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Saturation of Shadowing at Very LOW XBj 

the Fermilab E665 collaboration 

ABSTRACT 

The ratio of cross sections for inelastic muon scattering on xenon and deu- 

terium n~&i V/W measured at very 10~ XBj (0.00002 < xaj < 0.25). The 

data were taken at Fermilab experiment E665 with a 490 GeV/c muon beam 

incident on liquid deuterium and gaseous xenon targets. Two largely inde- 

pendent analysis techniques gave statistically consistent results. The xenon- 

to-deuterium per-nucleon cross-section ratio is constant at approximately 

0.7 for XBj below 0.003. 
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Shadowing, a depletion of the cross section per nucleon in heavy nuclei 

as compared to deuterium, has been observed in collisions of real and virtual 

photons with nuclei in several experiments [l, 2, 3,4, 51. These experiments 

showed that the ratio of the inelastic per-nucleon cross sections of heavy 

nuclei to deuterium decreases from unity as XB~ decreases from 0.1 to 0.002 

(xBj = Qa/2Mu where Q’ is the four-momentum squared, v is the energy 

transfered in the lab from the muon to the target and M is the proton mass)[2, 

3, 4, 51. In addition the data at the lowest measured xaj tend toward the 

photoproduction data[l] on heavy nuclei, although no evidence for saturation 

has been observed in previous inelastic-scattering experiments. It was the 

aim of this experiment to investigate the behavior of the ratio of the xenon 

and deuterium per-nucleon cross sections down to x~j of 0.00002, two orders 

of magnitude lower than any previous experiment. 

Fermilab experiment 665 has been described in detail elsewhere[6], only 

relevant features will be mentioned. A 490 GeV/c positive muon beam im- 

pinged upon either a liquid deuterium (15.5 g/c&, length = 115 cm) or 

pressurized xenon gas (8.5 g/cm’, 113 cm) target located in the first of two 

analysis magnets. Charged tracks were momentum-analyzed with a series of 

wire chambers and muons were identified with four stations of proportional 

chambers and hodoscopes located behind a three-meter thick steel absorber. 

Essential to the extraction of the cross-section ratio at low xBj was the elec- 

tromagnetic calorimeter. The calorimeter consisted of 20 lead-proportional 

tube layers (total thickness of 20 radiation lengths) with pad read-out giving 

a transverse position resolution of approximately 1 cm. 

Figure 1 shows the event distributions as a function of XBj for the two 

targets after kinematic cuts. The kinematic cuts applied were 0.01 < Qa < 

60(GeV/~)~, v > 40 GeV, y < 0.90, EBEAM > 400 GeV and I4,,, - ~1 > 0.2 

where EBEAM is the incident muon energy, 
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Figure 1: The number of events from the a)deuterium and b) xenon targets 

vewus XBj is shown. The solid histogram shows the distributions after the 

application of the kinematic cuts and the diagonally-striped histograms show 

the distributions after the electromagnetic cuts or hadron requirement. 



y E V/EBEAM, and 4~ is the azimuthal angle of the scattered muon around 

the direction of the incident muon relative to the horizontal midplane of the 

analyzing magnet. The Q2 and v cuts limit the data to regions where the 

resolution in XBj is 5 SO%, the y cut reduces contamination by radiative, 

quasi-elastic and coherent scattering events, and the cut on the azimuthal 

angle of the scattered muon eliminates muons that interacted downstream of 

the target but were incorrectly reconstructed as having an interaction vertex 

in the target. 

Significant electromagnetic backgrounds survive the kinematic cuts, as 

is apparent in figure 1. The peak at x~j = M~cctmn/Mprotonr clearly visible in 

the deuterium data, is due to elastic muon-electron (pe) scattering, while the 

large broad peak in the xenon data results mainly from radiative coherent 

muon-nucleus scattering (~7 ). To separate the inelastic scattering events 

from these large backgrounds, two largely independent and complementary 

techniques were employed - the “hadron requirement” and the “electro- 

magnetic cuts”. The techniques are not completely independent because 

each requires that the scattered muon be reconstructed. 

To satisfy the hadron requirement, an event was required to have at 

least two positive tracks, not including the scattered muon, OI at least two 

negative tracks fitted to the interaction vertex. This requirement, essentially 

a multiplicity cut, explicitly excludes elastic PLe scatters and electron pair pro- 

duction in the target and implicitly assumes that relatively high multiplicity 

events are due to inelastic scattering[8]. 

Conversely, the electromagnetic cuts were based on the hypothesis that 

each event was due to ~7 or pe elastic scattering. An event was rejected 

as due to ~7 if the total calorimeter energy was greater than 0.45~ or if 

there was an energy deposit in the calorimeter that was coplanar with the 

incoming- and scattered-muon vectors[9]. Elastic pe scatters were rejected 

by an energy-dependent cut on the distance between the predicted calorime- 

ter impact position of a hypothesized electron trajectory and a calorimeter 

6 



energy deposit. The hypothesized electron trajectory was calculated from 

the incoming- and scattered-muon vectors by assuming an elastic pe colli- 

sion had occurred at the reconstructed muon-scattering vertex. 

Figure 1 shows the resulting distribution of events after the application 

of cuts for the xenon and deuterium data. Both the hadron requirement and 

the electromagnetic cuts greatly reduce the number of events at low XBj . 

As XBj increases (decreasing v), the number of events satisfying the hadron 

requirement decreases as expected from a multiplicity cut. The distribution 

of events passing the electromagnetic cuts is consistent with that of the events 

passing the hadron cuts at low XBj and makes a smooth transition to that of 

the events passing the kinematic cuts as XBj increases into the range where 

the electromagnetic backgrounds are small. 

The xenon and deuterium data were taken during separate running pe- 

riods resulting in a relative reconstruction efficiency factor of 1.04 applied 

to the X=/Da cross-section ratio with an estimated limit of systematic un- 

certainty of f0.07[4]. Triggering efficiencies during the two running periods 

were identical to within an estimated &l% systematic uncertainty. In ad- 

dition a correction (<2%) was applied for the 5% contamination by volume 

of the “deuterium” target with HD[lO]. Th e measurement precision of the 

target densities contributed an additional + 0.5% systematic uncertainty to 

the cross-section ratio. No acceptance corrections have been applied to the 

ratio. 

Inelastic scattering without shadowing, bremsstrahlung and muon- 

electron elastic collisions were simulated by a Monte Carlo which modelled 

the response of the apparatus and secondary interactions in the detector. 

The Xe/D;I cross-section ratio determined by subjecting Monte Carlo 

inelastic-scattering events to the same analysis techniques was statistically 

consistent with unity as a function of XBj ,Q’ and Y. The distribution of this 

Monte Carlo Xe/Dz inelastic-scattering cross-section ratio about unity was 

used to estimate a conservative, overall limit of systematic uncertainty of the 
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two techniques of f6.5%. 

In addition the data analysis technique was varied to obtain an esti- 

mate of the xBj-dependence of the systematic uncertainty. Included in the 

comparison were A) a variation of the ~7 cut by lo%, B) a more restrictive 

cut on the resolution in XBj , C) the use of the kinematics from the vertex 

determined by the incident and scattered muon only, and D) a cut on the 

primary vertex well within the endcaps of the target vessels. 

Studies of the bremsstrahlung and muon-electron Monte Carlos showed 

that the amount of electromagnetic background that remained after the elec- 

tromagnetic cuts(hadron requirement) was less than 5%(150/o) in the Xe/Ds 

cross-section ratio for XBj < 0.003 and negligible above 0.003. An x~j- 

dependent correction for this effect has been applied to the cross-section 

ratio. 

Thus, there are two components to the estimated systematic uncer- 

tainty: 

1. An xsj-dependent part representing the limit of uncertainty arising 

from the electromagnetic background subtraction and from the behav- 

ior of the Xe/DI cross-section ratio when the analysis technique was 

varied. 

2. An xBj--independent, overall systematic uncertainty of HO% arising 

mainly from the f6.5% relative normalization uncertainty and the es- 

timated f6.5% uncertainty derived from the Monte Carlo Xe/Dz cross- 

section ratio. 
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Figure 2: The ratio of the xenon and deuterium per-nucleon cross sections 

ver~ua XBj as determined by the two analysis methods. The horizontal error 

bars show the bin width and the vertical error bars show the statistical un- 

certainty only. The ratio determined by the hadron requirement is displaced 

in XBj to make it easier to see the vertical error bars. 
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The two analysis techniques are compared in figure 2 which shows the 

Xe/Dz per-nucleon cross-section ratio as a function of x~j . The two tech- 

niques yield statistically consistent results. In table 1 the results of the two 

analysis techniques are given with the average Qa for each xBj bin and the 

statistical and systematic uncertainties. 

In figure 3 the E665 Xe/Dz cross-section ratio measured with the sta- 

tistically more precise results of the electromagnetic cuts is compared with 

the results of NMC[5] for the helium- , carbon- , and calcium-deuterium 

ratios and the photoproduction results[l] interpolated to a xenon target 

and extrapolated to v = 150 GeV. The A-dependence of shadowing mea- 

sured in NMC is consistent with the results shown here within the system- 

atic uncertainty shown and the quoted zz 1% systematic uncertainty for 

NMC. For XBj below 0.003, the Xe/Dp ratio determined with the electromag- 

netic cuts[hadron requirement] is constant at 0.72 zk O.O3(stat.) f O.O?‘(syst.) 

IO.70 f O.OJ(stat.) f O.O7(syst.)], and indicates a saturation in shadowing at 

very low XBj . The saturation value is also consistent with the photoproduc- 

tion point at 0.60 f 0.03, derived for r-Xe scattering [II]. 

In summary E665 has studied shadowing by measuring the inelastic 

Xe/Dz per-nucleon cross-section ratio in the range 0.00002 < XBj < 0.25 

using two largely independent analysis techniques. The ratio saturates below 

xnj = 0.003 at a(Xe)/o(Ds) x 0.7. 

Heartfelt gratitude goes to the personnel at Fermilab and at the partici- 

pating institutions. This work was supported in part by the National Science 

Foundation, the U. S. Department of Energy and the Bundesministerium fiir 

Forschung and Technologie. 
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4X4/4%4 
XBj (Q') Electromagnetic Hadron 
bin (GeV/c)l cuts requirement 

l.00002-0.0001 0.03 0.67f0.07f0.05 0.71f0.07f0.08 

0.0001-0.0004 0.10 0.75f0.05f0.06 0.69+0.05~0.11 

0.0004-0.001 0.23 0.70f0.06f0.11 0.7210.07f0.16 

0.001-0.003 0.50 0.72f0.04f0.05 0.68f0.06*0.06 

0.003-0.005 0.89 0.78~t0.05f0.04 0.65fO.llf0.04 

0.005-0.008 1.34 0.84zkO.06f0.03 0.73f0.13f0.03 

0.008-0.011 1.91 O.SOf0.07f0.02 0.85f0.13f0.02 

0.011-0.031 3.58 0.90f0.04f0.05 0.82fO.lOf0.05 

0.031-0.075 8.20 1.09zk0.06f0.07 1.0gf0.14f0.07 

0.075-0.25 17.9 0.96zkO.lOf0.09 1.21f0.28fO.OS 

- 

c 

Table 1: The xenon-deuterium cross-section ratio obtained by the two 

analysis techniques withthestatistical andxBj -dependentlimitofsystematic 

uncertainties,respectively. TheoveraUsystematicuncertaintyofflO%is not 

explicitly includedin the table. 
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Figure 3: The ratio of the xenon and deuterium per-nucleon cross sections 

measured using the electromagnetic cuts is compared with the results of 

the NMC[S] for helium, carbon and calcium targets and a photoproduction 

experiment[l] interpolated to a xenon target and extrapolated to a photon 

energy of 150 GeV. The width of the shaded band represents the estimated 

systematic uncertainty of the E665 result with the XBj-dependent and HO% 

overall systematic uncertainty added in quadrature. 
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