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ABSTRACT

The proton and deuteron structure functions F and F{ are measured in inelastic muon scat-
tering with an average beam energy of 470 GeV. The data were taken at Fermilab experiment
665 during 1991-92 using liquid hydrogen and deuterium targets. The F, measurements are
reported in the range 0.0008 < z < 0.6 and 0.2 < Q? < 75 GeV?. These are the first precise
measurements of F, in the low z and Q? range of the data. The E665 data overlap in z with
the HERA data, and there is a smooth connection in Q* between the two data sets. At high
Q? the E665 measurements are consistent with QCD-evolved leading twist structure function
models. The data are qualitatively described by structure function models incorporating the
hadronic nature of the photon at low Q2. The Q? and the W dependence of the data measure
the transition in the nature of the photon between a point-like probe at high @2 and a hadronic
object at low Q2.



1. Introduction

In the single photon exchange approximation the double differential cross-section for
lepton-nucleon scattering can be written as
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where E is the incoming lepton energy in the lab frame, and —Q? is the square of the 4-
momentum transferred from the lepton. In the lab frame v is the lepton energy loss, z =
Q?/2Mv = zpg; is the Bjorken scaling variable, and y = v/E. a., is the electromagnetic
coupling constant and M is the nucleon mass. Fy(z,Q?) is the structure function of the target
nucleon and R(z,Q?) is the ratio of the longitudinal to the transverse virtual photon cross-
sections.

= 4ra? Fy(z, Q)1 —y — ] (1)

The experimental apparatus has been described elsewhere'''® . The data used for the
structure function measurement are from the 1991-92 run. A muon beam of mean energy 470
GeV impinged on cryogenic liquid hydrogen and deuterium targets, and on an evacuated vessel.
The empty target data are used to subtract the contribution of the out-of-target scatters on a
statistical basis.

The trigger system includes two kinds of muon triggers, the small angle trigger (SAT),
and the set of large angle triggers (LAT). In addition a trigger (CAL) based on the calorimeter
signals was available. The small angle trigger used a floating veto so that it could also trigger
on events where the scattered muon remained within the phase space of the beam. The trigger
acceptance extended to scattering angles as small as 1 mrad.

2. Motivation

The behavior of the structure function F; is expected to be different in the small and
large @7 limits. In the limit Q? — oo we expect approximate scaling due to point-like photon-
parton interactions, with an increase at low zp; and logarithmic scale dependence introduced
by QCD radiative effects. In the QCD-improved parton model, photon-nucleon scattering at
lower Q% may have a significant contribution from “higher-twist” effects in addition to the QCD
radiative effects. Higher twist terms may formally be defined as terms inversely proportional
to increasing powers of Q% in an expression for the photon-nucleon cross-section. These terms
can be interpreted as the photon scattering off multi-parton states, or as the struck parton
re-interacting with other partons in the nucleon.

Apart from the QCD-improved parton model, the photon-nucleon scattering process has
also been described in the nucleon rest frame, in which it occurs mainly due to the interaction
of the hadronic component of the photon with the nucleon. Furthermore, the Vector Meson
Dominance (VMD) model states that the spectrum of the hadronic component is dominated
by the low mass vector mesons, resulting in a strong @ dependence (through vector meson
propagators and the gauge invariance constraint) and only a weak zp; dependence at fixed Q?.
In the photoproduction limit, limg: .o F» = o,nQ?/4n%a, where the factor of Q* is obtained
from gauge invariance and o,y is the real photon-nucleon cross-section.

The Generalized Vector Meson Dominance (GVMD) model includes the contribution
of higher mass states. In GVMD, the high mass hadronic components of the photon would
correspond to highly virtual ¢g states, corresponding to spatially small color dipoles. The dipole
field would reduce as the dipole shrinks with increasing @Q?, resulting in a diminishing cross-
section with the nucleon. This is the idea of the “shrinking-photon” or “color-transparency”,
which restores the scaling behaviour of the structure function at high @* in GVMD (for a
review see?).



The measurement of the structure function extending from low to high Q% can help to

illuminate the transition in the photon-nucleon scattering mechanism between the high and low
Q? limits.

3. Experimental Issues

In order to extract the structure function from the event rates, the absolute luminosity,
radiative corrections and apparatus effects must be known. The apparatus acceptance, trigger
and reconstruction efficiencies, and smearing corrections are calculated using a Monte Carlo
simulation of the detector. The simulation is tuned extensively and validated by performing
many cross-checks against the data. The absolute luminosity is calculated by measuring the
length, temperature and pressure of the liquid targets, counting the total number of beam
muons, and using the random beam trigger method for normalization.

The experimentally measured quantity is the total muon double differential cross-section.
In order to extract F5, electromagnetic radiative corrections must be applied, and R must be
known. For the analysis presented here, radiative corrections are calculated by the computer
program FERRAD35% according to the formulation of Mo and Tsai.* The input F, is con-
structed from published fits> 7 to SLAC, DESY, Daresbury and NMC data and the low Q?
interpolation at high W? of Donnachie and Landshoff.® R is taken as R,,..° The H, and D,
event rates are corrected and normalized using an event-by-event weighting procedure. A fit
to the resulting F, measurement is used to constrain the input F, in the low z range of the
E665 data (z < 0.05). The detector acceptance and the radiative correction is recalculated in
an iterative procedure until convergence is achieved.

Events used for the structure function measurement are required to have the beam energy
between 350 and 600 GeV,v > 35 GeV, dv/v < 0.5 and the energy of the scattered muon greater
than 100 GeV. As we have not yet fully understood the detector efficiency at large scattering
angles, we have also required that 6,.,; < 20 mrad in this analysis. This removes some data at
high z and Q?, where the statistical precision was low to begin with. SAT events are used for
the analysis. The kinematics of the event are determined from the 4-momenta of the beam and
the scattered muon at the reconstructed vertex. The details of the structure function analysis
may be found in'® .

4. Results

The F, results for the proton are shown in figure 1. The errors shown are the statistical
and kinematics-dependent systematic uncertainties added in quadrature, but the overall nor-
malization uncertainty of 1.8% is not included. The statistical errors are 3-5% at low z and Q?,
and 20-30% at the highest z and Q? of the data. The total kinematics-dependent systematic
uncertainty varies between ~2-10%. This includes uncertainties in the trigger efficiency ~1-5%,
reconstruction efficiency ~1-8%, effect of energy scale uncertainty ~0-4%, radiative correction
~0-3%, effect of variation in Rgq. <3%, and binning errors which are typically less than 1% (ex-
cept edge bins). The maximum radiative correction is ~45% and agrees with the calculation'
using the method of Bardin et al to ~2%. The difference between the Mo-Tsai calculation and
the Bardin et al calculation is included in the systematic uncertainty, as is the change in the
radiative correction due to variation in the input F, due to measurement error. The difference
between F, obtained using R4 and other functions for R (R = 0, Rgep, using the modified
low @? MRS(A) parton distributions'?) is typically small except at low = and high y where it
is up to 10%. The results for the deuteron F, are similar, but with smaller statistical errors.
The overall normalization uncertainty in Fg is 1.9%.

The measurement covers the range 8 X 107" < z5; < 0.6 and @ > 0.2 GeV?. In figure 1
on the left, the data in the low z range are compared with three structure function models.



£665 Data

0.0008< %< 0.001 (x32)

)
T T
O
[Tl
=
@)

0.006<xg<0.01 (x64)

0.001 <x<0.0015 (x16) e 0.01<x<0.015 (x32)
*
O % 0.015<x<0.02 (x16)

~ 0.0015<x5<0.002 (x8)

I \\HH‘
*

* e3 3
® .

@9* 0.02<x<0.03 (x8)
002 < %< 0.003 (x4) e

o* LH® 0.03<%,,<0.04 (x4)
o Ox
o9 @@5‘@* 0.04<x5<0.06 (x2)
000~ "X '

® 0.06<x<0.08 (x1)
0004 ¥ ‘

000

OOOOO@*QQ@Q 0B<xg<.12(x.5)
Yk

°8308389528
10 Lol Lol T 91 ARke<-25 GRAP) il

10" w 10 w 10 10°

Q*(GeV?) Q*(GeV?)

O
TTT]

Fig. 1. F} as a function of Q* in zp; bins. The errors shown are the statistical and systematic
uncertainties added in quadrature, but the normalization uncertainty is not included. On the left,
the E665 data at low z are compared with model calculations of Donnachie-Landshoff (DL), Badelek-
Kwieciniski (BK) and the MRS(A) parton distributions. On the right the E665 data at higher z are
compared with the NMC data.

The MRS(A) curves are computed'? by performing QCD evolution of leading-twist parton
distributions both up and down in Q? from Q2 = 4GeV?. The Donnachie-Landshoff (DL)
model® performs a phenomenological interpolation between the real photoproduction data and
the NMC data below Q? of 10 GeV?. It is designed to reproduce F, in the photoproduction
limit, and approach a scaling function at high Q*. The Badelek-Kwiecifiski (BK) model'® merges
the contribution from the p,w and ¢ to F, with the partonic contribution using GVMD ideas.
The MRS(A) curves are unable to reproduce the magnitude and slope of the data at low Q2.
Assuming that the difference is due to the higher-twist contribution, the comparison indicates
that the higher-twist contribution is negative at low @2, and that it grows in magnitude with
decreasing = and @Q%. The DL and BK models, which incorporate the hadronic nature of the
photon at low Q?, give a fairly good description of the data.

In figure 1 on the right, the E665 data in the higher # range are compared with the
NMC data.” When a certain z bin is split by either experiment, the multiple data points are
shown in that bin. Assuming only an overall normalization difference, the two measurements
are consistent within normalization uncertainties.

The zp; values at E665 are comparable to those obtained at HERA and extend to lower
values than those achieved at previous fixed target experiments. In figure 2 on the left, a subset
of the E665 proton data is plotted in the corresponding z bins with the ZEUS data.!* The BK
model calculation is used to guide the eye in connecting the data from the two experiments as
a function of Q? in each z bin. The plot shows that the data from the two experiments connect
smoothly in @?. The z dependence at fixed @? (and hence the W dependence, where W is the
photon-nucleon c.m.s. energy) is weaker at low Q? that it is at high Q2.

In figure 2 on the right, the virtual photon-proton cross-section (computed from F, using
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Fig. 2. (left) F} vs @? for different zp;, from E665 and ZEUS, with BK model calculation. (right)
Virtual photon-proton cross-section vs Q? for different W, with DL model calculation.

the Hand convention for the photon flux K = WZ&MZ) is shown versus @? in bins of W. The Q*
dependence becomes weaker as one goes from high to low Q2. This is another way of visualizing
the transition from the partonic to the hadronic scattering mechanism. The DL model which
incorporates this transition is able to reproduce the trends in the data.

In figure 3 we show the logarithmic partial derivatives of the proton F, with respect to
Q? and z respectively, holding the other variable fixed. On the left, dInFY /0InQ? at fixed = is
shown versus z, for the E665 data and the DL, model. The data follow the trend in the model in
the approach to the photoproduction limit (value of 1.08 obtained from®), however the slopes
in the data tend to exceed the model prediction. On the right, dInFY /dinz at fixed Q? is shown
versus )7, along with the photoproduction limiting value of -0.08 (obtained from®). The typical
value of the slope (~ —0.3) observed in the higher @* HERA data is also indicated (see'? for
a discussion). The z dependence at fixed @* (hence the W dependence) of the E665 data is
bounded by the higher and lower ? measurements, thereby measuring the transition between
the two.

5. Summary and Conclusions

We have presented measurements of the proton and deuteron structure functions F, in
the kinematic range z > 0.0008 and Q? > 0.2 GeV?. These are the first precise measurements
of F, at such low z and Q?. The data were obtained using a muon beam of average momentum
470 GeV, and liquid hydrogen and deuterium targets at the experiment 665 during 1991-92 at
Fermilab.

The E665 measurements have a significant overlap in z and Q? with the measurements
from NMC. In the region of overlap the two measurements are in good agreement. The E665
measurements also overlap in z with the HERA data, the E665 data being at lower Q? at fixed
z. There is a smooth connection in Q? over a large range between the two data sets.

The E665 data show a transition in the nature of the photon-nucleon interaction when
Q* ~ O0(0.5 GeV?). While perturbative QCD evolution-based models give a good description of
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Fig. 3. (left) 8inFY /8InQ? at fixed z versus z, for the E665 data and the DL model. The value in the
photoproduction limit, derived from the DL model, is also indicated. (right) dInF} /dlnz at fixed Q?
vs Q? for the E665 data.

the data at higher Q?, they fail to describe the data at lower Q*. Thus the data can be used to
quantify the higher-twist effects as a function of z and Q2. Models that incorporate the hadronic
nature of the photon at low Q? are able to describe qualitatively the W and Q? dependence
of the data. We find that at low Q?, the W dependence of our data is stronger than that of
real photoproduction and hadroproduction cross-sections, but weaker than the W dependence
of the high Q* HERA data. Thus the data provides a measurement of the transition between
high and low Q7 in both the W and the Q? dependence of the photon-nucleon interaction
mechanism.
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