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Measurement of Nucleon Structure Function in Muon Scattering at High q
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The nucleon structure function, E„has been measured up to q 2~120 {Gev/c) 2 and for
40& W & 300 QeV . The data exhibit a significant pattern of scaling violation. Compared
to lower-energy data, +2 shows an observable increase of -15%%uo at high p for x & 0.4. The
pattern of the increase may accommodate a threshold in R" or new theoretical parametri-
zations.

Previous experiments' ' on deep-inelastic mu-
on and electron scattering have established sig-
nificant deviations from Bjorken scaling' up to

q =50 (GeV/c)s. The nucleon structure function,
Fs(x, q ), can no longer be expressed as a func-
tion of a single scaling variable, say x (=- q'/2Mv,
where q is the square of the four-momentum
transfer of the scattered muon, M is the nucleon

mass, and v=—E,—E' is the difference in energy
of incident and scattered p). Theoretical interpre-
tations' of nonscaling behavior include field-theo-
retic arguments, composite constituents of the
nucleon, gauge theory of strong interactions with
color degree of freedom [quantum chromodynam-
ics (@CD)j, and new hadronic degrees of freedom
in deep inelastic processes.

The present experiment, carried out at Fermi-
lab, increases significantly the statistical cer-
tainty and the kinematical range over which deep-
inelastic muon scattering (pN- pX) has thus far
been explored. For 2~10' incident muons with
an energy of 270 GeV (p' and p ), 10' deep inelas-
tic events above q'=5 (GeV/c)s are recorded. Re-
sults from a large fraction of the p,

' exposure
are reported. The target consisted of a 7.4-m-
long (4260-g/cm') iron- scintillator calorimeter
which also measured the final-state hadron ener-
gy. Following the target was a 745-g/cm'-thick
steel hadron shield and a spectrometere consist-
ing of eight toroidal magnets (4973 g/cm' thick
and about 90 cm in radius). Both the hadron
shield and spectrometer were interleaved with
wire spark chambers. En addition, three vertical
and horizontal trigger bands of scintillation coun-
ters were positioned within the spectrometer.
Three scintillation counters (15.9 cm radius)
centered on the beam axis formed a veto which
eliminated events with a penetrating particle at
a small angle. Proportional chambers and beam

halo veto (scintillation) counters defined the in-
cident muon.

The momentum of the scattered muon is deter-
mined from its trajectory through the magnetic
spectrometer. Track-finding efficiencies vary
from 8(Po at low q' to 9@o at high q (a 50 GeV /
cs). The resolution of the spectrometer was
about 9%, with its central value calibrated to
about O.v~o. The scattering angle is known to 0.4
mrad. The energy of the incident muon is deter-
mined to within 0.75%. The apparatus acceptance
was relatively large () 5(ffo) for events having a
scattered muon energy E' & 50 GeV and an angle
20 &0&80 mrad. Figure 1 shows curves of equal
apparatus acceptance in the q -v plane. Also
shown are lines of constant W (=-2Mv —q'i Ilg'),
the square of the center-of-mass energy of the
virtual-photon-nucleon system. To reduce ac-
ceptance uncertainties, minimum scattering an-
gle (10 mrad) and radius cuts (15.3 cm) were ap-
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F[Q. 1. Contour plot of apparatus acceptance as a
function of q' and v. Also shown are lines of constant
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plied so as to accept only those muon tracks in
the higher-acceptance regions away from the cen-
tral hole (1.1&&10' events).

The values of the structure function, I', per nu-
cleon, were obtained from comparing the data to
Monte Carlo predictions based on fits' of lower-
energy data in F~' and I','" and, with nearly the
same result, using a QCD parametrization. ' The
calculation included effects of real incident beam
distributions, Fermi motion of the nucleons in
the iron nucleus, radiative corrections, and wide-
angle bremsstrahlung in simulating deep inelas-

tic scattering. Incident and scattered muons are
traced through the apparatus undergoing simulat-
ed magnetic deflection, multiple Coulomb scatter-
ing, p-e scattering, bremsstrahlung, and colli-
sion losses. Further analysis treats data and
Monte Carlo events identically. The data pre-
sented below show only statistical errors and do
not include relative systematic and normalization
uncertainties estimated to be about 1()%. To ar-
rive at the final overall normalization, correc-
tions were applied to account for track-recon-
struction inefficiencies (3%%up), hardware failure
(2%%), and effect on the muon flux due to trigger
inefficiencies (7%%). Uncertainties in these cor-
rections do not influence the q' dependence ob-
served in this experiment.
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FIG. 2. Nucleon structure function E2 vs q for eight

bands of ~. Shovrn also are ~,' /2 (open square) of Ref.
3, andE2t'~ of Ref. 2 (open circle) corrected for n-p
differences. The solid, dashed, and dash-dotted 1ines
are @CD predictions as explained in the text. The value
W =80 GeV is indicated by arrows. Errors are sta-
tistical.

FIG. 3. Ratio of the observed to calculated (@CD)
structure function (A =0.5 GeV) vs q

2 for eight bands of
x. The value W~=80 Gev2 is indicated by arrows. The
dashed line is the ratio of the @CD prediction for A
= 0.4 to that for A =0.5 Gev/c. Open squares show ra-
tio for E,'~.
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Figure 2 shows F,(x;., q') vs q' for successive
x regions, where 7; is the weighted average of x
for the ith data point. Also shown are QCD pre-
dictions' both for F,(x;, q ) (the solid curve A

=0.5) and for F,(x, q ) (the dash-dotted curve, A

=0.5, dashed curve, A = 0.4), where x is the
weighted average value for the entire x region.
For lower x regions (&0.4), the data show a con-
sistent pattern of near agreement with QCD at
low q and a tendency to rise above QCD at high-
er q . Note that in the region of overlap, the
data agree with the other I',+ results' to within
1(Ho, giving our data an independent check on
normalization uncertainties. In Figs. 3(a)-3(h),
the ratio ff [~F,(X;,q )/F, (x;, q )QcD ] is plotted
versus lnq for successive x cuts. The values of
g for the data of Hiordan et aE.,' calculated in a
similar manner, are also shown. The ratio of
the QCD prediction for A =0.5 GeV/c is shown as
a dashed line. In Figs, 3(c)-3(f), where the data
disagree with the QCD prediction, the difference
due to this change of A is not significant. This
behavior of F, vs q' at a fixed x is statistically
consistent with that expected from a threshold be-
havior in the variable W.

In Fig. 4, 8 is plotted against W' for all q' and
x. Beyond W =80+10 GeV, B(W ) is consistent
with a rise of 12-15%%uo above the lower-W' data.
Table I shows sample tests of a possible W-
threshold behavior. The data are fitted by (a) a
straight line, (b) two separate straight lines on

l.4

either side of W' =80, and (c) two separate con-
stants. Both (b) and (c) are favored over (a). A

QCD prediction' is also tested.
This observed behavior of Fs in q or W cannot

be accounted for by known systematic effects
which include uncertainties in measurement of
Eo, E', and 8, variation'inc, /0'z. or in the appli-
cation of radiative corrections, and corrections
for wide-angle bremsstrahlung and Fermi motion.
The apparatus acceptance is a smooth function in
W and cannot accommodate a point-to-point rap-
id variation of F, in the range 65 & W & 95 GeV'.
For x&0.2, variation in acceptance is less than
1(Po over this W interval, with the variation de-
creasing as x increases. The ef'feet of this vari-
ation has been taken into account in the analysis.
We note, for example, in Fig. 3(c) the accep-
tance is greater than 8' for the entire set, and

greater than 90%%uo at the indicated arrow. The
average scattering angles, (8), in Figs. 3(c)-3(e)
are 16, 19, and 24 mrad, well above the minimum
angle of 10 mrad. Although F,(x, q') can conceiv-
ably be more closely fitted by readjustments of
qes, A, quark, or gluon distributions in QCD, the
observed q or W variation is not easily accom-
modated without major new assumptions since
F,(q') l„should be monotonic in q or W', in con-
trast to the observed trend in this experiment. '
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FIG. 4. 8, ratio of observed-to-calculated (@CD)
structure fimction vs W2, for aQ q2 and x. 8hown are
fits to (a) R =a(W2) +b (dashed line), (b) separate lines
for the r~~~e 80& W~ and W & 80 QeV (solid lines), and
(c) two separate constants (dash-dotted line). I'

2 /2
data [q 2) 2.0 (QeV/c) 2l (Ref. 3) are shown (open square)
but not fitted. Errors are statistical.

W~ region

All w'
w'& 80'
P'2& 80
All w'

W2& 80~
W2+ 80
All w'

a (x104)

2.64 +0.66
—0.72 +9.52
—2.11+0.91

Ob

Ob

Ob

Ob

1.058 +0.011
1.030 +0.058
1.159 +0.017
1.097 +0.005
1.025 +0.010
1.121 +0.006

1.00'

x'/d. f.

36.3/27
11.3/5
25.8/20

112.4/28
11.3/6
31.2/21

485.4/29

'The choice of W =80 Gev' is dictated by the best
possible fit. y~/d. f. improves further when resolution
effects are included.

The slope is set to zero, i.e., R ~const.
'Ratio of measured E2 to @CD prediction of Hef. 8.

TABLE I. Fits to R =a(W ) +b. The X2 per degree of
freedom are given in the last column.
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Note added. —We have received a preprint on
the experiment of de Groot et 4." After taking
account of the variations of E,"due to (x) in the
larger 4x (=O.l) bins, normalization uncertain-
ties, varying data-point density, and possible un-
certainties in the 18/5 multiplier as a constraint
to the data (especially at large W ), we cannot in-
fer any significant agreement (or disagreement)
between E,' and I'," as presented here.
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Various models for the recently observed rise in vW&(x, Q ) in deep-inelastic muon-Fe scat-
tering at large Q~ are considered. Explicit excitation of color seems to give the best fit to
the data. Some consequences of this idea are discussed and predictions made to test it.

An unexpected rise in the deep-inelastic struc-
ture function of the nucleon has been reported. '
(See also Riordan et al.' for older data. ) This
rise occurs at a fixed threshold in the virtual-
photon-nucleon invariant mass of S = 80+ 10
GeV'/c'-=W, h.„'. Its position is independent of
x = Q'/2mv (and, thus, co= 1/x). The expected be-
havior of vW, (x, Q') is quite different in, say,
quantum chromodynamics (QCD). ' The induced
radiation of chargeless gluons reduces the mo-
mentum fraction of the charged qua. rks and
vW, (x, Q') is a decreasing function of Q' for x
& 0.1-0.2 and an increasing function at x & 0.1-
0.2. The QCD results of Buras' for isoscalar
&~, which give a good fit to the data of Ref. 1
(which uses an iron target) for W'( W,„„,', fall

well below the experimental points at larger 8
(see Fig. 1). With the nucleon mass equal to m,

W'=2mv —Q'+ m',

so that W'» W, h.„'at fixed x corresponds to

Q ) Q, h „(x)= (W,~„-m')x/(1- x)

= (W,„„,2 —m')/(~ —1). (2)

Thus the rise of vW, (x, Q') above the QCD pre-
diction occurs for Q') Q,~„2(x).

Reference 1 exhibits two different QCD fits to
their data; both are inadequate when 8"&8',h,„'.
It is possible to force vs to rise by taking a low-
momentum-transfer boundary for perturbation
theory at Q =11 GeV /c'. However, the shape of
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