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This paper reports measurements of the hadrons .produced in the inelastic scattering of 147-GeV muons by
protons and deuterons in an experiment carried out at Fermi National Accelerator Laboratory. Both the
scattered muon and the hadrons were measured in a large spectrometer. Properties of the hadron spectra are
presented for proton, deuteron, and neutron targets and compared with theoretical models and with hadron
spectra from related processes. Emphasis is placed on the quark-parton model and the data are found to be
in substantial agreement with it. The average transverse momentum of the hadrons with- respect to the virtual
photon direction shows no dependence on the muon scattering variables. The data display “jet behavior” of
the inclusive hadrons comparable to that found in ete™ annihilations.

I. INTRODUCTION surements begun at SLAC at the higher energies
available at Fermilab. Another compelling direc-
. The discovery* at the Stanford Linear Accelera- tion for further research was investigation of the
tor Center of approximate “scaling” in the inelas- properties of the hadrons produced by the inelas-
tic scattering of electrons by nucleons opened a tically scattered lepton. It was hoped that these
fruitful area of research. Because of the small- properties would yield further insight into the
ness of the fine-structure constant, ‘@, it had constituents of the nucleon.
long been appreciated that, if radiative correc- A series of muon scattering experiments was
tions were ignored, the description of electron performed at Fermilab to further these investi-
and muon scattering could be well approximated gations. Muons rather than electrons were used
by the single graph shown in Fig. 1. In this ap- since they were more readily available at Fermi-
proximation the total inelastic lepton cross sec- lab and since they are essentially heavy electrons
tion can be interpreted in terms of two nucleon by all tests.® Another advantage of muons is that
structure functions. the radiative corrections are smaller. The exper-
The surprise of “scaling” was that at high mo- iment was designed to look at both the scattered
mentum transfers the structure functions did not muon and the hadron final state. An order-of-
depend directly on the two Lorentz invariants that magnitude increase in beam energy over that of
define the scattering process (Q* and v), but only previous SLAC measurements as well as a doub-
on the ratio w=2Mv/Q* Bjorken® had pointed ling of the momentum-transfer-squared interval
out earlier that such a situation could arise from was achieved.
consideration of the commutation properties of This paper describes the properties of the in-
the electromagnetic current; as a result this clusive hadron distributions measured in the ini-
behavior is called Bjorken scaling. Stimulated tial series of experiments. Some of this work has
by the SLAC data, Feynman® and others* proposed been published in letters®” and was the basis for
a simpler explanation in terms of pointlike con- the Ph.D. thesis of Matis.®? Companion publica-
stituents of the nucleons, called partons. Since tions®° and the theses of Bharadwaj,'* Gordon,*?
these simple explanations of “scaling” predicted Kirkbride,'® and Pordes!? cover the inclusive muon
that the data would continue to scale as @ and v scattering and give more detail on the apparatus
increased, it was important to continue the mea- and some aspects of the analysis. An independent
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FIG. 1. Feynman graph for muon scattering by one
photon exchange.

analysis of the muon inclusive scattering and had-
ron distributions for the deuterium data is given
in the thesis of Heisterberg.'®

II. KINEMATICS

In the single-photon-exchange approximation the
discussion of hadron production in lepton scatter-
ing can be reduced to a discussion of photon-had-
ron interactions, where the photon is the exchang-
ed virtual photon. As depicted schematically in
Fig. 1, the lepton scatters from the nucleon by
exchanging the virtual photon. Thus muoproduction
can be treated as the virtual-photoproduction reac-
tion

¥,+N —hadrons. (1)

In this paper we are particularly concerned with
inclusive reactions where a single hadron is
studied. In terms of the kinematic variables de-
fined in Fig. 1 and Table I, the muoproduction
cross section for inelastic hadron production can
be written in the form

d°c - T _z_ia_s_ @)
dQ%dsdp® 2MELE! " dp®’
where
_a (s-M%)/ 1 2m w2
T=0r MQ? (1—€+ Q* ) )
and
€= [1+2-@%%-:3tan2(%9)] . (4)
Here
B=(1-@3,,/Q%?. (5)

T is the usual flux of virtual photons per incident
muon, and € is the polarization parameter for
the virtual photons. In addition to the transverse
polarization characteristic of real photons, the

TABLE I, Definition of kinematic variables for the
reaction p+p—p+h+anything. '

my Muon mass
Incident muon energy

E"1 Scattered muon energy
Oy Muon scattering angle
v Virtual-photon laboratory energy
Q> Virtual-photon negative mass squared
€ Virtual-photon polarization parameter
s Square of virtual-photon—target-nucleon
system center-of-mass energy
E* Hadron energy in virtual-photon—target-
' nucleon center-of-mass system
E Hadron energy in the lab system
p* Hadron momentum in virtual-photon—target-
. nucleon center-of-mass system
P Hadron momentum in the laboratory system
Pr Hadron momentum transverse to virtual-
photon direction
M Nucleon mass
¢ Azimuthal angle of hadron about virtual
photon referenced to scattering plane of muon
t Four-momentum transfer squared to target

nucleon

virtual photon has a longitudinal component whose
magnitude depends upon €. The inclusive hadron
virtual-photoproduction cross section can be ex-
pressed in the form
Lo _ do; +ed%s +ed—0’icos2¢>
ap® ap* ap®  ap’

1/2
+ [———E(g; 1)] %COS(P , (6)
where ¢ is the angle between the muon scattering
plane and the hadron production plane. The four
cross sections in Eq. (6) are the contributions
from transverse photons, longitudinal photons,
the interference of the transverse amplitudes,
and the interference of the longitudinal and trans-
verse amplitudes. While it is not necessary to
describe the final-state hadrons in terms of the
interaction of a beam of virtual photons with nu-
cleons, it is convenient because it allows direct
and simple comparisons of these results with those
obtained in real-photon-nucleon scattering and in
hadron-hadron scattering.

For most of the data we have used kinematic
variables defined either in the laboratory system
or in the virtual-photon-nucleon center-of-mass
system, A final-state hadron in the virtual-pho-
ton-nucleon center-of-mass system is defined by
its energy E* and its momentum p* (see Fig. 2).
Hadron spectra are usually described in terms
of the Lorentz-invariant cross section:
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FIG. 2. Hadron kinematics in the photon-nucleon
center-of-mass frame.

déc
dp*3 °
On occasion we use the cross section

dc
dp *3
whose integral

3
f LT (e (9)
dp*®
is also an invariant. Here () is the average mul-
tiplicity for the hadrons, and o is the total cross
section for an interaction. The invariant cross
section, Eq. (7), has simple representations in
terms of hadron variables less cumbersome
than the momentum in a particular frame of ref-
erence. A hadron is defined by its momentum
transverse to the direction of the virtual photon,
pr, and by a variety of longitudinal variables.
The most important of these is the scaled longitud-
inal momentum:

E*

(M

(8)

*
P R | E— 'z_z_pizx. (10)

p¥ is the longitudinal momentum of the hadron
and p,, is the maximum momentum the hadron
can have in the virtual-photon-target-nucleon
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center-of-mass frame. The use of the symbol x,

which is commonly referred to as Feynman x,

is unfortunate because of its common usage in the

literature of inelastic lepton scattering as the

Bjorken scaling variable x=1/w=Q?/2Mv. To

avoid confusion we will use x5 for the Bjorken x.
The rapidity y is defined with respect to an axis

z as

1

1 Erepr 1
YEgMEF pFT2

1+ 8,
1-8,°

where B,=p¥/E*. The difference between the
rapidity of two particles is invariant under a
Lorentz transformation along the z axis. Rapidity
is thus a useful variable for looking at correlations
among the final-state hadrons. The rapidity
interval between particles is an indication of how
each hadron “sees” the others in an inertial frame
in which its velocity is zero along the z axis. This
usefulness is enhanced because the average trans-
verse momentum of hadrons is small compared

to the maximum possible and has only weak depen-
dence on other kinematic variables. The bound-
aries of rapidity phase space depend on the center-
of-mass energy. Since the virtual-photon beam
has a broad band of energies and since we are
mainly interested in hadrons with a large fraction
of the virtual photon’s momentum, we use rapidity
relative to the maximum possible rapidity for a
produced pion,

In

(11)

AY=Yax =Y (12)
Another useful hadron variable is the invariant
z=E/v, (13)

whose value lies between 0 and 1. The value of

x’ by comparison lies between —1 and +1. z and
x’ are used interchangeably in the description of
hadron production since for z or x’ greater than
0.15, they are almost equal for the typical had-

rons observed. Note that while z is a Lorentz

TABLE II. Expressions for (E/0)(d%/dp®).

Variables Formula Approx. formula with limits

. A B d’o & _do >
x'spr . 0 (Doax *2_PT2)1/2 dx'dp:rz o W ’ Py > pr

, Di

= R, HhijZ
x (Pmax* "PT )1
1 __d%o

&y ' PT Pires dAydez
&Y =Ymax —y

=‘Ll M)
vz D<E-Pu
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TABLE IIL. Integrals of (E/0)(d% /dp% and (1/0)(d3c/dp?).

Name Definition Approximate formula
Longitudinal structure , NaX _do ,
function Fx') = f d pr= dp3 ', pr) Flx) == ===, x'>0.15
. _Z_do_ __z do
z structure function F(z)= o F(z)= .
Rapidity structure PTa? 3 E 1 do
Ay) = A Ay) =——— =L
function FBy) J' apr" =g dp ( ¥s b1 F&y) 0 dAy
Tmax
Partial multiplicity N(xi,x5) = f f ———r(x’,pr
f I ) I"——r<
‘Moments of transverse o ( = j Prlpr *spr)
momentum pr) (X2
max 2
f dx’ f dpr ——3-(x 2 br)
invariant, x’ distinguishes between hadronic frag- IIl. THEORY

ments of the target nucleon and hadron fragments
of the photon. A fragment is a particle having a
substantial fraction, 10% or more, of the initial
longitudinal center-of-mass momentum of the
nucleon or photon.

Most of the data are presented in terms of the
invariant structure function

E* d8¢

14
e (14)

Here o is the total virtual-photoproduction cross
section. The invariant structure function gives,
in effect, the number of hadrons per interacting
muon rather than per incident muon and suppresses
the @* and v dependence of the muon inclusive
cross section. Table II summarizes expressions
for the invariant structure function in terms of the
variables defined above. Table III defines inte-
grals of the structure function that will be used
in the discussion of results. In most cases the
results are presented in terms of the ¢-averaged
structure function. '

The most important integral of the invariant
structure function is the ¢-averaged longitudinal
structure function defined by '

E* @3¢ ’
F(xy)____f max dpr® d¢—0_dp*3 (15)
~ X 49 (150.15). (16)
70 dx

This section outlines the predictions of some of
the theoretical models relevant to production of
hadrons by muons. In the important case of the
quark-parton model we have briefly described the
model since it is simple and widely used.

A. The quark-parton model

The quark-parton model views all hadrons as
bound states of more elementary pointlike charged
particles called partons. Strong interactions bind
the partons together. Muon and electron scattering
from nucleons take place through elastic collisions
between the muon or electron and partons which
carry momentum equal to a fraction xp of the mo-
mentum of the nucleon. Scaling is a consequence
of the pointlike nature of the parton and the fact
that the partons act like independent particles
during the scattering. In this simple picture
vW,(xp) is the momentum-weighted distribution
function of the partons in the nucleon. That is,

VWy(xp)=xp Z q:f (x5, (17)

where the summation is taken over the partons in
the nucleon, ¢; is the charge of the ith parton,
and f/(xp) is the momentum distribution for the
ith parton.

In the interaction the struck parton is separated
in phase space from its original partners and it
fragments into hadrons largely independently of
them. This behavior is depicted schematically
in Fig. 3. The hadronic structure function F(x’)
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FIG. 3. Schematic of virtual-photon interactions
according to the parton model.

is then given by

Fg(xf’ xB) - Eiqizfi(xB)D:;(x’) , (18)
E;ﬂ £filxp)

where D%(x’) is the distribution function giving the
probability for a parton of type i to produce a
positive or negative hadron with a fractional mo-
mentum x’. Thus, the quark-parton model pre-
dicts that F(x’) depends on @* and v only through
the parameter x5.

If we specialize the model to the », d, and s
quarks we can make more specific predictions.
For this discussion we will lump the newer quarks
such as charm under the designation s. Charge-
conjugation invariance among the quarks implies

Dy(x")=Dy(x"), (19)

and, assuming that # and d quarks fragment only
into pions, isospin invariance gives

Dix")=Dj(x"). . (20)

In this case

F(x')=
¥ Kt )+ Mt D+ 5A 1)
(21)
If we assume f, and f; are small and neglect them
FY(x")+ F(x")=D}(x")+D(x"). (22)

Thus, we expect the average of the positive and
negative structure functions to be independent of
xg according to this model.

Neutrino reactions should produce hadrons ac-
cording to the same rules. If the amounts of s
quarks and antiquarks in the nucleon are small,
neutrinos will interact only with the # quark

and antineutrinos with the d quark. Thus
F,,=Dx"),

, (23)

. F;,=Dy(x").

We would have theh

o\Difu+ Difd) + ¥Dify+ Dify) + D3 £ + D3 fs)
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F;'up+ F; ,=F, +F;,. (24)
The hadron charge ratio N*/N- is defined:

Ne/N-= 2 (25)
' N7(xy, x3)

where N*(x;, x;) are the partial multiplicities listed
in Table III.  Dakin and Feldman'® have shown that
in the quark model N*/N- can be expressed in
terms of the quark distribution function f/(x) and -
1(x’), where 7(x’) is the charge ratio for a beam
of pure u quarks.
D(x")
D (x")
If n is assumed to be independent of x’, then the
charge ratiowilldepend only onx,. The measure-
ments arenot inconsistent with the expectations
of this quark model.

The azimuthal distribution of hadrons about the
virtual-photon direction may be described in the
one-photon approximation by Eq. (6). Ravndal'’
has shown that in a simple model where the par-
tons have spin 3 and one ignores gluon effects the
coefficients of cos¢ and cos2¢ in Eq. (6) are ex-
pected to be small and to vanish with increasing
Q.

The asymptotically free gauge theories (AFGT)
expand the parton model into renormalizable
theories. Gluons are postulated to bind the quarks
together in a fashion similar to that of photons in
quantum electrodynamics. These theories have
been quite successful in explaining the scaling
violations observed in muon inclusive scattering.'®
They can also predict some features of muopro-
duced hadrons. In the simple parton model al-
ready discussed, the average transverse momen-
tum squared of hadrons about the virtual-photon
direction should be the sum of that initially carried
by the struck parton and the transverse momentum
squared inherent in the fragmentation process.
The observed transverse momentum might be
expected to be a function only ofx; and z (aside
from radiative corrections). The prediction of
AFGT is that the average transverse momentum
of hadron fragments should increase with @? at
fixedx;.'® The resultant violation of x5 scaling
is a natural outcome of the same processes that
cause scale violation in muon inclusive scattering.

Clearly, the parton model and its extensions
can make detailed predictions. We refer the
reader to the recent work of Feynman, Field, and
Fox? for more comprehensive discussions.

n(x")= (26)

‘B. Jets

Many individuals have predicted the existence
of jets.”® The concept arises from the necessary
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fragmentation of partons into hadrons (partons
are not observed) and the fact that in most inter-
actions final-state hadrons have limited trans-
verse momentum with respect to some axis—
usually that of the incident particles. It is hypo-
thesized that the hadrons from a fragmenting
parton have low momentum in the partons’ rest
frame and therefore low transverse momentum
to the partons’ direction in any frame. The hadron
fragments of a single parton that is well isolated
kinematically from other partons in a interaction
will appear in a collimated jet. This idea has been
controversial mainly because it is hard to make a
precise definition of jet properties. It is difficult
to make the definition Lorentz invariant.

Despite this problem there is good evidence
for the existence of jets in electron-positron
annihilation.?® The parton model predicts that
the electron and positron annijhilate into a parton
and an antiparton which then fragment into back-
to-back hadron jets. At high center-of-mass
energies, hadronic annihilation events show a
sphericity?® distribution that is expected from jet
production as opposed to that for isotropic produc-
tion of hadrons. There are in effect more events
in which the particles are collimated along a
single axis than isotropic production would predict.

Insofar as parton-fragmentation jets exist they
should be observed along the direction of the vir-
tual photon in muoproduction. Although the distri-
bution of quark types produced or ejected is dif-
ferent in annihilation and muoproduction, the
expectation is that the gross properties of the
hadron distribution about the jet axis would be
the same.

C. Hadronic aspects of photons

The photon has long been thought to have a had-
ronic component leading to hadronlike behavior.
Bauer, Spital, Yennie, and Pipkin®** have recently
reviewed the body of theory and experiment on this
subject. With this point of view it is natural to
examine virtual-photon-produced hadrons to see
if well known features of hadron-hadron scatter-
ing such as Feynman scaling®® occur in this case
as well.

A more specific suggestion based on the hadronic
nature of the photon was made first by Wu and
Cheng.?® Motivated by the results obtained in
quantum-electrodynamic calculations, they sug-
gested that the effective transverse size of the
virtual photon might decrease with the mass of
the virtual photon like (1/Q%)!/2. As a consequence
they suggested that all ¢ distributions in p produc-
tion by virtual photons would become less steep
as @° increased. The data®” give some evidence

for the predicted change in the elastic ¢ distribu-
tions in p production from hydrogen. In conjunc-
tion with the uncertainty principle, the space-
time picture of the photon suggests that the aver-
age transverse momentum of the muoproduced
hadrons must increase with @2,

IV. EXPERIMENTAL APPARATUS

The apparatus used in this study is shown
schematically in Fig. 4. The incident muon beam
struck the hydrogen or deuterium target and scat-
tered muons triggered the apparatus. The trig-
gering was done by the scintillation-counter elec-
tronic-coincidence technique. The counters B
signalled the presence of an incoming beam muon.
The counters V vetoed triggers where a halo
muon (a2 muon moving along with, but not in, the
beam) was present. A muon which scattered
through a large-enough angle or lost sufficient
energy counted in G, M, and M’, and was absent
from the beam veto N. The event trigger was then
the coincidence B° (V+N)+ G+ (M +M'). Upon the
occurrence of .an event, triggering was suspended,
“live-time” scalers were halted, all counter dis-
criminators and set wires in the\proportional
chambers were latched and the spark chambers
were triggered. Some 20 usec later when all
spark noise had died down, counter bits, scaler
information, addresses of sparks and set wires
were read in and recorded on tape by a Xerox
Z-3 computer. Subsequently, the apparatus was
reset and armed for the next event.

Particle trajectories were specified by informa-
tion read in from wire spark and proportional
chambers. The incident beam was measured
before and after the dipoles (1E4) by six, 20-cm
square multiwire proportional chambers with
2-mm wire spacing (S0). These measurements
determined the transverse position (to +1mm)

. S0 soE4
=

«~—9m—> «—3m—>

" FIG. 4. Plan view of spectrometer. SO0 and S1 are
multiwire proportional chambers; S2, S3, and S4 are
multiwire spark chambers; B, G, H, M, M’ N, and

V are counter hodoscopes; 1E£4 and CCM are magnets;
A is an absorber.
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of muons entering the 120-cm liquid-hydrogen
target (LH). If a muon interacted in the target,
the products of that reaction were measured by a
set of 1-m-square multiwire proportional cham-
bers with 1.25-mm wire spacing (S1). Parti-
cles scattered in the forward direction were
bent by the field of the large-aperture Chicago
Cyclotron Magnet (CCM). Sets of spark cham-
bers, S2(2x4 m, 1.25-mm wire spacing),
S3(2x 6 meter, 1.25-mm wire spacing), and
S4 (2X4 m, 1.25-mm wire spacing) measured
the trajectories of the particles after they were
bent by the CCM. The tracks found in chambers
S1-4 provided the information needed to calculate
the vector momentum of products of the muon
interaction.

The magnetic field of the CCM was cylindrically
symmetric to better than 1%; this symmetry
meant that the S1 and S2-S3 components of a par-
ticle trajectory had the same impact parameter
to the magnet center. The resolution of the wire
chamber system was such that the S1 to $S2-S3
track linking had a resolution of 2 mm.

A 2-3-m steel absorber (A) absorbed the had-
rons produced in the interaction. Muons pene-
trated this shield, caused triggers and were iden-
tified by spark chambers S4. Pion punchthrough
was less than one percent.

Incident muons were bent through an angle of
28.4 mrad by the dipoles 1E4. This magnet sys-
tem and the beam chambers SO measured the
incident muon momentum to a resolution of 0.2%.
The field integral in the spectrometer magnet
CCM was 75 kGm or equivalently 2.25-GeV/c

7

0.6
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T
0.0 X'min X' X'max 1.0

FIG. 5. Region of useful positive~hadron acceptance
in x’, prz phase space for event with v=100 GeV,
Q2=0.5 (GeV/¢)?, Shaded regions have zero acceptance.

MUON-PROTON AND... 2549

401 -

w=10

n
[e]
I

1

Q2 [(Gev/c)?)

w=50
|

"

90%“,:]0
l; iIPO%I T

0] 50 100 150

FIG. 6. Muon acceptance for the first-run data. The
shaded area has no useful acceptance. The second-run
data have improved acceptance in the shaded area.

transverse momentum. In conjunction with the
track chamber modules S1-S3 the CCM was able
to measure the momentum of 100-GeV particles
to 1%.

One feature of the high transverse momentum
of the CCM was that there was an approximate
8-GeV/c lower longitudinal-momentum cutoff for
final-state particles. This meant that the lowest
hadronic x’ observable in an event was a strong
function of v (or s). In practice we observed
particles with x’>0.08 at ¥>100 GeV with a pro-
portional rise in the x’ bound as v decreased.

The spark-chamber module S3 was deadened
in a circular region of 20 cm diameter about the
beam. High-x’ positive hadrons in low-@2, high-v
events would typically be lost in this region. This
reduced the statistical accuracy of the high-x’
positive-hadron data in some @?-v regions. Figure
5 shows the region of x ’-pr? space where we had
useful hadron acceptance for an event with v =100
GeV, @°=0.5 (GeV/c)’.. Figure 6 shows the muon
acceptance as a function of Q% and v.

The experiment was designed so that the on-line
data tape or any portion of it contained all infor-
mation necessary to produce cross sections.

Dead times, for example, were not calculated
from separate data or runs. Some informative
parameters describing the running are: beam



2550 W. A. LOOMIS er al. 19

rate, 7.5% 10°/pulse; target densities, 8.4 g/cm?
H,, 20.1 g/cm® D,; trigger rate (6-10)x 107¢/
incident muon; total triggers, 7x 10°%;, integrated
flux 3.7 x 10*° muons on H,, 2.5X 10'° muons on D,.
The data reported here were obtained in two sepa-
rate runs: the first with hydrogen and deuterium
targets and 147-GeV muons, the second with hy-
drogen only and 147-GeV muons.

V. DATA ANALYSIS

The first stage of the data analysis was the
reconstruction of the muon scattering events
from the raw data. We proceeded next to infer
the final results, mostly structure functions, from
these events without explicitly producing the muon
inclusive cross section. Since structure functions
are quantities measured per interaction rather
than per incident particle, this was straightfor-
ward.

The sample of muon scatterings used for the
hadron analysis was essentially that used to
measure the muon inclusive scattering cross sec-
tion. The latter analysis has already been cited.
We have concentrated in this paper on the hadron
analysis and will not discuss the details of the
muon analysis.

A. Reconstruction of events

Three levels of data reduction were used to
refine the raw data into kinematic events. The
primary tapes were written by the -3 computer
during the run. The secondary tapes had wire-
chamber information converted into true physical
positions based on careful apparatus alignment
studies. These tapes were the input to the track-
finding programs. The tertiary tapes had counter
and scaler information, the tracks found for each
event, and kinematic quantities calculated for the
particles found among the tracks.

Track finding was done independently in chamber
modules S0, S1, S2-S3, and S4. Details of these
programs will be found in the theses of Pordes
(Harvard) and Kirkbride (Oxford). The most
crucial module was S2-S3 as a particle had to be
found here to be observed. The S2-S3 track-
finding efficiency was 98% for most of the live
region, but the efficiency dropped to 60% in the
regions near the beam, mainly due to confusion
caused by stale sparks. We studied these effects
by searching for artificial tracks added to real
data.

The track-finding in S2-S3 served as a basis
with which to measure the trackfinding in the S1
(upstream) and S4 (muon) modules. Studies of
good scattered muon events indicated that the S4
module had greater than 90% track-finding effi-

ciency everywhere, while the chance of finding
at least an x or y projection of a true track in the
S1 module was between 90% and 95% depending
on the data set.

The particular criteria to find a muon event
were that: a track be found in S2-S3 such that
elements of the counter hodoscopes G, H, M, M’
that it struck were on; the tracks found in $2-S3
link to an x or y track in module S1; theS1 track(s)
intersect the beam track in a physically possible
location. Less than one percent of the muon events
were consistent with having two or more muons;
these were excluded from the analysis.

The interaction point for the event was deter-
mined initially by the intersection of the incident
beam track (we used only those 70% of events
where the beam system unambiguously recon-
structed the incident particle) and the x, y track(s)
belonging to the muon. Other tracks in S1 that
linked to downstream S$2-S3 tracks and were con-
sistent with the muon only vertex were added to
the x® procedure that fit the vertex. The z posi-
tion resolution of the vertex was thus dependent
on the scattering angle or on Q?; the transverse
position resolution was mainly determined by the
beam track. Events with @*= 0.3 (GeV/¢)? coming
from the target and its vessel (94% liquid hydro-
gen by weight) were clearly distinguished from
those of the upstream target vacuum wall (2 m
upstream of the target center) and from the down-
stream proportional chambers S1. The events
used in the analysis were those within 1.125
meters of the center of the 1.2-m-long target.

We made no empty-target subtraction. Since we
are presenting results per interaction, the small
fraction of events that interacted in material
other than liquid hydrogen or deuterium gives a
negligible bias.

Hadron candidates associated with the muons
were sorted into four classes for analysis purposes
as well as being segregated by charge sign. All
candidates were tracks in S2-S3 that had appropri-
ate counter signatures in hodoscopes G and H (the
counters were >99% efficient) and that linked to
one or more x or y tracks in S1. Class 1 tracks
had at least one linked upstream track passing
close to the vertex at its z position. The actual
distance for success was about 1mm, but this
varied depending on the z resolution of the vertex.
Class 1 status also required that the y projection
of the candidate S2-S3 track pass within 60 mm of
the vertex. A slight correction was made for the
y plane focussing due to bending in the magnet.
This downstream y linking helped to prevent halo
tracks from contaminating the hadron sample.
Another requirement used to reduce halo contami-
nation was that-class 1 candidates linking to muon
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TABLE IV. Class breakdown of hadron candidates for
hydrogen data.

No. of hadron candidates with pr* =3.0 (GeV/c)?

Class Negatives Positives
1 5035 5005
2 239 332
3 253 586
4 228 627

tracks in module S4 were reduced to class 3 status
unless they linked to the vertex with x and y tracks
in S1. We initially removed all class 1 tracks that
linked in S4, but we found from looking at p°
meson events that this cut was removing real
hadrons. Class 2 candidates were like class 1,
but the downstream vertex y linking failed. Class
3 candidates were like class 1, but with no up-
stream linking. Class 4 candidates were the re-
mainder.

Table IV shows the breakdown of hadron candi-
dates for the hydrogen data. Only 13% of all the
negative candidates did not achieve class 1. The
25% fraction of the positive candidates below
class 1 is larger than the negative ratio because
of the intrusion of halo muons.

From a comparison of the rate of x and y up-
stream vertex linking to that for x only or y only
upstream linking, we get a 96% efficiency for a
real hadron whose track in S2-S3 is found to be
class 1.

On the other hand, when we calculate the x" and
p £ of class 2 through class 4 candidates (this only
requires knowledge of the vertex and the S2-S3
track), we find that many of these events distribute
themselves in a x’, p, space in a manner similar
to the class 1 candidates. Using events in the
most highly populated low-x’, low-p ,° regions,
we get a worst case analysis efficiency of 88%
assuming that all such class 2 through class 4
candidates are real hadrons. We used only class 1
hadrons in the analysis and assigned an efficiency
to them of (92+4)%. The same conclusions were
reached for the deuterium data.

Despite the precautions taken, muon halo did
leak into the positive hadron sample. We made
some additional cuts besides those described.

We eliminated all hadrons having energy greater
than the incident muon energy loss plus 4 GeV.
Examination of the data showed that eliminating
hadrons having p,%>3.0 (GeV/c)? had negligible
effect on the real data, but cut out many halo
hadrons.

A worst case estimate of the contamination of
the positive-hadron sample was made as follows:
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20% of the class 3 and 4 positive hadrons were
expressed as a fraction of the class 1 positive
hadrons (muon linking efficiency is greater than
90%). This fraction is taken as the systematic
error on the muon contamination and is 6% for
x'>0.3, 3% for x’<0.3 for hydrogen. The corres-
ponding numbers are 8% and 4% for deuterium.
We estimate that there was a loss of real positive
events due to muon linking that was less than or
equal to these gains from muon contamination.

We made no corrections to the data for appara-
tus resolution. Preliminary calculations showed
such effects to be negligible given the statistical
errors, data bin sizes, and the high spatial reso-
lution of the spectrometer. The bulk of the muon
events also occur in the low-Q2, high-v region
where the measurement of the virtual photon’s
three-momentum is least dependent on the mea-
surement of the scattered muon. The angular
resolution in the measurement of a final-state
particle track upstream of the. CCM was less than
1 mrad. In the case of p° mesons the width of the
7*7" mass distribution was dominated by the p°
width.2”

B. Direct corrections to events

In forming the final results, the observed num-
ber of hadrons was directly weighted by four
factors. These were the hadron identification
efficiency described above, the S2-S3 track-
finding efficiency which was position dependent,
the muon and hadron acceptance and the efficiency
for the hadron to pass out of the target unscat-
tered. The muon acceptance was taken from the
parallel muon inclusive analysis and is shown in
Fig. 6. The hadron acceptance was an azimuthal
average at fixed x” and p ;% about the virtual-photon
direction. The measurement of the ¢ distribution
of the hadrons, discussed below, showed the azi-
muthal average to be a reasonable procedure.

All events were weighted by an average prob-
ability that they would not rescatter inelastically
in the target. Secondaries from such interactions
would typically fall below the 8-GeV/c momentum
cutoff of the magnet or at worst contribute to a
part of the cross section much larger than that
from which they originated. The average interac-
tion rate was 5% for hydrogen and 11% for deuter-
ium,

C. Cuts on events

The Q= 0.3 (GeV/c)? cut on events which we
used to define the target also conveniently elimi-
nated elastic muon-electron scatters. We were
able to identify p° mesons by plotting the total
energies of hadron pairs as a fraction of the en-
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ergy lost by the incident muon. A clear peak in
this distribution of about three times background
was observed between hadron pair energy frac-
tions of 0.96 and 1.04. A mass plot, assuming
final-state pions, of these elastic pairs showed
that above @*=0.3 (GeV/c)?, 70% of these pairs
were p° mesons, and the rest were piled up at the
lowest mass possible indicating they were likely
electron-positron pairs. These events were less
than one percent of the muon scatters and were
removed from the data sample.

D. Radiative corrections

To interpret the results of muon or electron
scattering expefiments, one must assess the
effects of radiative corrections. These come
about because diagrams similar to Fig. 1 in which
the incident or scattered muon emits a real photon
contribute significantly to the observed muon
scattering. The important effects for this hadron
analysis were: (a) Substantial numbers of events
at low @° [@* <2 (GeV/c)?] and high v (v > 80 GeV)
were not hadronic events, but rather were muon
bremsstrahlung events with a fairly large elastic
momentum transfer to the target nucleon; (b) the
loss of energy to radiative photons caused us to
misestimate the direction of the virtual photon
and overestimate its energy.

We made a correction to the number of observed
muon scatters to remove the purely radiative
events. For the hydrogen data in the bin 0.5 <@?
<3.0 (GeV/c)?;, s>100 GeV?, we estimated 17%
of the events were radiative only.. The average
corrections to the other hydrogen data bins were
5% or less. The corresponding deuterium-data
corrections were half those of hydrogen. These
estimates came from the muon inclusive analysis
and were based on the method of Mo and Tsai.?®

No other radiative corrections were made to
the data. However, following a paper by Tsai?®
we can estimate the magnitude of the error in the
apparent transverse momentum of hadrons because
of the error in the apparent virtual-photon direc-
tion, Tsai finds the following formula for the
average angle between true and apparent virtual-
photon directions for radiative energy loss A:

_(EEL?
“ 0P +QY)
A hadron having zv energy in the lab frame will

have its transverse momentum in the muon scat-
tering plane misestimated by an amount 5P,

dpr=2v0 4. ©(28)

Asing, . (27)

For most quantities of physical interest 6P, will,
be added in quadrature to existing transverse-

momentum components so that,

E
(8p%)= ZZVZ—“——( . EZ)Z(AZ) sin®9 (29)
To a good approximation the distribution of energy
losses follows a 1/A distribution, but in the case
of observing a hadron of apparent energy fraction
z the energy loss cannot exceed (1 - z). Therefore,

) S
[( ) 1] ¥(1=2)?, (30)
ﬁ[m(n?z) ](1 22, (31)

3 and @*=12 (GeV/c)?,
(6p72=0.01 (GeV/c)?.

[~

a
’IT

IIZ

(opr?)

For example, with z=

E. Calculation of results

The structure function (E/0)(d%c/dp®), which is
typical of the results in this paper, is estimated
by the formula:

E do
O'd 3(x pT ’Qz ?)
E* 11
_ 1 AQ2,As,AX , 6077 (ng_xz- FP2e, €,
= <\ ’
TAX'A PP 27 —1-[1 - 3R(Q%, 5)]
AQ% As €p
(32)

where AQ?, As, Ax’, App? define the muon and
hadron kinematic bin for which the estimate is
made; ¢, is the complete hadron acceptance and
efficiency; €, is the muon acceptance; 3R(Q?,s)is
the probability that the muon bremsstrahlungs only;
the top summation is over all hadrons in AQ?,
As, Ax’, and App?%; the bottom summation is
over all muons in AQ? and As for which there is
nonzero hadron acceptance in Ax’ and Ap 2.

To estimate the charge ratio N*/N-, we divided
the weighted number of positive hadrons in one
bin by the weighted number of negative hadrons
in the corresponding bin. However, because of
the deadener in the 6-m chambers, (S3), theaccep-
tance was very different for high-momentum neg-
ative and positive hadrons. To symmetrize the
acceptance, a virtual deadener was given the
same radius as the real deadener and was sym-
metrically positioned, horizontally, about the
virtual photon’s projected position in the 6-m
chamber. Only hadrons which missed both dead-
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FIG. 7. (a) Q- scatter plot for hydrogen events from first-run data. (b)_Qz-s bins used; (c) @*-w bins used. s is

given in units of GeV2.

eners were used in calculating the charge ratios.
We used the following formula to obtain neutron-
target results from proton and deutron data:
o o
F(x")==4F,(x) - —2F(x). (33)
(’n Gﬂ
This formula is stated for longitudinal structure
function, but applies to any structure functions.
We are in effect assuming that deuterium is a mix-
ture of neutrons and protons with negligible inter-
actions between neutron and proton. These sub-
tractions are, naturally, very sensitive to syste-
matic differences between photon and deuteron
data. The ratios o,/0, and ¢,/0, were taken from
precise measurements at low energy.*

A different approach to the hadron acceptance
was used to obtain the azimuthal distribution of
hadrons about the virtual photon. The quantity
do/d$ was determined as a function of @2, €, and
x’. We divided the azimuth into many small bins.
The cross section for each bin was estimated
(aside from the overall normalization which was
arbitrary) as

1
do - Ao,Ax’,AQz,As\g_u
d6s, > 4

Ax', AQ ,Ac€

(34)

b

where A¢, Ax’, AQ?, Ac¢ define the bin for which
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the estimate is made; the top summation is over
all muon-hadron combinations in A¢, Ax’, AQ?,
and Ae; the bottom summation is over all muon-
hadron combinations in Ax’, AQ?, A¢ that would
have unit acceptance in A¢. The number of had-
rons in each A¢ bin in effect is normalized by the
number of muons which had perfect acceptance for
any hadron produced in A¢.

F. Binning of the data

The data covered a wide range of Q* and v.
However, the overall statistics did not permit
fine binning. An important aspect of the data is
the variation of the hadronic properties with @2
and s or @° and w. A @Q2-v scatter plot of the
first-run hydrogen data is shown in Fig. 7. We

used for the most part the @*-s bins of Fig. 7(b)

or the @*-w bins of Fig. 7(c) in determining the
hadronic dependence of the muon kinematics. The
bins used do not cover the full range of @* and v
available to us. The hadron acceptance in the re-
gions excluded was very poor and little could be
learned by their inclusion. The total numbers of
events used in the analysis were 8.5 % 10° for
hydrogen and 10.3 X 10°® for deuterium.

VI. RESULTS

Hadron leptoproduction data are more complex
than the corresponding muon inclusive data;
there is no widely used formulation to present
the data that shows the full complexity naturally
and has a sound theoretical footing. Our approach
in this section is to describe the data and compare
it to previous measurements. We then discuss
the data in terms of the theoretical expectations
previously outlined.

A. General description of the data

The longitudinal hadronic structure functions
for the proton, the deuteron, and the neutron,
F*(x’) are shown in Figs. 8 and 9. The data are
displayed for various @* and w ranges in the first
figure and for @ and s ranges in the second. Be-
cause of inadequate statistics, the neutron function
is not shown for some regions. The dashed line
is 0.35 exp(-3.25x’) and is a guide for intercom-
parisons. This line is a good representation of
the negative-hadron structure function of a lower-
energy electron-proton experiment.3! Tables V
and VI are listings of these data; Table VII gives
values of (1/0)do/dz for the same @* and w ranges
as Table V.

The major feature of the data are as follows:

1. Variations of the structure functions with

the muon kinematic variables are evident but are
not large. The data for proton, neutron, and
deuteron are similar to each other.

2. For x’= 0.2 the positive-charge structure
function is equal to or larger than the negative
one. This difference appears to increase with x’
for fixed @* and s or w and also to increase with
Q* for decreasing w at fixed x’. Overall the posi-
tive and negative structure functions appear to
scale on the average (i.e., F*+ F~ is constant as
a function of @) as indicated by how the guideline
typically lies between F* and F~.

3. For x’<0.2 the positive and negative struc-
ture functions are equal and they scale with muon
kinematic variables. The @% and w variations
of the struction functions are clearly illustrated in
Fig. 10. At {(x’)=0.44 the positive and negative
structure functions approximately average to a
constant. The increase with w of the positive
structure function at {x’)=0.44 and the correspond-
ing decrease of the negative function at {(x’)=0,44,
while the structure functions at {x’)=0.14 remain
constant, indicate that the former function flattens
and the latter steepens with decreasing w.

The features of these data are consistent with
previous measurements of the multiplicity of
hadrons in electroproduction.®® The multiplicity
was found to be independent of @ and to increase
approximately as the natural logarithm of the
center-of-mass energy s. For hadrons in the
center-of-mass frame whose energy is larger
than their mass and/or transverse momentum,
F(x') apart from a factor of 7 is just the momen-
tum-weighted multiplicity distribution, F(x’)
~(x’/n0)(do/dx). The data clearly show that most
hadrons occur at low x’. The constancy of multi-
plicity would thus force F(x’) at low x’ to be con-
stant as well if we ignore some extreme possi-
bilities. Again, since charge is conserved and
multiplicity grows with energy, the number of
negative and positive charged particles occurring
at low x’ must tend towards equality forcing
F'(x')=F(x").

To get a better intuitive idea of the characteris-
tics of muoproduced hadrons, we can use the ap-
proximate form for F(x’) [Table III (the same
discussion may be conducted using F(z))]. We
have after transposition:

1 do

o T o
e x,F(x ). (35)

The value of x’, x/, for which
o fldx* 1do™\_

is the value of x’ above which there is on the
average one charged particle in a virtual-photon-
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FIG. 8. Proton, deuteron and neutron structure functions for different ranges of @2 andw. The dashed line is 0.35

exp(—3.25x'). The @ ranges are in units of (GeV/c)?.

nucleon interaction. Evaluating this integral from
our data leads to x;=0.16+ 0.02 where the error
is an overestimate but adequate for this purpose.
If we assume there are as many neutral particles
as there are particles of each charge, x; would
be x{20.22+0.02. The value of x’ above which
there are two particles, charged or neutral, is
similarly x;20.13+0.03.

Using this rough analysis we can further deter-
mine the average x’ of particles in the region
x'>x{. This will be approximately the x’ of the

leading particle of produced hadrons. We have

1 x" do |,
o a0 ™
+1do
Y odx’

"= =0.44+0.06. (37)

dx’

The leading particle thus has about half the total
virtual-photon energy. This is a valid conclusion
in both the center-of-mass and lab systems.

It is interesting to know in the same approximate
sense used above how much of the virtual photon’s
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energy ends up in charged hadrons. This fraction,
for each charge is given by I*:

1
& ﬂf FH(x"dx'
0

2
1
=f dx'f"r'"“ dl’fvzl
0 0 o (p*

E*

d?o

- pTZ)l/Z dx’

ap

. (38)

Using the hydrogen data in Fig. 8 and assigning
the value of 0.23+ 0.1 to the structure function in
the region 0.0<x’<0.08, we find I*+I"=0.59

+0.05. This is in accord with most of the photon’s
initial energy ending up as pions through isospin
conserving processes.

The structure function (E/0) (d%0/dp®) is shown
in Fig. 11 for hydrogen and deuterium, The data
used are for Q2> 0.3 (GeV/c)?, s> 100 GeV?, and
w>40, We fit the data with the form

Aot )

E d’c _

o dp3

-2bp 7

- 39
1+ (1+ pp/ame)/ 2 (39)
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FIG. 10. F(x') vs. w for two

values of x’. The dashed

line is to guide the eye. The data are from the Q®-w

ranges of Fig. 9(c).

Here A=(E/0)d*c/dp*(p£=0); b and I are free

parameters.

We chose this functional form for the fit because
it has two properties: For small p,? it goes as

I bl 3
B = ’ 3
3 N 0125<x< 0.1875
& H
= 3
»blnﬁ 2 4
olo b[m 3
wla
oS i
wfo 3
wlb 0.1875<X<0.25 7
o1k f | 4

0.375<X’< 0.5

sl

0.5<X<0.625

0.625<X< 0.75 E
ht0.625<X'< 1 B!

I h:0.75<X'< |
\ . .

12
P [(Gewr?]

FIG. 11. (E/o)(d%0/dp?®) as a

T T r T
LoRe ¥, +p—ht+x 4 1OE E
$>100 (Gev)? ¥ +D~htex
0.3 <02 (Gevre)? Ve 5100 Gev)?
w>40 03<02 (Geve
108 { on® E 10f§ w>40 J

oh*

0.25<X<0.375

0.375¢<X% 0.

05<X’<0625 1

h 0.625<X<0.87¢
h: 0.625<X'<0.75]

h OA{5<X'< 1

L

° oe P2 [(Ge:i/zz:)z]

function of x* and PT2

for proton and deuteron. The solid lines are fits to the

negative data.

r T T T T ]
L CY,+P—hTex 4
i L s > 100 (GeV)® i
. fo 0.3<Q? (Gev/e)?
% 10 % w>40 :
EE e o E
o E 0 xh ]
- ® 9 :
T f 1
%S
wlb o - ’I‘ + 4
e [ ]
Y L 4
S ,
> +
> t i + +
e
= P
© 100 oy ’|‘ 3
5 n L R + 3
s o I o]
I - S
o L 4
&
- L J
a
9
@ 10 — : t +
0.6 .
3 s ++ ++ {
3 #® f
g8 0.4’—- *Q*é =
Q_b—
0.2+ .
o L 1 1 L
O 02 04 06 08 10
</
r T T T T
- )’V¢D—*h’+x
— L $>100 Gev)® |
by 2 2
S :l? P 0.3 <Q" (GeV/e)
N E >
3 ok w >40 4
e F % oh* .
L_o‘ C *¢ x h™ ]
- 7
a F % i
e - A |
S -
wle o1t Jf 4
5 C 3 ]
Vs L J
)
H : , ’ "
e
Flook e ¥
T E 0y - E
- - % -
W » ]
g L } ]
© L ! B
: i
w L i
&
? 10 + - + ;
0.6}~ A ¢ % 4
F ANEE
g Ot pw .
&
0.2+ -
0 I I I 1

[¢] 0.2 04

19

FIG. 12. Parameters of the fits to (E/0)(d%0/dp®) as
functions of ¥’ and the average value of {pr) as a func-

tion of x* directly measured.
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TABLE VII. Fits to the structure function (E/«T)dscr/dps for proton and deuteron targets. Statistical errors only.
There is an additional systematic error of +4 % and further errors for the positive hadrons are described in the text.
9N is found to be 0.45+0.05 GeV for 0.125<x’ <0.1875. The value of JN is fixed for the fits here at 0.45.

Formula: -E-4°C 4 .
ormula: ~= ";5;5% exp| 22\ 1/2
1+(1 +_§m2
A b
Target and muon kinematics Charge x' range (GeV/c)~2) (GeV/c)™2
Proton
- 1.39 %0.13 10.2+0.4
2 2 .
2)1(()).3 (GeV/c) . 0.0625 <x’<0.09375 1.61 +0.28 11.241.0
- , 1.44 +0.17 9.1+0.6
$>100 GeV? . 0.09375<x’ <0.125 1.40 £0.11 8.940.5
- , 1.14 +0.07 8.56+£0,4
+ 0125  <x’<0.1875 1.05 £0.06 7.8+0.3
- , ' 0.66 =0.05 6.8+0.3
+ 0.1875 <x"<0.25 0.73 £0.05 6.840.3
- ’ 0.47 +0.03 6.4£0.3
+ 0.25° <" <0.375 0.50 +0.04 5.9£0.3
- ! ’, <0.29 *0.03 6.2+0.4
" 0.375  <x"<0.5 0.30 +0.03 5.0+0.4
- , 0.175+0.025 5.0%0,5
+ 0.5 <x'<0.625 0.32 +0.08 6.740.8
- 0.625 <x’<0.75 -0.12 +0.03 5.9%1.1
+ 0.625 <x’'<1.0 0.043+0.03 5.3%£2.5
- 0.75 <x'<1.0 0.085+0.02 7.9%1.1
Deuteron
- 44 =0.31 8.6 0.9
Q?>0.3 (GeV/c)? N 0.0625 <x’<0.09375 i by ig o P
©>40 . . . .
- 1.28 %0.11 8.5+0.4
5>100 (GeW)? . 0.09375 <x’ <0.125 140 £0.08 8.840.38
- ’ 1.07 +0.05 7.4+0.2
+ 0126 <x'<0.1875 1.07 +0.05 7.440.24
- B 0.79 +0.03 7.1£0.2
" 0.1875 <x7<0.25 0.74 £0.04 6.740.26
- B 0.51 =0.02 6.1+0.1
+ 0.25  <x"<0.375 0.47 +0.03 5.940.3
- . 0.29 +0.027 5.6+0.2
+ 0.375  <x7<0.5 0.25 +0.02 5.540.3
- 0.24 +0.02 7.3+0.4
+ 05  <x'<0.625 0.14 +0.03 4.3+0.6
- 0.625 <x'<0.75 0.14 £0.016 6.6+0.5
+ 0.625 <x'<0.875 0.04 +0.013 2.8+0.7
- 0.75 <&’ <1.0 0.10 +0.014 10.3+0.9
Aexp(-bpp?) and for large p,° it goes as cribe the transverse-momentum dependence of
Aexp(-2bIMp,). These two behaviors are typical the data at low x’ (the data are visibly consistent
of hadron-hadron data in the respective ranges. . with one exponential for x’> 0.2) is consistent
The 2 per degree of freedom for the fits is con- with the two-component slope behavior observed
sistent with statistical fluctuations only. The value in other experiments.®® These data do not go to
of I in the fit is determined by the low x’ data low-enough x’ for this effect to be observable if
only and is found to be 0.45+ 0.05 GeV for the it persists at these energies.
range 0.125<x’<0.1875. Because of the beam The parameters of the fits are shown in Fig. 12
deadener the statistics for the high-x’ positive and listed in Table VII. Figure 12 also shows
hadrons are too poor for the fit to be significant. the directly measured average transverse momen-

The need for two parameters b and M to des- tum of hadrons as a function of x’ (v_vhich is listed
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FIG. 13. Comparison between (E/0)(d30/dp?) for this
experiment and the experiment of Bebek et al. (Ref.
34). The @2 ranges are in units of (GeV/c)? and the s
ranges are in units of GeV2,

in Table X). The parameter b and average trans-
verse momentum show the seagull effect (the
rise of average transverse momentum with x’

or —x') often seen in hadron -interactions.

B. Comparisons with other electroproduction data

Figure 13 is a comparison of some of these
data with lower-energy data of Bebek et al.?* using
the structure function (E/0)(d%c/dp®). Figure 14

10F T T 2 T 3
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FIG. 14. Comparison of F(x’) between this experi-
ment and the experiment of Dakin et al. (Ref. 31). The
Q2 ranges are in units of (GeV/c)? and the s ranges are
in units of GeV2,
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FIG. 15. Average transverse momentum for different
x' or xp ranges as a function of Ins. The data are from
this experiment and that of del Papa et al. (Ref. 33).

is a comparison of the structure function F(x’)
between these data and the electroproduction data
of Dakin et al.,* also at lower energy. In both
cases the low- and high-energy data have approxi-
mately the same x dependence. However, while
the high-energy structure functions are charge
symmetric, the low-energy positive structure
functions are larger than the negative structure
functions. The Dakin et al. data are hadrons only
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FIG. 16. Charge ratio for this and other experiments.
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TABLE IX. Charge ratios for proton, deuteron and neutron targets (0.3 <x’ <0.85).

Target Muon kinematics N*/NT? Systematic error

Proton g: 22:2% (GeV/ 0)2} 1.28+0.21 | £0.07
?iz}i(z((;)ev/c)z} 1.90+0.25 *0.11
;;j’:i‘*lége"/c’z} 1.51£0.15 +0.09
g;:ii‘i%‘g/C)z} 1.31£0.17 +0.08
22:1%.(? (GeV/c)z} 1.0240.08 £0.06

Deuteron 3<Q%<6 (GeV/C)Z} 1.90+0.34 #0,15
5<w<20
gil6<(zc(v)eV/c)z} 1.44%0.18 £0.12
e e
g; : 4w g%:)’/ﬂz} 1.48+0.19 +0.12
32:1%.3 (GeV/c)z} 0.91£0.06 . %0.07

Neutron 2123:)23(39‘7/0)2} 1.62£0.30 +0.29
BEURTY e
Q?>0.3 (GeV/C)z} 0.79+0.13 0.14

w>100"

3 Statistical errors only.

with significant numbers of protons, while the
Bebek et al. data are pions only. Structure func-
tions for hadrons produced by virtual photons of
the same @7 appear to scale in the Feynman sense
if averaged over charge.

Figure 15 is a comparison of the average trans-
verse momentum of hadrons about the virtual-
photon direction for this experiment and the muo-
production experiment of del Papa et al.,*® also
done at lower energies. The striking rise of the
high xr or x’ average transverse momentum ob-
served in the del Papa ef al. experiment continues
to higher energy going roughly as log s.

C. Comparison with the parton model

Figure 16 shows charge ratios for this and other
experiments. These results are listed in Table
IX. We have chosen 0.30 and 0.85 as the lower
and upper x’ cuts. The hydrogen and deuterium

ratios measured here have systematic errors of
+6% and +8%, the neutron systematic error is
+18%. There are some significant differences
among the analyses. All experiments but this

one and that of del Papa ef al. report pion rather
than hadron charge ratios. One process that sub-
stantially contributes to the difference between
the pion and hadron ratios is forward proton pro-
duction which decreases with energy.’® Martin

et al.®® use a higher value of x{, x{=0.4, to define
the charge ratio. Since the charge ratio appears
to increase with x’ (see Fig. 8), this may explain
the higher values of N*/N- found by them. ‘Martin
et al., del Papa et al., and this experiment also
remove p° mesons, while Bebek ef al.>” and
Dammann et al.®® do not. The latter experiments,
however, begin at higher @* and are unlikely to
be affected by this. Despite these differences

we believe that the data, taken together, support

~and w-only dependence of the charge ratio. Note
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FIG. 17. Comparison of (1/0)(do/dz) for this experi-
ment and neutrino experiments (Ref. 40); @? is given in
units of (GeV/c)?; E is given in units of GeV.

that the various experiments have very different
Q* and v ranges while giving comparable w ranges.

We have fitted the hydrogen data with Dakin and
Feldman’s model, leaving out the Martin et al.,
and del Papa ef al. data. This yields a value of
71=2.10+ 0.1 with a x® of 41.5 for 19 degrees of
freedom. The predicted ratios for the deuteron
and neutron using this value of 77 are shown on the
graph.

A subsequent analysis by Martin and Osborne3®
gives 71=2.8+0.3. del Papa et al. find n=3.2+ 0.6.
Clearly, there are some inconsistencies in these
results; they may be systematic in nature.

Figure 17 is a comparison of neutrino data*
with the muoproduction data. We have used the
structure function (1/0)(do/dz) rather than F(x');
this, however, does not affect the conclusions.
We note the general agreement in shape and over-
all normalization with the difference being in the
large charge asymmetry shown in the neutrino
data compared with the negligible amount in the
muon data. Note that the muon data averages the
neutrino data as the naive quark model discussed
before would predict.
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FIG. 18. Azimuthal distributions of hadrons about the
direction of the virtual photon.

The azimuthal distribution of hadrons about
the virtual-photon direction is shown in Fig. 18.
The data for proton and deuteron have been com-
bined and the hadrons selected have 0.3 <x’<0.85.
There is a suggestion of cos2¢ dependence in the
Q%*>2.0 (GeV/c)? region. The coefficient of cos2¢
in Eq. (6) expressed as a fraction of the constant
terms is 0.115+ 0.042 (0.100+ 0.106) for @*>2.0
(GeV/c)?, s>20 GeV?, {¢)=0.84[0.5<@*<2.0
(GeV/c)?, s>20, {€)=0.02]. There is no signifi-
cant cos¢ dependence. The small amount of
azimuthal variation is consistent with quark-model
expectations and may be significant for AFGT.
This small variation also justifies our assumption
of no ¢ dependence in the estimation of structure
functions integrated over ¢.

In the quark model vW, and the structure func-
tion F(x’) both describe the decomposition of an
initial particle into a set of secondary particles.
There may be reciprocity here, as the former is
that of a hadron decomposed into quarks, and the
latter is the reverse. Further, vW, and F(x’)
have the same approximate form in terms of
the momentum fraction xp or x’. A better choice
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FIG. 22. Moments of the pp distributions in the pho-
ton hemisphere as functions of w.

of variable in the case of the hadron structure
function is z defined in Eq. (6). This is a true
invariant analogous to x5 =@ */2Mv used for vW,.
Figure 19 shows the two structure functions. It
should be noted that F(x’) is dimensionless,
whereas vW, is in units of charge squared. It is
~striking that the shape of the two distributions

is quite similar. There are some predictions for
this behavior.*

D. Hadron-transverse-momentum dependence

The transverse-momentum distribution of posi-
tive and negatively charged hadrons, for our
standard @%-w ranges, is shown in Fig. 20. The
data have 0.3 <z <0.85, and the normalization
is arbitrary even between the opposite charges in
the same muon bin. Figures 21 and 22 show the
first and second moments, (P, and {P,*) (defined
in Table III and-listed in Table X) as functions
of s and @® or @° and w. The typical values of
(P is about 0.35 (GeV/c)? of which the previously
estimated radiative contribution, 0.01 (GeV/c)?
is less than 3%. There is no suggestion of any
dependence of these data on the muon scattering
variables.

Because of their weak @° dependence, the effects
predicted by AFGT are too small to have been seen
clearly in our data. Such effects may also be
masked by the contributions to the transverse
momentum of the final-state hadron interactions.
The same reservation applies when we compare
to the @* dependence expected from the photon’s
hadronic aspect. The simplest @° dependence
is stronger in this case than in AFGT, and the
lack of any change'in (pr) or {(p® over the range
0.5 (GeV/c)? <@*<20 (GeV/c)? is striking and per-
haps significant to the hadronic photon viewpoint.

E. Jets

Hanson®? has analyzed the inclusive structure
of hadron jets in e*e” annihilation. Using events

TABLE X. Transverse-momentum moments for proton and deuteron targets.

Target Muon kinematics Hadron kinematics  Charge (pr) (GeV/e) () lGev/c)
Proton Q%>0.3 (GeV/c)? 0.06<x"<0.1 3: gg;ﬁggg
2100 (Ge v 0.1 <x'<0.2 I 0992003
0.2 <x'<0.3 ’: giiiggg
03 < <04 T oisoos
T Soesoos
0.5 <x’'<0.6 i: 8:23:2:8?
0.6 <x’<0.7 > 0i4810.07
07 <’ <08 T oeoeon
o8 r <00 - 0.44£0.1
%— 0.46+0.13

0.9

<x'<1.0

voe

+
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TABLE X: (Continued).
Target Muon kinematics Hadron kinematics Charge (p1) (GeV/c) o) [(Gev/e)?]
‘o> 2 ’ - 0.37+0.03
Deuteron @%>0.3 (GeV/c) 0.06<x’<0.1 §+ 0.3640.03
w>40 0.39+0.02
2 ’ - . .
s>100 (GeV) 0.1 <x'<0.2 §+ 0.38£0.02
, - 0.44 0,02
0.2 <x7<0.3 i 0.46£0.02
, - 0.49+0.03
0.3 <x’<0.4 s 0.52+0.03
, - 0.49+0.04
04 <x"<0.5 i 0.54 40,04
o, - 0.45 £0.05
0.5 <x"<0.6 i 0.64%0.06
, - 0.48+0.07
0.6 <x7<0.7 i+ 0.58+0.07
, - 0.51+0.08
0.7 <x"<0.8 i 0.70£0.11
0.8 <x’<0.9 R 0.41+0.10
_ 0.9 <x’'<1.0 3: 0'27_f“_°'14
Proton 20<s5<100 (GeV)?
1.0<Q%<2.0 (GeV/c)? 0.3<x’<0.85 + /= 0.57+0.05 0.44%0.08
2.0<Q@%<5.0 (GeV/c)? 0.53+0.02 0.38+0.03
5.0<Q?<10.0 (GeV/c)? 0.47 +0,02 0.29:+0.03
Q%>10.0 (GeV/c)? 0.50 £0.04 0.35+0.06
$>100 (GeV)?-
0.5<Q%<1.0 (GeV/c)? 0.50 £0.02 0.33+0.02
1.0<Q?%<2.0 (GeV/c)? 0.53+0.02 0.36+0.02
2.0<Q%<5.0 (GeV/c)? . 0.53+0.02 0.37+0.02
5.0<Q?%<10.0 (GeV/c)? 0.53+0.02 0.38%0.02
@2>10.0 (GeV/c)? 0.58 £0.04 0.45+0.06
Deuteron 20<s<100 (GeV)?
3.0<Q%<5.0 (GeV/c)? 0.3<x’<0.85 + /= 0.52+0.03 0.35+0,03
5.0<Q%<10.0 (GeV/c)? : 0.54 £0.02 0.36+0.03
@2>10.0 (GeV/c)? 0.65+0.05 0.56+0.08
$>100 (GeV)?
0.5<Q%<1.0 (GeV/c)? 0.52£0.02 0.38+0.02
1.0<Q%<2.0 (GeV/c)? 0.54 +0.02 0.38%0.02
2.0<Q%<5.0 (GeV/c)? 0.56 £0.02 0.42+0.02
5.0<Q2>10.0 (GeV/c)? 0.59+0.03 0.48 £0.04
Q%>10.0 (GeV/c)? 0.57+0.03 0.40+0.04
Proton 2.0<Q%<5.0 (GeV/c)?
12<w<20 0.3<x’<0.85 + /= 0.55 +0.04 0.40+0.07
w>20 0.53+0.02 0.38+£0.02
Q%>5.0 (GeV/c)? '
5<w<T 0.610.05 0.49£0.07
T<w<12 0.46 +£0.03 0.29:£0.03
12<w<20 0.51+0.02 0.36+0.03
w>20 0.54 £0.03 0.39+0.03
Deuteron 2.0<Q%<5.0 (GeV/c)?
T<w<12 0.3<x’ <0.85 + /= 0.48+0.10 0.26+0.10
12<w<20 0.51+0.04 0.34+0.05
0>20 0.56+0.02 0.41+0.02
Q%>5.0 (GeV/c)?
5<w>T 0.660.03 0.53+0.06
7T<w<12 0.56 £0.03 0.39£0.04
12<w<20 0.49%0.02 0.31+0.03
w>20 0.66 £0.04 0.58£0.06
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FIG. 23. Comparison of structure functions for muon
scattering and e*e” annihilation. The muon data have
$>100 GeV? and 0.5= @2 =3.00 (GeV/c)2. The e*e” data
are from Ref. 20 and have s=56 GeV?,

in which the axis of one of the back-=to-back jets
could be simply inferred and correcting the data
with the aid of a Monte Carlo jet model she has
obtained the inclusive hadron structure functions
for the other jet in the event. She excluded heavy-
lepton events and demonstrated that there was
little bias in the method. Figure 23 is a compari-
son of the longitudinal structure function for

10 T T L 3
E ° h" y, +p—=h*+x 3
?’ e h” 0.18<x'<0.25 ]
_.Q x e*+ret —=hex i
A 0.1<X; < 0.3 |
» = é‘? =
= - *‘} 3
z E *{ ;]
oF i -
S )
x ,} -
|.: L]
€ ol . .
< E ﬁL + E
zld [ 7
o|o C o N
: e
L ° .
0.0l |- 4
E 1 1 1 | 7
0 06 : 1.2

P2 [(Ge V/c)z]

FIG. 24. Comparison of transverse-momentum distri-
butions about the virtual photon for muon scattering and
about the jet axis for e*e” annihilation. The muon data
are from Fig. 11. The e*e” are from Ref. 20.
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FIG. 25. Average transverse momentum with respect
to x’ or x,, for muon scattering and e*e” data. The muon
data are from Table X. The ete™ data are from Ref: 20.

charged hadrons [F*(x’)+ F~(x’)] from this experi-
ment and the nearly equivalent structure function
(x,/m0)(do/dx,) for one of the jets in e*e” annihila-
tion, where x, is the scaled momentum component
of a hadron along the jet axis: x,=2p,/E, ...
(Ec.m. is the energy of an incident electron.) In
the s region where the data overlap, the two dis-
tributions have the same shape; however, the
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FIG. 26. Comparison of F(x’) for this experiment
with corresponding structure functions for hadron ex-
periments (Ref. 43). @? is given in tnits of (GeV/c)?%;
s is given in units of GeV?2,
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results from muoproduction are higher. This
indicates that in muoproduction more of the total
available energy is put into charged hadrons. This
is a natural consequence of the decrease, as
energy increases, in the fraction of energy in
charged hadrons in e*e” annihilation* and may be
a result of the production of charmed final states.

Figure 24 compares the hadron transverse-
momentum distribution about the virtual-photon
direction in muoproduction with that about the
jet-axis in e’e” annihilation. The normalizations
are arbitrary. The shape agreement is excellent.
Figure 25 shows (P,) as a function of x’ or ¥, for
the two processes again with excellent agreement,

Insofar as the hadrons in e’e” annihilation ex-
hibit the collimation expected of jet behavior,
muoproduction shows the behavior predicted by
the jet hypothesis.

F. Comparisons with hadron data

We have already noted some similarities be-
tween the muoproduction data and hadron-hadron
inclusive spectra. These were Feynman scaling,
the seagull effect, and average transverse mo-
mentum of the muoproduced hadrons. Figure 26
shows a comparison between the longitudinal
structure function observed in muoproduction and
that for typical hadron-proton reactions.*® As
x' decreases, the values of the structure function
are converging, consistent with the rough invar-
iance of hadron multiplicity among different reac-
tions. At high x” only the 7~ +p —~ 7"+p reaction,
which has a leading-particle effect, produces
more hadrons per interaction than the virtual
photon. Figure 27 shows a comparison for the
rapidity distributions observed in muoproduction
and hadron reactions.** The shapes of the distri-
butions are similar with the virtual-photon hadrons
reaching rapidities less extreme than the hadrons
in the leading particle channel, and more extreme
than those in the unlike sign particle channel.

The production of hadrons by virtual photons is
not grossly different from that by hadrons.

VII. CONCLUSIONS

We have measured the inclusive hadron spectra
in the photon-fragmentation hemisphere for muon
scattering by protons and deuterons at a beam
energy of 147 GeV. The data show no strong de-
pendence on the variables that describe muon
scattering and agree with lower-energy data.

We find no disagreement with the predictions of
the parton model even in the previously unmea-
sured kinematic regions. There is also no varia-
tion in the average transverse momentum of muo-
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FIG. 27. Comparison of rapidity distribution produced
by muon and hadron interactions. The hadron data are
from Ref. 44.

produced hadrons with respect to the virtual-
photon direction as a function of @* or w. The
data exhibit a jet behavior consistent with that
observed in e¢’e” annihilation and are consistent
with the jet hypothesis. The general character
of the hadrons produced in the interaction of
virtual photons with nucleons is very similar to
that for hadrons produced in hadron-nucleon
interactions.
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