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ABSTRACT

Measurements have been made of the inclusive scattering of 96, 147, and
219 GeV wmuons frow hydrogen, and of 147 GeV muons from deuterium. Results
are presented for the nucleon structure function Fz(x, Qz) (Evuz(x, Qz))
10 < v < 200 GeV and 0.2 < Q2 < 80 Cevz. The value of Fz rises with Qz at
small x, and falls with Q2 at large x in agreement with the ideas of QCD. An
average value of the ratio aL/uT = R=0.52 % 0.35 has been obtained for the
region 0.003 < x < 0.10 and 0.4 < Q2 < 3b Gevz. The values of F2 from this
experinent have been combined with those from other charged lepton scattering
experinments to derive moments of the structure functions. The variation with

Q2 of these woments is used to derive values for A taking into account cor-

rections up to 2nd order in ag- The fit to the data is very good.
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I. [Introduction

The inelastic scatterin§ of leptons by nucleons 1s an important probe
of the structure of hadronic matter. In particular thé scattering of the
charged leptons, muons or electrons, probes the electric and magnetic
structure of the hadrons. This technique has some important properties. The
first is that the electron or muon can be treated as a structureless poini
charge which interacts in a known way only with the electric charge and cur-
rent distribution in the target nucleon. No experiment to date has detected
any behavior of these leptons which is not adequately described by treating

1,2 Compared to hadron-hadron interactions,

them as point Dirac particles.
which may have to be described by considering the convolution of two complex
structures, charged ltepton scattering can be interpreted unambfguously in
terms of the electromagnetic structure of the hadronic target. In addition,
since the electromagnetic coupling constant is small, only the lowest order
processes need to be considered when relating measured cross-sections to the
hadronic structure. A second attractive feature of charged lepton scattering
is that the momentum of both initial and final lepton can be measured. Con-
sequently, v, the laboratory energy transfer, and Q? where -02 is the Square
of the mass of the virtual photon exchanged, can be varied independently sub-
ject only to the condition QZ < 2Mv. (See Figure 1 and Table I for defini-
tions of kinematic variables.) Unlike the situation in photoproduction pro-’
cesses._uhikh are constrained to have 02 = 0, muon and electron scattering
21low an investigation over a range of values of Qz limited only by the inci-

dent energy and by the apparatus acceptance and luminosity.

This paper s concerned with muon scattering by nucleons. Muon scattering



bas an sdvantage over electron scattering in that the radiative corrections
that must be applied are considersbly less, and the essociated uncertainties
are therefore saeller.

The first series of deep inelastic scﬁtterins experiments was performed
at the Stanford Linear Accelerator Center using electrons, starting in 1967,
and shoved that the inelastic cross sections wﬁre large and decreased srproxi-
mately as JJQh. 3 This is the behavior expected for scattering from a point
charge. This is in contrast to the cross-section for elastic scattering
{Q2 = 24y) which decreased as 1/Q12 (made up fram 1/Q" for the photon propa-
gator and 'I/C!8 from the équére of the form factor). ‘

This result meant that the nucleon structure functioms, which play the
game role in inelastic scattering as do the squares of the .form factors in
elastic scattering, were varying much more slowly with increasing Q2 than were
the elastic form factors. These structure fnnctionslw2 and Ui are related to

the inelastic differential cross section for charged lepton scatitering through

the formula
2 2
do 2%a . 2 2 2
— - (2 EE' - AW +(Q - 2m) W
pre i Q?/2)w,+ Q" - 2m) W] )

The early results obtained from electron deep ipelastic scattering showed
that, to & precision of about 20%, the structure functions F2 (_=_uW2) and Fl
(Eml) vere not Tunctions of Q2 and y separately, but only of their ratic
aqw'q2 (= = 1/x). This so-called scaling behavior sét' in.vhen Q2 > 2 Geve.
Thus, at fixed W, the scattering cross section falls approximately as l/Qh as
L, 5

Qz increases. This property of scaling had been anticipeted by ?:orken,

vho suggested that this should be the asymptotic behavior for large Qz;



02>> all masses. It was a surprise that it held for such low values of 02
(-2 Gevz)- Later results extended the earlier measdrements out to 02 =5 Gev2
and v = 15 GeV and found that in certain regions scaling in the variable w
was violated but that it was restored by changing to a variable w' = w + szqz.
Readers are referred to review articles and references contained therein.6

The 'IIQ4 dependence of the cross section suggested that the muon was
scattering from point-Tike objects within the proton. Feynman? called these
point-Tike objects "partons" and derived a simple parton model of the nucleon;
he used the iﬁpu]se approximation in the infinite momentum frame and thereby
justified the appearance of the parton's point-1ike nature in the proton
structure functions. The identification of the charoced partons with quarks (the
quark-parton model) led to several predictions in agreement with experiment.

The simple quark-parton medel, while attractive, cannot be put on é field-
theoretic basis. Subsequent thecretical ideas used the operator producttons

8,9

expansion * ° and the renormalization group to connect the scaling prediction

with the leading terms in renormalizable field theories. In the non-Abelian

ciass of gauge field theories, the effective coupling constant vanishes at

10, 11 a

large momentum transfer and the quarks become asymptoticalily free nd

thereby justify the use of the impulse approximation.7 A color quantum number
has been added to the quarks and the theory has developed into “Quantum Chromo-

dynamics” or QCD.'2

By analogy with quantum e1ectrodynam§cs (QED), QLD can

be viewed as the quark parton model with the inclusion of gluon exchange and
gluon radiation, just as QED is the simple Dirac model with the addition of
photon exchange and photon radiation. QCD can predict, from first principles,
the pattern of scale breaking observed in deep inelastic eleci=rn and muon

13

scattering. The form of scale breaking observed cain then be used as input



to more phenomenological quark-gluon models, or in fits to other data, to
provide accounts of several processes, including the Drell-Yan process in

direct muon pair production in proton-proton col1isions.14’]5 high P hadron-

hadron scattering,16 and neutrino and anti-neutrino inelastic scattering.”’18

The construction of the Fermilab accelerator made available useful muon
beams of energies up to 275 GeV; this allowed measurements of the structure

functions at values of Q2 and v greater than those previously accessible.

Preliminary results have been published for scattering from an iron target,‘g‘ 20

21, 22, 23 This paper reports in detail the

and from hydrogen and deuterium.
results of the latter experiments done at muon beam energies of 96, 147 and
219 GeV. Table II shows the statistics of incident muons and the number of
events at each energy. In discussing the data, the assumption is made that

1,2

muon-electron universality holds, and that the only process involved is

single photon exchange (Fig. 1).
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I1. Kinematic Quantities

There is a standard equivalent expression for the cross-section which
emphasizes the connection between real photoproduction (Q2 = 0) and wuon (or
electron) scattering as virtual photoproduction (Q2 > 0). Defining 9r and O,
as the total cross-sections for transverse and longitudinal virtual photons,
then (Table I)

dzc

szd v

-« T (cT*eaL) 2)

It is convenient to define

3)

- + .
o = g, + e
The ratio R = aL/aI is of special interest. In a parton model vhere all
the partons have zero momentum transverse to the ptoton's‘direction. R reflects

the parton spin (for spin 0, R = =; for spin 1/2, R = 0); in a less constrained

model, the value of R reflects the average transverse momentum of the partoms.

R = 4 <p>/q°

In QCD, <p§> contains two parts added in quadrature: the first erises
from the transverse recoil of the quark arising from gluon bremsstrahlung and
may be estimated from pertubative QCD calculations.2' It is spproximately
{1 - x)Q?/[B 1n(Q2/1 Geva)]. The second part arises from confinement of the
quark (and the uncertainty principle) for which there is presently no generally
accepted calculation. For this second part experiment suggests <p§> - 0.3 Gefz.
The value of R is obtained by measuring the differential cross section at the
sane Q2 and v but et different incident bean energiés thus changing the virtual
photon polarization ¢. (The procedure is identical to that used in separating
Gy and G, in elastic scatttering.) This measurement is @ifficult since the

cross sections depend only weakly on the value of R. The cross section can nov

be revritten in terms of R:



. 2 2
e _ame? 1 FH@W @
2

szdv Q& P v

2 - 25+ v
C2EE' - @°/2) + 3 (4)
1 + R(Q“,V)

wvbere the connection between the structure functions and °p and 9 is given by
2

. ‘
F. = v, = —2 (o, + a ) {5)
2 2 2 Qz ey T L
IMF.
F, = 2MM_ = g (6)
1 17,2, 1

(-



I17. Apparatus

The apparatus can be divided for the purpose of description into ten
separate sections. They are:

1. the muon beam and tagging system

2. the target

3. the upstream multiwire proportional chambers

4. the spectrometer magnet

5. the downstream spark chambers

6. the trigger and timing scintillation counter hodoscopes, G and H

7. the photon and neutral hadron detectors

8. the hadron absorber

9. the muon counter hodoscopes, M, M', N, and K

10. the muon spark chambers

These are described in the above order. A right handed coordinate
iysten is used with the z axis lying along the nominal beam direction, the
y axls pointing vertically and the x axis pointing to the left of the beam.
The otigin is at the center of the spectrometer magnet. The dimensions of
items are given in the order x, y, z.

I11.1 The muon beam and tapgging system

A muon beam was produced by the decay in flight of plons and kaons
preduced in high energy proton-nucleon collisions. Fig. 2 shows a schematic
layout of the Fermilab muon beam. This beam was designed as an adjunct of
a neutrino beam in order to allow both neutrino and muon experiments to share

the same parent pions and to take data simultanecusly. The result was

a design which had a limited momentum acceptance of +2.5%, a limited acceptance
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for decay muons, and consequently a limited intensity.

A 300 GeV (or 400 GeV) ex:.racted proton beam from the Fermilab accelerator
impinged on a 30 cm aluminum target (Fig. 2a). The secondaries produced in the
resulting interactjions werc strongly focussed by a triplet of quadrupole
magnets Ql into a 400 ueter evacuated decay pipe. The beam-1line had four
bending stations D1-DA, vitha total bend at each station of 27 mr. Station Di
consisted of & dipole magnets of aperture 10 cm x 10 em; stations D2 and D3
consisted of 3 dipole magnets each with apertures of 10 em x 5 cm; station D4
consisted of 3 dipole magnets with aperture of 10 cm x 10 cm. These bends
served to momentum select the muons and to separate the mon beam line from
the peutrino beam line. The béam coming out of the 400 meter decay pipe was
bent at D1, refocussed by qanrupole doublets Q2 and Q3 and bent again at D2.
The gap in the dipole magnets at D3 contained approximately 23 meters of high
density polyethylene. This absorbed the had?ons that had not decayed
so that the beam emerging from D3 was a highly pure muon beam. The estimate
of the residual hadron contamination of this beam is described below, The
beam was further refocnssed.at Q4 and bent at D4 into the Muon Laboratory.

The bending station at D4 was also used for momentum tagging the wmuon beam,
while the quadrupoles Q4 focussed the beam onto the experimental target in
the laboratory.

Since muons have great penetrating poﬁer, there was some probabiliity
that muons bent or multiple scattered out of the beam line would enter the
Muon Laboratory. These were the so-called halo muons. The beam line was
designed with four bending stations to try to ;inimize the halo muon rate.
Dipoles D1 selected the desired momentum of the muon beam, while those at

D2 acted as 3 momentum slit and bent the momentum selected wuons away from
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the halo muons of all other momenta. Very few of the unwanted muons from
this point reached the Muon Laboratory.

The muon beam was then focussed onto the polyethelene hadron filter
placed in bending station D3. Muons leaving the beam line because of multiple
scattering in the filter were the prime source of halo muons observed in the
Muon Laboratory. The bend at D3 reduced this effect. The halo due to
multiple scatters in the filter could have been reduced by shortening the
length of the filter, but its length was dictated by the desire to keep the
pion contamination to a minimum.

In the laboratory, the number of helc muons vas ©of the same order as
those in the beam. The beam was measured in an aperture with & diaceter of
12 em, while the halo was measured in an area m x 2m. The final definition of he
beam was achieved electronically, to the point where the effects of the halo
wvere quite manageable. )

The most forward muons from the decays of high energy plons and kaons
take almost all the parent emergy so that maximum yield is obtained if all
parts of the bean line are set to the same momentut (apart from an allowance
for the energy loss in the absorber). This process of selecting forward
decays produces muons with helicity *1 depending on the electric charge. The
" beam-line selected positive muons since this gives a more intense beam. The
sign of the charge 1s irrelevant to the scattering process if the one photon-
exchange assumptionris correct. The helicity dces not affect the inclusive
seasurement, as the target was unpolarized.

A pion in the muon beam could fake a muon scatter if it interacted
in the target and one of the interaction secondaries decayed in flight

before the hadron absorber (see Section III.8}. Calculations predicted a
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trigger rate of 1072 per incident pion. To reduce the incidence of such fake
events 10 less then one per thousand muon scatters required a pion contami-
pation of less then 10--r per Incident muon. To test that this rate was attained,
the fraction of the beam which failed to penetrate the 2.1 m of steel hadron
absorber vas measured as a function of the thicikness of the polyethylene_sbsorber
ip DP3. This fraction contains two elements: a] pions {n the beam end b} posi-
trons from muon decey occuripg after the D3 absorber. Positrons account for
almost all this fractior at thickrness 23 m, so that a correction cen be mede

to fractions at less thickness where the pion effect is apprecimble. Fig. 3
shows this pion. tfraction as a function of thickness. The attenuatior length

is 111 * 6 cms. Extrgpolating to 23 m from the ohserved pion fraction at 12

and 15 m gives a real beem plon fractiom of 10'7. This gives the required 1

3 muon interactions aversged over all the accepted kine-

" matics. In certein regions of Q2 and v the conteminstion eould resach 10-2.

pion interaction to 10

This wvas ignored.

The trajectory of each incident muon wvas measured at four points:
one just after Qi, the second 70 m dowvnstream, Just before (4, one Just after
D%, and the last 31 m further downstream about 3 m before the target (Fig. L).
The x coordinates were measured st all points but the y coordinates were only
measured after Di. The measurement was made with multiwire proportional
chambers (MWPC, Fig. U4), combined with light-element scintillation counter hodo-
scopea (BH1-6, Fig. 4), which covered the active area of the MWPC. The angle
©f bend in DL was determined to a precision of 0.03 mr giving & 0.1% error in
womentun at 150GeV. The aystem also gave the transverse position of the. mucn

at the target to a precision of 1/2 mm.

For the purpose of triggering, muons in the beam vere defined by &

telescope of scintillaticn counters T1, TiA, T2, T3 centered on the beam line
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(Fig. &) and by veto counters v, and VJ which eliminated from the defined besm
any muons scattering from the Dk magnet pole tips. In the 219 GeV running the
beamn ‘telescope of T counters was discarded and the signals from the beam counter
hodoscopes were used in an appropriate colmeidence.

Typical plots of the phase space of the incident beam are shown in
Figs. 5 (a-4).

11.2 The tarzet

The terget flask was 18 cn diameter and 120 cm long. It could be filled
with liquid hyd.t:cgen or deuterium (see¢ Fig. 6); this represented 8.5 g/cm2 of
K, or 20.3 g/cm2 of D, to be compared with 0.63 g/cm2 of flask ma.teria.‘!..' The
upstream vacuum jacket window was sufficiently far from the flask to allow
separation of events in vhich the muon scetiered from the vindow material from

events vhere the muon scattered in the flask or its conteni:s.

IXI.3 The upstreem multivire proportional chamhers

Immediately devmstream of the target snd tefore the spectrometer magnet
{bence 'upstreem' relative to the magnet center) was & set of eight
1x1 ne multivire proportional chambers. These chambers vere arranged with

alternate vertical and horizontal wire planes, giving four x and four ¥y coordi-

nates on the trajectory. The wire spacing in the proportional chambers was 1.5

mn giving a resolution {(r.m.s.) of 0.5 mm. The latch gate width was set at 100

nsec. These chambers were used to measure the tracks of charged particles emerging
from the muon interaction, and to determine the position of the event vertex.
IIT.k The spectrometer magnet

The spectraneter magnet was the rebujlt magnet of the University of
Chicego L60 MeV synchrocyclotron (CCM in Pig. 6). The main change vas an in-
crease in the gap to 129 cm. The pole tip radius was 216 cm. The field reached

1.5 Tesla at an excitation current of S000 A. At this current, the /B4l wes
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7.5 Tn corresponding to & transverse momentun kick of 2.25 GeV. The magnet
polarity was set to bend positive particles in the regative x direction.

The field wes measureé in detail using three orthogonel Hall probes.
The magnet volume was very large and extensive measurements were only made in
the useful regions of the magnet and at 2 central field of 1.5 T. Less
extensive measurements vere made éllower excitations. The measurements had
s precision of better than 10 gauss; the central value of the field is thus
known to 0.1%. The field was found to have a high degree of symmetry {better
than 1% both cylindrical and for reflections in the median plane ). This cir-
cunstance sllowed a simple model of the magnet to be. used in track
reconstruction and momentum determination.

III.5 The downstream spark chambers

Downstream of the magnet were four groups of spark chambers (F-i.g. 6}).
e first three were b x 2 m2 shift-registerzs read-out chambers, the last group was
a set of 6 x 2 mz magnetostrictive read-out chambers. All chambers were placed per-
pendicular to the z axis and had wire spacing of 1.25 mm leading to a resolution of 0.3
to 0.5 m in the read-out direction. The wires were arranged either verti-
cally (x) or et an argle of :ta.n-l(lla)to the vertical {u,v). Each of the
first three groups vere arranged as (uxxv). The last group was arranged (wmxvuxv)

meking a total of twenty planes.

‘'he shift-register readout chambers were sensitive in the region around
the beam, where there were many "stale" tracks, but the magnetostrictive
chazbers had a region of 20 cms diemeter which was deadeced by a plastic sheet

in the gap.
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This system provided the information required to determine the direction
of charged particles vhich bad pessed through the megnet and had momentum
greater than T GeV. The directional resolution attained was 0.3 mr.

The arrangement of the last group of chambers provided a convenient set
of track coordinates on which to start track reconstruction, for two reasons.
Firstly, the tracks were well separated and most easily distinguished at these
planes, and secondly, their campactress in the z-direction allowved fast com-
puter algoritims for track finding in projected roads within the chambers.

III.6 The trigeser and timing scintillation hodoscopes, G and H

Immediately downstresz of the 6 x 2 n° magnetostrictive spark chambers
were tvo large scintillation counter hedoscopes, G and H. The sizes and
disposition of their elements is shown in Fig. 7. The H hodoscope had twenty-
four vertical elements, overlapping by 1 em, and covering an area of L x 2 nZ.
The hodoscope was deadened in the beax region by replacing the scintillator
by perspex in the central 30 em of the cectral twvo elements. The G hodoscope
covered an area 6 x 2 m® with eighteen horizontal, slightly overlepping elements.
One of the central G counters was méved cutvards to leave a gap for the deflected
beam. 'Two extra counters not shown in Fig. 7 covered this beam region. This
arrangement was used at 96 and 1L7 GeV. At 219 GeV the arrangement wes changed
slightly: the H hodoscope wes made wider by the addition of exira counters at
either end and near the center, The hole in G had to be moved to
accomodate the higher energy beam.

These bodoscopes played two roles. First they were part of the trigger
system described in Section IV. Second, their time resolution was 30 ns, which
alloved time as well as space masking of the tracks found In the downstream
chambers. This masking vas an essential part of the definition of event-associated

tracks.
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11I.7 The photon and neutral hadron detectors

Behind the G and H hodoscopes there were two systems of detectors.

The first consisted of 3 radiation lengths of steel followed by a set
{uvuxuxuv) of magnetostrictive spark chambers, U x 2 .~ (Fig. 6). Electrons
or photors striking the steel wall bad a good chance of starting an electro-
magnetic shover vhich shoved in the spark chambers as a very large Vnumber
of sparks. In fact the system was not used to detect photons but was used
to help identify electrons in an investigation of the effects of the background
of p-e scattering st very low Qe.

The second consisted of a 40 cm thick lead wall followed by a set of
kx? n2 pegnetostrictive chambers (xvuxxv)(Fig. 6). This thickness of lesad
provided almost complete absorption of electromagnetic showers but was of the
required thickness to start nu.cleon cascades. This canbination wvas designed to
make possible the detection of peutral long-lived hadrons and check on the
hadron versus muon separation in the rest of the equipment. However, the high
density of stray sparks made it Impossible to use it as a detector. It was,
hovever, used in cmb;.nation vith the "photon" detector deseribed above to
help identify electrons and was elsc used to Identify triggers caused by besm
positrons in rendem coineidence with halo muons.

III.8 The hadron absorber

Muons were identifled by their ability to penetrate
s steel wall 250 cm thick (Fig. 6). This represents
15 hadronic interaction lengths: this did not completely eliminate the
effects of the most energetic badrons. Howvever, effects due to

nis-identification of hadrons as muons are insignificant (<1%).
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I11.9 The muon counter hodoscopes, M and M', and the beam veto system

The M and M' hodoscopes had respectively horizontal and vertical elements;
theif layout is shown in Fig. 8. The central elements oﬁ the negative side were
swaller vertically than the other counters because they covered the region where
the majority of scattered muons appeared. All the central elements were mounted
on a trolley wvhich permitted movement in the x direction so that the beam hole
position could be adjusted. The width of this hole was also adjustable, as were
the heights between the elements of M'. These hodoscopes were used as a part of
the trigger system; in the analysis they provided time and space masking of the
mucon spark chambers.

The N hodoscope was an arrangement of 13 counters (each 66 x 7.5 x 2 cm3)
arranged as shown in Fig. 8. This hodoscope was designed to fill the gap in
the M hodoscope and was used as a beam veto counter for part of the 147 GeV
running. To improve the acceptance at low v and moderate Qz, it was replaced
in its veto action by 3 totally overlapping counters, each 30 x 23 x O.Gcm3 called
collectively the K counters. In this mode the middle W counters were only latched
vhile the outer omes not overlapping K could be added conceptually and operation-
ally to the M. This allowed the muon acceptance to be pushed vertically nearer
to the beam. A reference to M includes these particular counters of N. This
arrangement was used for the 96 and 147 GeV runs of 1975.

At 219 GeV, the three counters of the K were replaced by a hodoscope, con=
sisting of eleven scintillation counters 30 x § x 2.5cm3 arranged with 507 over-
laps, and an additional counter which covered the area between the hodoscope and

the active area of the M. We shall refer to both veto arrangements as K.
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II1.10 The muon spark chambers

Behind the muon hodoscopes was placed a set of eight, 4 x 2 mzmmgneto-
strictive spark chambers (uxxvuvux). The chambers and hodoscopes were dis-
placed o the negative x direction (the direction in which the spectrometer

magnet bent the scattered muons) in order tec maximize the acceptance.
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Iv. The Trigger and Data Logging

The experimental trigger required that three conditions be simultaneously
fulfilled. These were:

1. The observation of an incident beam particle within the bDeam accept.
ance. This condition wms satisfied by signals frem the beam telescope incoincidence (B).

2. The observati-on of a scattered muon in the acceprance of the apparatus.
This condition was satisfied bf a coincidence of signals from the dowmstream
hodoscopes, G, H, M, M',

3. The observation that the Incident muon had left the beam before it
arrived at the back of the apparatus. This condition was satisfied by the
absence of a signal from the beam veto K.

All three conditions were necessary to achieve an acceptable trigger
rate. The beam contained posjitrons which satisfied (1) and {2) at the rate of
sbout 2 x 10-1‘ per incident muon. The bean halo could satisfy (3) by accidental
coipcidence with & beam particle at a rate of about 3 to 5 x 1072 per incident
muon. The inclusion of G and H in (2) prevented beem muons whiech scattered in the
hadron absorber mpd struck M or M' rather than K from sppearing in the trigger
as real muon scatters. The three requirements taken together provided a trigger
vhich cccurred at the rate of 6 to 10 x 10-6 per iacident muon. The target
associated trigger rate vas visible at about 1 x 10'6 if a full-empty sub-
traction vas done with adequate statistics.

Events which contributed to the remaining trigger rate included:

1. Positrons in the beam (from u decay) firing B and G in randam coin-
cldence vith M or M'.

2. Muons interscting in the iron hadron absorber and firing B and M in

randam coincidence with G.
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(These random coincidences were usually coincidences with an unvetoed
halo muon vhich fired one of the G, M or M' hodoscopes.)

3. Muons of low energy which scattered in or near t-he final bending
magnet, satisfied the beam trigger requirements, and were bent by the spectro-
meter magnet into the trigger acceptance.

The exact definition of the trigger satisfying all conditions was

BKG (Mor M') used at 96 and 147 GeV

BE (G or E){(M or ¥') used at 219 GeV

vhere

1. Bwasa coincidence between the beam telescope counters T1-3, Tla and

2

an anticoincidence from any of the veto counters Vs, ¥, or the 2 x 4m“halo veto

b
iaodoscope Vu (Fig. 4). There was also an additional constraint applied. The beam
had the structure of the RF accelerating frequency of the ﬁain ring. This meant
that muons appeared at the apparatus in RF "buckets,” 18.8 nsl apart and 2 ns wide. No
muon was accepted unless it was alone in its bucket; “alone" méans that each
of the beam hodoscopes BH2-6 had only one counter firing. This was done so
that there would be no loss of events due to extra muens vetoing such events
by hitting K. In addition no muon was counted or used which had a wuon in
the preceding RF bucket. This was done to avoid the effects of inefficiencies due to
dead time in the K vetc system. These could occur 11.:1 the following manner: muons
emerging from the hadron wall were frequently accompanied by extensive electro-
magnetic shove.rs which might disable the K system for a period greater than
18 ns; the second muon could then satisfy the first trigger condition and a
randoa coincidence due to a halo muon would coﬁplete an unwanted trigger.

2. T wvas the absence of a signal in any element of the K counter systen.



-24 -

3. (G or H) was the presence of a signal in any counter of the G or H hodoscope.
4. (M or M') was the presence of a signal in any counter of the M or M'

hodoscope. As mentioned M sometimes included some elements from the N hodoscope.

The beam telescope resolving time was 10 ns, the Vs;Vj and K veto
resolving time was 15 us and the halo veto hodoscope Vﬁ resolving time was
25 ns. The resolving time of the remainder of the trigger system was set
by the need to accomodate the transit time of light (20 ns) in the longest
counter elements (3 m) which were those of the G hodoscope. Thus the over-
all resolving time on BK (G or H} (M or M') was about 30 ns,

Iq addition to the basic trigger as described, the apparatus was also
triggered on a small fraction of the beam muons; 1 in 220 (106) changed
to 1 in 222 for part of the 219 GeV running. These embedded beam triggers
provided an unbiased sample of beam well interspersed within the data, vhich
wvas used to calculate the incident muon tagging efficiency and to deter-
mine the phase space of beam potentially able to scatter.

Other triggers were used for special purposes. Particularly useful was
the "halo™ trigger which was a coincidence between the halo veto hodoscope,
the G hodoscope, and the H hodoscope. This provided many tracks passing
straight through the apparatus which were useful for alignment purposes.

A trigger set in motion a sequence of events. The first was to close
the gate to ; set of scalers counting various coincidences, in particular one
counting the incident beam (B). At the same time the'spark chamber firing
sequence was initlated and the gate to counter latches opened for a suitable

time to record which counters were fired in the trigger. When the spark

chamber datawas digitized, the on-line computer, a Xerox Sigma-3, initiated



-22-

the reading of all spark chambers, MWPC, scaler and other relevant informaction.
These data were organized, sorted into records and stored.” At the end of the

beam spill all the events accumulated during that spill were transferred

to magnetic tape.

The computer was also employed on many monitoring services which allowed

c¢ontinuous checks to be made on the operation of the equipment.
Data taking normally invelved both target full and empty runs in the

ratio of about 8 to 1 in exposure. Houwever, changeovers were not frequent

because the target emptying time was several hours.
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V. Event Reconstruction

The process of data reduction took place in several stages, the cbjective
being to produce a library of events which contalped for each the track-finding,
track-linking and preliminary vertex data in addition to scaler and counter
latching information. This tape was used as a source for all physics data
analyses.

The stages of this reduction are convenjently labelled by the name
given to the magnetic tapes produced, viz. Primary, Secondary and Tertiary.

V.1l The production of primary tapes

The records from the raw data tapes were checked for simple errors that
might have occurred during data logging. Bad records were removed and cor-
rected Ttecords written on to the primary tapes.

V.2 The production of secondary tapes

The purpose of the secondarytapes was to provide a record of all events
in wvhich the scaler and counter latching data wereunpacked and arranged inmto

a convenient format and in which all spark and MWPC coordinates were



in real ;, ¥, u, v, etc., coordinate space. The latter required a thorough
alignment procedure to maintain the apparatus resclution over long perilods
of time.

Some runs were available in which events were recorded with a simple
bean trigger (B, section IV) and with the spectrometer magnet switched off.
The beam tagging system afrer D4 was used to define the coordinate system
of the apparatus so that these straight-through muon events could be used
to fix the central alignment of the detectors to 0.5 mm.

This procedure was adequate to align completely the upstream MWPC but

the dowvnstream spark chamber system required more attention.

To align the system, halo muon
tracks and real event tracks were used in addition to beam events. Members of
groups of chambers were aligned relative to each other. Then all groups were
aligned within the apparatus as a whole. In addition the chambers using magneto-
strictive readout were examined for non-linearities. These were the exception,
wot the rule, and were easily removed by a2 siaple parametrization of the devia-
tion. Tbese procedures depended on track finding and fitting followed by mini-~

mization methods designed to eliminate deviations due to misalignments.

These alignments and the changes in magnetostrictive corrections were
conducted on a run to run basis by means of a four-pass procedure using the
first three or four hundred events on each primary tape. In this u;y the
chanbers demonstrated and maintained their theoretical resolution of about

0.5 = in spite of effects due to temperature variations, floor sinkage near
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the hadron absorber, and ageing.

Once the chambers were aligned, the program calculated event by
event the real space positions and widths of all sparks and MWPC hits, com-
bined these withcounter latch and scaler dats and wrote the events on the
secondary data tape.

| The apparatus efficiencies were monitored on a2 run by run basis. Any
run which had a part of the apparatus running at a grossly impaired efficiency
was rejected at this stage.

¥.3 The production of tertiary tapes

. This stage of the data reduction was concerned with track and vertex finding.
It used the secondary .
tapes as source and wrote the results on a tertiary tape. It was designed to
f£ind all tracks, all secondary muons, and their vertices and to make track and
vertex linkings. No cuts were applied except to probabilities in track fitting

so that no bias was built into the program. The tertiary tapes became the source

for later programs which made the final wmuon selection.

The analysis programs were divided into nine separate tasks:
1. beam tagging
11. upstrean MWPC trackfinding
iii. wuon chamber trackfinding
iv. downstream chau§er trackfinding
¥. 1linking upstream MWPC tracks to downstream spark chamber tracks
vi. track recovery 7

vii. 1linking tc muon chambers
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viil. wvertex finding
ix. calculation of kinemaeic quantities

1) The beam tagging system. Information from the beam hodoscopes and multi-
wire proportional chambers was combined to provide the most efficient bean
track reconstruction consistent with precision on the momentum, position and
direction of the incident muon. This meant that at stations at D4 or Q4 the
absence of either a chamber hit of a counter hit did not eliminate the event.
Only at the statlon just upstream of the target was it necessary to demand a
chawber hit in both coordinates in order to pte#erve positional accuracy. The
trajectory reconstructed upstream and downstream of D4 was required to link withim
1l em at the center of D4 (r.m.s. deviation was 0.15 cm) and to lie inside the
aperture of these dipoles at their entrance, center and exit.
11) The u#stream MWPC trackfinding. The data were analyzed using the 8 planes
before the magnet. Trackfinding was done independently in the xz and yz planes.
In each view tracks were required to have three or four wire hits and to point
back to the target region. A 2% probability cut eliminated inappropriate fits.
In the case of two tracks sharing two or more wire hits, that with the highest
X2 was rejected.
111} Muon chamber trackfinding. These chambers were some distance from the
magnet and target so that, except for the beam regiom, tracks were well separated
and generally poioting back towards the magnet center or parallel to the beam.
In addition, the chambers were close together. Correlated (x, y) points were
found from the two planes in each of the four chambers. A search starting from
one such point required fhat only a small range of x coordinate in the neighboring

chambers be examined. Groups of three or wmore x sparks were fit to a straight
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line; the tracks were accepted on a simple x2 cut, For every track found

in the xz projection, a search was initiated among the associated y values

in order to find fts yz projection.

iv} Downstream spark chamber trackfinding. These chambers were spread over

a large range of z and trackfinding was complicated by the large numbers of
sparks not related to ‘the events. Trackfinding started in the 6 x 2 nz magne-
tostrictive chambers using a technique identical to that used in the muon
chanbers. This allowed the definition of track roads upstream into the & x 2 nz
chawbers, which were searched, plane by plane, for contributing sparks. Once
all sparks were found, the entire track was fitted using the data from each plane
(x, u, or v) separately, and a Xz cut was applied to remove bad tracks. A amini-
wmum of three sparks in the & x 2 mz chambers and a minimum of eleven total sparks
was set for downstream tracks. If the track failed these requirements, the

line of search in x was allowed to swing, fixing the position of the track

at the ceater of the 6 m chambers, and changing its position at che'mnst up-
stream of the shift-register readout chambers. A first pass swung the track by
1.5 cm, a second pas§ by 2.5 em. These swings were only necessary for about 10%
of the successful tracks.

v) Upstream—downstream linking through the magnet. The cylindrical symmetry

of the spectrometer magnet meant that the impact parameter in the xz p;ana of an
upstream particle trajectory was equal to that of its downstream trajectory. Apart
from the effects of edge focussing and the helix geometry of the track in the
magnet, both of which are small, the projected slope of the trajectory in the

¥z plane 1s the same before and after the magnet. The distributions of the ob-

served difference for unique links have r.m.s. deviations of 2.3 mm in x, 7 mm
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in y and 1.3 mr in dy/dZ. Links in the x2 plane vere accepted 1f

che difference fn x impact parameters was less than 8.8 mm. Links in the yz

a 2 2
["(a'}ztl},r sy | .,
2 cm

6 x10

plane vere accepted 1if

This assumed, as was almost the case, that the differences were uncorrelated.
(3 stands for the upstream-downstream difference.)
wi) TIrack recovery. Once initial upstream—downstream linking had been com-
pleted two extra track searching routiﬂes were activated. The first was designed
to remove inefficiencies In the upstream track reconstruction due to the lack of
redundancy in the MWPC system. It took any missing link in the x and/or y view
and projected it back through the magnet to the beam myon position at the cénter
of the target length. The upstream chambers were searched for any two point
tracks near thizs line. Approximately 15% of xz and yz tracks in the upstreanm
chambers were such two point tracks.

The second recwerf routine was designed to remove inefficiencies in
the downstream track reconstruction. The impact parameter of MWPC x tracks which
did vot link to any downstream track and (x, y} sparks in one of the downstream
chambers vere used to form a road. If sufficient sparks wvere found in the road,
they were fitted, and the resulting track was added to the track buffer if it was
sot & duplirate of a previously found track. If insufficient sparks were found,
then the road vas allowed to swing by 5 mn 1o a manner similar to that of the
primary trackfinder,

In the 96 and 147 GeV running, the sparks were taken from the 6 m

tls-birs. and the ilgorithm vent to the next MWPC track on finding a new
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downstream track. In the 219 GeV running, all combinations of tracks and
sparks from the four downstream-most shift-register chambers were used as

seeds. Ir both cases, the initial road was required to point in the direction

of a 1it G or B counter.

vij) Downstream-muon chamber linking through the hadron absorber. All tracks
in the muon chambers were tested for linking to 21l tracks in the downstream
chambers. A good link satisfied criteria designed to find in the downstrean
chambers those trajectories which were due to muons. The muons were the only
particles which could penetrate the hadron absorber but in doing so they
suffered multiple scattering. This effect increased with decreasing muon
energy so that the linking criteria had ro take inte accouﬁt larger deflections
and displacements at lower enmergies. A link was aécep:ed if the following
eriteriaz were satisfied:
a) The difference in slopes dx/dz was less than S x 12.5 mr
b) The difference in x coordinates at a z which is the effective
multiple scatteri;g center was less than $ x 38 mm .
¢) The difference in y coordinates at the muon chambers was less than
188 mm.
The mmber S is the multiple scattering factor: it was 1 near the beam and
increased approximately linearly with x to a figure of about 9 at the x point
where 15 GeV nuons were detected. The cuts in (a) and {b) are at 7 standard
deviations. .Ihe cut in (c)} is large to accomodate the poorer direction finding

ability in the vertical plane.
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viii) Vertex finding. Each muon candidate was used to find a vertex with
the beaz by fitting its MWPC links and the beam track to a vertex. If there
was no y link in the MWPC, the downstream y track wvas used. Any other MWPC
tracks which pointed at the muon-beam vertex were included in a subsequent
fit to improve the vertex location and resolution.

i1x) Calculation of kinematic quantities. Momenta were calculated for intime
tracks linking through the magnet in the following way. The vertex was located
and a line drawm to the impact parameter of the track in the center of the
magnet. This line and the incident muon direction gave the scattering angle;
the position of the track in the 6 m chambers and fBdl for the magnet then
gave the Qomentum. The values of Q2 and v were then calculated for all muon

candidates. These values wetre written on the tertiary tape but normally better

values were calculated later.

The data from track finding, track linking, vertex finding and the
kinematic calculations were written on the tertiary tape along with scaler
and counter latching information which was transferred intact from the
secondary tapes. These tertiary tapes were used as sources for variocus

efficiency and physics programs.
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VI. Event Selection and Corrections

This section deals with the production of the sample of good events,
the calibration of the spectrometer and the calculation of the muon kinematics.

The linking requirements established at the tertiary tape production
atage lefr a sample of muons contaminated by ovt-of-time halo muons. To
purify this sample every muon candidate track was projected onto all hodo-
scopes. At each h&doscope a successful hit was flagged if at least one
element was latched and this element was one that could have been struck
by the particle. To allow for multiple scattering and errors in the counter
positionas and track coordinates, each element was expanded 3.75 ¢m at each
x boundary and 7.5 cm at each y boundary. At the muon chambers a track
could hit any aumber up to three hodoscopes (M, M' and N) and was declared

to be an in-time muon track if the success rate was 3/3, 2/3, 2/2, 1/2, 1/1.
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In the downstream section for the 219 GeV data the hodoscopes were G and H,
and the in-time downstream track declaration required 2/2. For the 97 and
147 GeV data, G was standing alome and the requirement was 1/1. Dowmstrean
tracks‘uere also projected through the hadron shield, and with an additional
sllowance for multiple scattering, were flagged 1f an appropriate M, M’
or N element had been latched.
There are two classes of track which were acceptable muons. The common
criteria were:
a) Track must have an upstream to downstream link.
b) Track must be declared in-time downstream.
Then the two classes are defined by:
1) Track-linked: the downstream track licks to an in-time muon track.
2) Counter-labelled: the dovnstream track is in-time at the muon
hodoscopes, as defined above, and peints to a cluster of sparks in
the muon chambers. Downstream tracks which link to out-of-time
wuon chamber tracks are considered to be counter-labelled if they
are in-time at the muon hodoscopes.
85 to 927 of all events containing a muon were track-linked. The remainder
were counter-lsbelled or contained two muon tracks linked to the same down-
strear track; in the 1qtter cage the downstream track defined the muon. About
1.5 of the events contained two muon candidates, in which case track-linked
was chosen i{n preference to counter-labelled. Failing this the best upstream—
downstreanm track linking signaled the preferred muon. In the 219 GeV
data, there vere more extra tracks due to the'change in the track-

finding routines and an additional level of choice was added. If the linking
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signature was the same, then the choice was based on the number of sparks in
the track. fhe number of multi-muon events 1s consistent with the hypothesis
that thcy come from the decay of secondaries produced by the scattered muon.
The procedures used to choose the muon made no use of this informationm, being
desgigned to eliminate halo muons which were accidentally in-time and linked
upstream. This implies that the hadron decay muon will be chosen over the
real scattered muon in some half the multi-muon events. The resulting Qz
depénds on both the muon and hadron kinematics, and can be either larger or
smaller than the Q2 of the real scattered muon. The net correction te the
cross section is thus less than 12 and was ignored.

The vertex was redetermined using the scattered and incident muon tracks
alone. This vertex was used in making vertex cuts in the final stages of the
analysis, in order to eliminate a possible systematic effeét. Events which
produced hadrons would have smaller vertex errors due to the inclusion of the
hadron tracks in the vertex fit, thus resulting in a bias unrelated to the
muon kinematics. To remove any effects of this bias, the scattered-incident
muon vertex was used. Figure 9 shows the z~distributfion of these vertices.
The target stands ocut clearly.

¥1.1l Calibration of the Spectrometer

The accuracy of the momentum calculation was dependent on two pieces of
information. The fi{rst was knowledge of fBdl, which was known for both magnets,
D4 and the ccﬁ, to better than 1Z. The current drawn by each magnet was monitored
during the running, and any run-to-run drifts were taken into account. The second
wvas knovledge of the bend angle, which was measured by using the position and the
track recomstructed in the downstream chambers. However, the angles measured de-

pended on the accuracy of the alignment, which could introduce, via a rotation of



one part of the apparatus with respect to another, nisassignment of momenta.
A calibration was therefore done which took two stages and corrected for three
systematic effects. These were:

1) A relative rotational misalignment between the upstream and downstream
apparatus. This affected the momenta of positive and aegative particles
oppositely.

2) A relative miscalibration of the D4 magnet and the spectrometer magnet,
which had a very large effect on v, the muon energy loss, for small
valués of wv.

3) The absolute calibration of the spectrometer magnet.

The effects 1 and 2 were corrected by using the large mumber of elastic

u~e scattering events and the embedded beam events (which can be classed as u-e
scatters in which no energy is lost). The opposite effects in 1 and 2 allowed
:ﬁen to be separated apd a small correction factor found which corrected all
momenta to that which would be measured by the spectromerer magnet. The absolute
calibration was done by again using p-~e events. Those scatters which were “elastic”
within the apparatus resolution were in principle over determined. The angle of
scatter can be predicted from the muon energy loss and weasured from track coordi-
ﬁntes. Since the value calculated for the muon energy loss, after effects 1 and

2 have been corrected, depends directly on the spectrometer calibration assumed,
en absolute calibration was obtained by minimizing the square of the difference
batween the predicted and observed angles over a large number of events.

The preocedure élsp provided the figures for the apparatus resolution.

For the momentum, the r.m.s. deviation op is give; by oplp'- 1.4 x 10.‘ P
where p 13 in GeV. For the scattering angle the r.m.s. deviation is 0.32

ar. The resolution in v varies and Iits effects are considered in Section VI-B.
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V1.2 Data cuts
‘Several cuts were made to this data sample which are enumerated below.
(a) Some parts of the apparatus had little redundancy so that any mal-
function had an immediate effect on efficiency. Preliminary filtering for gross
inefficiency was done at the secondary tape stage but less obvicus changes
were also present. Of particular importance were the downstream and muon
spark chambers. Runs were rejected if the mean number of sparks in the dowa-
stream chambers per track was less than two standard.deviations above the
least number of 11 sparks, the requirement employed during track finding.
~ Similar checks were applied to the muon chambers. The upstream and MWPC
chambers were monitored for efficiency so that {t was possible to retain all
runs uniess there was a gross malfunction.

{b) All muon scattering events were required to satisfy the following geometric

eriteria:
i. The incident muon trajectory had to be inside rhe target along
the latter's entire length.
11. The vertex calculated using the scattered and incident muon was
used for a target cut. Events were accepted 1f the vertex was ipgide
the target with an error of 3 standard deviations; -
1ii. The scattered muon vas regquired toc be iuside the geometric accept-

ance of the trigger and to point outside the deadener in the 6 x 2

I; spark chambers.

(c) u-e scatters must be eliminated frem the data. Events in which only the
scattered muon and one negative particle were reconstructed downstream and where

there was no excess activity in the MWPC were examined further. If the event



apreared elastic within 15%, or had a very low Py for the negative particle,
it vas declared to be a p-e scatter and was removed from the data

sample. This program was about B0 efficient and had a negligible effect on
badronic events. It left a contamination in the hadronic events estimated to
be about 6% in the range 0.2 <« Q2 < 0.3 (GeV)zandabout 32 in the range

0.3 ¢ Qz < 0.6 (Gev)z in the 147 GeV data. The estimates are 10Z for 0.3

< Qz < 0.6 (Gev)z in the 21% GeV data. For all other kinematic regions and
for the 96 Geé data the contamination is less than 0.5%.

(d) After all the above cuts have been made the trigger rate was ctalculated
for all the muon scattering events, including the effect of beam reconstruction
efficiency (see Section VI.4). Any tun having a rate more than three standard

deviations from the mean had its contribution removed from the sample.

Vi.3 Basic formulae

The Tesults are presented in bins of the kinematfc variables: e.g.
(Qz. x). We apecify a pair of general kinematic variables {a, B) with a
bin (Ax, A8), and a quantity Q{u, B} related to the differential cross
section by dzoldudﬂ = X(z, 8) Q(o, B). Then the bin-centered value Q(co. Bo)

is

Qfs,. B,) = ®)

(c, 8) K(ﬂ, B)
"‘f f e, 8 ) [Rc(a. B)  SC(a, s)]

Bere, L is the luminosity, ¢ is an efficiency factor independent of =« and B,
RC is the radiative correction, and SC 1s the correction for finite resolu—

tion. The quantity W is a weighted event sum:

1 - («1. 81)

V- Z A(a,, B,) E(a,, 8,) = Neyp (8a, 28) 9)

1
: v (02> 88) - N, op (83, 28)
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wvhere the sum runs over the events in the bin; FHT is the empty target fractionm,
A is the geometric acceptance, E is an efficiency dependent on the kinematics,
and Ner: is the number of elastic radiative taill events (see Section VI.1Q)
calculated for the bin. Equation 8 is used iteratively; an analytic form
for Q{a, B) based on previous data is assumed, the values of Q(co, Bo) are
found and a new fit to Q(a, B8) is obtained. The procedure is repeated until
the fit does not change significantly. This procedure is necessary only at
low w where the structure functions are rapidly changing.

This method is used to determine the values of FZ(QZ, x), as reported
below. The determination of the other terms is discussed in the following
sections.

VI.4 The luminosity

The luminosity L is the number of incident nuons.:imes the number of
sucleons in the target per unit area perpendicular to the beam axis. The
first number is found from the gated scaler which counted the incldent muon
beam and the gecond from the target dimensions and liquid density.

V1.5 The kinematic independent efficiency

The efficiency £ contains six factors. Each is described below and the
wvalues given In Table III.

1. € is beam reconstruction efficiency. The embedded beam triggers
are unbiased by the muon trigger. The fraction of these triggers
4n which the incident muon is successfully reconstructed gives €y

2. ¢, corrects for the effect of two muons appearing 1£-one RF beam
bucket. If one scattered, the event was lost since the second would
strike the K veto. This effect was suppressed by the trigger arrange-

ment (see Section IV) but remained so that (1 -'cz) » 1T in some
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of the 147 GeV data but is negligible in the rest.

3. €3 corrects for the downstream spark chamber inefficiencies. Asking

for 11 sparks or more is estimated to lose 0.5% of the events.

4. corrects for the efficiency of the upstream MWwPC. This was

€4
measured by using a class of "perfect"” downstream muons and asking

hov often they linked with tracks upstream. In the case of both €3
and £, the overall gross inefficiencies have been removed earlier
{Section V.2). The merhods of calculation take account of possible
event to event correlated inefficlences.

5 is the correction for counter efficiency as it affects the trigger

.Es

and Teconstruction.

6. €, corrects for over-subtraction of background because of the exist-

ence of hydrogen vapor in the nominally empty target.

v1.6 The geometric acceptance

The geometric acceptance A(QZ, v) was cal:zulated on a net of Q2 and v
values at each enrergy using.a Monte Carlo program. The boundaries of the
acceptance are given by the inner and outer boundaries of the hodoscopes in
the trigger and by dead spéée inside this region owing to deadeners and the
spark chamber boundaries, all smeared by multiple scattering. Counter positions
wvere determined from survey and from a program which used tracks to determine
boundaries between hodoscope elements. The Monte Carlo events were generated

using as incident particles the trajectories given by the embedded beam

triggers.

Figure 10 shows the acceptance at each of the three energies. The con-
tours shown are determined essentially by the size and shape of the muon hodo-
scopes. Since the CCM preserves impact parameters, the locus of the events
having a fixed (Qz. v) is approximately a circle on the plane of the muon
bodoscopes, smearcd by the finite size of the beam and target. Figure 11

shovs some representative unsmeared circles, for the 219 GeV data.
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VI. The kinematic dependent efficiency

The efficlency E{a, B) takes account of two effects., The first is due
to trackfinding inefficiences in the region of the beam in the dowmstream
chambers. This effect was measured by taking data from a real event and
planting an extra track by a Monte Carlo methed which simulated known ineffi-
ciencies and spark spreads., This modified event data was subjected to the track
finder and the success rate in finding the planted track measured the effi-
clency. Fig. 12 shows this efficiency as a function of position across the
6x2 nz chambers. The effects can be parametrized with a maximum errcr of
30% of the inefficiency. The low v bins are worst affected with a maximum
ervor about 6% due to the error on this correction.

The second effect is called the K-veto showering or "sufcide" correction.
A fraction of events with the muon inside the geometric acceptance were self
vetoed wvhen a delta ray or a part of the electromagnetic shower, which often
emerged with the muon from the hadron shield, struck one or more of the K-~hodo-
scope elements. This was an important effect for the part of the acceptance
which was close to the K~veto. The effect was quantified by examining the
distribution of multiple hits in the N-hodoscope for embedded beam triggers.
The systematic error due to this correction is about 1X.

V1.8 Background subtractiom

The background subtractionwvas done by using F”T(u. g) which is the ratio
of target empty to target full yield zt a normalized incldent beam. For the

96 and 147 GeV running, the background was fit to the form

P = (€ + e - /ey

x = Q2f2Hu.
The factor {1 - 3x/8) allows for the fact that tbe target flask material is
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. deuteron-like. Fig. 13a shows the data and fit for the 96 GeV data. The
219 GeV data had betrer statistics and allowed the vnlue.of FHT(v, Qz) to be
calculated for numerous bins. It was found to behave im a simple way with Qz,
but no v dependence was observed. The value of FHT vas determined for bands
of Q2 and 1s shown in Fig. 13b. The background fraction was not constant
since the vertex resolution at lower Q2 wvas poorer, and muons scattered frow
a greater smount of material near the target could pass the verzex cut. The
systematic error in the final cross section introduced by this methods of back-
ground subtraction is estimated to be less than 3Z1.

VI.% Resolution correction

Due to finite resolution the observed value of v or Q2 will not be the
true value. This effect can be serious where there are kinematic boundaries
or vhere the differential cross-gsection is varying rapidly; ‘The observed
cross-section is given by

. 2
obs

true

dzu
dadB

The correction factor is then

dadg it
sC(a, §) = —SdBTTmE . an

obs
?(a, B; a', B') is the probability that an event truly having kinematic vari-

ables o', 8' 1s seen as having a, B owing to resolution. The resolutions
determined (Section VI.1) indicate that the only resolution that is serious
is that on E'. Tables of values of SC(a, B) were constructed and found to be

insensitive to the values of the structure function Fz used in a true cross-secticn.
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The resolution becomes extremely poor at very low v so a cut on the
data is made at v = 5 GeV (v = 10 GeV for the 219 GeV data); at the same time,
the correction has a significant effect only on data with v < 20 GeV {v < 50
GeV for the 219 GeV data). Its maximum effect in the accepted region is 20-30Z,
depending on the data set, and the‘systematic error arising from this correction

is estimated to be less than 1.

VI.10 The radiative correction

The radiative correction factor RC(a, B) has to be calculated. fhe in-
elastic scattering of muons by nucleons is the process of interest but it is
possible for the muon to radiate real photons in the targetr material before
and after the interaction of interest {external tremsstrahlung) and during
the interaction of interest {internal bremsstrahlung). In both cases the
measurement of secondary energy does not yleld the actual values of Q2 and v
4n the basic interaction. Thus the events in an (a, B) bin are a sample
which has been depleted because, although the kinematrics in the interaction
had value ¢, B the observed muon radiated after scattering. In contrast the
sample has been {increased by events which had different {a, B} but radfation
makes them sppear to have the required {(a, 8). The increase alsc focludes
avents from elastic scattering of muons on nucleons in which a photon has been

radisted (elastic tail). Thus the observed cross-section is given by

2 2 2
dg - 3 d g d’c i
&dE la,6) Wdb + aag az
obs true tail

The number of events due to the elastic radiative tail is calculated for
each bin, and is subtracted from the weighted events in that bin (eq. 9).

Values for the cross-section due to the elastic tail are calculated using
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formulae given by Tsai.26 The ratio of the calculated number of radiative tail
' at 219 Gev

events to the weighted number of observed eventa{is shown in Table IV. The
method of calculating the remaining term is described by Mo and Tsa£.27 To use
this method it is necessary to iterate from a starcisg form for dzdldudatrue.
The form used was a fit to the values of vHZ from the MIT-SLAC data.28 For
the 219 GeV data the form used was a fit to the 96 and 147 GeV data. RC{a, B)
was calculated and the muon scattering weasurement corrected, F2 was derived
and fitted, and RC recalculated. This {teration was continued until the cor-~
rected values did not change. The value of RC(Qz. v) is shoun in Table V.

VI.11" Altermative analysis

The 147 GeV deuterium data was :nglysed independently of the analysis
described above. This second analysis had several distinct features; these
differences are summarized in Table VI. The lack of a vertex cut in the second
‘nnalysis led to a larger empty target subtraction, and hence a larger error
on the final resulr than in the first analysis. The two analyses of the deuterium
data were in good agreement, aand gave confidence in the methods of the first

analysis, the results of which are presented below for each of the data sets.
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VII. Results

.Ue have derived wvalues for the structure function'Fz(Qz, x) = Uwz(Qz, x)
over the complete kinematic range covered by the experiment. The value of |
R(Qz. x) has’been measured over a more restricted region. These data can be
used with Eq. 4 to evaluate the cross section at any desired point in the Qz, x
piane.

VII.1 Measurement of R for the proton

The telati&nship between the structure functions and R is shown in Eq
4 = 7. A large part of the data lie in regions inaccessible to lower—énergy
experiments, so that it is important to measure R over the range accessible
to this experiment and use these values to extract the structure function.

This experiment has data at three energies, which allows the determination
of R in the region where two or three data sets overlap. This is equivaleat
to the geparation of the structure functions Fl and Pz.

Equation 4 shows that the cross section is not strongly dependent on R
over wuch of the kinematic region covered by the experiments. This means,
houevér, that small changes in the cross section induce large changes in R, and
some care must be taken to ensure that the process of extracting R measures
something othef than the systematic differences between the experiments at the
three energies. Insofar as the data at each energy were taken in the same
apparatus and analysed using similar programs, these relative systematic effect;
should be small. They were measured by comparing the extracted values of ?2 at
each energy in reglons where its value is insensitive to R. The structure function
should have the same value in a given Qz, x) bin regardless of the energy of
the incident muon. The values of the normalization factors applied to the data

sets were allowed to vary, and the best normalizarion factors were found by
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minimizing the Xz for the data set comparison. When this was done for some

of the data with iptermediate values of x (0.02 < x < 0.09), the normalization
factors required of the 96 GeV and 147 GeV data were 1.01 * 0.055 and 1.01

4+ 0.045 relative to the 219 GeV data. That is, the best x? is obtained by
mltiplying the three data sets by 1.01, 1.01, and 1.00. Caleulations based
on estimated systematic differences betveen the experiments {e.g- muons at the
same physical position at the muon hodoscopes have different Qz and v for the
different energies) indicate that the normalizations should be less than a few
percent.

Ie this experiment, the cross section in region x > 0.1 is quite insen-
sitive to the value of R. In addition, muons having x > 0.1 were often close
to the beam and the beam veto, and were therefore more subject to systematic
effects than the lower x deta; these data were noF used to evaluate R.

An example of the stability of the results in the face of changing
systematics is shown in Fig. 14, where the differing acceptances and radiative
corrections at the three energies are shown in conjunction with the extracted
structure function.

The standard approach to the evaluation of R involves plotting o = O +
g (Eq. 2) as a function of ¢ for a given kinematic bin. The different
energies give different values of ¢, and the straight-line fit ylelds UL and
ct (Fig. 15). This approach is satisfyingly direct, but in this experiment
it euffered from having te set up well-defined bins, in which there was
often little data, or where the £ difference afforded by the muon energy range
was small. Accordingly s procedure utilizing the full overlap région was
devised to wake maximum use of the statistical power available to the experi-

ment. This took the form of a program identical to that used in measuring the
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relative normalizations, except that in this case the value of R was varied.
The kinematic varliation of R is .alsc of interest and'fits including such
variations were performed by varying the parameters of simple functional forms
for R. Unfortunately, the precision of the data allows only consistency checks
to be made.

The values of R obtained assuming R = constant for bands of x are showm
in Table VII and in Fig. 16. The data are consistent with a constant value of
R: R = 0527010

errors quoted are statistical only. If the normalizations applied to the data

The fit has a Xz of 168.4 for 157 degrees of freedom. The

are allowed to change by their measured errors, the resulting change in R is

+0.24
~0.20°

positions of the hodoscope element edges affecting the acceptance, or in the

Changes in R of a similar size can be induced by uncertainties in the

trackfinding correction. These are showm in Table VIII. If all the errors
poted are added in quadrature, along with a possible additional change of 0.15
estimated for the effects of the suicide correction, the estimated total error

on R 1a AR = {, 35,

One possible form for the variation of R 1529: R= Ro(l - x)lqz. Ficting

this form to the data gives Ro = l.ZOtg'gg Gevz for Qz in Gevz. The Xz is

164.4 for 157 degrees of freedom. The error in the measured normalizations

give rise to changes in‘Ro of tg'gg. This suggests, using the relation between

R snd the quark transverse momentum noted earlier, R = 4 <p:>/Q2, that <p:>(x) -

0.3(1 - x) Gev*.

3013 4o 2RI - /102D, The

Another form, suggested by QCD
spproximations used in deriving this form are valid only for x > 0.1, whereas
the data used in the measurement had x < 0.1. HNonetheless, the form does

fit the data as well as the two preﬁiously mentioned parametrizations; the
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fit had a x2 of 172.8 for 157 degrees of freedom. Using A = 0.5 GeV, R; -

+0. 39

1.18_o 33° If the data are split into three Q2 ranges, and the data avail-

able in each range are averaged over x, a different approach to the Q2 vari-
ation is obtained. (Fig. 17) NKote that the x range, while different for
each point, is confingd to x < 0.1, The average x increases with Qz.

A simple parton model incorporating exact scaling of both structure
functions predicts R = Qzlvz. The data are one and one-half standard devia-
tions away from this picture because the large values of v involved mean that
the prediction 1s essentially zero, while the trend of the data is larger than
zero. -

The rise in the value of R at low x and low Q2 measured in this experi-
ment is not so significant as to invalidate a possible asspﬁption that R = con-

13

_stant. However, such a rise is expected both by QCD™~ and by general arguments

of a "hadronic photon” nature.31 The rise appears very striking when the x range

is separated into "very small x" (x < 0.01) for which R = 1.22tg'23 and "small x"

(0.01 < x < 0.1) for which R = 0.38?3'%;. The ranges of Q2 and x over which there
is enough data to measure R are correlated. We cannot therefore separate a Qz

dependence and an x dependence.

Early analyses of electron scattering data from SLAC and HIT6 alsc showed
a statistically insignificant rise in the average value of X as x and Q2 are dé-
creased. The data here continue that trend. BHowever, a further analysis of
that data32 shows that the data are also well fitted by a constant value for

x> 0.20of R=0.21 £ 0.10.
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While these experiments cannot distinguish between various forms for R,
they do indicate that R, at low x, is higher than either the earlier SLAC value
of 0.14 * 0.16 or the latest combined SLAC/MIT-SLAC value of 0.21 # 0.10, measured
at lower energies'and higher values of x. Since our data at x > 0.1 are quite
insensitive to the value of R, we have used the value R= 0.52 in extracting ?2

(Qz, x) from the cross sections.
VII.2 FzQQZ, w)

The value of the structure function Fz(Qz, w) is presented in Table IX
for each of the three muon energies incident on the hydrogen target, for the
combined hydrogen data, and for the deuterium data. This data was evaluated
in bins of wand Qz. The data table was prepared assuming R = 0.52 for both
hydrogen and deuterium. Figure 18 shows the combined hydrogen data as a
function of Q2 for various bands of w. The horizontal bars indicate the
effects of changing R by its standard deviation, to 0.69 and 0.37. Some

32, 33 are also shown in the figures.

lower energy data
It is intended that these values of Fz(QZ. w) be considered to be the
correct experimental value for a point at the center of the bin. For w large
enough Fz varies sufficiently smoothly that the value of Fz averared over the
bin, which 15 what we measure, is almost the same as that at the center of the
bin. However, for w < §, ?2 varies considerably over a bin; moreover for
the bins with w near 1, there are apparatus cuts which do not corresnond to
the bin boundaries so that & correction is necessary and was made to make
these bin centered vzJues. For the largest w bin for each Qz, some parts of
the bin are inaccessible kinematically. The values are values averaged only
over the portion of the bin where data exists. Care should be exercised in
using those values in Table IX in brackets where the bin center is not kine-
matically accessible. The number of events is small and corrections to other
values of R are great. We have omitted these from our moment analysis. Fig.

19 shows the same data as a function of x in bands of Qz. The value of x is

1/u where w is the value at the center of the bin.
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Several features of the data ewerge on inspection of the figures.

1) The previously observed pattern of scaling violations is seen: the
wvalue of Fz falls with increasing Q2 at low w and rises with increasing Qz at
high w. The turnaver point ia approximately at w = §,

2) Tbhe value of R affects primarily the reéion w > 10, where {it was
measured. The chances can be quite noticeable at large w or large Qz.
Referring to eq. & the square bracket can he approximated:

[ Je2 + @+ PVa+ R
Then & is large, v is large and E' is small; the second term dominates the
bracket, and changes in R can affect Pz substantially. When w is small, the
reverse is true and R has little effect on the structure function.

3) The effect of increasing the assumed value of R is to increase the
derived value of the structure functfon. The overall effect of the patametri-
- satioz R = Rh(l - x)le is to flatten the structure function at high w: since
R 1z then falling ravidly with Qz, there is less rise than when R is set to a
constart. Also, the points at lower Q2 have a larger R and are raised relative
tn‘i = constant. -

4) There is substantial agreement between the values of Fz found in this
experinent and those from the SLAC and MIT-SLAC data as shown in the figures.
A bin-by-bin comparison in the overlap region gilves a !? of 46.2 for 34 degrees
of freedom. It fis difficult, given the small size of the overlap region, to
astisate any systematic differences, especially in the shape of Fz.

5) As Qz becomes small, 80 must Fz, since all real photons are trans-
varsely polarized. This behavior ie seen in the high @ bins for Qz <1 Gevz.

§) The deuteron data in our range of x and Qz is indistinguishable from

the hyirogen data (multiplied by 2) to within the errora.



VI1X.3 Sealing violations

While the existence of scaling violations is established, their inter-
pretation is not so straightforward. When scaling viclarions were observed,
attempts were made to recover complete scaling by expressing the data in terms
of a new varisbdle o' = o + QZJH2 instead of w. These attempts had initial suc-
cess although violations of scaling in ' have been observed at SLAC.6 A new
scaling variable should attempt to correct for the effect of quark binding of
quark masses, and QCD specifies a variable § = 2x/(1 + V1+ &HzleQz)when the
masgses of both thé struck and the fiaal quark are light; at large x, E-'llm',.and
E -+ x at large Qz. ‘For that part of our data and those of references 19 and 20, at
small x (high @) none of the standard scaling variables will restore scaling.

However, at small x (high w) the limitation on_beam energy and hence v is
feflected in ; 1imitation to low values of Qz. The fact that Fz(x, Qz)'must
fall to zero as Qz decreases necessarily lmplies that scaling is not a valid
concept at low Qz. The rise of Fz(x, Qz) with Q2 i3 termed the "approach to
scaling." There is nc a pricri way of defining this region, however, and some
of the varjation of Fz'with Qz at high w, even for Q2 >1 cevz, may arise from
this kinematf{c constraint. In Fig. 20, the data from several w bins are ;1otted
agalnst Qz. The line in the figure is the constraint on the very low Q2 varia-
tion of F2 prév:lded by the real photon cross section. The data at finite Q2
approach "scaling" more slowly than that, and no clear “edge” can be'seen in
the di,tribut;ons. in order to be quantitative, some value for the lal-r-Q2 limit
of the "scaling region” must be defined. Phenomologically, scaling in w' was

initially observed at SLAC, at least in certain regions of w', for Q2 > 1 Gevz.

The limit chogen here, then, is Q2 -1 Gevz. Figure 20 suggests that this 1=
Dot an unreasonable choice. Further discussion on this point will follow in the

next subsection.
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VIi.4 Scaling violation fits to, the hydrogen data

The violations of scaling may be investigated more quantitatively by
fitcing the data. The Q2 dependence can be showm by fitting Fz(QZ, x) in
bands of constant x to the form

FZ(QZ) - Fz(Qz)(Qzlqg)b Q: = 3 GeV? (13)

Kore that b is the value of d{ln FZ]Id[ln QZ]; b = 0 corresponds to exact
Bjorken scaling. Within the Qz range of the data, a fit can as easily be made
vizh a cerm which is a power of In Qz. The meas;red values of b are shown in
Fig. 21. The fits used only data with Qz >1 Gevz. The effects of changes in
R are again indicated in the figure by horizontal bars. The values of b obtained
wher R is assumed to be zero are shown in the figure as crosses when they differ
sigrificantly from the values obtained when R = 0.52, The error bars are similar
in sire in each case. 1If the Qz dependent value of R is assumed, the resulting
scaling viclations are approximately the same as those for R = O; they are
siizhely smaller at very low x. This is still significantly different from
b = O, and it is imporctant to note that no reasonable parametrization of R
nlini:#tes the scaling viclations seen in the data.

It i3 not clear whether the rise of b at low x is real. The
data are essentially flat in b when the parametrization R = 1.20(1-x)IQ2 is
used. The Q2 range of the very low x bins is restricted and close to Q2 =1 GeVz,
a=d the “approach to scaling" effect may be inflating the violarion measured in
that :egloﬁ. An attempt was made to estimate the size of this "kinematic infla-
tioe™ of b by increasing the lower Q2 limit of the data allowed in the fits.
Ko clear conclusion could be drawn from this process. The viclation parameter

% shocld decrease as the minimum Q2 is increased, if kinematic inflarion is
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important. Some of the low x bins did show such a decrease, but others fluct-
uated, and others Increased. It is possible, of course, that the value of Qz
at which the “onset of scaling' takes place 1s an increasing function of w,
and that all of the high w violation 1s of the kinematic variety. Only data
at higher Q2 can resolve this question.
V1.5 Low 92 data

For the muon-hydrogen scattering data at 219 Gev a special effort was made
to remove the mucn electron scattering events from the data. This was done by
plotting the distribution of cross section versus Q2 at various v. On such a
plot the muon—electron‘sca:tering cross section appeared as a distinct peak at
the kinematic value Q2 - ZHOU. The data was fitted by a smooth line from each

side of the bump.

Since Fz goes to zero as Qz goes to zerc we found it more convenient to
ﬂ%pt the virtual photoproduction cross section dc!sz = t:l,r + saL as shown in
iijt;e 22 for the limited range 319 Ge\’2 < "2 < 375 GeVz. We fit this

curve with the forn a(@?, v) = A1/ + @PMD] for €, < @ < 0.4 Gevi/e

and find A = 132 * 13 ub and M: = .09 = 0.03 GeV2 (xz = 11.3 for 10 degrges

of freedom). This value of A can be compared to the Teal photon cross section

at the bin center cY(v = 184 Gev) = 118 ub.36 1f we assume that in this range

of w that OLIGT Z R = 0.52 and drops sharply to zero at Q2 = 0, then o, = OT(G, v)

becomes 111 up,tﬁ good agreement.
VI1.6 PFits

A different approach to scaling and its violations involves fitting a

global form, preferably one suggested by theory, to the data. The most desir-
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able form would be a theoretically-derived function, valid for all Q2 and x.
Unfortunately, field theoretic approaches cannot predict the value of the
structure function at all at low Qz, and must make assumptions to predict ir
even at higher Qz. Other theorestical approaches have other difficulties. Vector
Dominance, for example, works well enough at low Qz, but Trequires too many assump-—
tions or parameters to be appealing in the "scaling region.” Several different
fits have been made, each with a different set of assumptions.
These fits include some of the lower energy SLAC and MIT-SLAC data.33
In order to reduce computatiomal complexity, sowe of the lower energy data
peints have been combined in somewhat larger bins, and points in the resonance
region (W < 2 GeV) have been removed from the fits. All the points have had a
SI “"systematic™” error added in quadrature to the statisticz] error; this amount
1s consistent with the estimated systematic errors of all the experiments.
The "full” data set includes the combined hydrogen data from
this experiment, the SLAC data, and the MIT-SLAC data. In all cases a value
of R = 0.14 was used to extract the structure function from the lower-energy
cross-secrions; either R = 0.52 or R = 1.20 (l-x)/Q2 was used for the data
from this experiment. The value of R used will identify which version of
the full data set was used in a particular fit. Changes in R will affect the
shape of the structure function at low x. The use of R = 0.14 for the lower
energy data does not significantly affect the answers, since in the worst case the

change in Fz is only 6I, about the same size as the systematic effects.
The first spproach starts from the scaling viclation fits described
above. The value of b{x) can be fit with a term logarithmic in (1-x), and

a4 polynomial in (1-x) was used to fit Fz(Qz. x) giving as a global form
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3 -
F,0%, © - [E aiu-x)‘] @1 R
i=1
Q% = 3 cev? (14
The full data with Qz >1 GeV? vere fit to the above form. The rTesult is shown
in Table X: the function is plotted in Fig. 23. The value of C1 + Cz In{l-x)
= b(x) is also shown in Fig. 21.

Another approach rests on the development by Buras and Gaemer337 of aq§1
lytical forms for the quark and gluon distributions which reproduce the Q2
variacion of the moments predicted by QCD. The free ;arameters in their fit
are the.values of the moments of the distributions at a fixed Qi, since the
theory can predict the evolution in Q2 glven a starting point. They have fit
their form to SLAC and early hydrogen data from this experiment. The agreement
is reasonable at high x where their fit is dominated by the SLAC data. However,
at low x, the f£it is first too high, then too low, as x decreases. The lncrease
with Q2 tends to be too swift, also. At low x, the quark sea is begincing to
dominate the scattering. The sea distributions increase in importance with Qz,
causing the rise of Fz at low x. The shape of the sea distribution at an input
value of Qz - Q: determines the amount of sea contribution to Fz at Qz as well
as the rate of increase. Buras and Gaemers find the initial quark momentum
distributions proportional to (l-x)l?, but indicate that (l-x)s pight serve almost
as well. The discrepancies mentioned above, however, suggest that the distri-
butions should be yet more concentrated towards x = C.

The methods employed by Buras and Gaemers include fitting the Q2 depend-

ence of the first twelve moments of the valence quark distributions, and a re-
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petition of their complete fit is beyond the scope of this paper. Several fits
were made, allowing the parameters describing the sea quark and gluon distri-
butions ro vary, but keeping the valence terms fixed. The glucn distributions
resulting from these fits were found to have an exponent consistent with those
mentioned io Ref. 37, but the sea quark distribution was found to have a signi-
ficantly larger exponent. However, the scarcity of data at low x and high Q2

meant that the fits wvere not well determined.

The shape of the sea distributions can be deduced from other data, notably
from lepton pair production by hadrons.38 These expeériments assume that the
dominant source of direct lepton pairs is the Drell-Yan mechanism, and use
existing knowledge of the proton structure function to extract the sea quark
distribucions. Those data38 indicate that the exponenc should lie in the

tange 8-10.

The previously described fits did not include the data at low Qz, by design.

2
By the same token,fits to the low Q°, "approach to scaling" region usually do mot
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venture beyond Q2 - 1-2 GeVz, for similar reasons. Many approaches at both high
and 1ow.Q2 use, elther fmplicitly or explicitly, the parton model or parton dis-
tribution functions to derive the value of FZ’ suggesting that a properly designed

form based on a parton model approach might accomodate both the scaling region

and the approach to scaling.

Such an approach has been devised by Kirk.39 Here,
14g 4+g . Hg 2
3 14 5 5_19
7,Q%, x) = P32+ gy x (1 -0 *2 5 g, A- 0 S5 us

o.
where
By gyt
85 " 8gs T €
¢ = 1al(@ + 5D /al)
and P3' PS’ 8g3* 8gs5® X and = are free parameters.

The model views the proton as having accessible to it a number of states
with different numbers of quarks and gluons in each; there is an associated pro-
bability that the proton will be in that state when the muon scattering takes
place. The terms in Eq. 15 represent the two simplest such configurations. The
first tern cousidets scattering from a state of three valence quarks and 83 gluons.
The partons (quarks plus gluons) are given a one dimensional phase space momentum
distribution after Bjorken and Paschos.%0 ‘The second term considers scattering
from a state which has a quark-antiquark pair in the sea, and includes an expli-

cit Q2 dependence for the approach to scaling in the generalized vector dominance

spiric, as developed by Devenish and Schildknecht 41
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The form was fit to the full data set with Q2 >0.3 (Gev!c)z, and the results are
shown {n Table XT and Fig. 24. The fit with R = 0.52 had a X% of 285 for 279
degrees of freedom.

Sipce the form includes explicit terms incended to fic che approach to scaling,
the limir of the fit as Q2 goes to zero is of interest. The fits in Table IX give
‘T = 105 ybarn, and qY; 121 uybarn, to be compared with oT (EY = 200 GeV) = 118 ubarn.36

Considering that the normalization of the second term is not complecely reliable

vhen st mz, an effect which tends to suppress the fit value of oT, the agreement

1s quite sacisfying.
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v]I.6 PFoments of the Structure Functions

It is of particular interest to see to what extent the deviations from
-scaling, made evident 1n these experiments, correspond to the pred1ct1ons

of QCD. These pred1ct1ons are}ngen most directly in terms of the Q
{10-14

1
1.0 = f 7% (x,0%)ex (16)

o)

behavior of the moments,

rather than the structure functicns themselves. According to QCD the moments
are given by a sum of terms which vary as negative powers of log{Q®/A%) as Q*
becomes large. These powers are the ancmalous dimensions given explicitly
in the theory. While every field theory predicts scaling violations as Q7 - =,
only QCD makes the nrediction spacific and sdbject to experimental verification.

The predictions are simplest for the flavor nonsinglet structure functions
such as F;p - an in deep inelastic electron (and muon) scattering, or the
vector-axial vector interference structure function xF3 in charged current
VN and VN scattering. In these cases the Q° behavior of each moment is given
by a single term,

{n)
Hes(naQ?) = B c(nqZ)e NS (17)

Here Hﬂs(n.Qz) is the value of the moment at some arbitrary value Qz. s =

ln[ln(Q’/A‘)/ln(Q‘/A’)] gives the Q* dependence in terms of a scale parameter
A which pust be determined from the ddta. The gquantities lﬁq) are the
*"anomalcus dimensions® of the theory, given by

2 }
ltlg) 33_ 2f [1'n(n+ﬂ+4z 3-] > (13)

=L

where f is the number of flavors.

The moments of the structure function Fz are complicated by the presence
of two additiona] sirglet terms, S, and 5_. In this case QCD gives
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- ) ‘1,82)5 () g
N 2y - 2 z + 2 +
M7 (n,Q%) = Mec'(n,Qg)e + M, (n,Q;)e + M_(n,Q])e (19)
where N is either P for proton or N for neutron. QCD specifies the values

of the k( ). The coefficients M (n,Qz) are not calculated in the theory

but have to be determined from tha data They may have negative as well

as positive values. However, the observed moments M( {n,Q%) are necessarily

positive.

Expressions {17) and {19} are correct to leading order in the theory
and can be expected to apply provided G® is large enough. For values of Q? in
the range covered by present experiments, higher order and target mass effects
can be quite substantial. Nachtmann[42] has shown that by modifying the
expression for the moments, the principal target mass effects can be accounted
for. The Nachtmann moﬁents for Fz may be written

£nax
My(n, Q%) =./r €720 - (MO /Q0E I + @V * 30 )F, (5,000 (20)
' 0

where M is the nucleon mass and
n, = [0+ 1)mvg — (i + 2JQW/{(n + 2)(n + 3)(v?+ Q%))
€= [(v? + )2 - ym

b o]

In what follows we use the Nachtmann moments in applying Eq. (19) to our
data. We carry out the analysis first to leading order and then to 2nd order in
the coupling constant o By restricting the analysis to the data with

Q >3 GeVz these effects keep within manageable proportions.

The moments were calculated from the experimental data by numerical
fntegration. To cover the full range of x adequately we combined our muon
scattering data with the electron scattering data from the SLAC[33] and
HKT-SLAC[33} experiments. Qur muon data, which covers the region of small
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x, complements nicely the rather extensive electron data over the rest of the
range. This is seen in a sample plot of the combined data for 8 < Q* < 10 Gev?
in Fig. 25. The integrals were calculated from the data in several (? bins.
In each case their value from Xmin to x was calculated by direct numerical
min (xmax) is the smallest {largest) value

of x for which there is data. This procedure correctly includes the effects
of the nucleon resonances since there is electron data right through the
resonances. The contribution to the integral from 0 to Xpin
assuming Fz(x =0} = Fz(xmin). The contribution from Xoax 10X = 1 was calculated
by setting Fz(x = 1} = 0. Except for the highest Q* bin, 30 < Q < 50 Gev?,
these corrections were generally quite small., The contribution to the integral

max
integration of the data, where x

was estimated by

from elastic scattering was included using the dipole formula for the elastic
form factors, 2s given in Appendix 1.

The values of F2 obtained fram the measured cross sections depend on the
choice of R. We used various values of R at various times. In the latest
analysis reported here, we used the constant values, R = 0.52 ¢ 0.10 for the
muon data (Section VII.1} and R = 0.21 * 0.10 for the electron data[32].

The moments were calculated using bin centered values of FZ. The values of

F2 for the muon data given in Table IX are at the bin centered Q*. To put

the electron data on the same basis we adjusted each data point to the bin
center using Eq. {13) in Sec, VII.4, with b = 0.25 - x, to give the Q? variation
of F2 within the bin. The effect on the moments of this adjustment was very
small, For the muon data the values of F, listed in Table IX were used.

However, we did not use the values shown in brackets because, as noted above,
these lie outside the range of the cuts imposed on the value of wv.

The moments calculated in this manner are tabulated in Table 12. We
give both the even and odd moments fromn = 2 to n = 10, The errors stated
include, besides the statistical errors associated with the measured values
of Fz; errors of extrapolation, estimated as 25% of the amount of the extra-
polation, an uncertainty of 102 of the amount of the elastic scattering
contribution. and a 2.5% systematic error added in quadrature to take into
account uncertainties in normalization. A further uncertainty is due to the
lack of knowledge of R. This was included by calculating the moments using
values of R greater or smaller by one standard deviation as given above.

The error due to R was estimated as being 1/2 the differeace obtained and
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added in quadrature to the other errors. This contribution was generally
the largest of all, amounting to 5% more or less depending on n and Q2,

The deuteron moments are given per deuteron (not per nucleon) without
correction for the Fermi motion. The elastic correction is included, obtained
by summing the contribution of the neutron and the proton, taken as free.

The values used for the elastic scattering contribution are listed in
Table Al in the Appendix. The correction is particularly large for low Q°
and high n. These values of the moments should be applied with caution.

¥II.7 The Energy-Momantum Sum Rule

1

1
In parton theory the integral I2 =;/rF2(0’,x)dx measures the fraction

0
of the energy-momentum of the proton carried by the charged partons, weighted

by their charge squared.

In the naive parton model the expected value for the proton, made of
two "up" quarks and one “down" quark, is 0.333. For the neutron, made of
one “up" quark and two "down" quarks, the expected value is 0.222. In QCD,
in the large Q? limit, the integral has the value[]ZJ

1,= ) Qj/(3f + 2),
i

where 95 is the charge on the 'Ith quark. The sum runs over all f fiavors and
three colors, and g = 8 is the number of gluons. For f = 4, I2 = 0.119. The
same for the neutron as for the proton, because in QCD, at high enough Q*, the
two are indistinguishable.

In Fig. 26 the second (Machtmann) moments for the proton and the deuteron
given in Table 12 are shown plotted as a function of Q®. There is very little
Q? depandence. The value for the proton, 0.18, is well below that cited for
the naive parton model, implying that only 54; of the energy-momentum of the
proton is carried by the charged quarks. In the light of QCD the missing
energy momentum is carried by gluons and 2t the present values of Q? the quarks
that are in evidence are m&in1y the valence quarks. In the case of the deuteron
the value of the second moment is 0.30. The value for the neutron{ obtained by
difference is thus D.12. Again, at our relatively low values of 0%, the
quarks in evidence in the neutron are mainly the valence quarks and these
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carry 54% of the energy momentum. In both cases gluons carry the remainder,
47%.

- These rough considerations are borne out by a more detailed analysis
using QCO in leading order. Following the method used in Ref. {(48) the moment
coefficients are written in terms of the quark and gluon moments at Q% = Q;.
For up quarks,

' 1
<u>n. =fxn-]u(x,Q;)dx , , (21)

where u(x,Q;) = Nu(x,Q;) + Na(x,Q;), and similarly for the d and s quarks

{we neglect the ¢ quarks); for gluons G(x,Q;) = NG(x,Q;). Here, N; is the
number of quarks, antiguarks, or gluons per unit momentum interval, in units
of the nucleon momentum. In terms of these moments the moment coefficients

of Eq. {19) may be written

Hrsfn,Q;) - %[ﬂ.’)n - <> - ‘S’n] | o (22)
Mi(n:02) = g + <o - <S>n] (23)
M,(n,Q2) = -;‘;—é-[a;(w:»n +ad> 4 <s> ) - <G>n:l/{a; - a)) (24)
M(nQ2) = lenew, v b v ) - @ JNap - ) o (28)

The constants a: and a; are given in the theory by the formulas stated in

Appendix 2. For n = 2, a, = - 18/5, az = 24/5.

A fit to the data is found by choosing a value of A and then finding
the values of the <q;> and <G> by least squares. The value of A is then
varied unti! the best overall fit is found. The moments <qi>2 give directly
the energy momentum carried by the quarks q;- Energy-momentum conservation
gives

?“‘1’2 + <Gy = 1. (26)



He‘used the secbnd moments 1isted in Table 12, modifying the elastic scattering
correction for the neutron by using a form factor 42% of its normal value to
avoid some double counting in the data due to Fermi motion. Taking Qﬁ = 10 Gevz
we found <u>, = 0.34, <d>, = 0.17, <>, = 0.06 and <G>, = 0.43. The solid
curves of Fig. 26 show the fit obtained. The fit is rather insensitive to the
value of A which turned out to be A = 183 + 282 MeV. A simultaneous fit of the
n = 2,4,6 moments carried out in the manner of Ref. 48 is more restrictive and
gave a2 common value of A = 637 + 153 MeV. This fit is shown as the dashed
curve in Fig. 26. MWhile these results seem plausible and in agreement with
what had been obtained previously they make it clear that for a'useful test

of QCD it is important to study the higher moments.

¥1i1.8 Higher Moments

th moment is given by

In leading order QCD the Qz dependence of the n
Eq. (19). The value of A is the same for all n and is related to the coupling

constant of the theory by the expression

o le®) 32 (dD) .
S It 2,2 (27)
b x B, 2n(Q°/a%)
The inclusion of the next higher term leads to the expression[43’45]
us(ozl 1 Bl 2n 2n(2/A%)
- 77 [ - (28)
¥ B, 2r(Q°/47) 8, nlg/a")
where
B, =11 - %
(] 3
B, » 102 - Ir

and £ is the number of flavors.
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The inclusion of the higher order corrections alters the relation
between A and the coupling constant. Moreover, the additional terms in the
Hilson operatbr expansion that must be included compiicate the Qz dependence
of the moments. If an analysis based on the leading order expressions is
carried out épparent'values of A will be obtained which will be different
for each n. HWe denote these values by An. Such values of An may give a
good fit to the data but are no longer simply related to the coupling constant.

To study this behavior we carried out an analysis of the higher moments
based on Eq. {19) together with Eqs. {22-25). In the analysis for n > 2 we
set <s> = 0 to reduce the number of free parameters in the fit, since this
quantity is known to be small in any case.

Table 13 1ists the values of An obtained together with the values of
the quark and gluon moments for each n up to n = 10. The values of An show
a regular progression. increasing with n, as shown in Fig. 27. Good fits to
the data are obtaingd as indicated by the small xz'values abtained for each
n compared to the number of degrees of freedom, 14. The fits are shown in
Fig. 28 for hydrogen and in Fig. 29 for deuterium. We show only the even
naments; The increase in Ay fromn = 4 to n = 10 amounts to 63%. However,
the sensitivity of the fit to A, is sé poor that an acceptable fit with a
constant A can also be obtained.

The evidence presented here is indicative of the presence of higher
order QCD effects. This is in contrast with the neutrino data[47'50] for
which such evidence fs lacking.

In Bosetti,‘et. al..[‘7] a quantitative verification of QCD is given

dased on the leading order expression:
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d Tog Myc (n.Qz) i 152)
d log My (m,Qz) Aﬁg)

(29}

The experimental values of the left-hand side of Eq. {29} are shown to agree

remarkably well with the QCD value of the ratios 152’/1&2).

ment has been obtained by de Groot, et al.tsql Such an a2greement implies

A similar agree-

that An = Am. However, if A“ > Am, as our results indicate, the ratio of
the slopes would be increased. With A, = 0.59 and A, = 0.82 as in Table 13
the expected value of the slope would be raised to 1.63.

The analysis given by Bosetti, et a1.[a73 is simplified by ihe use of
the moments of xF3 which are purely nonsinglet in character. In leading
order QCD these have a simp1e‘exp§nentia1 dependence on the‘variable s as
given in Eq. (17).

In general, the moments of the structure function Fé as given in £q. {19)
fnclude a large singlet contribution. Contributions come from three terms
with different exponential coefficients. However, the singlet contribution
designated 5, is relatively small while the exponential coefficients of the
nonsinglet and the singlet S_ terms are closely the same for n > 4. Thus,
the moments of F, for n > 4 can be expected to exhibit a simple exponential
behavior with a slope approaching that of the RS term alone.

In Fig. 30 we display log "6 versus log H4. A least-squares fit to the
points gave d log Hsld Tog H4 =1.62 + 0.19, a value appreciably larger than
the valup 1.29 expected from leading order QCo but in good agreement with
the expectation taking into account the change in An. This value of the

slope is not changed much when the contribution of the'S+ term {5 removed,
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We also display log M;, versus log Me- The least-squares fit to the
.pointslgave d log Mlold Tog Mg = 1.60 + 0,14 compared to the va]ue.l:zg from
lowest order QCD, again the larger slope can be accounted for by the increase
in An. while the effect of the S+ term is relatively small. In Table 14 we
cummarize the results for the slopes taking various combinations of even
moments. The observed ratio of slopes is consistently greater than the
lowest order QCD prediction, reflecting the monotonic rise of An with n.

¥I1.9 Second Order Corrections

Recently Floratos, Ross and Sachrajda[AG] have calculated the second
order corrections in the Wilson operator expansion. They included both the
singlet and the non-singlet terms, making the corrections applicable to the
structure function F2. We carried out an analysis of the moments in the
same way as for the leading order, but included the correction terms given
tn Ref. (46). We attempted to fit only the even moments listed in Table 12.
As before, we reduced the neutron fofm factor to 42% of its normal value to
avﬁid double counting of the data due to Fermi motion smearing in the elastic
scattering.

We carried out the analysis setting <S>, = 0 except far n = 2. 1In
Table {15) we give the best fit values of the quark and gluon moments
obtained by allowing An to vary for each n separately. Good fits are obtained,
with xz < 7 for 14 degrees of freedom. The main effect of including the
second order corrections is to reduce the value of A by a factor of about
0.62. -

Finally, we carried out the analysis after correcting for the effect of

[51]

Fermi motion in deuterium. WYe used the formalism of Atwood and West and
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the Reid hard-core model for the deuteron.[SZ] The effect on the observed
(inelastic part) of the deuteron.ﬁoments iz to increase the n = 2 moment by
a factor 1.0158 and decrease the n = 4,6,8,10 moments by factors 0.9997,
0.9593, 0.8933, and 0.7989, respectively, without appreciable Q2 dependence
over ocur range of values. The results are given in Table 15. Figure 31

shows the variation of A, with n.
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A rising trend is indicated. This may imply that additional corrections,
e.g. twist four, need to be included. On the other hand, these will mainly
affect the higher moments, while most of the rise appears because An is so
low. We have no ready explanation for this low value other than it occurs
with a2 large error. MWe can make a global fit to the data using all even
moments from n = 2 to n = 10 and obtain a qood fit with a common value
A = 459 + 111 VeV. The results of the analysis are given in Table 16. The x°
for n = 2 has now become 10.3, but this is still a good fit since there are
effectively 15 degrees of freedom in this case. Accordingly, we take this
value of A as the best value from our data. The overall fit to the data is
shown in Figure 32. Inserting this value in Eq. (28) we obtain for the
coupling constant a /7= .033 + .006 at ¢ =3 GevZ.

This value of the coupling constant is sufficiently small compared to
1 to suggest that further higher order corrections will be small. The

general! accord of the data to the behavior prescribed by QCD constitutes a

strong statement of the essential correctness of this thecry.
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VIII. Conclusions
1. We have mcasured the value of R = cLloT in a previously Inaccessible
region. The data are not sufficiently precise to prescribe any kinematic vari-

atfon, but arc comnsistent with several forms, including R = O.SZTg'i;; ]| =

r (1-x/0%, R, = 1.2070°50 cev’; & = R (1-x)/1n@* /%), R = 1181933, A = 0.3
GoeV. The last is sugrested by QCD, although the approximations used to derive
the forz begin to fail in the region where the mecasurement was made. This result
4s therefore illustrative but not a test of the theory.

2. Using the first value of R derived above, we extracted the structure
fuoction FZ(QZ, x)}. Violations of Bjorken scaling in this function are clearly
asteblishked by the data. The exact form of the violation at low x depends on
the value of R, and on as yet unconstrained kinematic effects of the approach to
scaling. The violations, howe@et, cannot be removed by any feasonable choize of
‘walues for R, and as suckh, the data support the scaling violation prediction of
qco.

3. The value of F, can be fitr to forms suggested by QCD. In ore case, we

2
use gpesific analyrical forms-for the quark distributions; in another, empirical
forms are devised to fit the data. These fits do tolerably well, but the details
are dependent on the shape of FZ' which is in turn strongly dependent on R,
and the last is not well determined at ‘ow x.

The data can also be fit with a model which incorporates scale-violating
terms into a simple parton model, and which fits botn the "approach to scaling”
snd the "scaling” regions well.

4. The Callan-Gross sum rule integral 12 shows, wvhen evaluated using data

extracted vith R = 0.52, a slow decrease with Qz, as expected by QCD.
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5. An analysis of the even Nachtmann wmoments to 2nd order in a from
n=2ton =10 finds excellent agreement with the predictions of QCD. The
gluéns carry about 472 of the total energy-momentum and have a wmomentum dis-
tribution like that of the valence quarks. Only a small fraction of the
energy-momentunm distribution is concentrated at small x. We find A = 0.46 +
0.1]1 GeV, corresponding to a coupling constant us(Qz =3 Gevz)hr = 0.033 +

0.006.
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APPENDIX 1

Tﬁe elastic structure function in terms of the Sachs' form factor

is 2
6(0)) + L opeh)
W (Qfv) - a, 6% - )
1+ L
o af

where M is the nuc]eon mass.

To obtain the elastic contribution, substitute into the formula for the
Nachtmann moments‘and change the variable from v to £ in the § function and
integrate. The result is, for the nth moment, an elastic contribution of

62(g%) + Q—G 2(¢%)

N

2 2
L1 - 1+ /) - "zﬁm)“ ; g EEnZ(1 + 3n,)

T

4M
where
{(n + 1)amax/z - {n +2)
L™ = 2 »
{n+ 2)(n + 3}(1 + a )
4t

€ = 201+ (1 s iy 2y

¥e use the simple scaling law

s,m ) Ghia)

6f(a?) = o

6(e®) .

6reh) =0



By i 2

and the empirical dipole formula

-2
6(q?) = (1 + 93} with K = 0.84 GeV.
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APPENDIX 2

The constants a; and a; are given byt45 [We use Machtmann’s formula-
tion )

n

s, _ %6

‘n Sdn_;\n
w -

a - 38 d“ﬁa!

n "S'dn N
"W 4

where
2 - 1
&, = it - et 4 )Y
-

2

I | n+n+2
I
dn - nz+n+2
¥ '33 Tfn(n+l)(n+—25
n
i
& minw[i+ Y-y g.:as‘]

n_1 1
ag = 3ldg, + dgo) t'{( ‘ss) sqf’;c) /2
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TABLE I. Kinemacic Variables

Masses Four Vectors

B, electron Py ® (E, 2) incident wuon
L} L | [

B, rmon P (E*, P ) scattered muon

M pucleon Pc = (M, 0} target nuclecn

q " {v, g_) virtusl photon

% =P - Pl
veE - E' '
$=3" &
r-igl
Pl - l ‘gl I
8 = angle hetveentp md’P'
Q2 z -0,1‘141a = LEE! sinz {g/2) + vZIEE' + D(m3/1‘.3)
) ]
an £ 2(EE' - pp' - mﬁ)

scaling variables

M/ Q2

™
x ¥ liw

' =w 4 nzlqz

£=2x/Q1 'l'Jl + ‘lexzsz) - (VCZ + Qz__ V) /M
other gquantities

2 .
'2 = My + Hz - Q the square of the center of mass energy of the photon-nucleon
) systen

e X1 21
rs= e az-pz o flux of transverse photonsg

E=y = Qzlm energy of s real photon, which, incident on & statiocoary
target proton, gives center of mass energy W

~1
c = [1 + Z(Qz + vz) tanz(BIZ) ]
2,9 _ a? 242
Q Q1 Qm/Q ’)

ratio of longitudinal to transverse
photon flux



TASLE II. Incident Beam Flux and Analysed Event Statistics

Data Set Total Incident Analysed Events Analysed Events
Bean Q? > 0.2 Gev? Q% > 1 cev?

147 GeV 2.04 x 10 1.19 x 10 7312
Deuterium

Run 2 10 5

96 CeV 2.4 x 10 1.50 x 10 6533
Bydrogen

Run 3 10 k
147 GeV 2.3Tx 10 0.67 x 10 3059.
Bydrogen :

Run &
14T GeV 2.66 x 10*° 1.09 x 10" 6167
Eydrogen

Rup S 10 b
219 CeV 7.44 x 10 3.61 x 10 19883

Bydrogen
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TABLE VI. Comparison of Analyses

Task

Trackfinding
starting point

Trackfinding
algorithm

Muon
{dentification

Upstresm—dovnstrean
linking

Vertex cut
around target

Track reconstruction

First Analysis

6 m magnetostrictive
chanbers

spark chambers gilive
initial track

track linked or
counter labelled

X or ¥ link

yes

meagured by Iinserting
tracks

Second Analysis
all 20 plames

spark pairs provide
road for search

counter identification
and presence of sparks
ina multiple scattering
cone

x and ¥y link

estimated to be less
than 12
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TABLE V1I. R From Data Set Comparison

x o? R
0.100 1 - 30 031} 030
0.080 1-15 o.s4 F 2-20
0.059 1-15 0.00 * 822
0.036 1-8 0.4 * g:gg
0.025 1-6 ras ¥ 93
0.019 1-5 0.25 ¥ 9:3¢
0.014 1 - 3,5 0.3 * g:g:
0.010 0.9 - 2.5 0.25 & '3
0.007 6.8 - 1.5 0.71 % 03
0.005 0.6 - 1.25  1.45 T 3:%3

+ 0.47
00003 0.4 - 0.8 1.81 . 0.96
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TABLE VIII. Contributions te Systematic Errers in R

Source Change inc R

Change normalizacion by 5% 0.23

Shift beam momeatum AE by

1 Gev 0.00

‘Change trackfinding efficiency
by 5% at worst point, scaled
back to no change at 1001

‘afficiency ' 0.15

Change all inner edges of the
geometric acceptaunce by 2.5 mm,
the measured uncertainty in

position 0,10
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TABLE X. Values of Parameters in fits to Eq. 14

Data set:

1

DOF

R = 0.52

0.0126 * 0.0147

0.9986 + 0.03%4
-0.6225 £ 0.0278
0.1577 & 0.0093
0.5329 1-0.0195

343

2 = 1.20 (1-x)/Q°

-0.0095 * 0.0129

1.0765 £ 0.0345

+

-0.6844 + 0.0249
0.1283 & 0.0092
0.4966 + 0.0186

335



TABLE XI .

Data Set:

x*/213 por

R =

0.517

- 0.679

0.345

1. 28

. 0.410

0.483 = 0.029 GeVv

Value of

0

“

+

-3 3~

Parameters in fits to Eq. 15

.52

0.016

0.049

0.007

Q.36

0.100

2

105 ubarn

285

R=1.20

0.472 *

0.427 2

I+

0.334

G.390 *

“+

0.436

"

0.391

(1-x)/Q°
0.104
0.087
0.116
a.205
1.408

0.045 Gev?

121 ubarn

361
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GEVsal
3.25
* -
3.7%
'y
£.5%
L g
$.50
™
2.00
F
g.00
-
12.50
-
22,50
s
40.00
¢

0342
SEVs32
3.25
o
3.75
Ly
-4.50
&~
5.50
&=
7.00
&=
.00
’-
12.50
=
22.99
o
40.00
-

?
186262
0056597
186974
007241
+ 104071
005337
. 182323
007371
179332
.003202
. 179335
- 008833
172324
009283
176594
010151
184841
«020135

2
-318155
011523
-310267
012343
.309583
-013507
312418
015102
297378
01314
.23846%3
014201
«300050
020441
«322307
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L332783 601711
000755 ,9800474
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001718
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-B01453
+ 000057
LOD1273
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< 039035
L0097
. 0000435
30075D
L00047
900523
SHOF?
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- 803216
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-902993
<0Juiad
. 002520
080107
.002253
- 000075
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. 0015857
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001450
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- 000324
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0013524
L090102
-01373
- 0000
L0327
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300901
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LEADING ORDER AMALYSIS
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~ TABLE 13

QUARK AND GLUON MOMENTS AND A

W O N oA N s WN ' 2

o = 10 Gev?
ws o> <53y <G>, A (Mev) xz
.3827 1735  .0582 .4256 183 + 282 2.98
.0926  .0374 -~ .0893 369+ 316 6.04
0358 L0122 -~ .0849 59 %270 2.90
.01696 .00525  --  .03117 753 #1935 3.00
.00917 .0025%  --  .01939 822 + 150 4.29
.00542  .00141 --  .01238 B67 +127 5.63
.00342 .00084  --  .00838 904 + 111 6.90
00227 00054  --  .00602 938 + §3 8.1C
.00157 00037  --  .00462 971 + 88 9.2

QUARK AND GLUON MOMENTS
LEADING ORDER ANALYSIS WITH COMMON A

@ = 10 cev?
<w>. <d>n <> <> A(Nev) Xz
3473 1832 0  .469 637  4.52
.0357  .0123 -~ .0522 “ 2.9
.00931  .00239  --  .00656  * 5.37
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TABLE (14)

Leading Order

Qco

Predicted Values

(4 flavors)

Homents 'o%sli?:d .A(H'"S)/A(,I'S) - e,
deni(n=6)/dLnil(n=4) 1.62 £ 0.19 1.290 1.310
¢m4(n=a)/¢zni~1(n=4) 2.15 £ 0.24 1.499 1.533
derit{n=10)/d2a%(n=4) 2.61 £ 0.29 1.652 1.701

- demt{n=6}/d2ni{n=6) 1.33 £ 0.12 1.162 1.166
denn{n=10)/dini(n=6) 1.62 + 0.14 1.288 - 1.29%
denk{n=10)/d2al(n=8) 1.22 % 0.03 1.108 1.107
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TABLE 15
MOMENT ANALYSIS

(Including second order corrections)

' 2
nooaws, > sy <@ A (Mev)  x

2 .3521 1819  .0137 4523 91 +123 3.0
4 0355 .0126 - .0708 397 + 171 2.6
6 .0091 .D027 - .0286 503 + 112 3.8
8 .003% ,0009 -- L0137 562 + 80 5.4

10 0015 .0004 - L0076 599 + 65 6.9

MOMENT ANALYSIS

(Iacluding Fermi motion and second order corrections)

:_ <u>, <d>n és:-n <6, An(ue\f) x2
2 .3520 L1960  -- 4520 90 &+ 119 3.
4 .0355 0126 --  .0708 397 + 168 2.6
6 .0082 .0021  -- .0241 4724108 3.8
8 .0035 .0004 -- 0089 SO0+ 79 5.1

10 .0016 - -- .0042 5§31 + 82 7.1
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TABLE 16
QUARK AND GLUON MOMENTS

{Including second order and Fermi motion corrections:
global fit with common value of A)

-2- > o<d> <s> <6 A(Mev) xz
2 .3389 .81 - 4740 459 10.3
4 .0353 .0V30 - .0883 . 2.7
6 .0093 .0021 - .0225 . 3.8
8 .0035 .0032 - .0065 " 5.4

10 .00%¥6 -~ - 0019 * 8.6
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Table A-}

ELASTIC COMIRIBUTION FOR HYLROBEN
|
3 4 5 ) 7

003400 002377 002811 002009 .001458
002222 801931 (I016927 001437 Q01214
SB01343 001199 00107 L 020999 000787
L030743 000448 0005976 00052F 000448
039347 009318 003230 600243 .000238
LG0QISE L009131 L20GITT JG0Q121 Q00112
L0004 000045 003044 009041 L090039
000025 .0900056 000923 .000005 000995
000067 000001 00000t .GUOODY .090001I

ELASTIC CONTRIBUTIGN FOR DEUTERIUM
N

3 4 5 & 7
L094792 .953054 003375 .002827 (002144
003234 .092205 .002393 092033 001720
L00194% 001707 001390 001293 001120
2001036 .000957 000333 .009757 000570
L002500 000453 000417 000373 000343
L070219 .009204 090139 030173 000142
S02067% .000287 000053 L200%40 000054
.330008 009003 00003 .000003 , 000007
L0001 L00CCOT Q00001 000001 000001

L
-001378
001027
0100430
000414
000215
.G02103
-000037
000005
. 000001

L
001939
001432
0007487
L0003
L0010
000147
+0004653
- 000007
L400001

?
.001133
.000855
000537
000355
L0195
-$00095
000034
800005
0006401

y
001680
001323
0008319
000522
- 009220
SACIET
. 000050
L0007
. 000001

10
- 0009323
.000723
000505
L0320
L0025
- 000033
L050132
000205
.000001

1%
001319
.001023
000718
090450
-000332
LG90135
03007
L2007
000801
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Fig. 1. Feynman diagram for one photon exchange,
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Fig. 2. Schematic diagram of Fermilab muon beam and beam optics.
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Fig. 3. Fraction of beam absorbed in steel hadi-on absorber as a function
of polyethylene absorber in D3 magnets,
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Fig. 5. Phase space of‘14‘7 GeV muon beam observed at experimental
target. a) beam spot size; b) x vs. x slope correlations; c) y vs. y slope
correlations; d) momentum distribution.
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Fig. 9. Vertex distribution of analyzed events. Solid line: full target.
Dotted line: empty target normalized to the same incident muon flux.
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and the extracted structure function F, versus Q for 9«<w < 20.
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Fig. 15. Virtual {hotoproduction cross section for several Qz bins with 100
< W& < 144 GeV%4. The straight line in each case is the best fit with R = 0.52.
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Fig. 17. Extracted values of R va. QZ. The dashed curve is
R = 1.18 (1 -x}/In(Q2/A2) with A = 0.5 GeV; the other curve is

R = 1.20(1 -x)/QZ.
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Fig. 22. doldQ” = {a +€q ) as a function of Q" for 319 < W' < 375 GeV
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Fig. 26. Energy-momentum sum rule. The experimental Nachtmann moments
M. (Q?) for hydrogen and deuterium. Leading order QCD fits are shown.
sofia curve is for A= 0.8 GeV, dashed curve for A= 0.64 GeV. The values
0.238 and 0.119 indicated by the arrows are the asymptotic Qz- o limits
expected for the 4 flavor, 3 color quark-gluon model in QCD.
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Fig. 28. The experimental Nachtmann moments forn=4ton =10 for
hydrogen and the fit in leading order QCD. Each n is analyzed separately.
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Fig. 29. The experimental N:achtmann moments for n = 4 to n = 10 for deuterium
and the fit in leading order QCD. Each n is analyzed separately.
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