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The transverse-momentum of energy distributions of leading neutrons have been
measured at HERA. The p2

T
distributions are well described by an exponential

exp(−bp2

T
). The slope b and the neutron energy spectra are compared for different

production processes. The former is also compared to leading proton measure-
ments. In the framework of the One-pion exchange model, effects of absorption
are seen in the data.

1. Introduction

Events containing a leading baryon have been studied in ep collisions at

HERA1,2. The baryons carry a large fraction of the incoming proton beam

energy, xL = Ebaryon/Ep > 0.2, and are produced at very small scattering

angles, indicative of a peripheral process. This small transverse momentum

(pT ) in leading baryon production processes implies a soft, non-perturbative

hadronic scale of the target-fragmentation region. On the other hand typ-

ical HERA processes are characterized by hard scales, well within the per-

turbative QCD regime, such as Q2 in deep inelastic scattering (DIS), mQ

in heavy flavour or the large ET in jet production. Therefore, the detec-

tion of leading baryons in the final state of high-energy collisions yields

information on the non-perturbative aspect of strong interactions.

The one-pion exchange model is usually applied to describe leading neu-

tron production for large xL. In this model the cross section for the semi-

inclusive reaction ep → eXn factorizes into two terms, the flux of virtual

pions emitted by the proton and the cross section of the γ∗π interaction,
d2σ

dxLdt = fπ/p(xL, t)σγ∗π, where t is the square of the four-momentum of

the exchanged pion. However this vertex factorization can be violated by

neutron absorption3,4, which is the rescattering of the neutron on the pho-

ton. At large photon sizes (namely small values of the photon virtuality

Q2) or small n-π separation sizes (large neutron pT ’s) more absorption is
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expected.

In order to test vertex factorization, neutron production is compared

in photoproduction events with a quasi-real photon (Q2 ≈ 0), and DIS

events at larger Q2 values. Neutron production is also studied in dijet

photoproduction events. Here the large transverse energy ET of the jets

provides a hard scale analogous to the large Q2 in DIS events. Finally,

results from leading neutron and leading proton production are compared.

2. Detectors and event selection

ZEUS Collaboration installed dedicated leading baryon detectors along the

beam line in the proton direction. For leading neutrons measurements a

lead-scintillator calorimeter was installed at Z = 105 m from the inter-

action point. The geometrical acceptance of the detector limited neutron

scattering angles to be smaller than θn ∼ 0.75 mrad with approximately

30% azimuthal coverage.

The leading proton spectrometer was a high resolution detector made by

36 planes of silicon microstrip detectors grouped in six stations. It detected

positively charged particles scattered at very small angles.

DIS events were selected by requiring a scattered electron in the ZEUS

Calorimeter, at at least 3 cm from the inner edge of the beam-pipe hole in

the positron direction. This limited the acceptance to the kinematic range

Q2 > 2 GeV2. with an average Q2 value of 〈Q2〉 ≃ 14 GeV.

In the dijet photoproduction sample, at least two jets were reconstructed

offline with the kT algorithm, satisfying the conditions: −1.5 < ηjet < 2.5

and Ejet 1

T > 7.5 GeV and Ejet 2

T > 6.5 GeV. The reconstructed γp center-

of-mass energy W was required to be in the range 130 < W < 280 GeV.

Events with a scattered electron detected in the CAL were rejected; this

restricted the range of Q2 to less than ∼ 1 GeV2. The integrated luminosity

of both the DIS and the dijet photoprocuction samples was 40 pb−1. All

samples were collected on the year 2000.

The inclusive photoproduction sample of 6 pb−1 was collected using a

trigger that required at least 5 GeV in a positron tagger in coincidence with

at least 464 MeV in the rear calorimeter. The acceptance of the positron

tagger limited the photon virtuality to Q2 < 0.02 GeV2.

3. Results

Figure 1 shows the neutron energy spectra for the DIS sample, for θn < 0.75

mrad. The curves correspond to recent predictions 4 from the one-pion

exchange model and the effects of neutron absorption and energy redistri-
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Figure 1. Leading neutron energy spectra
for the DIS sample. Curves are from the
KKMR model4.
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Figure 2. Leading neutron energy spec-
tra for the DIS (solid points) and the dijet
photoproduction samples (open points).

bution. In Fig. 2 the same data are shown compared to the energy spectra

for the dijet photoproduction sample. The striking difference between the

two samples may be partially attributed to phase space constraints. The

p2
T distributions for the DIS and inclusive photoproduction samples, nor-

malized to unity at p2
T = 0, are shown in Fig. 3. The data are well

described by a parametrization of the form Ae−bP 2

T , shown as the super-

posed curves. The photoproduction distributions are clearly steeper in the

range 0.6 < xL < 0.9. The difference of the slopes ∆b = b(Q2 < 0.02

GeV2) − b(Q2 > 2 GeV2) is less sensitive to systematic effects than each

of the individual slopes. These values are shown in Fig. 4. Within the

systematic uncertainties the slopes for photoproduction are clearly larger

in the range 0.6 < xL < 0.9, with ∆b = 0.5–1.0 GeV−2. The depletion of

neutrons at large p2
T is qualitatively consistent with the expectations from

absorption models.

The slopes can be compared to parameterizations of the pion flux fπ/p.

Although fπ/p is not an exponential in p2
T , at fixed xL the models can be

fit to the form exp(−bp2
T ) and compared to the data, as shown in Fig. 5.

One-pion exchange is expected to dominate neutron production only for

xL > 0.6–0.7; several of the models can be rejected immediately as the sole

mechanism for producing leading neutrons. The data can also constrain

the choice of parameters in some models.

The leading proton slopes were also measured in DIS in a similar kine-

matic region as the leading neutron DIS sample. In Fig. 6 both results

are compared. The different shapes of the distributions can be attributed

to the different exchanges dominating leading neutron and leading proton

production. At xL ∼ 0.6–0.7, both measurements agree, suggesting that

the ammount of pion exchange in the two processes is similar.
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Figure 3. The p2

T
distributions for photo-

production and DIS, normalized to unity
at p2

T
= 0 GeV2.
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Figure 4. The differences between the
slopes for photoproduction and DIS.
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Figure 5. Leading neutron DIS slopes
compared to parametrizations of the
pion flux factor.
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Figure 6. Leading neutron DIS slopes
compared to leading proton DIS
slopes.


