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ABSTRACT

In this paper new and stil! preliminary measurements of the
nucleon structure function derived from muon scattering experi-
ments at Fermilab are presented. 7The data are displayad in such
a way as to emphasize the departures from exact Bjorken scaling.
Parameters describing the scale breaking are extracted from
simple power law fits to the data.

INTRODUCTION

This talk shail be concerned primarily with the presentation
of two new determinations of the nucieon structure function
carried out at the Fermi National Acceleratior Laboratory over
the past year. New data are avaiiabie from E398, tne Chicago-
Harvard-111inois-Oxford Collaboration! (CHIO) of which I am a
member, measuring inclusive muon scattering from hydrcgen,

u+P'*1J+Xa (1)

and from E319, the Michigan State University-Fermilab Collabora-
tion? (MSU-F), studying the simiiar process from an iron-
scintillator target calorimeter,

u + Nucleus » u + X. (2)
Both data sets are preliminary results.

NOTATION

At a fixed beam energy, E, one can spacify the kinematics
of muon inclusive scattering with two variables, for example,
the two traditional variables Q¢ and v, the momentum transfer
squared and Tlaboratory energy loss of the muon. Alternatively
one can choose simple scaled variables x (=Q</2Mv=1/u) and y
(=v/E). Here M is the target nucleon mass. '

The physics of this scattering process can be parameterized:
in terms ¢f two functicns which contain the strong interaction
dynamics cf interest.
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d20: _ 4ma? F, (X,02) y?
Edxdy = 2T xly? [1 YT TOER (x,QZT)]' (3)

Here we have-chosen these functions to be F, (=vW,) the nucleon
structure function, and R, the "well-known" ratio of total
absorption cross sections of longitudinal and transverse
virtual photons.

Compare this to the cross section for muon scatter1ng from

the electron,
d2¢ _ 4wa? §(x-1) LZ_ '
Eddy " om xfy? |1 - A (4)

The similarity of form is due solely to the one-photon exchange
approximation to the electromagnetic part of the interaction.

HISTORY

As everyone here knows, it was found in the first measure-
ments of th1s process by the SLAC-MIT3 group that

» (X,Q2) = F, (X) and
( Q%) = small. (5)

The strong interactions imitate scattering from point-like,:
spin-1/2 particles to a great degree, hinting broadly at the
existence of such constituents within the nucleon. The complete
independence of F, on Q2, predicted at infinite Q% by Bjorken",
is known as scaling. In this talk the observed deviations from
scaling will be discussed in some detail but from a point of
view which has changed substantially from that used in the first
approaches to this subject.
Violations of exact scaling have always been known to

exist but were initially regarded as principally due to finite
Q2 effects which should not be allowed to detract from the really
remarkable degree to which scaling was approximated at the rather
low values of momentum transfer squared accessible to experi-
menters. Pursuing this theme, much time was expended in the
study of approaches to scaling and in searches for "better"
scaling variables® - variables asymptotically equivalent to
x but removing or 1essening the observed scaling deviations at

finite values of Q2.
' This view changed abruptly with the appearance of the first
muon scattering results from Fermilab.® The high beam energy
allowed expansion of the accessible kinematic range by a full
decade in both Q2 and v. The simple changes of variable
designed to minimize scaling deviations at low energies failed to
remain effective over the much larger kinematic region, revealing
scale breaking as a genuine, high-Q? effect.



SCALE BREAKING PARAMETERS

The departures from exact scaling are fa1r1y small,
Equivalently, the dependence of F,(X,Q%) on Q2 is quite weak.
It has become common to parameterize this dependence through

the parameter _

This implies a power law form for the structure function

Q2 b( )
FZ (Xaqz) = F2 (X Qo) (Qo) (7)

which is similar to the behavior of so-called convent1ona] field
theories when the ideas of renormalization group theory’ are
applied. Here Q% is any reference point, usually chosen in the
- range 2 to 3 GeV2,

It is probably worthwhile to po1nt out that this equation
can be rewritten as

2
- Fy (X,Q%) = F3 (X,03) exp (b(x) log 8%—) (8)
and approximated to read

QZ
Fo (X,Q%) = F, (X,Q3) (1 + b(x) log Qg) (9)

if Q2 is near Q2 and/or b(x) is small. This last is more like
the form one might expect from the popu]ar non-Abelian gauge
theories.® The point is that, since b(x) is small and the range
" in Tog Q2 1is not large, a choice between these two alternatives
based only on these data is not possible.

A second common way of parameterizing the scaling violations
involves an attempt to summarize all effects in a single number,
a. '

a= dz(]Og FZ) . . (-‘0)
Q W
d(Tog g7) d(log )
This corresponds to i
b(x) = - a log 6x (11)

where I have chosen w.,=6 as the point where b{x) changes sign.

This parameterization is, of course, more restrictive than
the former (one variable as opposed to one function) and, as we
shall see, fails to describe the data well near the kinematic
boundaries x=0 and x=1.



CHIO - EXPERIMENT 398

Figure 1 is a plan view of the CHIO apparatus. Positively
charged muons with a mean energy near 219 GeV are directed onto
a 1.2 meter long liquid hydrogen target. The scattered muons are
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Fig. 1.  Plan view of the CHIO apparatus.

measured in one meter square multiwire proportional chambers
immediately downstream of the target, momentum analyzed with the
2.3 GeV transverse momentum kick of the Chicago cyclotron magnet,
measured again in the 2 by 6 meter wire spark chambers downstream
of this magnet, and, finally, identified by passing through the
old Rochester cyclotron which has been cut up to provide an iron
wall approximately 8 feet thick. Although this aspect of the
data will not be discussed here today, this apparatus also
observes nearly the entire hadronic final state.

The experiment trigger demands only that a muon leave the
"beam. This can happen either by the muon suffering a large
energy loss (v 2 160 GeV) in which case the muon is swept out
of the beam by the analyzing magnet or by the muon experiencing
a large angle scatter (8y > 10 mrad.) in which case the muon
leaves the beam under its own power. Figure 2 shows the region
of the Q2-v plane where the acceptance is good, that is, between
about 20 and 100%. Although the acceptance remains large out
to quite high values of (2, the region with significant numbers
of events ends somewhere between Q<'s of 50 and 100 GeV? as in-
dicated roughly by the dotted line.

The analysis details are not particularly exciting and
will not be presented in any detail here except for a brief
mention of the quantity R. As Equation 3 makes clear, extraction
of F, (X,Q2) from the measured cross sections requires some
knowledge of the other unknown function R (X,Q%2). Since CHIO
does have data taken at three different beam energies, measure-
“ments of R do exist in some kinematic regions. These measure-
ments?, however, are low in precision serving mainly to sub-
stantiate, at high v, the low energy result that R is not large.
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Fig. 2. Kinematic acceptance of the CHIO
apparatus for 220 GeV incident muons.

This imprecision is due primarily to the fact that, over most of
the kinematic region, the cross section depends only extremely
-weakly on R. Taking advantage of this last, it was decided that,
until measurements of R were better defined, F, (X,Q2) could be
extracted most simply and still accurately by assuming a constant
value as determined by the low energy experiments. At the time
that the present analysis was performed the best such average R
was the MIT-SLAC measurementl!O R = 0.14 + 0.12. A1l results
presented here have this as an input.

At the recent Hamburg meeting the results of a new determin-
ation of R by the SLAC Group All were presented indicating
R =0.35+ 0.16. Combining these two independent measurements
‘yields a new best estimate R =0.25 + 0.10. Reanalysis of the
CHIO data with this new R input would raise most measured values
of F, by 1% or less, an amount considerably smaller than the
estimated statistical errors. A few points at high y would in-
crease by 1. to 10%, approximately one standard deviation in the
worst case. The effects on the scale breaking parameters are,
accordingly, extremely small.

CHIO - RESULTS

The results presented here are preliminary but not too
preliminary. By this is meant the following. The previous CHIOQ
experiment, E98, has finalized and published cross section measure-
ments at muon beam energies of 96 and 149 GeV. The current



219 GeV results, although still being carefully checked, agree
.quite well where there is overlap. This point is illustrated in
Figure 3. Here old and new data are compared for two extremely
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Fig. 3. Comparison of old and new CHIO results.

different regions of w and Q2. This agreement is typical. A
chi-squared type comparison of the two data sets gives a value of
169 for 143 data points. In view of this good agreement the

data from all three beam energies have been combined to study the
scale breaking effects with the highest precision.

Figures 4 through 7 present plots of log F, versus log Q2.

A power law fit (Equation 7) gives a straight line whose slope
is the scale breaking parameter b. In Figures 4 through 6 this
fit is made only for points with Q2 > 2 GeV2. The familiar
pattern emerges. For w < 6, the structure function decreases
with increasing Q2, the rate of decrease being quite large near
the kinematic 1imit w = 1. Near v = 6, the sign of the scaling
violation changes. For w > 6, F, rises with Q4.

Figure 7 presents very high » data. - Here the kinematics
severely restrict the maximum possible value of Q4. Accordingly,
the fitting range has been extended to include points with Q2
as Tow as 1 GeV4. Clearly, F, still increases with Q2 but it
is difficult at these low values of momentum transfer squared to
separate reliably the power law scaling violations from the more
trivial, expected rise from the kinematic zero possessed by
F, (X,Q2) at Q2 = 0.
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A simple parameterization of this kinematic rise from the
Q2 =0 p01nt used previously to study scaling behavior in the
high w region involved approximating the turn-on with a factor
depending only on Q2%,12

F, (X,Q2) = [1 - Fg! (02)] G, (X,Q2). (12)

Here Fe] (Q2) is the analog of F, in the elastic scattering
2 2
process"

2

M

where Gg and GM are, respectively, the elastic electric and
magnetic form factors for the proton. Although the applicability
of the physics motivating this form is questionab]e, it does seem
to approximate well the observed k1nemat1c rise.

In Reference 12, G, was considered Q> independent, but
here we may expect to see some residual scale breaking of the
power law type remaining. Figure 8 presents log G, versus log Q2

62 (0?) + <Gy (Q2)
") = B t—

-
"
“:‘Jo

(13)
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Fig. 8. CHIO Hydrogen data. High w, Tow Q?
region. An attempt has been made to
remove some of the kinematic effects

at low Q2.

for the same two high w regions as Figure 7. Plots in other bins
of w remain essentially unchanqed since the kinematic factor is
very close to 1 for Q¢ > 1 GeVZ. The straight lines appearing
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are not best fits to these modified structure functions but are
.instead the same fit to the 60<w<160 data shown in Figure 7.
The very low Q% points have moved up much closer to the power
law straight lines making it more clear than before that the
parameter b is not changing particularly rapidly in the high w
region.

In Figure 9 the present CHI0 measurements of the b parameter
are collected and compared to the lower energy electron data.l0
Also appearing on this graph are two curves which require some
' explanation.

The Togarithmic curve is the
previously mentioned (Equations
10 and 11) attempt to summarize

0.5 the scaling violations with the
SCALE BREAKING PARAMETER g ypgle parameter a. The particular
Q2 >2 Gev? ONLY value of a shown here is the result
of fits to the old CHIO data at
0 149 and 96 GeV. This param-

eterization of the scale breaking

4 6 '
. N
b 00 §§\¢ {~0.145 fn 6x) is clearly a bad approximation
4 at both large and very small x.
\ﬁ‘--______ The straight line is a curve

- _» which I first saw in a paper b
(025-x) Perkins, Schreiner, and Scott.)‘/3
-05F It is not physically motivated
0 £398 up + but does have the virtues of
D SLAC-MIT ep \ being simple and easy to remember

: ; as well as being a fair repre-
0.0 05 1.0 sentation of the results.
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Fig. 9. Hydrogen scale
breaking parameters.

MSU-F - EXPERIMENT 319

Figure 10 is a diagram of the
MSU-F apparatus.. Muons with mean
energy near 275 GeV are incident upon a calorimeter target composed
of 4123 g/cm? of iron and 108.2 g/cm? of scintillator. (Compare
this to the 8.4 g/cm? liquid hydrogen target of CHIO.) Muons
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b

Fig. 10. Plan view of the MSU-F apparatus.
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emerging from the calorimeter are measured in multiwire propor-
tional chambers immediately downstream of the target and then
monmentum analyzed and identified with a spectrometer composed of
8 iron toroidal magnets interspersed with 9 wire spark chambers
and 3 planes of scintillation counters. The total energy of

the produced hadrons is measured in the calorimeter target, but
they are not otherwise individually detected.

The apparatus detects muons emerging from the target at
angles between 10 and 100 mrad. At present, for the purpose of
evaluating the single muon inclusive scattering cross section,
the scattered muon is required to have an energy above 30 GeV.
Given a 275 GeV beam and these restrictions, the kinematic
region displayed in Figure 11 is accessible. This 30 GeV minimum

w=l w=2 w=3 «
120 X
100
w=95
‘80
Q2(Gev?)
60
w=9
40
20 w=20
0 &

0 50 100 150 200 250 300
v (GeV) ‘

Fig. 11. Kinematic acceptance of the MSU-F
apparatus for 280 GeV incident muons.

energy requirement for muon identification can be relaxed to as
low as 8 GeV, but this is more important to the other major goal
of this experiment, the measurement of the properties of multi-
muon final states. ’

Again, the analysis will not be discussed in detail here
except for a few points. F, (X,Q%) is extracted from the measured
cross section using a parameterization of R from Tower energy
electron data,!” R = 0.52M2/Q2. Given the insensitivitv of the
cross section to reasonable choices of R, this certainiy imposes
no barrier to comparisons with the CHIO results. What is impor-
tant is the difference in target materials.
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Before the MSU-F data, which is mostly scattering from iron,
can be compared to the CHIO resuits, allowance must be made for
the known neutron-proton differences!? which are most important
at large x. The CHIO data must be multiplied by a factor of
0.64 at x = 0.67 but only by 0.92 at x = 0.14.

In addition, the radiative corrections differ significantly
at low x where, for iron, the correction can become quite large
due to coherent scattering effects. For iron this correction
is ~ 15% at w near 50, but always less than 3% for w < 20.

MSU-F - RESULTS

The primary results are gresented in Figures 12 through 16
where measurements of F, (X,Q%) are displayed for 5 different

Q2 bins. These are the same data presented at Hamburg except

that the CHIO points have been updated to include the recent
~results. The solid line appearing in each graph labeled "FITqg"

is a fit to the published CHIO data (Experiment 98). It includes
scale breaking effects in the approximation that b(x)=-0.145 1n(6x)
and has been "corrected" to include neutron-proton differences.
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Below Q2 = 50 GeV? the agreement with the measurements of
other groups is quite good, especially when the systematic
errors not shown in the Figures are included.  These amount to
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an estimated 10% for MSU-F and
7% for CHIO. This means, among
other things, that the general
pattern of scale breaking
previously discussed is again
confirmed.

On the other hand the
agreement is not perfect.
Q¢ = 15 GeV2, at low x, the
MSU-F results lie systematically
below the CHIO points while at
Q2 ~ 40 GeV? they lie systemat-
ically above them. Furthermore,
to the extent that the curve
represents a valid extrapolation
of the lower Q2 results, this
trend seems to continue up to
Q2 ~ 150 GeV2 where the MSU-F
data is 1 to 2 standard
deviations above this curve at
low x and 1 to 2 below at high -
X.

Below
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This hints at the tantalizing possibility that the scale
breaking effects may become somewhat larger at high Q2. There
is. certainly no evidence that they are becoming smaller. Since
MSU-F is alone in the region above Q2 ~ 50 GeV2, we can only
wait and see what occurs as the analysis becomes final and the
other 85% of the data is included. Only one thing is certain.
Whatever develops is sure to spark more theoretical and
experimental work on this interesting and important process.
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