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Abstract 

We have measured the total hadronic cross section of virtual 

photons incident on carbon, copper and lead in the region 

Q2 = (O.Ol- 30.) GeV* and v = (40 - 200) GeV. A 209 GeV/c muon 

beam was used as a source of virtual photons. The results indicate 

shadowing of the virtual photons below Q* = 1 GeV* and a decrease 

of shadowing for Q* 2 > 3 GeV . The shadowing persists to larger Q* 

than indicated by experiments at lower v. 
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The phenomenon of shadowing has been reported for both real and 

virtual photons incident on nuclei. 1 Shadowing is the less than linear 

increase of the total hadronic cross section with nucleon number A, as 

if part of the nuclear matter were casting a shadow on the remainder. The 

magnitude and dependence of the shadowing on the virtual photon mass 

squared (Q*) has been controversial, 2 and shadowing has been pre- 

viously studied for only low energy virtual photons (v z 15 GeV). The 

amount and kinematic behavior of the virtual photon shadowing allows 

us to study the transition between the two extreme pictures of photon 

interactions with nucleons; namely the hadronic picture, which 

describes the interaction of real and low Q2 virtual photons, and 

the quark-parton model which describes the interaction of high Q2 

virtual photons. 2 We have measured the Q* dependence of the shadow- 

ing of virtual photons and extended the measurements to much larger 

virtual photon energy than previous experiments. 

The experiment was performed using the Chicago Cyclotron Magnet 

Spectrometer3 at Fermilab with a 209 &V/c negative muon beam as a 

source of virtual photons. Muons were scattered on targets of 

carbon, copper and lead, and also from an empty target for background 

measurements. The target thicknesses were 20.43 @n/cm* for carbon, 

19.78 gm/cm* for copper, and 9.73 gm/cm* for lsad; The CCM sp?ctrom- 

eter (Figure 1) was modified by the addition of a lead glass shower 

counter array, to improve the separation of hadronic events from 

electromagnetic background events. The event trigger consisted of a 

coincidence between an incident muon signal in the beam defining 

scintillators (BS), a scattered muon signature in the downstream 
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hodoscopes (a coincidence between an M counter and a C or H counter) 

and no signal in the downstream beam veto (V). The total muon flux 

was approximately 2.5 x 10' on each of the carbon and copper targets, 

and 4.7 x 10 9 on the lead target. 

The analysis consisted of identifying the hadronic events and 

separating them from the electromagnetic background. Events were 

reconstructed using procedures developed for earlier experiments 

with this apparatus. 3 The procedure for hadronic event identifica- 

tion utilized the large typical transverse momentum squared of 

hadron secondaries, with respect to the virtual photon direction 495 

<P 2 
t > % 0.18 (GeV/c)'. This is larger than the <P 2 

t > of second- 

aries in the more numerous electromagnetic background events due to 

the wide angle bremsstrahlung process' (WAB) , whicll is typically 0.01 

(GeV/d2. The data were divided into regions based on the 

expected shower positions from WAB photons. Evtints with 

expected shower positions outside the lead glass aperture. (events 

with v < 110 GeV and Q* 2 > 3 (CeV) ) were assumed to be hadronic, and a 

calculated WAB correction was made (average < 2% all targets). For 

events within the lead glass aperture, hadronic event classification 

was based on a variety of criteria developed from earlier studies 

of hadronic secondaries in this apparatus on hydrogen. 

Hadronic events were required to satisfy at least 
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one of the following criteria a) Average (p,*) of seconddry tracks 

> 0.03 (CeV/c)', b) showers in the lead glass array displaced out of the 

bending plane from the expected impact position for a WAB photo=, C)ms 

angular spread of spark chamber hits upstream of the spectrometer Urag- 

net ~,>15 mrad with no secondary tracks downstream or detected showers. 

Hadronic event candidates which satisfied only one of the above con- 

ditions were further required to have a total energy deposition in the 

lead glass array of ~70% of the virtual photon energy, These event 

selection cuts were studied usin, Monte Carlo simulations of hndronir 

and electromagnetic events which were analyzed with the same pro- 

cedures as the real data. The Monte Carlo calculations were based 

on the measured hadron distributions on hydrogen4 and incorporated 

showering of no photons using the EGS code system.6 

The total cross section for virtual photons iS taken from the 

muon scattering cross section as: 

o(Q*. 
d*o 

A)=+c2) 
dQ*dv 

where f is the effective flux of virtual photons created by the muon. 

To obtain the hndrnnic cross sections, the data were correc:ed for 

losses of hadronic events due to event selection cuts. These car- 

rections ware determined from ratios of event classes in the data, 

and checked using the Monte Carlo calculations. 

Figure 2 shows q for the respective targets and Q2 ranges. 
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The data were binned in the Q* region below 3 GeV* from v = (110-200) GeV. 

For the region above 3 (GeV)* to improve statistics the data were 

binned from v = (40 - 200) GeV. 

The data have been corrected for the muon acceptance of the apparatus 

(?20% over the kinematic region covered), muon beam reconstruction 

efficiency (>70%), the loss of hadronic events (17 ?5% for l'u, to 

11 ~3% for carbon), and the empty target background (25% for lead, to 

11;: for .arbou) . Thttru was no correction for the radiative smearing 

of Q2 and v of hldrtnic events. The radiative smearing correction 

Should not depend on nucleon number except for the Shadowing effect 

itself. AlSo Shown :in Figure 2 are the hydrogen data from earlier 

GP Scattering CxpcKimfntS with this apparatus, where the data used 

are Similarly uncorrected for radiative smearing and we have assigned 

a 10% relative normalization error to the hydrogen data. The straight 

lines in Figure 2 represent power law fits to the'nuclear data only. 

The Slope Parameter (p-1) of these fits is given in Table 1 together 

with those from fits which include the hydrogen data points from the 

earlier experiment. Values of this parameter significantly less than 

zero indicate shadowing. The data exhibit shadowing at low Q* *M 

and without the inclusion of the earlier hydrogen measurement. 

Gramver and Sullivan* have suggested that the shadowing effect 

be parameterfred as: 

A eff 0 (A) - = - = G(R1.E) A Au(l) 

wlwrr Aeff is the effective number of nucleons participating in the 
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interaction7 for a target of nucleon number A, and o is the total 

hadronic virtual photon cross sections for A nucleons. The shadowing 

parameter G may be defined in terms of the nuclear radius R, and the 

virtual photon mean free path in nuclear matter, t. We have normal- 

ized our data to the hydrogen data*and fit these values of Aeff/A 

to the form of G(R/!L) given in Ref. 2 for the case of uniform density, 

leaving the virtual photon mean free path as the variable parameter. 

The results of these fits are given in Table 2. A typical hadronic 

mean free path in nuclear matter at these energies is % 2.5 Pm; thus 

for 42 < 1 GeV 2 the data are consistent with hadronic behavior, 
n 

whereas at large QL the mean free path is larger than the nuclear 

diameter and the shadowing effect is diminished. 'The errors on e 

include both the systematic normalization error assigned to the 

hydrogen data and the statistical error in the cross section 

measurements on nuclei. 

Figure 3 shows Aeff/A for C, Cu. and Pb targets, along with 

results from a recent high energy photoproduction experiment9 at 

60 and 135 GeV. We note that at these high energies, the hydrogen 

cross section is slowly rising, while the nuclear photoproduction 

cmss sections are falling as a function of v. The errors shown 

are statistical only, and thexe may be an overall systematic error 

of 210% due to the relative normalization of the hydrogen data. The 

shadowing effect we observe, while consistent at low Q 2 with the high 

energy photoproduction result, persists to larger Q2 than most earlier 
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low v electroproduction results. HOW.9l?r, the lower energy experi- 

mats are inconsistent among themselvrs. 10,11,12,13,14 

In conclusion, we observe shadowing for Q* < 1 GeV 2 and see 

shadowing diminish at larger Q* for the " range (40-200) GeV. In the con- 

text of generalized vector meson dominance theories (GVND), this data 

provides evidence that higher mass vector mesons than the p meson 

participate in shadowing at these high energies. 
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TABLE I 

PARAMETER (p-l) IN THE FIT i;(A) A = CA b-1) 

(GeV*) Q* 
b-1) 

This Expt. Only 

0.01 - 0.3 -0.061 ?: .025 -0.084 ? .020 

0.3 - 1.0 -0.113 + .036 -0.107 t .024 

1.0 - 3.0 -0.049 2 .052 -0.090 _f .027 

3.0 - 10.0 -0.023 t .042 -0.030 A .023 

10.0 - 30.0 -0.034 * .095 -0.036 t .037 
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TABLE II 

FITTED VIRTUAL PHOTON MEAN FREE PATH 

Q2 2 x2/df 

.Ol-0.3 +z.ot? 
5~03-1.20 1.9 

0.3-1.0 3*45-0,72 +1.15 
3.2 

1.0-3.0 4 ' 41+2.40 -1.25 0.6 

3.0-10.0 14.08-6.4 +51.2 
0.3 

10.i30.0 +47.0 
10.48-5.41 0.4 

(R(C) 2 2.6 fm, R(Cu) 2 4.5 fm, R(Pb) 2 6.6 fm) 
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FIGURES 

1. The CCM spectrometer (top view): BS are beam defining counters, 

HV is a halo veto wall, PC are multiwire proportional chambers, 

SC are spark chambers, H, G, M, and P are scintillation counter 

hodoscopes, HA is a 2nl steel muon identifier and V is the beam 

veto, CCN is the Chicago Cyclotron Plagnet and MI is the dom- 

stream magnet iron. 

2. Average virtual photon total hadronic cross section for 

various (Q2 - v) ranges as a function of A. 

3. Aeff/A . as a function of Q2 for targets of C, Cu and Pb. Also 

shown are data from a high energy photoproduction expcrinent 

(Reference 9). 
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