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charged-particle fraction was less than 1% so that the
threshold dependence was negligibly small. Therefore,
the factor 1.5 was a reasonable estimate for the fraction
of charged candidates between the data and simulation.

The proton backgroundwas estimated and included in the
systematic uncertainties. According to the simulation study
for the structure of proton events, proton events should be
detected in the direction of beam bending which is negative
x for the south ZDC. This behavior was confirmed by the
experimental data as shown in Fig. 9 which is a plot of the x
position determined by the SMD vs the charge distribution
in the charge veto counter. Most charged candidates were
distributed in the negative x region.

III. CROSS SECTION MEASUREMENT

A. Analysis

The differential cross section with respect to xF was
measured:

d!

dxF
¼ Nneutron

L
1

dxF
; (7)

where Nneutron is the number of neutrons after the correc-
tion of cut efficiencies and the energy unfolding.

For the cross section analysis, 6.5 million events taken
by the ZDC trigger were used from the sampled luminosity
of 240 nb"1. The acceptance cut r < 2 cm was used to
select kinematics similar to the ISR experiment. We as-
sumed the beam axis was the same as the ZDC center in
this analysis, and the deviation was evaluated as a system-
atic uncertainty. The beam axis compared to the ZDC
center is discussed in Appendix A.

Figure 10 shows the energy distribution measured with
the ZDC after the neutron identification and the acceptance
cut. The energy spectrum was peaked at about 70 GeV, and
this was used for a stability check of the ZDC gain run by
run, which was found to be stable. The ratio of the neutron

yield to the BBC counts without the collision vertex
requirement was used for a stability check of the neutron
selection, and it was also found to be stable.
One background source was beam-gas interaction.

Beam-gas events are normally removed by requiring a
forward-backward coincidence of the BBC detectors.
However, this could not be done for the ZDC triggered
events. Instead, we evaluated the fraction of beam-gas
background using the 9 noncolliding bunch crossings
with the combination of filled and empty bunches
at PHENIX. We found that the fraction was 0:0062#
0:0004 on average, negligibly small.
The neutron hit position was calculated by the centroid

method using the distribution of scintillator charge above
the threshold in the SMD, Eq. (4). In this analysis, the same
threshold was applied to the data and simulation, and the
efficiency of the SMD cut was estimated by simulation. The
difference of efficiencies caused by uncertainty of the SMD
cut efficiency was estimated using the nearly pure neutron
sample by the neutron identification with the second ZDC
cut (Sec. II B 3). The energy spectrum was corrected based
on the SMD cut efficiency before the energy unfolding.
The measured neutron energy with the ZDC is smeared

by the energy resolution. To extract the initial energy
distribution, it is necessary to unfold the measured energy
distribution. The energy unfolding method is described in
Appendix B.
The ZDC energy response to neutrons below 100 GeV

was found by the simulation to be nonlinear as described in
Sec. II B 1. This nonlinearity was included in the transition
matrix A of Appendix B and corrected by the energy
unfolding. Since the hadronic interaction could only be
determined from simulation, a systematic uncertainty was
included, using the variation of the cross section evaluated
with a different matrix A with a linear response.
The efficiency of the experimental cuts, including the

neutron identification and the acceptance cut, for the

charge veto (1 MIP = 100 ch)
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FIG. 9. The x position calculated by the SMD vs the charge
distribution in the charge veto counter for the experimental data.
Most charged events were distributed in the negative x region
which is the direction of beam bending by the DX magnet.
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FIG. 10. The energy distribution measured with the ZDC after
the neutron identification and the acceptance cut (r < 2 cm,
corresponds to pT < 0:11 $ xF GeV=c).
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