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Abstract

Energetic neutrons produced inep collisions at HERA have been studied with the ZEUS detector in the photo
duction regime at a mean photon–proton center-of-mass energy of 220 GeV. The neutrons carry a large fractio.64 <

xL < 0.925 of the incoming proton energy, and the four-momentum transfer squared at the proton–neutron vertex
|t | < 0.425 GeV2. The xL distribution of the neutrons is measured in bins oft . The (1 − xL) distributions in thet

bins studied satisfy a power lawdN/dxL ∝ (1 − xL)a(t), with the powersa(t) following a linear function oft : a(t) =
0.88± 0.09(stat.)+0.34

−0.39(syst.) − (2.81± 0.42(stat.)+1.13
−0.62(syst.) GeV−2)t . This result is consistent with the expectations



ZEUS Collaboration / Physics Letters B 610 (2005) 199–211 205

with the
pion-exchange models, in which the incoming proton fluctuates to a neutron–pion state, and the electron interacts
pion.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Several studies of leading neutron production
ep interactions at HERA have been reported pre
ously[1–5]. Many features of the data are described
pion-exchange models, in which the incoming pro
fluctuates into a neutron–pion state and the pion in
acts with the incoming electron or positron. The kin
matic variablest , the square of the four-momentu
transfer at the proton–neutron vertex, andxL, the en-
ergy fraction of the proton carried by the neutron,
convenient variables for studying energy-angle co
lations. In this study of semi-inclusive photoprodu
tion, γp → nX, where the photon is quasi-real, t
energy distribution of leading neutrons is measure
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a function oft , which is determined using a new p
sition detector to measure the angle of the neut
The (1 − xL) distribution is presented as a functio
of t for large xL (0.64 < xL < 0.925) and small|t |
(|t | < 0.425 GeV2). The results are interpreted in th
context of pion exchange, in order to provide a tes
the consistency of this picture of leading neutron p
duction.

2. Experimental set-up and kinematics

The data used for this measurement were colle
in the year 2000 at theep collider HERA with the
ZEUS detector, during a short run period in which
special trigger was implemented. The data set co
sponds to an integrated luminosity of 9 pb−1. Dur-
ing this period HERA collided 27.5 GeV positron
with 920 GeV protons at a center-of-mass energy
318 GeV.

Charged particles are tracked in the central tra
ing detector[6], which operates in a magnetic field
1.43 T provided by a thin superconducting solen
and covers the polar-angle45 region 15◦ < θ < 164◦.
Outside the solenoid is a hermetic, high-resolut
uranium-scintillator calorimeter (CAL)[7] used to
measure the energies of the final-state particles.

Bremsstrahlungep → eγp and the photoproduc
tion of hadronsep → eX are tagged using the lum
nosity (LUMI) detectors[8]. The bremsstrahlung pho
tons are measured with a lead-scintillator calorime
located 107 m from the interaction point in th
positron beam direction. A similar calorimeter at 35
from the interaction point is used to measure positr
scattered at very small angles in an energy range
20 GeV, with an energy resolution of 0.19

√
E (E

in GeV).
ZEUS has two detectors for measuring forward p

ticles, a leading proton spectrometer (LPS)[9], con-
sisting of six stations of silicon strip detectors, a
a forward neutron calorimeter (FNC)[10–12] down-
stream from the LPS, 105 m from the interaction po

45 The ZEUS coordinate system is a right-handed Cartesian
tem, with theZ axis pointing in the proton beam direction, referr
to as the “forward direction”, and theX axis pointing left towards
the center of HERA. The coordinate origin is at the nominal in
action point.
Fig. 1. The FNC as viewed from the rear with the tower numb
indicated on the left-hand side. The scintillator strips of the F
hodoscope are shown superposed on towers 6–9 of the FNC
irregular contour shows the outline of the geometric acceptanc
lowed by the proton beam-line elements. The full square indic
the approximate position of the projection of the zero-degree
The proton beampipe, shown as a circle, passes through a ho
the upper part of the FNC.

The FNC is a lead-scintillator sampling calorimet
the front section of which is divided into 14 towers,
illustrated inFig. 1. The hadronic energy resolution,
measured in a pion test beam at 120 GeV, is 0.65

√
E

(E in GeV). Three planes of veto counters, located
78, and 199 cm in front of the calorimeter, are us
to detect charged particles produced by neutrons in
acting in inactive material in front of the FNC.

Magnet apertures limit the FNC geometric acc
tance to neutrons inside the area outlined inFig. 1.
This limit corresponds to neutron production ang
less than 0.8 mrad; i.e., to transverse momentapT =
Enθn � 0.74xL GeV. The neutron production angl
θn, is measured with respect to the proton beam
rection at the interaction point. The mean value ofpT

of the detected neutrons is 0.22 GeV. The overall
ceptance of the FNC is about 25% for neutrons w
energyxL > 0.6 andθn < 0.8 mrad.

The forward neutron tracker (FNT), designed
measure the position of neutron showers, was insta
in the FNC in 1998. It consists of two hodosco
planes of 1.2 cm-wide scintillator strips, with 17 stri
measuring theX position and 15 strips measuring t
Y position.Fig. 1 shows the position of the FNT ho
doscope in the FNC in the plane transverse to the b
as well as the zero-degree point, the projection of



ZEUS Collaboration / Physics Letters B 610 (2005) 199–211 207

the
er-
ep
to

to
es-
red
in

on

the

e-

.

that
e-
ar
-
g to
se
is

ing
and
ired
e-
y
V
ese

f

ine

ow-

er
e 6
ers

C
to
osit
i-
the

rgy
the

ata

e
a-
ach
hat
be
919

ad-
cle
-
ets

s of
ea-
ea-

ns
for
nt
PS
nts

m,

dis-
ob-
proton beam direction at the interaction point onto
FNT. The FNT is situated approximately one int
action length inside the FNC. This position is de
enough that a large fraction of the neutrons begin
shower in front of the FNT, but not so deep as
compromise the position resolution. The position r
olution of neutron showers in the FNT was measu
to be 0.23 cm by placing an adjustable collimator
front of the FNC during special test and calibrati
runs.

The kinematics of inclusive photoproductionep →
eγp → eX at HERA is specified byW , the photon–
proton center-of-mass energy. This is related to
positron–proton center-of-mass energy,

√
s, by W2 =

ys. The inelasticity,y, of the scattered positron is d
fined byy = (E − E′)/E, whereE (E′) is the energy
of the incoming (scattered) positron.

To describe the neutron-tagged processep →
eγp → enX, the variablesxL andpT are also used
These are related tot by

t ≈ −p2
T

xL

− (1− xL)

xL

(
m2

n − xLm2
p

)
,

wheremp is the mass of the proton andmn is the mass
of the neutron.

3. Event selection

The data sample was collected using a trigger
required at least 5 GeV in the LUMI electron calorim
ter in coincidence with at least 0.5 GeV in the re
part(θ > 127◦) of the CAL. In addition, the trigger re
quired an energy deposit in the FNC correspondin
xL > 0.2. The trigger efficiency of the FNC was clo
to 100% for thexL range under consideration in th
Letter (xL > 0.64).

Photoproduction events were selected offline us
cuts based on the reconstructed vertex position
calorimeter energy deposits. The events were requ
to have an energy in the LUMI electron calorim
ter in the range 10< E′ < 18 GeV and an energ
in the LUMI photon calorimeter smaller than 1 Ge
to eliminate bremsstrahlung overlap events. Th
cuts restricted the photon virtuality,Q2, to values
smaller than∼ 0.02 GeV2, with a median value o
≈ 10−3 GeV2, and resulted in a mean value forW of
220 GeV.
Events with a leading neutron were selected offl
by requiringxL > 0.64 and by imposing the following
cleaning cuts. Scattered protons, bent into the top t
ers 11 to 14 of the FNC (Fig. 1) by the HERA dipole
magnets, were eliminated by requiring that the tow
with the maximum energy deposit be in the rang
to 9. Photons were removed by eliminating show
with a small energy-weighted vertical width.

Neutrons that started showering in front of the FN
were removed by requiring that the scintillator ve
counter farthest from the FNC had an energy dep
below that of a minimum-ionizing particle. To min
mize false vetoes due to calorimeter albedo, only
farthest counter was used.

Finally, only events withxL < 0.925 were used in
the analysis, since the effect of any error in the ene
scale, and the influence of exchanges other than
pion, become significant at highxL (see Sections5
and 6, respectively). After these selection cuts, the d
sample consisted of 31 756 events.

Not all neutrons start to shower in front of th
FNT. To select events with useful position inform
tion, it was required that the energy deposited in e
plane of the FNT be well above pedestal and t
the strips with the two largest energy deposits
adjacent. These cuts reduced the sample to 17
events.

4. Neutron efficiencies and correction factors

The efficiencies and correction factors for the le
ing neutron were calculated with a single-parti
Monte Carlo (MC) simulation. The MC program in
cluded the geometry of the proton beam-line magn
which define the geometric acceptance, the detail
the absorbing material as obtained from survey m
surements, the proton beam divergence, and the m
sured energy (FNC) and position (FNT) resolutio
for hadronic showers. The MC program accounts
the different amount of absorbing material in fro
of the FNC for the two cases when the ZEUS L
was, or was not, in the data-taking position. Eve
were generated using the observedxL spectrum and
an exponential distribution in transverse momentu
e−b(xL)p2

T . The slopeb(xL) was iterated until the MC
distributions matched the observed uncorrected
tributions. The corrected data distributions were
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tained using bin-by-bin unfolding. The two sampl
of data, corresponding to the two cases when the
was, or was not, in the data-taking position, were c
rected independently.

The simulation of the absorbing material w
cross-checked by producing a material map from
analysis of low-energy (xL < 0.27) neutron data, un
der the assumption that lowxL neutrons are dis
tributed uniformly over the geometric acceptan
This assumption is based on noting that both
maximum pT accepted by the FNC as well as t
slope b decrease withxL [3], and hence the geo
metric acceptance covers a small region of a slo
changingpT distribution. An analysis using this ma
terial map gives results consistent with those
tained using the material measurements from the
vey.

The proton beam had a transverse momen
spread of approximately 0.04 GeV horizontally a
0.1 GeV vertically, as measured by the LPS. T
variation of the proton beam orbit was consid
ably smaller than this spread. The spread broad
the observed position distribution of the neutro
in the FNC, but does not change the peak po
tion.
5. Results

The events were binned inxL andt . The bins were
chosen to be well within the acceptance in thexL–t

plane and contained 12 523 events. The correctedxL

distributions of leading neutrons as a function ot
are shown inFig. 2. The distributions are consiste
with a power-law dependence in(1− xL) of the form
dN/dxL ∝ (1− xL)a(t). For eacht bin the powera(t)

was obtained by a least-squares fit of this function
the observed distribution. Only statistical errors w
used in the fits because the systematic uncertaintie
highly correlated. The resulting fits are superposed
the measured data points.

There are two main sources of systematic unc
tainty: an uncertainty of±2% in the absolute energ
scale of the FNC resulting from the calibration pr
cedure[3,12,13], and an uncertainty of±0.2 cm in
each of theX and Y coordinates of the zero-degre
point determined from the peak in theX,Y distribu-
tion in the FNT[14]. The systematic uncertainties o
a(t) were obtained by varying the energy scale a
beam-spot position within their uncertainties and th
repeating the complete analysis. The dominant con

bution comes from the energy-scale uncertainty.

rtaintie

Fig. 2. ThexL distribution in bins oft . The curves show the results of fits to the data with 0.64< xL < 0.925 to the form(1 − xL)a(t). The
inner error bars indicate the statistical uncertainties and the full bars indicate the quadratic sum of the statistical and systematic unces.
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band
Fig. 3. The powers,a(t), with statistical errors, as a function of−t . The solid line is the result of the fit described in the text. The shaded
shows the systematic uncertainty.
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The powers determined from the fits to the data
Fig. 2 are plotted as a function of−t in Fig. 3. They
are consistent with a linear function,

a(t) = 0.88± 0.09(stat.)+0.34
−0.39(syst.)

− (
2.81± 0.42(stat.)+1.13

−0.62(syst.) GeV−2)t.

The correlation between the slope and the interce
predominantly statistical; the coefficient of correlati
is −0.9.

6. Discussion

Previous experiments ([3] and references therein
have shown that leading neutron production in lepto
hadron and hadron–hadron experiments can be
scribed by pion-exchange models. The consistenc
this description can be tested by assuming that p
exchange is the dominant mechanism and deriving
pion Regge trajectory from the measured values
a(t).

The pion “flux”, the splitting function of a proton
to a neutron and pion (p → nπ+), can be written[15]
as

fπ/p(xL, t) = 1

4π

g2
nπp

4π

−t

(m2
π − t)2

(1)× (1− xL)1−2απ (t)
(
F(xL, t)

)2
,

where gnπp is the coupling at thenπp vertex, mπ

is the mass of the pion, andαπ(t) = α′
π (t − m2

π ) is
the Regge trajectory of the pion[16]. The function
F(xL, t) is a form-factor which accounts for the e
fect of hadronic structure on thep → πn amplitude
and for final-state rescattering of the neutron. As d
cussed elsewhere[2], this prescription for the flux with
F(xL, t) set to 1 describes most of thepn → Xp

data and also gives a good description of the ZE
xL spectrum for photoproduced neutrons[2,3]. In this
analysis it is assumed thatF(xL, t) is a function oft
only.

The flux is thus of the formfπ/p = A(t)(1 −
xL)1−2απ (t). The cross section for neutron producti
is given by the product of the flux and the totalγπ

cross sectionσγπ (s′) = σγπ ((1− xL)W2) as

d2σ

dxL dt
= A(t)(1− xL)1−2απ (t)σγπ

(
(1− xL)W2),
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0;
;

wheres′ = (1−xL)W2 is the square of theγπ center-
of-mass energy. The totalγπ cross section is assume
to have a power law dependence ons′, for larges′, of
the Donnachie–Landshoff form[17]

σγπ (s′) = A(s′)ε +B(s′)−η,

whereε ≈ 0.1 andη ≈ 0.5. The two terms correspon
to the exchange of the pomeron (P) and the reggeon
(R), respectively. For larges′ the pomeron contribu
tion dominates that of the reggeon. In this case
(1 − xL) distribution is proportional to(1 − xL)a(t),
where

a(t) = 1+ ε − 2α′
π t.

Herem2
π has been ignored, since its effect on the re

is much smaller than the systematic error. Theref
the measured linear functiona(t) discussed in Sec
tion 5 has an intercept ofαP(0) = (1 + ε), the value
of the pomeron trajectory att = 0, and a slope of 2α′

π ,
twice the slope of the pion trajectory.

It is assumed that theP term dominates in thexL

region of this measurement. The fit[17] to the total
γp cross section suggests that the highest contribu
of theR term is about 12% atxL = 0.925. AsxL de-
creases (s′ increases), the reggeon contribution fa
rapidly. No correction for the reggeon contribution
applied in this analysis.

Previous measurements of the effective Regge
jectory in thep → n transition in hadronic interac
tions[16,18,19]found it to be dominated by the pion
with the intercept in the range−0.1 to 0.3 and the
slope in the range 1.1 to 1.3 GeV−2.

The values extracted from the experimental resu

1+ ε = αP(0) = 0.88± 0.09(stat.)+0.34
−0.39(syst.)

and

α′
π = 1.40± 0.21(stat.)+0.56

−0.31(syst.) GeV−2,

are consistent with the expectation thatαP(0) is about
1.1 andα′

π is about 1 GeV−2 in the range of 0.08<

−t < 0.425 GeV2, and so support the hypothesis th
pion exchange is the dominant process in this re
tion. Note that the data rule out a significant role foρ
exchange. If theρ trajectory,αρ = 0.5+ t [20], is sub-
stituted for the pion trajectory in Eq.(1), the value for
1+ ε extracted from the data is 1.88 rather than 0.
which is an inconsistent result forα (0).
P
7. Summary

The dependence of the energy distribution of p
toproduced leading neutrons on the momentum tra
fer at the proton–neutron vertex has been studie
an average photon–proton center-of-mass energ
220 GeV. The(1 − xL) distributions in bins oft are
described by a power law,dN/dxL ∝ (1 − xL)a(t),
with the powersa(t) following a linear function
of t : a(t) = 0.88± 0.09(stat.)+0.34

−0.39(syst.) − (2.81±
0.42(stat.)+1.13

−0.62(syst.) GeV−2)t .
The linear function can be interpreted in the fram

work of Regge theory. The measured values of
intercept and slope are in agreement with the exp
tations from pion exchange: i.e., the intercept is
value of the pomeron trajectory att = 0, and the slope
is twice the slope of the pion trajectory. The da
thus confirm that the production of leading neutro
in photon–proton collisions is well described by t
pion-exchange model.

Acknowledgements

We thank the DESY Directorate for their stron
support and encouragement, and the HERA mac
group for their diligent efforts. We are grateful for th
support of the DESY computing and network servic
The design, construction and installation of the ZE
detector have been made possible owing to the in
nuity and effort of many people who are not list
as authors. This study was only made possible by
physics insight and work of G. Levman, to whom w
are greatly indebted.

References

[1] ZEUS Collaboration, M. Derrick, et al., Phys. Lett. B 38
(1995) 388.

[2] ZEUS Collaboration, J. Breitweg, et al., Nucl. Phys. B 5
(2001) 3.

[3] ZEUS Collaboration, S. Chekanov, et al., Nucl. Phys. B 6
(2002) 3.

[4] ZEUS Collaboration, S. Chekanov, et al., Phys. Lett. B 5
(2004) 143.

[5] H1 Collaboration, C. Adloff, et al., Eur. Phys. J. C 6 (199
587.

[6] N. Harnew, et al., Nucl. Instrum. Methods A 279 (1989) 29
B. Foster, et al., Nucl. Phys. B (Proc. Suppl.) 32 (1993) 181



ZEUS Collaboration / Physics Letters B 610 (2005) 199–211 211

01;
6;
3.

4)

7)

.
.
f the

n-

fic,

99,

ed.

.

B. Foster, et al., Nucl. Instrum. Methods A 338 (1994) 254.
[7] M. Derrick, et al., Nucl. Instrum. Methods A 309 (1991) 77;

A. Andresen, et al., Nucl. Instrum. Methods A 309 (1991) 1
A. Caldwell, et al., Nucl. Instrum. Methods A 321 (1992) 35
A. Bernstein, et al., Nucl. Instrum. Methods A 336 (1993) 2

[8] J. Andruszków, et al., Preprint DESY-92-066, DESY, 1992;
ZEUS Collaboration, M. Derrick, et al., Z. Phys. C 63 (199
391;
J. Andruszków, et al., Acta Phys. Pol. B 32 (2001) 2025.

[9] ZEUS Collaboration, M. Derrick, et al., Z. Phys. C 73 (199
253.

[10] S. Bhadra, et al., Nucl. Instrum. Methods A 354 (1995) 479
[11] S. Bhadra, et al., Nucl. Instum. Methods A 394 (1997) 121
[12] S. Bhadra, et al., in: E. Cheu, et al. (Eds.), Proceedings o

Seventh International Conference on Calorimetry in High E
ergy Physics, Tuscon, AZ, November 1997, World Scienti
Singapore, 1998, p. 295.

[13] C.-P. Fagerstroem, PhD thesis, University of Toronto, 19
unpublished.

[14] T. Koop, PhD thesis, University of Toronto, 2004, unpublish
[15] M. Bishari, Phys. Lett. B 38 (1972) 510.
[16] H. Abramowicz, et al., Nucl. Phys. B 166 (1980) 62.
[17] A. Donnachie, P.V. Landshoff, Phys. Lett. B 296 (1992) 227
[18] J. Hanlon, et al., Phys. Rev. D 20 (1979) 2135.
[19] W. Flauger, F. Mönnig, Nucl. Phys. B 109 (1976) 347.
[20] R.J. Eden, Rep. Prog. Phys. 34 (1971) 995.


	Study of the pion trajectory in the photoproduction of leading neutrons at HERA
	Introduction
	Experimental set-up and kinematics
	Event selection
	Neutron efficiencies and correction factors
	Results
	Discussion
	Summary
	Acknowledgements
	References


