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ABSTRACT 

Preliminary measurements of the structure functions Fg and F:, and the structure function 
ratio F!j/F:, in inelastic PN scattering are presented. Preliminary results on nuclear trans- 
parency (g”/A)/# ’ m incoherent exclusive p production are also presented. The data were 
obtained by Fermilab experiment 665 using a 465 GeV muon beam and liquid hydrogen, deu- 
terium and carbon, calcium and lead targets. The structure functions are measured in the range 
z~j > 8 x 10m4 and Q2 > 0.2 GeV2. Th e s ructure function ratio is presented as a function of t 
XBj for zBj > 10e6. The nuclear transparency in exclusive p production is studied as a function 
of Q” in the range 0.1 < Q2 < 10.0 GeV2. 



1. Introduction 

Fermilab experiment 665 is currently the highest-energy muon scattering experiment in 
the world. The experiment took data in the 1987-88, 1990 and 1991-92 fixed-target runs. 

The experimental apparatus has been described elsewhere1 . It consists of a beam spec- 
trometer, an open geometry forward spectrometer, and a muon detector. The momentum res- 
olution a(l/p) of the beam spectrometer is N 0.8 x 10m5 (GeV/c)-* and that of the forward 
spectrometer is - 2 x 10m5 (GeV/c)-l . The detector has been used for muon cross-section and 
cross-section ratio studies and hadronic final state studies .’ The latter include measurements 
of the inclusive hadron distributions, energy flow and jet production, neutral strange parti- 
cle production, and vector meson production. The nuclear dependence of the above processes 
has also been studied. In this presentation some of the more recent results from E665 will be 
discussed. These will include the measurements of the proton and deuteron structure func- 
tions, the neutron to proton structure function ratio, and the nuclear dependence of exclusive 
p production. 

The data used for the structure function and the structure function ratio measurements 
are from the 1991-92 run. A muon beam of mean energy 465 GeV impinged on cryogenic liquid 
hydrogen and deuterium targets, and on an evacuated vessel. The 1990 data are used for the 
study of nuclear dependence of p production. In this run, carbon, calcium and lead targets 
were used in addition to the liquid hydrogen and deuterium targets. The mean beam energy 
in the 1990 run was 470 GeV. The various targets were cycled into the beam with a frequency 
of approximately once per minute. This procedure greatly reduces the systematic uncertainty 
in the ratio measurements, due to the cancellation of time-dependent corrections. 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. The large angle triggers used veto 
counters in conjunction with wide angle muon detectors, providing acceptance for scattering 
angles above 3 mrad. 

2. Structure Functions Fg and Ft 

In the single photon exchange approximation the double differential cross-section for 
lepton-nucleon scattering can be written as 

d2al, Mxy 
dQ-2d(Znz) = 47&&(a:,Q2)[l - y - 2~ t 

y”( 1 + 4M2r2/Q2)] 

V + R(x, Q2>> (1) 

where E is the incoming lepton energy, and -Q” is the square of the 4-momentum transferred 
from the lepton. In the lab frame u is the lepton energy loss, z = Q2/2Mv = XBj is the Bjorken 
scaling variable, and y = y/E. a,, is the electromagnetic coupling constant and M is the 
nucleon mass. F2(z,Q2) is th e s ructure function of the target nucleon and R(z, Q2) is the ratio t 
of the longitudinal to the transverse virtual photon cross-sections. 

The behavior of the structure function F2 is expected to be different in the small and large 
Q” limits. The limit Q2 + 00 ( Deep Inelastic Scattering - DIS ) is typically understood in the 
infinite momentum frame. In this framework one expects scattering off point-like partons to 
dominate the total cross-section, and scale-independent structure functions depending only on 
XBj are predicted. This ‘Bjorken Scaling’ behaviour is modified by radiative processes predicted 
by Quantum Chromodynamics (QCD). Th e s ruck partons are expected to be quarks that t 



radiate gluons and gluons that split into qij pairs. The QCD radiation causes the partons to 
appear at lower momentum, causing a ‘pile-up’ of partons at low ZBj. Thus the structure 
function is expected to increase as ZBj falls. An explicit scale dependence is introduced through 
the propagators in the radiative Feynman diagrams, the phase space for the radiated partons, 
and perhaps the running of the strong coupling constant. 

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 Q2 in an expression for the photon-nucleon cross-section. These terms correspond to the 
photon scattering off multi-parton states in the proton. Another way to interpret these processes 
is that the struck parton interacts with other partons in the proton. 

Apart from the QCD-improved parton model, the photon-nucleon scattering process has 
also been described in the nucleon rest frame. Since the photon couples to hadrons, the physical 
photon can be considered as a mixture of a ‘bare’ photon and a hadronic state. At high energies, 
a low-mass hadronic state becomes almost degenerate with the ‘bare’ photon in energy, so 
that it can become a large component of the physical photon. The photon-nucleon scattering 
then 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. The Generalized Vector 
Meson Dominance (GVMD) model includes the contribution of higher mass states. 

In the photoproduction limit, lim Q +,, F2 = u7~Q2/47r20, where the factor of Q” is ob- z 
tained from gauge invariance and a,N is the real photon-nucleon cross-section. The scaling 
photon-nucleon cross-section would vary as the inverse square of energy. However, measure- 
ments show that fY,N increases slowly with energy at high energies, in a manner similar to 
the measured hadron-hadron cross-sections. This supports the premise that at high energies, 
photon-hadron interactions are mediated by the hadronic component of the photon. 

Thus we have different expectations of the structure function in the high and low Q” 
limits. In the former case we expect approximate scaling due to point-like photon-parton in- 
teractions, with an increase at low ZBj and logarithmic scale dependence introduced by QCD 
radiative effects. In the latter case, the vector dominance model explains the structure function 
in terms of the hadronic components of the photon, resulting in non-scaling behaviour and 
only a weak XBj dependence at fixed Q”. Historically, it was realized that the application of 
GVMD at high Q” would continue to predict non-scaling behaviour, leading to an inconsis- 
tency with Bjorken Scaling.3 This inconsistency was resolved when it was realized that Bjorken 
Scaling resulted from the photon’s coupling to point-like quarks. Hence, in GVMD, the high 
mass hadronic components of the photon would correspond to highly virtual qij states, corre- 
sponding to spatially small color dipoles. The dipole field would reduce as the dipole shrinks 
with increasing Q2, 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 Q” in GVMD. 

The measurement of the structure function extending from low to high Q2 can help to 
illuminate the transition in the photon-nucleon scattering mechanism between these limits. 
This measurement from the E665 data is described in this section. The nuclear dependence of 
exclusive p production offers a way to look for an explicit signal of color transparency. This 
measurement will be described in a following section. 

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 data and Monte 
Carlo studies. The absolute luminosity is calculated by measuring the length, temperature and 



pressure of the liquid targets, and counting the number of beam muons. The total beam count is 
maintained by scalers, while a randomly prescaled version of the beam signal is used to provide 
beam triggers. The measurement can be made insensitive to various experimental losses of 
luminosity by normalizing the physics triggers (which require the beam signal in coincidence) 
to the number of beam triggers off-line. 

The experimentally measured quantity is the total muon double differential cross-section. 
In order to extract F2, electromagnetic radiative corrections must be applied, and R must be 
known. For the analysis presented here, radiative corrections are calculated by the computer 
program FERRAD354 according to the formulation of MO and T~ai.~ The input F2 is con- 
structed from published fitss8 to SLAC, DESY, Daresbury and NMC data and the low Q” 
interpolation at high W2 of Donnachie and LandshoKg R is taken as I&.” The Hz and 02 
event rates are corrected and normalized using an event-by-event weighting procedure. 
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Fig. 1. Ft as a function of Q2 in XBj bins.The errors shown are statistical. 

Events used for the structure function measurement are required to have the beam energy 
between 350 and 600 GeV, Y > 25 GeV and the energy of the scattered muon greater than 80 
GeV. 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 data sample 
consists of 664 nb-’ of pp data and 749 nb-’ of pd data. 

The F2 results for the proton are shown in figure 1. The errors shown are statistical 
only. The systematic uncertainty is of the order of lo-20%. This includes uncertainties in the 
luminosity of N 1%) trigger efficiency -5-10% and reconstruction efficiency -lo-15% respec- 
tively. The maximum radiative correction is -45% and agrees with the calculationlr using the 
method of Bardin et. al. to -2%. The difference between F2 obtained using RQ~D and Rslac 
is a few percent at low XBj and high y and smaller elsewhere. The results for the deuteron F2 
are similar. The results are preliminary and the systematic uncertainty is expected to reduce 
as the analysis progresses. 



The measurement covers the range 8 x low4 < XBj < 0.12 and Q” > 0.2 GeV2. The XBj val- 
ues are comparable to those obtained at HERA and extend to lower values than those achieved 
at previous fixed target experiments. The Q” range extends from the regime of perturbative 
QCD at high Q2 d own to low Q2 values where F2 has a strong Q” dependence approaching the 
photoproduction limit. The x Bj dependence of F2 is weak at low Q2, as shown in figure 2. 
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Fig. 2. F: vs XBj for different Q2, and Fl/Q2 vs Q2 for different XBj. 

3. Structure Function Ratio F,“/F,P 

The neutron cross-section is assumed to be the difference of the deuteron and the proton 
cross-sections. In the parton model with the assumption of sea isospin symmetry, the neutron- 
to-proton structure function ratio is expected to approach unity as XBj --+ 0. One can obtain 
a prediction for the value of the Gottfried integral to be l/3, where the Gottfried integral 
SC = J,,(F; - F;)d XBj / XBje Therefore it is interesting to measure the structure function ratio 
at low XBj. Regge phenomenology also predicts that F,P - FF should behave as fiBj at low 

XBj- 
However, the measurement is made with deuterons and not with free neutrons. One might 

expect nuclear effects in the deuteron, leading to shadowing in the deuteron with respect to the 
proton. These effects may be anticipated due to the hadronic nature of the photon at low Q2, 
or due to recombination of partons from different nucleons. Hence one is motivated to measure 
the deuteron-to-proton cross section ratio at low XBj and Q” where these effects are likely to 
manifest themselves. 

For the extraction of the ratio the following cuts are made on the H2 and D2 data samples: 
0.1 < y < 0.8, v > 40 GeV, 6v/v < 0.3, Q2 > 0.1 GeV2 (SAT) or Q2 > 0.001 GeV2 (CAL), 
and 350 GeV < Y < 600 GeV. 

Three different methods are used to extract the structure function ratio, each method 
giving the best result in a different range of XBj. In the first method, SAT data are used 
and radiative corrections are applied to the ratio an/aP, in a manner similar to the absolute F2 



measurement. This method is restricted to the range zgj > 8 x 10V4 to avoid the muon-electron 
elastic scattering contamination peaking at XBj = n&/m, = 0.000545. 

The second method uses the electromagnetic (EM) al c orimeter to identify and remove 
the p - e elastic scatters and hard muon bremsstrahlung events. It uses the properties that (i) 
the production angles involved in these events are typically small, and (G) all the energy loss 
is electromagnetic and hence is detected in the calorimeter. The spatial spread of the energy 
deposited in the calorimeter (should be small), and the energy of the largest calorimeter cluster 
normalized to v (should be large) are used to identify electromagnetic background events. The 
SAT events surviving the cut are used to measure cn/cP, and extend the measurement from 
the SAT data down to the lowest available XBj of 10m4. 

The third method uses the calorimeter trigger data, which extends down to XBj > 10V6 
since the trigger makes no minimum muon scattering angle requirements. The trigger is con- 
structed such that only the signals produced in the outer regions of the calorimeter are used 
to define the trigger. Some vertical and horizontal spread in the calorimeter energy flow is re- 
quired. This construction selects hadronic event topologies and is very efficient at rejecting pe 
and hard muon bremsstrahlung events. 

The neutron to proton structure function ratio F,“/F,P is directly related to the single 
photon exchange cross-section ratio an/aP if RP is assumed to be equal to R” (the R difference 
is measuredi’ to be consistent with zero in part of the kinematic range covered by this mea- 
surement). The ratio rn/gp is shown in figure 3 for the three techniques, each being shown 
where it has the smallest systematic error. The results from the three methods are consistent 
with each other in the regions of their respective overlaps. The error bars shown are statistical 
only. The total systematic uncertainty is less than 3.574 including uncertainties in the rela- 
tive normalization, trigger acceptance and the effect of analysis cuts. These uncertainties are 
determined from the data using monitoring triggers and Monte Carlo studies. 
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Fig. 3. an/Up as a fUIKtiOn of 'e?aBj . Also shown are results from the CERN NMC experiment.14 

The data in the different XBj bins cover different ranges of Q2. The average Q” for the zBj 
values of 5 x 10m6, 2 x 10m4 and 1.5 x 10e2 is shown. The result from the NMC data re-analysisi 
is also shown. There is good agreement in the region of overlap, while the E665 measurement 
extends three decades lower in XBja 



The average value of the ratio is N 0.94 for XBj < 0.05. The deviation from unity may be 
due to shadowing and is consistent with model calculations of shadowing in the deuteron.12J3 
Using the modelI to correct the deuteron data, can reduce the Gottfried integral by lo-15% 
compared to the value extracted without shadowing corrections.14 The measurement may also 
be interpreted as a difference in the proton and neutron structure functions. If this is the case 
then, using the measured Q2 dependence (figure 4) to extrapolate the ratio to Q” = 4 GeV2, the 
Gottfried integral gets a positive contribution of N 0.05 per decade in XBj, down to XBj N 10m4. 
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Fig. 4. Slope of an/up with respect to ZnQ2 as a function of zgj . Also shown are results from the 
CERN NMC experiment .I4 

4. Nuclear Transparency in Exclusive p Production 

A model for the muo-production of exclusive p can be described as follows. The virtual 
photon radiated by the muon fluctuates into a ‘virtual p’, which is a @j state. This state has 
a color dipole moment which is inversely proportional to m, and a coherence length given 

by L - 24(Q” + M2), h w ere 
with the target 

M is the invariant mass of the qq state. The ‘virtual p’ interacts 
nucleon or nucleus elastically, exchanging some 4-momentum whose square is 

denoted by t. Following the scatter, the ‘virtual p’ reverts to a normal p with a formation length 

if N v/(mAm), where m is the mass of the p and Am is the typical mass splitting for vector 
mesons. It is detected as an exclusive p through its decay to two charged pions carrying all the 
energy lost by the muon (within kinematic bounds and experimental resolution). Specifically, 
the final state nucleon or nucleus is not detected. 

At low Q2, the ‘virtual p’ has a large color dipole moment and undergoes strong hadronic 
re-interactions. This leads to suppression of exclusive p production for nuclear targets with 
respect to the proton. At high Q2, the ‘virtual p’ is a smaller dipole with a weaker color field. 
Therefore the nucleus tends to become ‘color transparent’ to the ‘virtual p’ and the initial and 
final state reinteractions of the p are reduced. This causes the nuclear suppression to vanish as 
the dipole moment reduces. 

If the experimentally measured nuclear transparency, defined as the ratio of per-nucleon 
cross-sections for a nucleus (mass number A) with respect to hydrogen, can be parametrized 
as (u”/A)/@ N Aael, then th e signal for color transparency is that ar is observed to increase 
with Q2, tending to unity at high Q’. 



For this signal to appear, it is necessary that the ‘virtual p’ state survive long enough to 
propagate through the nucleus before appearing as the normal state. The large boost available 
at E665 (< u >N 120 GeV) causes the coherence and formation time to be Lorentz-dilated so 
that this criterion is fulfilled. 

Exclusive p events are selected from SAT and LAT events in the following manner. One 
positive and one negative track, in addition to the scattered muon, are required to be fitted 
to the muon-muon vertex. No other tracks should be detected. The number of unused vertex 
drift chamber hits are required to be consistent with the absence of other charged particles. 
The hadron energies are required to be greater than 10 GeV each to ensure good reconstruc- 
tion. Photon conversions are removed by using the calorimeter to identify electron tracks and 
requiring the two-electron invariant mass Me+e- > 0.5 GeV. 4 mesons are removed by requiring 
the two-kaon invariant mass M”+K- > 1.05 GeV. Events are required to have u > 20 GeV and 
6u/u < 0.25 to ensure good resolution on u. 

Following this selection, the variable zp is studied, where zp is the sum of the two hadron 
energies normalized to u. For exclusive p events in which the recoiling target carries very little 
energy, zp is expected to be unity within experimental resolution. Therefore one expects a peak 
at zero with a width of unity in the variable (zp - 1)/6z, , where 62, is the calculated error 
on the reconstructed zp. As shown in figure 5, we indeed find the expected peak, with a tail 
extending to lower values of (zp - 1)/6z,,. This tail can be caused by radiative and background 
processes that satisfy the analysis cuts. The contribution of the tail under the peak is estimated 
from a DIS Monte Carlo sample normalized to the tail. The final exclusive p sample is obtained 
by making the cut -1.5 < (z,, - l)/Sz, < 3. 

200 
150 I 

Fig. 5. The deviation of .z~ from unity normalized to 6.~~. The circles show the data, and the solid 
histogram shows the Monte Carlo obtained by combining appropriate amounts of DIS and exclusive 
p Monte Carlo samples. The arrows indicate the cut used to select exclusive p. The insert shows the 
two-pion invariant mass distribution for the selected events, along with the fitted curve. 

The insert in figure 5 shows the ‘lr7r invariant mass for the selected events. The distribution 
is fitted with a P-wave Breit-Wigner function with a phenomenological mass skewing factor. 
The fit gives parameters that are reasonably close to the Particle Data Group values. Figure 6 
shows the t’ distribution for calcium and hydrogen, where t’ = t - tm;,, and tmin is the minimum 
t required by energy-momentum conservation when the p is collinear with the virtual photon. 
The t’ distribution can be described by two exponentials, a steep coherent component at small t’ 



and a flatter incoherent component extending to larger values of t’. The slope of the incoherent 
component is similar for ah targets, as expected for production off individual nucleons. The 
slope bA of the coherent component (fitted with the form e-‘~l~‘l) is observed to behave as 
bA N A2i3, as expected for production off the whole nucleus. 

The incoherently produced p are selected by requiring t’ > 0.1 GeV2, beyond which there 
is negligible contribution from the coherent component. Figure ?a shows the measured nuclear 
transparency T = (r”/A)/# as a function of A, in three Q2 bins. In each Q” bin the data 
fitted to the form T - A”-’ give good x2. From the fitted slopes, the parameter cy is obtained, 
and is shown as a function of Q2 in figure 7b. The error bars are statistical. Studies have shown 
that the systematic uncertainties are negligible. The data show that a increases with Q2 and 
approaches unity at high Q”. This is consistent with a signal of color transparency. The x2 
probability is 2% that cy is independent of Q2. 

5. Summary 

Preliminary measurements of the structure function F2 in the range XBj > 0.0008 and 
Q2 > 0.2 GeV2 are presented. At low Q2, F2 falls rapidly with Q” with a slope approaching 
the photoproduction limiting value. There is little XBj dependence at low XBj. At higher Q2, 
F2 has milder variation with Q” and it increases as XBj reduces. This behaviour suggests that 
the photon makes a transition from being a hadron-like object at low Q” to a point-like probe 
at high Q” where perturbative QCD is applicable. 

Preliminary results on the neutron-to-proton cross-section ratio an/~,, are presented in 
the range XBj > 10m6 and Q2 > 0.001 GeV2. The average value of the ratio is below unity 
( 0.94 f O.Ol(stat)fO.O35(syst) ) f or XBj < 0.05, and is consistent with model cahulations of 
shadowing in the deuteron. i2,r3 There is no evidence for a significant Q” dependence of the 
ratio. 

Preliminary results on nuclear transparency in exclusive p production are presented. In- 
crease in the nuclear transparency (gA/A)/ aH with Q2 is observed in the incoherent production 
channel, in a manner consistent with the idea of color transparency. 
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Fig. 7. (u) Nuclear transparency versus atomicmass number in various Q2 bins, for incoherent exclusive 
p production. Fits were performed to the form A”-‘. (b) Q vs Q2 with statistical errors. 


