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Abstract

We present results on the cross-section ratio for inelastic muon scattering
on neutrons and protons as a function of Bjorken z. The data extend to
z values two orders of magnitude smaller than in previous measurements,
down to 2 x 10~5, for Q% > 0.01 GeV?2. The ratio is consistent with unity
throughout this new range.
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Recently, there has been considerable interest in the very small (2 < 1072) be-
havior of the nucleon structure functions in inelastic lepton-nucleon scattering. Here
z is the Bjorken scaling variable, z = Q?/2Mv, where —Q? is the invariant mass
squared of the virtual photon that mediates the interaction, v is the energy transfer
(photon energy) in the laboratory frame, and M is the proton mass. Theoretical
calculations based on Perturbative Quantum Chromodynamics (PQCD) make in-
teresting predictions for the small-z range, where the parton densities are predicted
to be very large[l, 2]. In current fixed-target experiments, this kinematic region can
be accessed only at low Q% (@Q* < 1 GeV?), where PQCD is not applicable. It can
however be studied using the concepts of Regge theory. Recent investigations{3, 4]
give predictions for the structure functions of the nucleon at low = down to Q% = 0,
while at higher Q2 they reproduce fits of deep inelastic scattering data.

The latest precise NMC data[5] on the proton and neutron structure functions
F} and F} cover the range z > 0.006, @* > 0.5 GeV?. The ratio FJ'/F] has been
measured[6] down to z = 0.002, and is found to approach 1 at the lowest z values.
Similarly, data[7] on the total absorption cross sections of real photons (Q* = 0)
on H; and D, show that the proton and neutron cross sections differ by only a few
percent in the range v = 4 — 18 GeV, approaching a common value at large ». It
is desirable to study the tranmsition between these two regions, when z — 0 while
v is large. This is the transition from hard to soft processes, from the large-Q?
domain of PQCD to that of real photoproduction, as the mass of the virtual photon
approaches zero.

Preliminary results on the ratio FJ'/F} from this experiment, covering the range

z > 1073, can be found in [8]. In this paper, we present results on the ratio

of inelastic cross sections 0,/¢, in muon scattering on neutrons and protons that

include, for the first time, the range 2 x 107° < 2 < 2 x 1073, with Q@ > 0.01 GeV?

and v > 50 GeV. This ratio is equal to the ratio FJ'/F?, under some assumptions.
The single-photon-exchange cross section is given by
d’a _ 4':rc:|:2_E'_‘:[(_'os2 é 42 1+2%/Q?

dzd@? Q%% E 2 1+ R(z,Q?)

where E(E') is the energy of the incoming (outgoing) muon, 6 is the scattering angle

. 29 2
sin E]Fz(:c,Q ) (1)

in the laboratory frame, a is the fine-structure constant, and R = or/o7 is the ratio
of the longitudinal and transverse total cross sections. Therefore, the cross-section
ratio is equal to the F), ratio if R is the same for protons and neutrons, as suggested
by an analysis(9] of data from SLAC at higher = and Q?, and provided higher-order
electromagnetic processes modify the single-photon-exchange cross sections for the
two targets to the same extent.



Data were taken in the Fermilab muon beam using the E-665 double-dipole
open-geometry magnetic spectrometer[10] during the 1987-88 fixed-target run. The
relevant data for this analysis were obtained at 490 GeV mean beam energy on
a 1.15 m-long cryogenic target, filled initially with liquid D, (density 0.16 g/cm?,
0.15 radiation lengths), and then with liquid H, (0.07 g/cm?, 0.13 radiation lengths).
The Small-Angle Trigger (SAT)[10] triggered on the absence of a veto signal at the
expected position of the unscattered beam. This was calculated by a hardware
processor for each incoming beam track detected in a set of 7 scintillator planes.
The acceptance of the trigger extended to scattering angles smaller than 0.1 mrad,
inside the phase space of the unscattered beam.

The scattered muon was identified in the off-line analysis by its ability to pen-
etrate a set of steel and concrete absorbers; its trajectory was reconstructed with
proportional and drift chambers. An electromagnetic calorimeter was used to dis-
criminate between electrons and hadrons and to detect neutral particles depositing
electromagnetic energy.

Events were selected by requiring both the incoming and scattered muon to be
fully reconstructed and fitted to a vertex within the fiducial volume of the target,
with a x? probability greater than 10~%. The following kinematic cuts were applied
to constrain the data sample away from regions where the resolution in the kine-
matic variables is poor, or the radiative corrections can be large: E > 400 GeV,
Q? > 0.01 GeV?, 2> 2x 107%, 0.1 <y < 0.9, v > 50 GeV, and |¢ — x| > 0.2. Here
y = v/E is the fractional energy transfer and ¢ is the azimuthal angle of the scat-
tered muon around the incoming muon direction. This last cut eliminated events
with the outgoing muon close to the horizontal (bending) plane, for which the vertex
was poorly determined. The resolution in z is approximately constant at ~ 16% for
z > 107% but this value increases to about 60% at the lowest z.

In addition to the above cuts, two independent methods were employed to sep-
arate inelastic events from the large electromagnetic backgrounds, not related to
the nucleon structure, that dominate the event samples at z < 1073, These back-
grounds are due to elastic muon-electron (pne) scattering in the target, and to muon
bremsstrahlung. The first appears as a peak in the z distribution centered at
z = me/M =~ 5 x 107*, where m, is the electron mass, with a width consistent
with the experimental resolution at this = value. The second background appears
as events with large energy loss (), reconstructed with very small scattering angles,
and therefore at very low z. Figure 1 shows the event distribution in z after the
kinematic cuts (solid histogram), with the pe peak clearly visible.
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Figure 1. Event distribution vs. z from H, (a) and D; (b) after kinematic cuts

only (solid line), kinematic and calorimeter cuts (black dots), and kinematic and
multiplicity cuts (dotted line).

The two methods of background removal are similar to those used previously by
this experiment in measuring the cross-section ratio for Xe and D, targets in the
same kinematic range[11]. In the first method, referred to as “calorimeter cuts,”
electromagnetic events were rejected by selecting only those events for which the
total electromagnetic energy Ecar, deposited in the calorimeter was less than 0.5y, or
for which the bremsstrahlung planarity P was greater than 10~°, This last quantity
is defined from the momentum vectors p and p’ of the incoming and outgoing
muons, and the vector k connecting the vertex to the largest energy cluster on the

calorimeter, as

_ e xp) K

= sin #sin 1, 2
Bl v @)



where 1 is the angle of k out of the scattering plane. Planar events have P = 0.
Bremsstrahlung photons tend to be in the scattering plane, whereas clusters from
inelastic events need not be. Elastic ue events also appear at small values of P.
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Figure 2. log P vs. E¢./v for all events (a), and for three different event types,
inelastic (as defined by the multiplicity cuts), bremsstrahlung, and elastic pe (b—d),
classified without use of the calorimeter. The area denoted as EXCLUDED is the
region excluded by the calorimeter cuts.

The resulting distribution is shown in Figure 1 as black dots. Figure 2 shows the
event distribution from both targets on the log P vs. EcaL/v plane for all events (a);
inelastic events, as determined by the second method below (b); p-bremsstrahlung
events, i.e. events with £ < 10™* and no additional tracks besides the scattered
muon (c); and elastic pe events, identified as events with one muon and only one
negative track in the final state, and kinematically consistent with pe scattering (d).

A correction was applied to EcuL for non-linearities and saturation effects in the



calorimeter response. The distributions from the two targets separately look very
similar after the correction. The boxes show the regions excluded by the cuts. It can
be seen that the cuts remove essentially all electromagnetic events of either type,

while most of the inelastic events, as defined by the second method, are retained.

? jnelastic events were

In the second method, referred to as “multiplicity cuts,
explicitly selected by requiring at least two hadrons of the same sign to be asso-
ciated with the event. Here a “hadron” was defined as any reconstructed track
compatible with coming from the event vertex, other than the scattered muon or
other muons. In general, only tracks going forward in the center-of-mass frame were
within the spectrometer acceptance. In order to keep the two methods independent,
no rejection of electrons by means of the calorimeter was performed. The same-sign
requirement was imposed to avoid contamination from photons converting into ete™
pairs. The result is shown in Figure 1 as a dotted line. At low 2, similar numbers of
events are selected by the two methods. At higher z, however, the number of events
selected by the second method is much smaller. This is due to smaller v values
resulting in lower charged multiplicities, which are further reduced by the smaller

acceptance for low-momentum tracks by the forward spectrometer.

The ratio ¢,./c, was derived from the event yields from the H, and D, targets
and the target densities and beam fluxes, assuming the deuteron cross section per
nucleon to be a4 = (o, + ¢,,)/2. The ratio was corrected for events originating in the
target vessel, as determined from an empty-target run, and for a 5% contamination of
the D, target with HD molecules. No corrections were applied for Fermi motion, the
effect of which is expected[12] to be negligible at z < 0.6, or for nuclear shadowing
effects in the deuteron. Also, no radiative corrections were performed, other than the
removal of the backgrounds described above., The remaining radiative corrections
on the ratio are expected to be small, implying that the ratio of the single-photon-
exchange cross sections should be approximately equal to the one presented here.
This expectation is supported by a study in which the upper cut on y was varied in
order to reduce further the influence of radiative effects; the results were essentially
unchanged.

Figure 3 shows the ratic o,/0, as a function of z, as derived by the two methods.
Only statistical errors are shown. The two methods give compatible results, within
the statistical uncertainties, giving confidence that the electromagnetic backgrounds
have been removed properly. In the following, the results from the first method will
be used, because of the better statistics, especially at higher z.



1,6 1 llilllll T Trrrm T l]llllll LI ll'll T T TTTIT

Ilillillfllill
IlIIII!III1111

IlllllllllllllllllLLllt

lllll]llllllllllllllllll

O 1 5|llll||| 1 4] 1 |ll|.|] lsllllllll L i l||lll[ 1 1 ||lJll-
10 10" 107 107% 107" 1

X

Figure 3. 0, /0, versus z obtained with calorimeter (o) and multiplicity (x) cuts.
The two sets of points are slightly displaced horizontally for clarity. The vertical
error bars show the statistical errors, while the horizontal error bars show the extent
of the z bins.

Systematic errors include a £2% uncertainty on the relative beam fluxes and a
+3% uncertainty on the relative acceptance for the two data samples, which were
taken in different running periods. These relative normalization uncertainties for
the Dy and H runs result in a £7% total normalization uncertainty on o, [os. As
a further check on the relative normalization, the cross-section ratio for elastic ue
scattering from the D, and H, targets, which should be equal to 1, was measured
to be 1.01 £ 0.03 (statistical error).

The calorimeter was cross-calibrated for the two data-taking periods using elec-
trons from elastic pe events. The uncertainty in the subtraction of the electromag-
netic backgrounds due to possible residual differences in the calorimeter response

were included in the systematic error. This uncertainty is negligible for z > 1073.

Figure 4 and Table 1 show the ratio obtained with the calorimeter cuts with
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Figure 4. Results on 6./, vs. z (#) using the calorimeter method. The error bars
show the statistical errors, while the shaded band shows the estimated systematic
uncertainties. The curve is the prediction from {3]. Also shown are previous results

on F}/F} from NMC(6] (o) and BCDMS[13] (x) (statistical errors only).

statistical and systematic errors. The mean value of the ratio in the range 2x107° <
z < 2 x 1072 is 1.02 & 0.05(stat.)+0.09(syst.). Table 1 also shows the ratio o4/a,
with its statistical error. The invariant mass W of the hadronic final state of the
data is always greater than 10 GeV, far above the resonance region, with an average
varying from 25 GeV at the lowest z values to 12 GeV at the highest. Also shown
in Figure 4 are the results for F.}/F} from two previous high-statistics experiments,

NMC[6] and BCDMS[13]. The curve is a prediction[3] based on the vector-meson
dominance model.

The effect of nuclear shadowing on deuterium is at present unknown, as no
experimental measurements exist. Different calculations predict an effect of up to
2%[14), or 4%[15], at some values of z and Q?, but these calculations do not extend to
the full kinematic range of this experiment. Shadowing would reduce the observed
deuteron cross section compared to the one for free nucleons. If such an effect



Table 1: Results for o/, in  bins

lower | upper | <z > | <Q*> | o4/0, | stat. | o,/c, | stat. | syst.
z limit | = limit (GeV?) error error | error
0.00002 | 0.0001 | 0.00005 | 0.03 099 | 0.06 | 097 0.12| 0.08
0.0001 | 0.0002 | 0.00015 | 0.08 0.99 | 0.06 | 0.99 | 0.13( 0.07
0.0002 | 0.0005 | 0.0003 0.16 1.02 | 0.05| 1.04| 0.10| 0.10
0.0005 | 0.001 | 0.0007 0.3 1.02 | 0.05| 1.03| 0.11( 0.13
0.001 0.002 | 0.0015 0.5 1.03 | 0.05| 1.06 | 0.10| 0.07
0.002 0.005 | 0.003 1.0 099 0.04 | 0.98]| 0.09( 0.07
0.005 0.01 0.007 1.9 090 | 0.05( 0.81| 0.10| 0.06
0.01 0.02 0.015 3.7 1.06 | 0.06{ 1.11| 0.13| 0.08
0.02 0.05 0.03 74 1.00 | 0.07{ 0.99| 0.14 | 0.07
0.05 0.1 0.07 16.6 1.22 | 0.13| 1.45| 0.26 ] 0.10
0.1 0.2 0.15 28.8 081 | 0.16 | 0.61| 0.32 | 0.04

exists, the true values of o/, are higher than presented here, by twice the size of
the shadowing effect.

The new results extend to z values two orders of magnitude lower than in pre-
vious measurements. The ratio is equal to 1, within errors, throughout this new
range, consistent with the extrapolation of the NMC measurement. The validity of
this extrapolation was crucial for the derivation[6} of the integral of the difference
F}(z) — F}'(z) and the conclusion that the Gottfried sum rule{16] is violated. The
present data bridge the gap between the high-z, high-Q? deep inelastic scattering
data[6] and those from real photoproduction at lower photon energies{7].

The equality of the neutron and proton cross sections for z — 0 is expected from
Regge arguments|1, 3]. Our result is consistent with this expectation, provided any
shadowing effects are small compared to the experimental uncertainties. Alterna-
tively, if this equality is assumed to hold, then the above result suggests, within the
precision of this experiment, the absence of significant nuclear shadowing effects in
the deuteron.
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