where °
1

I . R d' d(q2,V) is the inelastic muon cross section in-
oe astlc a late

eluding radiative effects; 0, I . (q2,V), the theoretical muon scattering
oe astlc

cross section. The contribution of each hadron to the invariant cross sec-

b 10elastiC( 2) 1 d h 2tion was then multiplied y the factor OR q ,V eva uate at t e q

and V values of the scattered muon.

The radiative corrections produce one further complication to the

evaluation of the invariant hadron cross section. As shown in Figures 77a

and 77b, the emission of a photon before or after scattering from the nucleon
-+changes the four-momentum of the vi rtual photon from its apparent value q,

as determined by the incident and scattered muon momenta, to ql. In general,
-+ -+q and ql are along different directions as indicated in Figure 77c. In

order to calculate the components of the hadron momentum with respect to the

direction of the virtual photon correctly, this change in angle must be

taken into account. This was done, according to a method given by Tsai,77

by calculating the most probable angle, eqq" between the actual and apparent
-+directions of the virtual photon and relating the hadron momentum to q'.
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Results and Discussion

In this section we present and discuss the results on the single

particle inclusive distributions from deuterium. Table 4 summarizes the

approximate kinematic ranges of the data for the different variables used

to describe the one-dimensional hadron distributions. To study the q2_

and v-dependence of the invariant hadron cross section, the distributions

are presented for the three (q2,V) regions given in Table 5.

The p~2-Distributions

Figures 78 through 80 show the normalized invariant hadron cross

section as a function of p~2 for the three different (q2,V) regions. We
bp 2

have fitted the data from each region to the form e- ~. The results are

given in Table 6.

Chou and vang 32 have suggested that as q2 becomes larger and the

virtual photon gets further from the mass shell, we should observe an in­

crease in the average p~2, or equivalently, a decrease in the slope of the

p~2-distribution. For data in the deep inelastic region, 90 ~ v ~ 130 GeV,

there is a slight decrease in the value of the slope, b, as the q2 region

is increased from 0.3 ~ q2 ~ 1.0 (GeV/c)2 to 1 ~ q2 ~ 10 (GeV/c)2. Un­

fortunately because of limited statistics, the q2 values are relatively

small and the two regions do not have significantly different average q2

values. Most of the data for 1 ~ q2 ~ 10 (GeV/c)2 is clustered at q2 values

near 1.

The xll-Di stri butions

From the parton model 19 or the hypothesis of limiting fragmentation,32

we anticipate that the final state hadron distributions should be a universal

function of the reduced longitudinal momentum, xII = p~m/p::x ; where p~m is
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the component of hadron momentum parallel to the direction of the virtual

photon in the YvN center-of-mass system; and pcm , its maximum possible
max

momentum. In our muon experiment we only detect the forward-going charged

hadrons with val ues of xII greater than approximately 0.1. In the fragmen­

tation model, these hadrons are the fragmentation products of the virtual

photon. It is extremely interesting to compare the fragmentation of

space-like photons in vN scattering with that of time-like photons in high

energy e+e- annihilation. From the parton model we would expect the

xII-distributions to be similar.

Figures 81 through 83 show the xII-distributions of the sum of positive

and negative hadrons in the different (q2,V) regions. The solid lines drawn

th h th d t . t 1 t f't t the form e- bx11 . Throug e a a are approxlma e eas -square 1 s 0 e

values of the parameter b in the different (q2,V) regions are given in Table

7. The slope parameter b does not exhibit any significant q2-dependence.

In Figure 84 we replot the numerical fit of the xII-distribution in the

deep inelastic region, 90 ~ v ~ 130 GeV and 1 ~ q2 ~ 10 (GeV/c)2, together

with the data from the reaction, e+ + e- + hadrons, measured at SPEAR. 78 It

is i nteresti ng to observe that the xil-di stri buti on of the hadrons produced

by time-like photons exhibit somewhat more conspicuous q2-dependence. How­

ever, its limiting distribution at a q2 value of -25 (GeV/c)2 agrees well

with our measurement with space-like photons.

Apparently both space-l i ke and time-l i ke photons exh"i bit the same

limiting fragmentation behavior. Results from a muon scattering experiment

at -14 GeV indicate similar behavior. 79

The hadrons produced in high energy neutrino scattering at Fermilab80

also show the same xII-distributions as in the reactions induced by virtual

photons. Figure 85 shows a comparison of data from neutrino scattering
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with that from our muon scattering experiment. The invariant cross sec-

tions are again the sum of positive and negative hadrons.

The Rapidity Distributions

One can also plot the invariant hadron cross section as a function

of the longitudinal rapidity:

(6.14)

The rapidity variable, y, is simply another way to parameterize the longi-

tudinal momentum, and is more or less equivalent to xII. It does have the

nice feature, how~ver, that under a longitudinal Lorentz boost, y ~ Y +

constant. The rapidity distribution of hadrons in the y N center-of-mass
v

system is identical to the rapidity distribution in the lab system, except

for a constant displacement. Figures 86 through 88 show the rapidity

distributions for three different (q2,V) regions.

There are several theoretical conjectures concerning the rapidity

distribution of muoproduced hadrons. The most well known are those given

by Feynman81 and Bjorken. 82 As shown in Figure 89, for large w values the

photon fragmentation region is separated from the target fragmentation

region. The width of the photon fragmentation region is proportional to

1n q2. The width of the central region (defined as Xu near 0) is propor­

tional to £n w. If the scaling hypothesis strictly holds, we expect that

the height of the central region, ~~ , to remain constant as s increases.

The increase of center-of-mass energy should only make the central region

wider, reflecting the increase of longitudinal phase space.

The rapidity distributions of our muoproduced hadrons show approximately
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the same amount of variations in the central region (-15%) as that observed

in pp collision at ISR. 33 The magnitude is consistent with the scaling

violations observed in the muon inclusive cross section.

The Missing Mass and t-Distributions

It is interesting to examine the missing mass distribution and the

corresponding t-distribution for the single detected hadron, h, in the

reaction Yv + N~ h + X. The missing mass, MM, is defined as the invariant

mass of the hadronic state X:

MM 2 = (P + q p )2
h (6.15)

The four-momentum transfer-squared, t, to the state X is given by:

t = q2 + m 2 - 2E v + 2p Iq2 + v 2

7T 7T II (6.16)

By considering the virtual photon as the incident beam, we can look at the

invariant mass of the final state hadrons produced along with the single

detected hadron.

The missing mass spectra for three different (q2,V) regions are shown

in Figures 90 through 92. For data in the deep inelastic region,

90 S v ~ 130 Gev, the distributions show a pronounced peak at high values

of the missing mass. To some extent, the shape resembles the effective

mass distribution of (n - 1) particles of an n-particle final state (n ~ 4),

calculated from phase space alone. However, the mass distribution seems to

be too sharply peaked at high missing mass to be simply phase space. For

lower values of v, 10 s v s 90 GeV, (Figure 90) the peak at high missing

mass is not so pronounced. Work is in progress to try to fit these

distributions to a Triple Regge model proposed by Mueller. 38
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The t-distributions for the three (q2,V) regions are shown in Figures

93 through 95. Since the virtual photons cover a wide range of q2 and v,

the cross sections are plotted against the difference It - t . I rather
ml n '

than Itl, to adjust for the effect due to t . ; where t. is the minimum
min min

four-momentum transfer-squared corresponding to the case where the hadron

h is produced along the direction of the virtual photon:

t . = _q2 + m 2 2E
TT
v + 2Ph;!q2 + v2 .

ml n TT (6.17)

Unless corrected for this kinematic effect of a "broad band" photon beam,

the distribution would be curved when plotted against t. The t-distributions

in the three (q2,V) regions are exponential and can be represented by ebt ,

with b -0.8. By comparing the plots for different q2 ranges, we see a

slight decrease in the slope of the distributions as q2 increases.

In Figure 96, the correlation between xII of the detected hadron and

its missing mass is shown. The large missing mass is strongly connected

with detected hadrons which have small values of XII'

The p -Distribution
n

Unl ike PII and pl.' the component of hadron momentum normal to the scat­

tering plane of the muon, p , is not affected by the radiative corrections.
n

As shown in Figure 97, the "radiative correction" photon is always along

the direction of the incident or outgoing muon. The virtual photon remains

in the scattering plane, leaving p unaffected. This distribution is also
n

interesting to look for the production of hadron jets, similar to those

observed recently in e+e- annihilation at SLAC. 83 One of the predictions

of the parton model for e+e- annihilation into hadrons is that at high enough
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energy the hadrons should be produced in opposite-moving bursts called

jets. 84 The annihilation into hadrons occurs through the decay of the

virtual photon into a pair of constituent partons which subsequently de­

cay into hadrons. The jet structure results from the final state hadrons

maintaining the direction of the elementary constituent~. At SLAC, evi­

dence for jet structure was discovered by searching for an axis of hadron

production which minimized the sum of squares of transverse momenta. The

distribution of transverse momenta relative to this jet axis was found to

be more sharply peaked than that expected from phase space alone, thus

giving evidence for jets. The p -distribution is very similar to the
n

'Isphericity" distribution used to discover jets in e+e- annihilation. The

production of back-to-back hadron jets in muon-nucleon scattering would

appear at large positive and negative values of p. Figure 98 shows the
n

p -distribution in the deep inelastic region, 90 ~ v ~ 130 GeV, and
n

The average p is fairly small, approximately 250
n

MeV/c. We do not see any evidence for out-of-plane jet structure. When

combined with the fact that there is also no large p~ component as shown in

Figure 79, we can conclude that there are no jets. Most of the hadrons

produced in the photon fragmentation region are produced along the direction

of the virtual photon. One can therefore view the virtual photon as the

only jet in muon nucleon scattering.

Concluding Remarks

As we have learned during the past three decades, electron (and now

muon) scattering experiments have consistently proved to be important

sources of information on the structure of the nucleons. The virtual

photon has been a powerful tool in unraveling the many complexities. We
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used to think that high energy was synon~nous with small distance. We

have recently come to realize that this is not quite true. Even at the

TeV range, the transverse momentum of the final state particles is still

quite small. As we increase energy, the transverse distance to which we

can probe is not as small as we had hoped. In the meantime, we have in­

creased the longitudinal phase space tremendously. This results in high

multiplicities and makes nature most difficult to untangle.

It is becoming apparent that electrons, muons, neutrinos, and virtual

photons all behave very much like the bare particles we have indistinghish­

ably named quarks or partons. They should all serve as the simplified

tools to probe the nucleons. Hadron production in muon-nucleon scattering

adds a new dimension to our study of nucleon structure. The experiment

described in this thesis has only signaled its beginning.
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TABLE 3

NOTATIONS AND FORMS OF THE INVARIANT HADRON

CROSS SECTION f = E d
3

0
d3p

Notation Variabl e Defi nit i on

do p 2 E do
dj)2 .1. n CfPT.1. .1.

do
pcm

Ecm do
xII

= _11-
dX

II pcm npcm dX
IImax max

do [E+ P ] 1 do
dy Y = ~£'n II

n dy
E - PII

do Y - Ytarget 1 do
d~ ~=Y .-Y

n(Y proj - Y ) d~pro) targ tar 9

do
IMS,_q2,M2) do

d (MM) MM
2(MM)d(MM)n

do
t

/~(S,_q2,M2) do
dt n dt

do
dPn
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TABLE 4

KINEMATIC RANGES OF THIS EXPERIMENT
III

Variabl e Range

q2 0.3 to 15.0 (GeV/c}2
v 10.0 to 130.0 GeV
s 20.0 to 260.0 GeV 2

p/ 0.0 to 1. 0 (GeV/ c )2

XII 0.1 to 1.0

<P -TI to TI

y 0.0 to 5.0
MM 1.0 to 15.0 GeV
It-tmi n I 0.0 to 3.0 (GeV/ cF
Pn -0.6 to 0.6 GeV/c

TABLE 5

(q2,V) REGIONS FOR ONE-DIMENSIONAL HADRON DISTRIBUTIONS

Region

I

I I

III

0.3

1.0

3.0

to 1.0 (GeV/c}2

to 10.0 (GeV/c)2

to 15.0 (GeV/c)2

90 to 130 GeV

90 to 130 GeV

10 to 90 GeV
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TABLE 6

FITS OF THE INVARIANT HADRON CROSS SECTION

TO THE FORM e-bp~2

q2 \) b

0.3 - 1.0 (GeV/c)2 90 - 130 GeV 4.3 (GeV/c)-2

1.0 - 10.0 (GeV/c)2 90 - 130 GeV 3.7 (GeV/c) -2

3.0 - 15. 0 (GeV/ c )2 10 - 90 GeV 4.1 (GeV/c) -2



0.3 - 1.0

1.0 -10.0

3.0 - 15.0
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TABLE 7

FITS OF THE INVARIANT HADRON CROSS SECTION

TO THE FORM e-bx lI

\I

90 - 130

90 - 130

10 - 90

b

3.7

3.7

3.8



Fig. 76.--Correspondence between muoproduction and virtual photo­
production.
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Fig. 77.--(a) When there are radiative corrections, the four-momentum
of virtual photon, ql, is determined by the unknown
quantities, E: and E~. Es is the incident muon, and Ep

the scattered muon energy.
(b) Without radiative corrections, the four-momentum of

the virtual photon, q, is uniquely determined by the
momenta of the incident and the scattered muon.

(c) The relationship between q and ql. With the framework
of the peaking approximation, ql remains in the xz scat­
tering plane.
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Fig. 78.--p~2-distribution for pions oroduced in 150 GeV scattering.
The (q2,V) range is 0.3 ~ q2 ~ 1.0 (GeV/c)2 and 90 ~ v ~ 130 GeV.
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Fig. 79.--p~2-distribution for the kinematic region 1 ~ q2 ~ 10 (GeV/c)2

and 90 ~ v ~ 130 GeV.
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Fig. 80.--p~2-distribution for the kinematic region 3 ~ q2 ~ 15 (GeV/c)2
and 90 ~ v ~ 130 GeV.
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Fig. 81.--x 11 -distribution for hadrons produced in the kinematic region

0.3 ~ q2 ~ 1 (GeV/c)2 and 90 ~ v ~ 130 GeV.



C\J
""-
0

!lo-

0.1OJ
c.

b --x:
0 "0

0......- 0......
b

263

71 =90 to 130 GeV

q2 =0.3 to I (GeV/c)2

0.01
o 0.2 0.4 0.6 0.8 1.0

xII

1.2

271788



Fig. 82.--x tl -distribution for hadrons produced in the kinematic region
1 ~ q2 ~ 10 (GeV/c)2 and 90 ~ v ~ 130 GeV.
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Fig. 83.--xn-distribution for hadrons produced in the kinematic region
3 ~ q2 ~ 15 (GeV/c)2 and 10 ~ v ~ 90 GeV.
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Fig. 84.--x ll -distribution of hadrons produced in the reaction,
+ -e + e + hadrons, measured at SPEAR. The straight line is the numerical

fit of the x -distribution for muoproduced hadrons in the deep inelastic
region, 90 ~ v ~ 130 GeV and 1 ~ q2 ~ 10 (GeV/c)2.
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Fig. 85.--Comparison of the xII-distribution of hadrons produced in
inelastic neutrino scattering at Fermilab with the numerical fit to the
x"-distribution for muoproduced hadrons in the kinematic region,
90 ~ v $ 130 GeV and 1 $ q2 ~ 10 (GeV/c)2.
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Fig. 86.--Rapidity distribution of muoproduced hadrons in the kinematic
region, 90 ~ v ~ 130 GeV and 0.3 S q2 S 1.0 (GeV/c)2.
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Fig. 87.--Rapidity distribution of muoproduced hadrons in the kinematic
region, 90 ~ v $ 130 GeV and 1.0 ~ q2 ~ 10.0 (GeV/c)2.
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Fig. 88.--Rapidity distribution of muoproduced hadrons in the kinematic
region, 10 ~ v ~ 90 GeV and 3.0 ~ q2 ~ 15 (GeV/c)2.
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Fig. 89.--Conjectured rapidity distr'ibution for muoproduced hadrons
showing the region of target fragmentation. the central plateau. and photon
fragmentation region.
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Fig. 90.--Missing mass spectra of a single detected pion in virtual
photoproduction for 90 ~ v ~ 130 GeV and 0.3 ~ q2 ~ 1.0 (GeV/c)2.
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Fig. 91.--Missing mass spectra of a single detected pion in virtual
photoproduction for 90 ~ v ~ 130 GeV and 1.0 ~ q2 ~ 10.0 (GeV/c)2.
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Fig. 92.--Missing mass spectra of a single detected pion in virtual
photoproduction for 10 $ v ~ 90 GeV and 3.0 ~ q2 ~ 15.0 (GeV/c)2.
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Fig. 93.--Virtual photoproduction t-distribution for 90 ~ v ~ 130 GeV
and 0.3 ~ q2 ~ 1.0 (GeV/c)2; where t is the four-momentum transfer-squared
between the incident virtual photon and the detected pion, t. is the

ml n

value of t when the detected pion is produced along the direction of the
virtual photon.
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Fig. 94.--The t-distribution for 90 $ v ~ 130 GeV and 1.0 ~ q2 ~ 10.0
(GeV/c)2.
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Fig. 95.--The t-distribution for 10 ~ v ~ 90 GeV and 3.0 ~ q2 ~ 15.0
(GeV/c)2.
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Fig. 96.--The correlation between xII of the detected single hadron
and its missing mass for 90 ~ v ~ 130 GeV and 0.3 ~ q2 ~ 1.0 (GeV/c)2.
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Fig. 97.--Diagram showing p , the component of hadron momentum normal
to the muon scattering plane. n
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Fig. 98.--Pn-distribution of muoproduced pions from deuterium at 150
GeV. Pn is the component of hadron momentum perpendicular to the muon scat­
tering plane. The plot is for data in the deep inelastic region 90 ~ v ~ 130
GeV and 1 ~ q2 ~ 10 (GeV/c)2.
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APPENDIX 1

SHIFT REGISTER READOUT

In this appendix we describe the shift register readout electronics

for the 1m X 1m MWPC's,41 the 2m X 4m wire spark chambers,43 and the asso­

ciated CAMAC wire chamber scanner. 42 Both the multi-wire proportional

chambers and wire spark chambers are read out by means of integrated circuit

shift register cards that plug into connectors mounted on the chambers.

Shift register couplers on each chamber prepare the shift register output

for transmission to the CAMAC scanner, and synchronize the data with the

scanner's clock. These couplers can be daisy-chained, so that a number of

chambers (up to 8096 wires) can be read out by a single CAMAC scanner module.

The data is serially shifted out of the chamber, through the coupler, and

into the scanner at a 5 MHz scan rate. A complete scan cycle takes 1.6 msec.

The scanner module reformats the shift register data and stores it in its

own 64-word buffer memory. After the scan is completed, the contents of

the scanner memory is transferred to the computer through the CAMAC dataway.

The 1m X 1m MWPC Shift Register Readout

A schematic of the readout for the'lm X 1m MWPC's is shown in Figure

99. Because the signals from the anode wires of a multi-wire proportional

chamber are usually of the order of tens of millivolts, it is necessary to

use an amplifier before the discriminator and other stages of readout elec­

tronics. The circuitry for eight channels, or anode wires, is contained on

one plug-in printed circuit board. The amplifier used for each channel had

298
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a rise time of approximately 40 nsec and a gain of typically 2000. The

triggering threshold for the discriminator was set at +1.5 volts, corre­

sponding to 0.8 millivolts at the amplifier input. The output pulse

width of the discriminator was used as the electronics delay to meet the

experiment triggering requirements. The output of the discriminator was

differentiated by an RC network, producing a negative-going spike at the

trailing edge of the output pulse. If this negative-going spike was in

coincidence with the "load" signal generated by the master event trigger,

it set a bit in the shift register. The delay (output pulse width) was set

at 580 nsec and could be adjusted over a range of about 10%.

The latched output of the shift registers was then shifted out by a

train of clock pulses from the CAMAC scanner. It should be mentioned that

the 1m X 1m MWPC's were latched before pulsing the wire spark chambers. To

prevent spurious latching or shifting of the MWPC readout by the electrical

pulsing noise of the spark chambers, both the "load ll and "cl oc kll lines in

the MWPC couplers were blocked for a period of approximately 20 ~sec when

the wire spark chambers were pulsed.

The 2m X 4m Shift Register Readout

The technique used to read out the 2m X 4m wire spark chambers is a

simple one: When the chamber is pulsed, the charge from the spark current

in a wire is stored on a capacitor until the electrical noise associated with

pulsing the chamber has died out; the spark information (stored as charge on

individual wire capacitors) is then parallel loaded into shift registers on

the chamber, and read out by a CAMAC scanner. The basic circuitry for 32

wires is contained on a printed circuit card that plUgs into connectors

mounted on the chamber. Each card contains the input storage capacitors,
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bias resistors, four 8-bit shift register ICls, and a power gating circuit.

The readout connectors are mounted on printed circuit boards built into the

chamber which have the power bus and signal lines for the shift register

cards and etched printed circuit lands for connection to the spark chamber

wires.

A diagram of the shift register card for the 2m X 4m wire spark chambers

is shown in Figure 100. When the chamber is pulsed, the spark current in a

wire charges capacitors Cl and C2. The input filter network, formed by Cl,

Rl and C2, not only stores the spark charge but also protects the input of

the shift register IC by filtering out high frequency transients. The dis­

charge time constant for the storage capacitors, Cl and C2, is set at 80 ~sec

by R2. Since the polarity of the spark current in a wire is opposite for

low-voltage and high-voltage wire planes, a bias voltage is applied to the

input capacitor network: 0 volts on a high-voltage readout plane, and +2.5

volts on a low-voltage readout plane.

The shift registers are powered about 20 ~sec after pulsing the chambers;

a GATE signal from the scanner turns on transistors Q2 and Ql, applying voltage

to the IC's. Under quiescent conditions, the shift registers are not powered;

voltage is only applied during the two millisecond readout time. This mini­

mizes the otherwise tremendous power requirements of the readout, and increases

the reliability of the ICls by lowering their operating temperature. Once

the shift registers are powered, and after a delay of approximately 100 nsec,

produced by R3 and C3, the spark information is loaded into the shift regis­

ters, and read out by a train of clock pulses from the CAMAC scanner.

Because the shift register electronics on the high-voltage wire planes

must float with the high-voltage pulse on the chambers, it is necessary to

isolate them from the ground potential of the chamber coupler and CAMAC
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scanner lines. This was achieved by using a well-insulated transformer

to supply the low-voltage dc power to the shift register cards, and by

coupling the signals from the readout plane to the shift register coupler

through ferrite core transformers.

As a check on the readout, we permanently set three contiguous shift

register bits at the beginning and end of each readout plane. By monitoring

these fiducial bits on-line, we could easily detect the failure of a shift

register card in the readout plane, and quickly replace it. Also, all the

shift register ICls could be tested under computer control by issuing com­

mands to the scanner through the CAMAC system. The first test was to simply

execute a normal scan cycle without pulsing the chambers. One expects to

find only the permanently set fiducial bits. Any other set bits indicated

a faulty shift register card. In the second test, the bias voltage on the

input capacitors is reversed, and the output data line of the shift regis­

ters is complimented. In this mode only shift register bits in the chambers

that fail to set will be read out.

The CAMAC Wire Chamber Scanner

The CAMAC wire chamber scanner is a physically compact module, occu­

pying a single-width slot in a CAMAC crate. Cabling to the wire chambers

is very simple: a single cable containing seven shielded twisted pairs.

This made the data retrieval from arrays of many chambers a straightforward

task. The scanner provides for the complete digital readout of wire chambers

using shift register data output, and can also be used to read out magneto­

strictive delay line chambers. It has its own 64-word by 16-bit buffer

memory and can handle up to 8096 wires. The complete scan cycle takes 1.6

msec. Figure 101 is a block diagram of the scanner. Its function is to



302

serially shift the data out of the chambers, reformat it, and store it for

later transfer to the computer. The format for spark information storage

in the scanner's memory is 13 bits for position (wire address) and 3 bits

for spread. Spread is the number of adjacent wires set.

A scan sequence is initiated by a NIM level signal generated by the

master event trigger. After a delay of 20 ~sec to allow the spark chamber

noise to die out, a IIl oadli signal is sent to gate on the power and load the

shift registers on the wire spark chambers. This delay is utilized to clear

the scanner1s random access memory (RAM) and all internal registers. The

scanner then starts a train of clock pulses to the chamber to shift out

the data. In the chamber coupler, the clock pulses are turned around, syn­

chronized with the data, and sent back to the scanner. This makes the

operation of the scanner completely independent of cable lengths. The clock

and data delay are always the same. When a clock pulse arrives at the

scanner, the data line is sampled 50 nsec after the leading edge of the

clock. If a data bit is present, a spread scaler is started and incremented

for each contiguous data bit. The highest wire address (i.e., the clock

count) of this group of set bits is then stored, along with the spread count,

in the scanner's 64-word by 16-bit RAM. The spread count occupies the three

lowest order bits of a 16-bit word. The wire address occupies the upper

13 bits. If a spark has a spread of more than seven wires, then multiple

wire addresses are stored so that no data is lost. Up to 64 wire addresses

can be stored.

When handling magnetostrictive delay line signals, the scanner's

crystal controlled clock is set to either 20 or 40 MHz, and the magneto­

strictive signal must first be squared and converted to NIM level. The

scanner records the arrival time (clock count) of the magnetostrictive
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signal, and measures the width with its spread circuitry. This allows the

scanner to accurately find the center of the magnetostrictive pulse.

At the completion of a scan cycle, a "l oo k-at-me" signal is generated

to inform the CAMAC system that the module is ready to transfer data to the

computer. The first word read out of the module is the number of wire ad­

dress stored in the memory, along with an overflow bit. By performing this

number of read operations the contents of the scanner memory can be read

out for logging on magnetic tape or on-line analysis.



Fig. 99.--Schematic diagram of the readout electronics for the
1m X 1m MWPC's.
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Fig. lOO.--Schematic diagram of the readout electronics for the
2m X 4m shift-register wire spark chambers.
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Fig. lOl.--Block diagram of the CAMAC wire chamber scanner.
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APPENDIX 2

THE ON-LINE CONTROL SYSTEM

The major elements of the on-line control system for the spectrometer

were a XDS Sigma-3 computer, an experimental control panel, a CAMAC data

acquisition system, and the on-line program. The control system was designed

to provide a great deal of flexibility and a minimum of confusion for the

experimenter. We aimed for the goal that any physicist be able to run the

experiment with almost zero knowledge of details. To keep confusion at a

minimum, there were only four buttons to push and simple dialogues with an

"English speaking ll teletype.

The primary function of the on-line control system was to collect data

for the experiment and record it on magnetic tape. In addition, it served

to monitor the performance of the spectrometer and provided the basic control

for the experiment. The organization is described in the following sections.

The Computer

The XDS Sigma-3 computer had a 64 Kword core memory, word length of

16 bits, and a flexible hardware priority-interrupt system for real-time

multi-task programming. It was equipped with a 750 Kword drum, two 9-track

tape drives, a card reader, a teletype, one line printer, and a Tektronix

611 storage display scope.

The prime merit of the Sigma-3 computer was the hardware priority­

interrupt system. This hardware interrupt structure allowed the on-line

control system to respond to event triggers at the highest priority level,

310
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while performing basic control functions and monitoring the apparatus at

lower priority. The computer was equipped with eight external hardware

interrupt levels. Each of these levels was protected by two program con­

trolled switches called "Arm" and "Enable," as shown in Figure 102. If a

signal triggered a particular interrupt level which was "Armed" and

"Enabled," and no higher priority interrupt level was active, then exe­

cution of any active lower priority task was suspended, and program control

immediately passed to a routine to service this interrupt. At the same

time, the protection switches for this interrupt level were opened (i.e.,

it became "Armed" and "Disabled") to prevent further interrupts at this

level. Upon completion of the interrupt service routine, program control

was returned to the interrupted task, and the protection switches were

placed in an "Armed" and "Enabled" state, ready to receive the next inter­

rupt signal. While the computer was servicing this interrupt level, it

could be interrupted by a higher priority level interrupt. Service of this

interrupt level could only be resumed after the higher priority task was

completed.

Connection of programs to the priority levels was flexible. The

highest priority levels were reserved for event triggers and logging the

data on magnetic tape. The other levels were assigned to tasks which con­

trol and monitor the performance of the apparatus at lower priority as

shown in Figure 102.

The Experimental Control Panel

The most important element in the control system was the experimental

control panel. It consisted of four interlocked push buttons, labeled Begin

Run, Stop, Run, End Run, as shown in Figure 103.
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These four push buttons t which could only be operated in a definite

sequence t provided the main control for the experiment. Contrary to common

practice t the teletype was used only for communication rather than as a con­

trol device. (A great many of those colloquially meaningless action control

characters often lead the physicist to frustration t and add prestige to the

computer as a mysterious black box.) The on-line program was controlled by

a set of toggle sense switches. The basic control functions of the experi­

mental control panel are described below.

Begi n Run

This push button was the first of the 32 sense switches. When activated,

the begin-run sequence was initiated immediately since all interrupt levels

were disarmed at this stage.

1) Clear scalers, hardware control flags, and zero regions of

core memory for data input.

2) Request information on teletype: date and time, tape number,

magnet settings, beam energy, etc; Also record any operator

comments.

3) Execute a programmed hardware check of the spectrometer

electronics.

4) Log pertinent run information on magnetic tape in a special

format record.

Upon completion of the begin-run sequence, the hardware priority levels

were "Armed" and "Enabled" and the experimental control panel was advanced to

the "Stop" position.

This push button was an ordinary switch. Its function was to disrupt
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the event interrupt chain and inhibit the scalers. It served as an inter­

mediate halt device during the experiment.

Run

This push button was also an ordinary switch. It electrically com­

pleted the path leading to the highest priority interrupt level and removed

the scaler inhibit. When this button was pushed, data-taking started

illlTledi atel y.

As illustrated in Figure 103, upon the occurrence of an event trigger,

the highest priority interrupt was activated and the event data was read

into the computer and logged onto magnetic tape. The event interrupt level

and the fast electronics were blocked off by a "Rapid Kill ll toggle that

could only be reset by a programmed signal once the data acquisition and tape

logging for the event was completed. The master event trigger was fanned out

to activate the MWPC's, wire spark chambers, scintillation counter latches,

noise blocking circuits for the MWPC's and scalers, and various CAMAC modules.

The interrupt signal to the computer was delayed approximately 2 msec to

allow all the CAMAC modules, particularly those which scanned the wire

chambers, to get ready to send the data to the computer.

End Run

This push button was the third sense switch. It di srupted the event

interrupt chain and inhibited the scalers. Data-taking stopped and the end­

run sequence of the on-line program was executed.

1) "Disarm" and IIDisable ll all interrupt levels.

2) Print out a summary of the run on the line printer.
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CAMAC Data Acguisition System

The experimental apparatus consisted of wire chambers of various type,

scintillation counters, scalers, DVM, and ADC's, etc. All this equipment,

plus electronics for monitoring the accelerator status, was interfaced to

the Sigma-3 computer through a CAMAC Branch Highway incorporating up to

seven CAMAC crates. Each CAMAC modu1 e had a "fast trigger" input which

initiated module operations such as scanning a wire chamber, or latching a

scintillation counter, etc. Upon completion of its internal cycle, each

CAMAC module generated a "look-at-me" signal to inform the computer that

it was ready to transfer data.

The data from the CAMAC system was read into the Sigma-3 comp~ter

through the 010 (Direct I/O) facility. Each CAMAC module was checked by

the on-line program for an appropriate status (e.g., Q-response or look­

at-me), and the data read into memory. The readout of the CAMAC system

and tape writing took approximately 50 msec per event. The data for each

event was packed into two regions of memory; one region for scintillation

counter latches, scalers, ADC's, etc., and another for wire chamber data.

After writing the event data onto magnetic tape, the on-line program generated

a signal to reset the "Rapid Kill" toggle and remove the interrupt and scaler

i nhi bits.

The On-line Program

The main tasks of the on-line cOlllputer program were data acquisition

and tape logging; these were assigned the two highest priority interrupt

levels. The remainder of the time was devoted to performing a simple anal­

ysis of a fraction of the event triggers recorded. The on-line analysis

consisted of a set of programs (SORT's) and displays to monitor the performance
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No attempt was made to do any physics calculationsof the spectrometer.

on-line.

The on-line analysis program was controlled by the set of thirty-two

sense switches interfaced to the Sigma-3 computer. The status of each bit

of the two words occupied by these 32 sense switches was scanned by a

supervisor routine, SAMPLE, to determine which programs to execute. This

offered the experimental physicist a great deal of flexibility in editing

the analysis program in residence. Figure 104 shows a typical assignment of

the sense switches.

In the on-line sample analysis, the event data was first decoded; the

bit patterns of the counter latches and ADC's were unpacked; and the wire

chamber data was converted into spatial spark coordinates. Control was

then transferred to the SORT analysis routines. Each SORT was controlled

(i.e., it could be turned on or off) by a sense switch. By simply flipping

the sense switches, the experimenter could select what analysis was per­

formed, and display results on a storage display scope, or direct the output

to the line printer.



Fig. l02.--Schematic diagram of the hardware priority interrupt
structure for on-line data acquisition.
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Fig. l03.--Block diagram of the experimental control panel and
on-line control system.
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Fig. l04.--Typical sense switch assignments for control of the
on-line data acquisition program.
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APPENDIX 3

KINEMATICS

This appendix is intended to provide a convenient reference for the

definitions of kinematic variables and fonnu1ae used frequently in the text.

The first sectibn primarily contains variables and formulae used in the dis-

cussion of the muon inclusive cross section and nucleon structure functions.

The second section pertains mainly to the analysis of the final state hadrons.

We use the convention ~ = c = 1. Energy and mass are expre~sed in GeV, momen-

tum in GeV/c.

Muon Kinematics

Vari ab1 es

E = energy of incident muon

P = momentum of incident muon
~

EI = energy of scattered muon

pi = momentum of scattered muon

e = angle of scattered muon

q2 = four-momentum transfer-squared (q2 ~ 0)

V = energy loss of scattered muon

W = total mass of final hadronic system

M = proton (neutron) mass

M = deuteron mass
0

m = muon mass
11

III = electron masse
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x =

m =n

Formulae
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pion mass

w = ~~V(BjOrken scaling variable)

1 (Feynman scaling variable)w

q2 = 2(EE'-pp'cose-m 2)
].l

v = E - E'

Cross Sections and Structure Functions

= (P: 1

)

r (q2,V )la (q 2,v) + £a (q 2,V )] = r (q 2 ,V )a (q2 ,v)
TTL T tota I

K=

( IEI) ....-::-=-.--1
(1-£)

1
£ =---......;;;...----

1 + 2(q2+v2)tan 28/2
q2(1-q~in /q2)2

2 = 2(EE ' -PP '-m 2)qmin
].l

Wi = K--a4n2a, T

W2 = K q2
(aT + aL)4n2a, q2+v2
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WI _ 2
W2 - (l + ~2)/(l + R)

Hadron Kinematics

Eh = energy of hadron (lab)

Ph = momentum of hadron (lab)

PII = hadron momentum parallel to direction of virtual photon

p = hadron momentum perpendicular to direction of virtual photon
l.

p = hadron momentum normal to the scattering plane of the incoming and
n

and outgoing muon

t = four-momentum transfer-squared between virtual photon and single

detected hadron in virtual photoproduction

MM = missing mass of single detected hadron in virtual photoproduction

y = longitudinal rapidity of hadron

S = W2 = 2Mv + M2 _ q2

t = _q2 + m 2 2E hv + 2p /q2 + v2
'IT II

t min = _q2 + m 2 2E hv + 2Ph/q2 + v2
'IT

MM 2 = W2 + m 2 - 2E h(v+M) + 2p Iq2 + v2
'IT «

em 16(W2,m~2,(M+ffirr)2
Prra x = 2W

6(x,y,z) = x2 + y2 + Z2 - 2xy - 2yz - 2zx
em

XII =
Pl\
em

Prra x

Xl.
Pl.

---em
Pmax

y = '>In [Eh + PI!]
Eh PII



APPENDIX 4

ELECTROMAGNETIC FORM FACTORS OF THE DEUTERON

The deuteron is the simplest bound state of the nucleus. As such, the

understanding of its structure and internal dynamics is of fundamental impor­

tance. The deuteron has played a significant role in our study of the strong

interactions, and as a weakly bound neutron target has been the primary

source of information on the electromagnetic structure of the neutron.

The best measurements of the neutron's electromagnetic form factors

have come from the scattering of electrons from deuterons. The analysis of

these experiments, however, is considerably complicated by problems related

to the deuteron's electromagnetic structure. In order to extract information

about the neutron, we must take into account the effects due to the Fermi

motion within the nucleus, and be able to subtract the contributions of the

proton. For this experiment we must also be able to calculate the radiative

corrections from elastic and quasi-elastic deuteron scattering. Both these

problems require a detailed knowledge of the electromagnetic structure of

the deuteron. Unfortunately, the deuteron wave function is largely unknown

at distances smaller than about 0.5 fermi, and we must resort to the use of

a phenomenological model to calculate the electromagnetic form factors of the

deuteron. Many suggested forms for the deuteron wave function are found in

the literature. 8S We have investigated three, which are discussed in the

following section.
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Deuteron Wave Function

It is well known that the deuteron wave function is primarily an 3$1

wave with a small admixture (-6%) of 30
1

:
86

(A4.1)

where ~:~SL (8,4» are the orthonormal eigenfunctions of total angular momen­

tum J, total spin $, and orbital angular momentum L. The functions u(r) and

w(r) are the radial parts of the $ and 0 components of the wave function.

The eigenfunctions (J}JM (8,4» can also be written as a Clebsh-Gordon decom-
UJSL

position into eigenfunctions of orbital angular momentum and intrinsic spin:

~ (8,4» =,",,<L,S,M-Ms,MsIJ,M>y~-Ms(8,4»XMs
JSL ~ 5

Ms

(A4.2)

We have studied the deuteron problem using three different phenomeno-

logical wave functions. These non-relative wave functions are solutions of

the Schrodinger equation for the two-nucleon problem using various proposed

nucleon interaction potentials. The major difference between the models is

in the way they treat the nucleon potential at small distances. The Reid

Hard Core mode1 8
? incorporates an infinitely repulsive core which produces a

sharp cutoff in the wave function at approximately 0.5 fm, and introduces

rapid oscillations of the wave function in momentum space. The Reid Soft

Core mode1 8
? is similar to the Reid Hard Core except that the wave function

continues smoothly to the origin. The Hulthen mode1 88 is another soft core

model which is convenient for calculations since the wave functions have a

simple analytic form. The Reid Soft Core wave function was used to calculate
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The deuteron form factors since it agrees well with recent elastic eO scat­

tering data. 89 The existing data cannot distinguish between models with

hard and soft cores. Figure 105a shows the two radial wave functions, u(r)

and w(r), for the Reid Soft Core model. Figure 105b illustrates the dif-

ferences between the Hulthen and the two Reid wave functions at small

distances.

In momentum space, the deuteron wave function is given by

(A4.3 )

Using the expansion

it can be written as

1lJM (p) = u(p)UJj'M ( 8 ,<p) + w(P)UJj' M ( 8 , <P )
Ull0 Ul12

where

u(p) =_l_J u(r) j (pr)r 2 dr
I2n r 0

(A4. 4)

(A4.5)

The functions u(p) and w(p) are the Sand D radial components in momentum

space. These are shown in Figure 106a for the Reid Soft Core model.

Averaging over the initial deuteron polarization and doing the angular

integration, the probability for finding a nucleon with momentum p is given

by:
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If(p)1 2 = lu(p)1 2 + Iw(p)1 2

Figure l06b shows f(p) calculated for the three wave functions studied.

Deuteron Elastic Form Factors

The elastic eO cross section can be written as

where
n = q214M 2

D D'

GE(q2), GQ(q2), and GM(q2) are the charge, quadrupole, and magnetic form fac-

tors of the deuteron, respectively. These were calculated in the impulse

approximation according to the method of Griffy and Schiff: 90

and

G
E

(q2) = G
E

s
(q2)(1 + nD)-lfoo(u2+w2)jo(lqlr/2)dr

o
(A4.7)

(A4.8)

(A4.9)

where

(A4.10)
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The "dipole" fonn factors were used for the proton and neutron:

(A4.11 )

Figure 107 shows the deuteron form factors, GE , Go' and GM, calculated for the

Reid Soft Core wave function. Figure 108 is a plot of the integrals used in

their definition.



Fig. l05.--Three phenomenological wave functions for the deuteron.
(a) The two radial components, u(r) and w(r), for the Reid Soft Core
model. (b) Comparison of the different wave functions at small dis­
tances.
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Fig. l06.--Deuteron wave functions in momentum space. (a) The two
radial components, u(p) and w(p), for the Reid Soft Core model. (b) f(p)
for the Reid Soft Core, Reid Hard Core, and Hulthen wave functions.
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Fig. l07.--The electromagnetic form factors of the deuteron, cal­
culated using the Reid Soft Core model. G

E
(q2), G

Q
(q2), and G

M
(q2) are

the charge, quadrupole, and magnetic form factors of the deuteron,
respectively.
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Fig. l08.--Integrals used to calculate the deuteron electromagnetic
form factors in the impulse approximation of Griffy and Schiff. gO The
Reid Soft Core wave function was used in the calculation.
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APPENDIX 5

RADIATIVE CORRECTIONS

This appendix contains a discussion of the procedures used to evaluate

the ratio 0R(q2,V), defined as

Theory
0R(q2,V) = _0 _

Expe r irne nt a I
o

(AS.I)

in applying the radiative corrections to the muon inclusive cross section. As

outlined in Chapter IV, the radiative corrections were calculated according to

the method of Mo and Tsai. 50 The following discussion is divided into four

sections: (1) the elastic radiative tail from elastic ~p scattering, (2) the

deuteron elastic radiative tail, (3) the radiative tail from quasi-elastic

deuteron scattering, and (4) the radiative corrections to the inelastic muon

cross section.

Proton Elastic Radiative Tail

The formulation needed for calculating the radiative tail due to the

elastic peak in the deep inelastic region is given by:

(AS.2)
dS"2dE

p
dS"2dE

p

do (E, E ,T) do (E , E ,T) do (E , E ,T)
_t_+_r_s_....:..p__ = _r__s ---,-P__ + r 5 p

dS"2dE
p

where the first term on the right-hand side is due to muon straggling in the

target, and the second term is due to the internal bremsstrahlung. T is the

thickness of the target in radiation lengths. For the elastic scattering of
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muons, the effect of straggling in the target can be neglected since the

muon bremsstrahlung in the target is reduced by a factor of (m /m )2e v
-1/40,000 as compared with that of electrons.

The expression for the radiative tail from the elastic peak is given

by

where

(A5.3)

+ G(Q')(m'(2m'+Q'){[1/(Pk)']+ [l/(Sk)']l + 4

+ 4(t~(lt~k~m') + (2PS+2m'-Q')[(Pk)-1_(Sk)-']) ,

and

s = (Es ;5) four-momentum of the incident muon,

p = (E
p
,I)) four-momentum of the outgoing muon,

Pi = (M ,0) four-momentum of the target particle,
-+

k = (w.k) four-momentum of the real photon emitted,

Pf s + Pi P - k four-momentum of the final hadronic system,

u = (uo.u) - s + Pi P = Pf + k,

- p sin8p
\) =-----------------
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- Is Isinos
Vi =------ _

w Epls IsinOs-E s IplsinOp+ls IlplsinOcosOk

a = w(Ep-lplcosopcoso k),

b = -wlplsinOpsinO k,

a l = w(Es-!slsinOscoso k),

b' = -wlslsinOssinO k,

Ok = angle between k and u,

Op = angle between p and u,

Os = angle between sand u,

and w is the photon energy equal to ~(u2-M2)/(uo-lulcOSOk).

The two form factors for the proton, F(q2) and G(q2), are defined as:

(A5.4)

where

The "dipole" form factors were used:

The integrated result is given as the following:

(A5.5)

dndp

d(cOS8k)
(AS.6)
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Figure 109 shows the calculated radiative tail for elastic ~p scattering with

150 GeV muons.

Deuteron Elastic Radiative Tail

The calculation of the radiative tail from elastic deuteron scattering

is identical to the proton case, except that the elastic form factors of the

deuteron must be used in evaluating F(q2) and G(q2):

and

where
n = q2/4M 2

D D

(A5.7)
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The three form factors G D(q2), G D(q2), and G D(q2) are the electric,
E M Q

magnetic, and quadrupole form factors for the deuteron, respectively. These

form factors were calculated using a method by Griffy and Schiff,90 with a

phenomenological wave function for the deuteron by Reid. 87 This calculation

was described in Appendix 4.

Figure 110 shows the calculated lJD radiative tail for 150 GeV incident

muons.

Deuteron Quasi-elastic Radiative Tail

In calculating the radiative tail from the quasi-elastic peak, we

simply added together the elastic radiative tails from the proton and

neutron. The quasi-elastic cross section may be written to good approxi­

mation as the sum of the proton and neutron cross sections. 91 The form

factors used for the neutron are given by

(AS.8)
-1. 91

= "7C(l::--+~q':"":2"';:;/-=-0--=.7=1.......)2

One can also do this calculation in a slightly more sophisticated manner,

but numerically there is very little difference. 92

Inelastic Radiative Corrections

The radiative inelastic cross section can be written as:

d2 a (E ,E )
___s _p_ = __ (E

s
,Ep)expor

d~dEp d~dEp

(AS.9)



343

d2 awhere d~dE is the non-radiative cross section, and
P

x = E'/Es s s x = E lE'
P P P

t = (a/TI){~(1 + x 2)£n[2(sp)/m2]-x }
s,P s,P s,p

f = bts r f = bt
P r

(AS.I0)

E (E) = (m 2+2M m +2M E )/[2M -2E (1 COS8)]
s mi n p TI p TI p p p p

E (E) = (2M E -2M m -m 2)/[2M +2E (1 - COS8)]
Pma x s P s P TI TI P s

The function 0 is given by:
r

with the Spence function 93 defined as:

J
x -£n 1l - yl

~(x) = dy
o y

(A5.12)



Fig. 109.--The calculated radiative tail for elastic ~p scattering
with 150 GeV incident muons.



2 2 P
(picobarns) Values x 10°q (Gev Ic) aelastic tail

4·8 5·0 1 1 1 2 3 6
4·6 4·8 1 1 1 1 2 3 7

4·4 4·6 1 1 1 2 2 4 7
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4·0 4·2 1 1 1 1 2 3 4 9
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Fig. 110.--The calculated radiative tail for elastic ~D scattering
with 150 GeV incident muons.
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