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DESY{04{03727th De
ember 2004Study of the pion traje
toryin the photoprodu
tionof leading neutrons at HERAZEUS CollaborationAbstra
tEnergeti
 neutrons produ
ed in ep 
ollisions at HERA have been studiedwith the ZEUS dete
tor in the photoprodu
tion regime at a mean photon-proton 
enter-of-mass energy of 220 GeV. The neutrons 
arry a large fra
-tion 0:64 < xL < 0:925 of the in
oming proton energy, and the four-momentum-transfer squared at the proton-neutron vertex is small, jtj <0:425 GeV2. The xL distribution of the neutrons is measured in bins oft. The (1 � xL) distributions in the t bins studied satisfy a power lawdN=dxL / (1 � xL)a(t), with the powers a(t) following a linear fun
tion 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 
onsistent with the expe
tations of pion-ex
hange models, in whi
hthe in
oming proton 
u
tuates to a neutron-pion state, and the ele
tron intera
tswith the pion.
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1 Introdu
tionSeveral studies of leading neutron produ
tion in ep intera
tions at HERA have beenreported previously [1{5℄. Many features of the data are des
ribed by pion ex
hangemodels, in whi
h the in
oming proton 
u
tuates into a neutron-pion state and the pionintera
ts with the in
oming ele
tron or positron. The kinemati
 variables t, the squareof the four-momentum transfer at the proton-neutron vertex, and xL, the energy fra
tionof the proton 
arried by the neutron, are 
onvenient variables for studying energy-angle
orrelations. In this study of semi-in
lusive photoprodu
tion, 
p! nX, where the photonis quasi-real, the energy distribution of leading neutrons is measured as a fun
tion of t,whi
h is determined using a new position dete
tor to measure the angle of the neutron.The (1 � xL) distribution is presented as a fun
tion of t for large xL (0:64 < xL < 0:925)and small jtj (jtj < 0:425 GeV2). The results are interpreted in the 
ontext of pionex
hange, in order to provide a test of the 
onsisten
y of this pi
ture of leading neutronprodu
tion.2 Experimental set-up and kinemati
sThe data used for this measurement were 
olle
ted in the year 2000 at the ep 
olliderHERA with the ZEUS dete
tor, during a short run period in whi
h a spe
ial trigger wasimplemented. The data set 
orresponds to an integrated luminosity of 9 pb�1. Duringthis period HERA 
ollided 27:5 GeV positrons with 920 GeV protons at a 
enter-of-massenergy of 318 GeV.Charged parti
les are tra
ked in the 
entral tra
king dete
tor [6℄, whi
h operates in amagneti
 �eld of 1:43 T provided by a thin super
ondu
ting solenoid and 
overs the polar-angle1 region 15Æ < � < 164Æ. Outside the solenoid is a hermeti
, high-resolution uranium{s
intillator 
alorimeter (CAL) [7℄ used to measure the energies of the �nal-state parti
les.Bremsstrahlung ep! e
p and the photoprodu
tion of hadrons ep! eX are tagged usingthe luminosity (LUMI) dete
tors [8℄. The bremsstrahlung photons are measured with alead-s
intillator 
alorimeter lo
ated 107 m from the intera
tion point in the positron-beamdire
tion. A similar 
alorimeter at 35 m from the intera
tion point is used to measurepositrons s
attered at very small angles in an energy range 5-20 GeV, with an energyresolution of 0.19pE (E in GeV).1 The ZEUS 
oordinate system is a right-handed Cartesian system, with the Z axis pointing in theproton beam dire
tion, referred to as the \forward dire
tion", and the X axis pointing left towardsthe 
enter of HERA. The 
oordinate origin is at the nominal intera
tion point.1



ZEUS has two dete
tors for measuring forward parti
les, a leading proton spe
trometer(LPS) [9℄, 
onsisting of six stations of sili
on strip dete
tors, and a forward neutron
alorimeter (FNC) [10{12℄ downstream from the LPS, 105 m from the intera
tion point.The FNC is a lead-s
intillator sampling 
alorimeter, the front se
tion of whi
h is dividedinto 14 towers, as illustrated in Fig. 1. The hadroni
 energy resolution, as measured ina pion test beam at 120 GeV, is 0:65pE (E in GeV). Three planes of veto 
ounters,lo
ated 70, 78, and 199 
m in front of the 
alorimeter, are used to dete
t 
harged parti
lesprodu
ed by neutrons intera
ting in ina
tive material in front of the FNC.Magnet apertures limit the FNC geometri
 a

eptan
e to neutrons inside the area outlinedin Fig. 1. This limit 
orresponds to neutron produ
tion angles less than 0.8 mrad; i.e.,to transverse momenta pT = En�n � 0:74xL GeV. The neutron produ
tion angle, �n, ismeasured with respe
t to the proton beam dire
tion at the intera
tion point. The meanvalue of pT of the dete
ted neutrons is 0.22 GeV. The overall a

eptan
e of the FNC isabout 25% for neutrons with energy xL > 0:6 and �n < 0:8 mrad.The forward neutron tra
ker (FNT), designed to measure the position of neutron showers,was installed in the FNC in 1998. It 
onsists of two hodos
ope planes of 1.2 
m-wides
intillator strips, with 17 strips measuring the X position and 15 strips measuring theY position. Figure 1 shows the position of the FNT hodos
ope in the FNC in the planetransverse to the beam as well as the zero-degree point, the proje
tion of the proton beamdire
tion at the intera
tion point onto the FNT. The FNT is situated approximately oneintera
tion length inside the FNC. This position is deep enough that a large fra
tion ofthe neutrons begin to shower in front of the FNT, but not so deep as to 
ompromise theposition resolution. The position resolution of neutron showers in the FNT was measuredto be 0.23 
m by pla
ing an adjustable 
ollimator in front of the FNC during spe
ial testand 
alibration runs.The kinemati
s of in
lusive photoprodu
tion ep! e
p! eX at HERA is spe
i�ed by W ,the photon-proton 
enter-of-mass energy. This is related to the positron-proton 
enter-of-mass energy, ps, by W 2 = ys. The inelasti
ity, y, of the s
attered positron is de�nedby y = (E � E0)=E, where E (E0) is the energy of the in
oming (s
attered) positron.To des
ribe the neutron-tagged pro
ess ep ! e
p ! enX, the variables xL and pT arealso used. These are related to t byt � �p2TxL � (1� xL)xL �m2n � xLm2p� ;where mp is the mass of the proton and mn is the mass of the neutron.2



3 Event sele
tionThe data sample was 
olle
ted using a trigger that required at least 5 GeV in the LUMIele
tron 
alorimeter in 
oin
iden
e with at least 0.5 GeV in the rear part (� > 127Æ) ofthe CAL. In addition, the trigger required an energy deposit in the FNC 
orrespondingto xL > 0:2. The trigger eÆ
ien
y of the FNC was 
lose to 100% for the xL range under
onsideration in this paper (xL > 0:64).Photoprodu
tion events were sele
ted o�ine using 
uts based on the re
onstru
ted vertexposition and 
alorimeter energy deposits. The events were required to have an energyin the LUMI ele
tron 
alorimeter in the range 10 < E0 < 18 GeV and an energy in theLUMI photon 
alorimeter smaller than 1 GeV to eliminate bremsstrahlung overlap events.These 
uts restri
ted the photon virtuality, Q2, to values smaller than � 0:02 GeV2, witha median value of � 10�3 GeV2, and resulted in a mean value for W of 220 GeV.Events with a leading neutron were sele
ted o�ine by requiring xL > 0:64 and by imposingthe following 
leaning 
uts. S
attered protons, bent into the top towers 11 to 14 of theFNC (Fig. 1) by the HERA dipole magnets, were eliminated by requiring that the towerwith the maximum energy deposit be in the range 6 to 9. Photons were removed byeliminating showers with a small energy-weighted verti
al width.Neutrons that started showering in front of the FNC were removed by requiring that thes
intillator veto 
ounter farthest from the FNC had an energy deposit below that of aminimum-ionizing parti
le. To minimize false vetoes due to 
alorimeter albedo, only thefarthest 
ounter was used.Finally, only events with xL < 0:925 were used in the analysis, sin
e the e�e
t of anyerror in the energy s
ale, and the in
uen
e of ex
hanges other than the pion, be
omesigni�
ant at high xL (see Se
tions 5 and 6, respe
tively). After these sele
tion 
uts, thedata sample 
onsisted of 31 756 events.Not all neutrons start to shower in front of the FNT. To sele
t events with useful positioninformation, it was required that the energy deposited in ea
h plane of the FNT be wellabove pedestal and that the strips with the two largest energy deposits be adja
ent. These
uts redu
ed the sample to 17 919 events.4 Neutron eÆ
ien
ies and 
orre
tion fa
torsThe eÆ
ien
ies and 
orre
tion fa
tors for the leading neutron were 
al
ulated with asingle-parti
le Monte Carlo (MC) simulation. The MC program in
luded the geometry ofthe proton beam-line magnets whi
h de�ne the geometri
 a

eptan
e, the details of the3



absorbing material as obtained from survey measurements, the proton beam divergen
e,and the measured energy (FNC) and position (FNT) resolutions for hadroni
 showers.The MC program a

ounts for the di�erent amount of absorbing material in front of theFNC for the two 
ases when the ZEUS LPS was, or was not, in the data-taking position.Events were generated using the observed xL spe
trum and an exponential distribution intransverse momentum, e�b(xL)p2T . The slope b(xL) was iterated until the MC distributionsmat
hed the observed un
orre
ted distributions. The 
orre
ted data distributions wereobtained using bin-by-bin unfolding. The two samples of data, 
orresponding to thetwo 
ases when the LPS was, or was not, in the data-taking position, were 
orre
tedindependently.The simulation of the absorbing material was 
ross-
he
ked by produ
ing a material mapfrom an analysis of low-energy (xL < 0:27) neutron data, under the assumption that lowxL neutrons are distributed uniformly over the geometri
 a

eptan
e. This assumption isbased on noting that both the maximum pT a

epted by the FNC as well as the slope bde
rease with xL [3℄, and hen
e the geometri
 a

eptan
e 
overs a small region of a slowly
hanging pT distribution. An analysis using this material map gives results 
onsistentwith those obtained using the material measurements from the survey.The proton beam had a transverse momentum spread of approximately 0.04 GeV hor-izontally and 0.1 GeV verti
ally, as measured by the LPS. The variation of the protonbeam orbit was 
onsiderably smaller than this spread. The spread broadens the observedposition distribution of the neutrons in the FNC, but does not 
hange the peak position.5 ResultsThe events were binned in xL and t. The bins were 
hosen to be well within the a

eptan
ein the xL-t plane and 
ontained 12 523 events. The 
orre
ted xL distributions of leadingneutrons as a fun
tion of t are shown in Fig. 2. The distributions are 
onsistent with apower-law dependen
e in (1 � xL) of the form dN=dxL / (1 � xL)a(t). For ea
h t bin thepower a(t) was obtained by a least-squares �t of this fun
tion to the observed distribution.Only statisti
al errors were used in the �ts be
ause the systemati
 un
ertainties are highly
orrelated. The resulting �ts are superposed on the measured data points.There are two main sour
es of systemati
 un
ertainty: an un
ertainty of �2% in theabsolute energy s
ale of the FNC resulting from the 
alibration pro
edure [3,12,13℄, andan un
ertainty of �0:2 
m in ea
h of the X and Y 
oordinates of the zero-degree pointdetermined from the peak in the X;Y distribution in the FNT [14℄. The systemati
 un
er-tainties on a(t) were obtained by varying the energy s
ale and beam-spot position within4



their un
ertainties and then repeating the 
omplete analysis. The dominant 
ontribution
omes from the energy-s
ale un
ertainty.The powers determined from the �ts to the data in Fig. 2 are plotted as a fun
tion of �tin Fig. 3. They are 
onsistent with a linear fun
tion,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 
orrelation between the slope and the inter
ept is predominantly statisti
al; the
oeÆ
ient of 
orrelation is -0.9.6 Dis
ussionPrevious experiments ([3℄ and referen
es therein) have shown that leading neutron produ
-tion in lepton-hadron and hadron-hadron experiments 
an be des
ribed by pion-ex
hangemodels. The 
onsisten
y of this des
ription 
an be tested by assuming that pion ex
hangeis the dominant me
hanism and deriving the pion Regge traje
tory from the measuredvalues of a(t).The pion \
ux", the splitting fun
tion of a proton to a neutron and pion (p! n�+), 
anbe written [15℄ asf�=p(xL; t) = 14� g2n�p4� �t(m2� � t)2 (1 � xL)1�2��(t) (F (xL; t))2 ; (1)where gn�p is the 
oupling at the n�p vertex, m� is the mass of the pion, and ��(t) =�0�(t�m2�) is the Regge traje
tory of the pion [16℄. The fun
tion F (xL; t) is a form-fa
torwhi
h a

ounts for the e�e
t of hadroni
 stru
ture on the p ! �n amplitude and for�nal-state res
attering of the neutron. As dis
ussed elsewhere [2℄, this pres
ription forthe 
ux with F (xL; t) set to 1 des
ribes most of the pn! Xp data and also gives a gooddes
ription of the ZEUS xL spe
trum for photoprodu
ed neutrons [2, 3℄. In this analysisit is assumed that F (xL; t) is a fun
tion of t only.The 
ux is thus of the form f�=p = A(t) (1 � xL)1�2��(t). The 
ross se
tion for neutronprodu
tion is given by the produ
t of the 
ux and the total 
� 
ross-se
tion �
�(s0) =�
� ((1� xL)W 2) as d2�dxLdt = A(t)(1� xL)1�2��(t)�
� �(1 � xL)W 2� ;where s0 = (1 � xL)W 2 is the square of the 
� 
enter-of-mass energy. The total 
� 
rossse
tion is assumed to have a power law dependen
e on s0, for large s0, of the Donna
hie-Landsho� form [17℄ �
�(s0) = A(s0)� + B(s0)��;5



where � � 0:1 and � � 0:5. The two terms 
orrespond to the ex
hange of the Pomeron(IP ) and the Reggeon (IR), respe
tively. For large s0 the Pomeron 
ontribution dominatesthat of the Reggeon. In this 
ase the (1� xL) distribution is proportional to (1� xL)a(t),where a(t) = 1 + �� 2�0�t:Here m2� has been ignored, sin
e its e�e
t on the result is mu
h smaller than the systemati
error. Therefore, the measured linear fun
tion a(t) dis
ussed in Se
tion 5 has an inter
eptof �IP (0) = (1 + �), the value of the Pomeron traje
tory at t = 0, and a slope of 2�0�, twi
ethe slope of the pion traje
tory.It is assumed that the IP term dominates in the xL region of this measurement. The�t [17℄ to the total 
p 
ross se
tion suggests that the highest 
ontribution of the IR termis about 12% at xL = 0:925. As xL de
reases (s0 in
reases), the Reggeon 
ontributionfalls rapidly. No 
orre
tion for the Reggeon 
ontribution is applied in this analysis.Previous measurements of the e�e
tive Regge traje
tory in the p ! n transition inhadroni
 intera
tions [16,18,19℄ found it to be dominated by the pion, with the inter
eptin the range -0.1 to 0.3 and the slope in the range 1.1 to 1.3 GeV�2.The values extra
ted from the experimental results,1 + � = �IP (0) = 0:88 � 0:09(stat:)+0:34�0:39(syst:)and �0� = 1:40 � 0:21(stat:)+0:56�0:31(syst:) GeV�2;are 
onsistent with the expe
tation that �IP (0) is about 1.1 and �0� is about 1 GeV�2 inthe range of 0:08 < �t < 0:425 GeV2, and so support the hypothesis that pion ex
hangeis the dominant pro
ess in this rea
tion. Note that the data rule out a signi�
ant role for� ex
hange. If the � traje
tory, �� = 0:5 + t [20℄, is substituted for the pion traje
tory inEq. (1), the value for 1 + � extra
ted from the data is 1.88 rather than 0.88, whi
h is anin
onsistent result for �IP (0).7 SummaryThe dependen
e of the energy distribution of photoprodu
ed leading neutrons on themomentum transfer at the proton-neutron vertex has been studied at an average photon-proton 
enter-of-mass energy of 220 GeV. The (1 � xL) distributions in bins of t are de-s
ribed by a power law, dN=dxL / (1�xL)a(t), with the powers a(t) following a linear fun
-tion 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.6



The linear fun
tion 
an be interpreted in the framework of Regge theory. The measuredvalues of the inter
ept and slope are in agreement with the expe
tations from pion ex-
hange: i.e., the inter
ept is the value of the Pomeron traje
tory at t = 0, and the slopeis twi
e the slope of the pion traje
tory. The data thus 
on�rm that the produ
tion ofleading neutrons in photon-proton 
ollisions is well des
ribed by the pion-ex
hange model.A
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Figure 1: The FNC as viewed from the rear with the tower numbers indi
atedon the left-hand side. The s
intillator strips of the FNT hodos
ope are shownsuperposed on towers 6-9 of the FNC. The irregular 
ontour shows the outline ofthe geometri
 a

eptan
e allowed by the proton beam-line elements. The full squareindi
ates the approximate position of the proje
tion of the zero-degree line. Theproton beampipe, shown as a 
ir
le, passes through a hole in the upper part of theFNC.
9
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ate the statisti
al un
ertainties and the full bars indi
ate the quadrati
 sum ofthe statisti
al and systemati
 un
ertainties.10
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