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Abstract

A first measurement is presented of exclusive photoproduction’ shesons associated
with leading neutrons at HERA. The data were taken with the H1 detector ineitues y
2006 and2007 at a centre-of-mass energy ofs = 319 GeV and correspond to an inte-
grated luminosity ofl.16 pb~!. The p’ mesons with transverse momenta < 1 GeV

are reconstructed from their decays to charged pions, while leadirntgonsicarrying a
large fraction of the incoming proton momentumy, > 0.35, are detected in the Forward
Neutron Calorimeter. The phase space of the measurement is defined fyotioa vir-
tuality @* < 2 GeV?, the total energy of the photon-proton systetm < W.,, < 100
GeV and the polar angle of the leading neutépn < 0.75 mrad. The cross section of
the reactiomyp — p’nm™ is measured as a function of several variables. The data are
interpreted in terms of a double peripheral process, involving pion egehat the pro-

ton vertex followed by elastic photoproduction ofpa meson on the virtual pion. In the
framework of one-pion-exchange dominance the elastic cross sectmotin-pion scat-
tering,o—el(fyTrJr — pO771), is extracted. The value of this cross section indicates significant
absorptive corrections for the exclusive reactign— p’nzt.
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1 Introduction

Measurements of leading baryon production in high energgigba collisions, i.e. the produc-
tion of protons and neutrons at very small polar angles watpect to the initial hadron beam
direction (forward direction), are important inputs foretkheoretical understanding of strong
interactions in the soft, non-perturbative regimeeprcollisions at HERA, a hard scale may be
present in such reactions if the photon virtualif), is large, or if objects with high transverse
momentap, are produced in addition to the leading baryon. In suchstseprocess usually
can be factorised into short-distance and long-distanea@inena and perturbative QCD often
is applicable for the description of the hard part of the pss

Previous HERA measurements [1-7] have demonstrated thia¢ isemi-inclusive reaction
e +p — e+ n + X the production of neutrons carrying a large fraction of thetpn beam
energy is dominated by the pion exchange process. In thiarpi@ virtual photon, emitted
from the beam electron, interacts with a pion from the pratlmud, thus giving access to the
~*7 cross section and, in the deep-inelastic scattering regortee pion structure function.

The aim of the present analysis is to measure exclysivyeroduction on virtual pions in
the photoproduction regime at HERA and to extract the qaksiticyr — o7 cross section
for the first time. Since no hard scale is present, a phenologital approach, such as Regge
theory [8], is most appropriate to describe the reactionth;nRegge framework such events
are explained by the diagram shown in figure 1a which involesxchange of two Regge
trajectories in the process — 3, known as aDouble Peripheral Proces@PP), or Double-
Regge-pole exchange reaction [9]. This process can alsedreas a proton dissociating into
(n, ") system which scatters elastically on ifevia the exchange of the Regge trajectory with
the vacuum quantum numbers, called the “Pomeron”.

In the past, similar reactions were studied at lower ensrigieucleon-nucleon and meson-
nucleon collisions [10-14]. Most of the experimental pntigs of these reactions were suc-
cessfully explained by the generalised Drell-Hiida-Dec&d®l (DHD) [15-17], in which in
addition to the pion exchange (figure 1a) two further contidns (figure 1b, 1c) are included.
The graphs depicted in figures 1b and 1c give contributiorthectotal scattering amplitude
with similar magnitude but opposite sign [18, 19]. Thereftiey largely cancel in most of the
phase space, in particular at small momentum transfer sdwithe proton vertex,— 0, such
that the pion exchange diagram dominates the cross sedfidn One of the specific features
observed in these experiments is a characteristitependence at the ‘elastic’ vertexvith
the slope dependent on the mass of the) system produced at the other=", vertex, and
changing in a wide range of approximately< b(m) < 22 GeV—2. The Deck model in its
original formulation cannot fully describe such a strongsstalope correlation and interference
between the amplitudes corresponding to the first threehgrapfigure 1 has to be taken into
account to explain the experimental data [20, 21].

In the analysis presented here only the two charged pioms fhe o° decay and the lead-
ing neutron are observed directly. The pion from the protertex is emitted under very small
angles with respect to the proton beam and escapes detethmnleads to a background con-
tamination from events with a different final state, whickgorate from diffractive dissociation

lIn the present analysis elastic vertex corresponds tptie vertex, figure 1.
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Figure 1: Generic diagrams for processes contributing tdusive photoproduction of°
mesons associated with leading neutrons at HERA. The stgmadsponds to the Drell-Hiida-
Deck model graphs for the pion exchange (a), neutron ex@&h@)agnd direct pole (c). Diffrac-
tive scattering in which a neutron may be produced as a pdhteoproton dissociation system,
My, contributes as background (d). Th& in (c) denotes both resonant (V") and possible
non-resonant + 7 production.

of the proton into a system containing a neutron (figure 1d). Using the H1 detector cépab
ities in the forward region such processes can be suppréssedertain extent. The residual
background contribution is estimated from a Monte Carlo nhtadeed to describe vector meson
production in diffractive dissociation at HERA.

The analysis is based on a data sample corresponding toegrated luminosity of.16
pb~! collected with the H1 detector in the yea)6 and2007. During this period HERA col-
lided positrons and protons with energiesif = 27.6 GeV and £, = 920 GeV, respectively,
corresponding to a centre-of-mass energy/Gf= 319 GeV. The photon virtuality is limited
to Q? < 2 GeV? with an average value 004 GeV?.

2 Cross Sections Definitions

The kinematics of the process
e(k) +p(P) = e(k') + p*(V) + n(N) + 7, (1)
where the symbols in parentheses denote the four-momertkee aorresponding particles, is
described by the following invariants:
e the square of thep centre-of-mass energy= (P + k)?,

e the modulus of the four-momentum transfer squared at themegertex
Q* =—¢ = —(k—K)?,

e the inelasticityy = (¢- P)/(k - P),
e the square of thep centre-of-mass energy”, = (¢ + P)* ~ ys — Q°,

¢ the fraction of the incoming proton beam energy carried l®yl&@ading neutron
z,=(q-N)/(q- P)~ E,/E,,



¢ the four-momentum transfer squared at the proton vertex
t=(P— N)2 ~ P (l—zr)(mi-mlzr) and

TL TL

e the four-momentum transfer squared at the photon veftex(q — V).

HereE,, m,, E,, m, represent the energy and the mass of the incoming protorharalitgoing
leading neutron, respectively. The square of thecentre-of-mass energy is then given by
W2 o~ W2 (1 —xp).

Experimentally, the kinematic variables at the photonase(the mass)/,, the pseudora-
pidity 7, and the transverse momentum squqv%,g of the p” meson) are determined from the
oV decay pions, while those at the proton vertex (andp%n) are deduced from the measured
energy and scattering angle of the leading neutron.

In the limit of photoproduction, i.eQ? — 0, the beam positron is scattered at small angles
and escapes detection. In this regime the square ofjitoentre-of-mass energy can be recon-
structed via the variabl@g’> .. = sy, wherey™ is the reconstructed inelasticity, measured
asy™ = (£, — p.,)/(2E.). Here,E, andp, , denote the reconstructed energy and the mo-
mentum along the proton beam directiangxis) of thep” meson and, is the positron beam
energy. The variabl€ can be estimated from the transverse momentum oftleeson in the
laboratory frame via the observalile, = —p% , to avery good approximatién

The cross section of the exclusive reaction (1) can be egpdeas a product of a virtual
photon fluxf,,. and a photon-proton cross sectioy),:

d20,3p

dydQ)?

In the Vector Dominance model (VDM) [22, 23] taking into aoob both transversely and lon-
gitudinally polarised virtual photons the effective phoftux is given by

= fyse(y, Q2)‘7'yp(W'yp(3/>>~ (2

£y, OF) = (=) —2(1—y) (L— 9 )]; . ®

Q> M @2\’
(1 )

whereq is the fine structure constant a@d ; = m?y*/(1 — y), with m. being the mass of the
electron andV/, is thep” meson mass.

(0}
2mQ%y

In the one-pion-exchange (OPE) approximation [24], whgkdlid for very smallp%m ~
m?, the photon-proton cross section can be further decompiosedh pion flux, describing
p — nm splitting, convoluted with a photon-pion cross section:

A0 (Wop, 21, 1)
dl’Ldt

A generic expression for the pion flux factor can be writtefciews:

= frp(@r,t) oyn(Win). 4)

—1

(m7 —1)?

F2(t,SEL), (5)

19
- t) = — pmn 1 — ap(0)—2ax(t)
Foplent) = =91 )

2A correction accounting for the small, but non-z&pé values is applied, based on the Monte Carlo generator
information, as explained in section 3.3.



whereap(0) is the Pomeron intercept,.(t) = o/ (t — mZ) is the pion trajectoryg’ /4 is
thepmn coupling constant known from phenomenological analyss$ ¢§2 low energy data, and
F(t,zr) is a form factor accounting for off mass-shell correctionsl @ormalised to unity at
the pion pole F'(m?,z;) = 1. There exists a variety of models for the exact form of thepio
flux [26—32] which typically leads to a 30% spread in the predicted cross section according
to equation (4). Most of models use a non-Reggeized verdiequmation (5), i.eap(0) = 1
anda,(t) = 0.

3 Experimental Procedure and Data Analysis

3.1 H1 detector

A detailed description of the H1 detector can be found elsge[B3]. Only those components
relevant for the present analysis are described here. Tigm af the right-handed H1 coordi-
nate system is the nomingp interaction point. The direction of the proton beam defires t
positive z—axis; the polar anglé is measured with respect to this axis. Transverse momenta
are measured in the—y plane. The pseudorapidity is defined by= — In [tan(f/2)] and is
measured in the laboratory frame.

The central region of the detector is equipped with a traglapstem. It included a set of
two large coaxial cylindrical drift chambers (CJC), intexled by az chamber, and the central
silicon tracker (CST) [34] operated in a solenoidal magnééltd of 1.16 T. This provides
a measurement of the transverse momentum of charged partigth resolutions (pr) /pr =~
0.002 pr@0.015 (pr measured in GeV), for particles emitted from the nominaiacttion point
with polar angle20° < 6 < 160°. The interaction vertex is reconstructed from the trackse T
five central inner proportional chambers (CIP) [35] are leddbetween the inner CJC and the
CST. The CIP has an angular acceptance in the rafge: ¢ < 170°. The forward tracking
detector is used to supplement track reconstruction inegen7° < 0 < 30° and improves
the hadronic final state reconstruction of forward going lmementum patrticles.

The tracking system is surrounded by a finely segmenteddiaujon (LAr) calorime-
ter, which covers the polar angle randge< 6 < 154° with full azimuthal acceptance. The
LAr calorimeter is used to measure the scattered electrdn@neconstruct the energy of the
hadronic final state. The backward regidf3° < 6 < 177.8°) is covered by a lead/scintillating-
fibre calorimeter (SpacCal) [36]; its main purpose is the detacf scattered positrons.

A set of “forward detectors” is sensitive to the energy floasd to the outgoing proton beam
direction. It consists of the forward muon detector (FMDE Plug calorimeter and the forward
tagging system (FTS). The lead—scintillator Plug calotenenables energy measurements to
be made in the pseudorapidity ran§ié < n < 5.5. It is positioned around the beam-pipe
atz = 4.9 m. The FMD is a system of six drift chambers which are grouped iwo three-
layer sections separated by a toroidal magnet. Althougmdmeinal coverage of the FMD is
1.9 < n < 3.7, particles with pseudorapidity up tp~ 6.5 can be detected indirectly through
their interactions with the beam transport system and ti@testipport structures. The very
forward region,6.0 < n < 7.5, is covered by an FTS station which is used in this analysis. |
consists of scintillator detectors surrounding the begpe jpitz = 28 m. The forward detectors
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together with the LAr calorimeter are used here to suppneskastic and proton dissociative
background by requiring a large rapidity gap (LRG) void diity between the leading neutron
and the pions from thg" decay.

Neutral particles produced at very small polar angles cashebected in the forward neutron
calorimeter (FNC) [7, 37], which is situated Hi6 m from the interaction point. It covers the
pseudorapidity rangge > 7.9. The FNC is a lead—scintillator sandwich calorimeter. hsists
of two longitudinal sections: the Preshower Calorimetehwveitiength corresponding to about
60 radiation lengths, ot.6 hadronic interaction lengths, and the Main Calorimeter with a
total length of8.9)\ (see figure 2a). The acceptance of the FNC is defined by theuapef the
HERA beam-line magnets and is limited to scattering andiés:®.8 mrad with approximately
30% azimuthal coverage, as illustrated in figure 2b.

The absolute electromagnetic and hadronic energy scatbge &fNC are known t6% and
2% precision, respectively [7]. The energy resolution of tiéCO-calorimeter for electromag-
netic showers is7(E)/E ~ 20%/+/E [GeV] & 2% and for hadronic showers(E)/E ~
63%/+/ E [GeV] & 3%, as determined in test beam measurements. The spatialitiesols
o(z,y) ~ 10cm/+/E [GeV] @ 0.6 cm for hadronic showers starting in the Main Calorimeter.
A better spatial resolution of aboRtmm is achieved for electromagnetic showers and for those
hadronic showers which start in the Preshower Calorimeter.

The instantaneous luminosity is monitored based on theaofatiee Bethe-Heitler process
ep — epy. The final state photon is detected in the photon detect@tdéocclose to the
beampipe at = —103 m. The precision of the integrated luminosity measurengimproved
in a dedicated analysis of the elastic QED Compton proceds3shich both the scattered
electron and the photon are detected in the SpaCal.

3.2 Event selection

The data sample of this analysis has been collected using@aspow multiplicity trigger
requiring two tracks withp; > 160 MeV and originating from the nominal event vertex, and
at most one extra track withy > 100 MeV. The tracks are found by the Fast Track Trigger
(FTT) [39], based on hit information provided by the CJCs. Tigger also contains a veto
condition against noap background provided by the CIP. The average trigger effigiaac
about75% for the analysis phase space. The trigger simulation has werfied and tuned to
the data using an independently triggered data sample.

For the analysis, exclusive events are selected, contpinv oppositely charged pion
candidates in the central tracker, a leading neutron in th€ Bnd nothing else above noise
level in the detectdr The photoproduction regime is ensured by the absence afladm-
ergy electromagnetic cluster consistent with a signal frecattered beam positron in the
calorimeters. This limits the photon virtuality 9> < 2 GeV?, resulting in a mean value of
(Q%) = 0.04 GeVZ.

The p° candidate selection requires the reconstruction of thedtaries of two, and only
two, oppositely charged particles in the central trackiegedtor. They must originate from a

3According to simulation, the forward going" from the proton vertex is emitted in the range> 5.7 where
it cannot be reliably measured or identified with the avddapparatus.
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common vertex lying withint30 cm in z of the nominalep interaction point, and must have
transverse momenta abot2 GeV and polar angles within the inten20° < 6 < 160°. The
momentum of the” meson is calculated as the vector sum of the two chargedjgamiomenta.
The two-pion invariant mass is required to be within thevea€0.3 < M., < 1.5 GeV. Since
no explicit hadron identification is used, events are didedrwith M, < 1.04 GeV where
M ¢ is the invariant mass of two particles under the kaon massthysis. This cut suppresses
a possible background from exclusive productiorpa@hesons.

Events containing a leading neutron are selected by reguaihadronic cluster in the FNC
with an energy aboveé20 GeV and a polar angle below.75 mrad. The cut on polar angle,
defined by the geometrical acceptance of the FNC, restrietae¢latron transverse momenta to
the rangepr,, < - 0.69 GeV.

To ensure exclusivity, additional cuts are applied on thertaetric energy and on the
response of the forward detectors. There should be no clustie energy abovel00 MeV,
unless associated witll decay products, in the SpaCal and LAr calorimeters. A LargeidRiy
Gap signature is required, by selecting events with no ig@bove noise levels in the forward
detectors. This suppresses non-diffractive interactiomsnegligible level and also significantly
reduces diffractive background.

Event selectior{2006—2007, e*p) Analysis PS Measurement PS
Triggers 14 (low multiplicity)
No ¢’ in the detector Q? < 2GeV? Q? =0GeV?
2 tracks, net charge: 0,
pr>0.2 GeV, 20°<0<160°, 20 < W,, <100 GeV | 20 <W,, <100 GeV
from |z, < 30 cm pr, < 1.0 GeV —t' < 1.0 GeV?
0.3 < M, <15GeV 0.6 < M <1.1GeV| 2m, < M, < M,+5T,
LRG requirement ~ 637,000 events
E, > 120 GeV xp > 0.2 0.35 < xr <0.95
0,, < 0.75 mrad 0,, < 0.75 mrad pra < xr - 0.69 GeV
~ 7000 events ~ 6100 events ~ 5770 events
(OPE dominated range) OPEWr, <0.2 GeV (~ 3600 events)

OPE2| pr,, <0.2GeV, 0.65 <z, <0.95 (~ 2200 events)

Table 1: Event selection criteria and the definition of theeknatic phase space (PS) of the
measurements. The measured cross sections are deternifgd=a 0 using the effective
flux (3), based on the VDM.

After these cuts the data sample contains ali606 events. The event selection criteria
together with the analysis and the measurement phase sphciiahs are summarised in ta-
ble 1. In order to better control migration effects and baokigds most of the selection cuts
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are kept softer than the final measurement phase space limitse end, the/p cross sections
measured in thé,, < 0.75 mrad range are based en5770 events. For the cross section
extraction additional cuts are applied in order to stay imilnrange where the validity of OPE
can be safely expected. Two sub-samples are defined: OPERmit< 200 MeV, containing
~ 3600 events and OPE2 withy,, < 200 MeV andz;, > 0.65, containing~ 2200 events.

3.3 Monte Carlo simulations and corrections to the data

Monte Carlo (MC) simulations are used to calculate acceptazd efficiencies for triggering,
track reconstruction, event selection and backgroundritrtions and to account for migra-
tions between measurement bins due to the finite detectolutesn.

Signal events from the DPP reaction (figure 1a) are modelatdtwo-step MC generator
POMPYT [40], in which the virtual pion is produced at the mnotvertex according to one of
the available pion flux parametrisations. This pion thentecaelastically on the photon from
the electron beam, thus producing a vector megdrin( our case). In this analysis the non-
Reggeized pion flux factor is taken from the light-cone repraation [41] with the form factor
in equation (5)

Tml—LUL

whereR,, = 0.93 GeV~! is the radius of the pion-proton Fock state [27]. The samsioer
of the pion flux factor has been used in previous H1 publicetion leading neutron measure-
ments [4, 7] providing a good description of inclusive neatspectra. For the numerical value
of theprn coupling constant, the most recent estimate [25] /4m = 14.11 = 0.20 is used.

m2 —t
F(t,21) = exp (—RQ : ) ©)

Since the exact shape of tln%ﬁp dependence is nat priori known, two extreme versions
are generated. In the first version a simple exponentialestsagssumed, as expected for elastic
p° photoproduction on the pion, with the slope= 5 GeV~2. For the second version a mass-
dependent slope is takeh,< b(M,,,) < 22 GeV 2, typical for DPP processes as observed at
lower energies [10, 11, 17]. The difference in the correcfiactors obtained using these two
versions of MC simulations is part of the model dependertesyatic uncertainty.

The background events originating from diffracti®&production (figure 1d) are generated
using the program DIFFVM [42], which is based on Regge themy the Vector Dominance
Model. All channels (elastic, single- and double-disstaraprocesses) are included, with
the relative composition as measured in [43]. For the pralissociative case th&/y mass
spectrum is parametrised ds /d M2 oc 1/M2'6, for M2 > 3.6 GeV* with quark and diquark
fragmentation using the JETSET program [44]. For the lowswhAssociation the production of
excited nucleon states at the proton vertex is taken intowrdaexplicitly. However, the events
corresponding to the diagram shown in figure 1c are exclud®d the generated background
sample.

The DIFFVM program is also used to estimate possible comtatioins from diffractive
w(782), ¢(1020) andp’(1450 — 1700) production.

As discussed in section 1, the pion exchange diagram doesiriae cross section in the
low t region where the contributions from the diagrams in figurbsahd 1c almost cancel.

4The OPE2 sample corresponds to the lojw 0.2 GeV? region, see figure 2c.
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To check a possible influence of these terms on the MC cooreddictors, neutron exchange
events (b) were generated using POMPYT and events of classifg DIFFVM. As expected,
these events have kinematic distributions and selectificiezicies similar to those from the
pion exchange process and do not alter the MC correctionfabeyond the quoted systematic
uncertainties.

In both the POMPYT and the DIFFVM generators a simple noatrgstic Breit-Wigner
shape is used for themeson mass. Therefore all MC events are reweighted to theuvistic
Breit-Wigner shape with additional--dependent distortion as observegihphotoproduction
experiments. The distortion is caused by the interfereet@éden the resonant and non-resonant

~ production and is characterised by the phenomenologieakisk) parameterp g, as
suggested by Ross and Stodolsky [45]:

M nRS(pT,p)
o BW,(M) (Mp ) (7)

AN (M)
dMzr

with M, being the nominal resonance mass [46] apd(pr,,) taken from published ZEUS data
on elastic photoproduction @f mesons [47]. Additionally, the signal MC events (POMPYT)
are reweighted iml’,,, and ianT, , to the observed shapes of the corresponding distributibinis.
reweighting is performed iteratively and has convergedrdfto iterations. The uncertainty in
the reweighting procedure is then taken into account in ylseesnatic error analysis.

Small, but non-zero values ¢J* causeft'| to differ from p7. | by less tharQ®. To account
for this effect a multiplicative correction factor detemed with the Monte Carlo generators is
applied to the bins of thﬁzr distribution; the correction is obtained by taking theadietween
the|t'| andpz. , dlstrlbutlons at the generator level. This correctioneafrom 1.1 ap7,, = 0
t0 0.77 ap7,, = 1 GeV*.

For all MC samples detector effects are simulated in detill the GEANT program [48].
The MC description of the detector response, includingggigefficiencies, is adjusted using
comparisons with independent data. Beam-induced backdesoare taken into account by
overlaying the simulated events with randomly triggereal events. The simulated MC events
are passed through the same reconstruction and analysmsashis used for the data.

The MC simulations are used to correct the distributiondatlével of reconstructed par-
ticles back to the hadron level on a bin-by-bin basis. The sizthe correction factors i£2.0
in average varying between 10 and~ 24 for different parts of the covered phase space. The
main contributions come from the azimuthal acceptance @RNC  30% on average), the
trigger efficiency & 75%) and the LRG selection efficiency(60%). The bin purity, defined
as the fraction of events reconstructed in a particular bat briginate from the same bin on
hadron level, varies betwe&0% and95% for one-dimensional distributions and betwel(i;
and65% for two-dimensional ones. As an example, figure 2c illussahe binning scheme
used in the two-dimensionét ., pr.,,) distribution.

3.4 Extraction of the p° signal

The invariant mass distribution of the two tracks under tharged pion mass hypothesis is
shown in figure 3a. The distribution is corrected for the naéegzendent detector efficiency.
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A fit is performed in the rangd/,, > 0.4 GeV using the Ross-Stodolsky parametrisa-

tion (7) for the p° meson mass shape and adding the contributions for the refieftom

w — 't~ and for the non-resonant background. Other sources offdrackground, such
asw(782) — 7™, ¢(1020) — KYKY, mtn—x° p' — prr, 4m, mm, which may be misiden-
tified asp’ candidates, are estimated using MC simulations with thaivel yield normalisa-
tion fixed to previously measured and published values(w)/c.,(p%) = 0.10(£20%) [49],
0p(0)/0p(p°) = 0.07(£20%) [50] ando.,,(p')/o,(p°) = 0.20(£50%) [51]. The resulting
overall background contamination in the analysis regign< M, < 1.1 GeV is found to be
(1.5 4+ 0.7)%.

The fitted values of the resonance mass and widtli@gre-3(stat.) MeV and155+5(stat.)
MeV, respectively, in agreement with the nominal PDG valokg/, andI', [46]. The cross
section is then calculated for the full mass radge, < M,, < M, + 5I', using the resonant
part only, represented by the relativistic Breit-Wignendtion BW,(M,,) with momentum
dependent widtf'(M,.,.) [52]:

Mor M, T(Mr) \° M
BW,(M,,) = G B [(My)=T, =] —~ 8
M) = Gz TG ) ”(qs> i, ®

whereg* is the momentum of the decay pions in the rest frame of a paniafs with mass
M-, andg; is the value of;* for M. = M,.

The Breit-Wigner shape is strongly distorted due to intemfiee with the non-resonantr
production amplitude (dashed curve in figure 3a). The streofthe distortion i -dependent
and within the ansatz (7) is characterised by the phenorogiuall skewing parameter,s.
For the full pr range of the present analysjs?ﬁvp < 1 GeV?, a fit results in the valuers =
4.22+0.28. To study itsp; dependence the fit is repeated in f@%l,ljo bins. The values obtained
are shown in figure 3b in comparison with previously publgE&US results [47] from elastic
p° photoproductionyp — p°p. The dashed curve represents a fit to all these data by the
empirical formula

nrs = no (pp + M?)™? 9)

with ng, M and 3 as free parameters. The fitted valuedd® ~ 0.6 GeV? suggests that the
relevant scale for photoproduction of vector mesons iseddgs. + M?).

An important set of observables which characterise theitebtructure of the vector meson
production are the angular distributions of the decay pidfiere we study the distribution of
05 which gives access to thé spin-density matrix elemenfy. The angle,, is defined as the
polar angle of the positively charged decay pion in gtheest frame with respect to the meson
direction in they*p centre-of-mass frame. According to the formalism presgime53] the
distributiond,, is given by:

l do
o dcosb,

oc 1 — g5 + (3r5g — 1) cos® 0. (10)

Figure 3c shows the acceptance correctedd;, distribution together with the fit by equa-
tion (10) yielding the value of)} = 0.108 + 0.017. In figure 3d this result is compared to
the values obtained in diffractive’ photo- and electro-production at HERA [47,54,55]. The
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steep? dependence is driven mainly by the QED gauge invariancevatetl factorQ? /M2,
and can be fitted by a simple expression [56]

P04 1
Y1+ E(ME Q)"

with the parameters = 1.85 + 0.10 andx = 0.67 + 0.03, as illustrated by the dashed curve.

In summary, all properties of the selectetir— sample investigated here are consistent with
p° photoproduction.

3.5 Signal and background decomposition

The event selection described in section 3.2 does not céetpuppress non-DPP background.
According to the MC simulations, the remaining part is mpsilie to proton dissociation with
some admixture of double dissociative events.

As in the case of inclusive leading neutron production [@hsil and background events have
different shapes of the leading neutron energy distriloytadthough in the present analysis the
difference is less pronounced. The shape differences ingh&on energy spectrum predicted
by MC for the DPP events (POMPYT) and for the proton disso@abackground (DIFFVM)
are still sufficient to disentangle these two contributions statistical basis. For this purpose a
combination of the spectra obtained for reconstructedtevafithese two MC models fulfilling
all selection criteria with free normalisation is fitted teetdata. From this fit the background
fraction is determined to bé;, = 0.34 4+ 0.05. The uncertainty includes both the fit error
and systematic uncertainties related to the backgroungestariation in terms of\/y andt
dependencies and proton dissociation fraction in the dwveifractive cross section. Figure 4
illustrates this decomposition using the nominal DIFFVMaraeters.

Control plots for the data description by the Monte Carlo medssing this signal to back-
ground ratio are shown in figure 5. Since neither POMPYT ndflMM are able to provide
reliable absolute cross section predictions for such a §itzdk, only a shape comparison is pos-
sible. The irregular shape of the azimuthal angle distidmyty,,, is due to the FNC aperture
limitations, as shown in figure 2b.

In the fit described above the absolute normalisation fobttd=VM prediction is left free.
As a cross check, this normalisation has been fixed usingthogwnal, background dominated
sample, obtained by requiring an ‘anti-LRG’ selection, p&+n events with additional activity
in the forward detectors. In this sample the backgroundtifsads found to be).58 + 0.07.
Fixing the DIFFVM normalisation by a fit to the *anti-LRG’ sgue results in a background
contribution ofFy, = 0.2940.05 in the main sample. The difference to thg value determined
in the nominal analysis, as described above, is well covbyeslystematic uncertainty of the
LRG condition efficiency.

3.6 Cross section determination and systematic uncertainties

The cross sections are measured for the kinematic rangesfiasdlin the rightmost column of
table 1. From the observed numberepfevents, V..., the bin-integratedp cross section in
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bin i is calculated as i v
i 1 czlata - gg i

=3, LA, O ()
WhereNg'g is the expected diffractive dissociation background inbiaking into account the
overall normalisation fractiorf,, = 0.34, A - € is the correction for detector acceptance and
efficiency,L is the integrated luminosity of the daté, is the extrapolation factor for the num-
ber of p° events from thél/,., measurement interval to the fylt mass range andl., = 0.1543
is the value of the equivalent photon flux from equation (3)tfe given(W.,, Q?) rangé.
Since the statistics available does not allow for a reliagBlmass fit in every measurement bin,
Gj, is calculated using’, = 1.155, obtained from the fit of the full sample and bin-dependent
skewing correction factor derived from the fitted dependaemmeS(p% ,) in equation (9).

Several sources of experimental uncertainties are comsidend their effects on the mea-
sured cross section are quantified. The systematic unetesion the cross section measure-
ments are determined using MC simulations, by propagatiegcorresponding uncertainty
through the full analysis chain. The individual systemaincertainties are grouped into four
categories below.

e Detector related sources.
The trigger efficiency is verified and tuned with the preaisad 3.4% using an indepen-
dent monitoring sample. It is treated as correlated betvagérent bins.

The uncertainty due to the track finding and reconstructfbaiency in the central tracker
is estimated to b&% per track [58] resulting ir% uncertainty in the cross section, taken
to be correlated between bins.

Several sources of uncertainties related to the measutevhéme forward neutrons are
considered. The uncertainty in the neutron detection efiity which affects the mea-
surement in a global way &% [7]. The 2% uncertainty on the absolute hadronic energy
scale of the FNC [7] leads to a systematic erroii df%; for the x . -integrated cross sec-
tion and varying betwee2% and19% in differentx; bins. The acceptance of the FNC
calorimeter is defined by the interaction point and the geéogmef the HERA magnets
and is determined using MC simulations. The uncertaintyhefimpact position of the
particle on the FNC, due to beam inclination and the uncdsytain the FNC position,

Is estimated to bé& mm. This results in an average uncertainty on the FNC acoeeta
determination oft.5% reaching up ta 0% for the pr,, distribution.

The systematics due to the exclusivity condition in the mgarn of the H1 detector is
estimated to b&.1%. It gets contributions from varying the LAr calorimeter seicut
betweerd00 MeV and800 MeV (0.9%) and from the parameters of the algorithm con-
necting clusters with trackd ©0%). This error influences only the overall normalisation.

The uncertainty from the LRG condition is determined in tlaens manner as in the
H1 inclusive diffraction analyses based on the large répigap technique [59, 60]. It
Is further verified by comparing the cross sections obtawsdg different components

SNote, that the effective VDM flux (3) converts tl@ cross section into eal yp cross section af? = 0,
contrary to the EPA flux [57] converting it to the transverg® cross section, averaged over the measupéd
range. The difference between the two approaches amounts@ integrated over théQ?,y) range of the
measurement.
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of the forward detector apparatus for the LRG selection: F&Ma@ne vs FMD-FTS vs
FMD+Plug vs FMD+FTS+Plug. The resulting uncertainty is conservatively estedat
to be9.0% affecting all bins in a correlated manner.

e Backgrounds.
Three different types of background are considered.

Non-p background is estimated from the shape of theertex distribution and from the
analysis of non-colliding proton bunches to(de2+0.7)%. Background originating from
random coincidences betweghphotoproduction events and neutrons frprgas inter-
actions amounts tol.0 + 0.2)%. This results ir2.2% background which was statistically
subtracted in all distributions with an uncertainty0o$%.

Non-p° background, as discussed in section 3.4, has an uncertHinty% and affects
the overall normalisation only.

Diffractive background to the DPP signal events (secti&ji3.estimated with a precision
of 7.6%. This is one of the largest individual uncertainties in thalgsis. It is correlated
between the bins.

e MC model uncertainties.
The uncertainty in the subtracted diffractive backgroune ¢b the limited knowledge
on vp diffraction is evaluated by varying th&/y and¢ dependencies in the DIFFVM
simulation and the relative composition of diffractive ohals within the limits allowed
by previous HERA measurements. The resulting uncertagéypart of the background
subtraction systematics listed above.

The systematic uncertainty of the MC correction factorssfgnal events ig.1%, varying
between1% and9% in different bins. It is evaluated from the difference bedmawo
versions of the POMPYT MC program with differep} dependencies of thg’ cross
section, as described in section 3.3. Here the uncertairgyaithe POMPYT reweighting
procedure is also accounted for.

e Normalisation uncertainties.
The uncertainty related to the’ mass fit, extrapolating from the measurement domain
0.6 < M,. <1.1 GeV tothe full mass rangem, < M,. < M, + 5I',, which implies a
correction factor ofC, = 1.155 on average in equation (11) with an uncertaintyl &%
due to fit errors.

The integrated luminosity of the data sample is known ity precision [38].

Together with other normalisation errors listed above thsulting total normalisation
uncertainty amounts t6.4%.

The systematic uncertainties shown in the figures and tabdssalculated using the quadratic
sum of all contributions, which may vary from point to poifitiey are larger than the statistical
uncertainties in most of the measurement bins.

The total systematic uncertainty for the integratedcross section i$4.6% including the
global normalisation errors.
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4 Results

Total, single- and double-differential photoproductiaioss sections for the reactiopp —
p’nm are measured in the kinematic range defined in table 1. Thsp#mon cross section,
0. = o(yrt — p'nT), is extracted from the differential cross sectitn,, /dz;, using the pion
flux [27] integrated over the range-,, < 0.2 GeV. The results are summarised in tables 2-9
and are shown in figures 6-13.

4.1 ~p cross sections

The~p cross section integrated in the domaiAs < z; < 0.95 and—t' <1 Ge\? and averaged
over the energy range) < V., < 100 GeV is determined for two intervals of leading neutron
transverse momentum:

o(yp — p’nat) = (310 + 640y = 454y5) nb for pr, <xr-0.69 GeV (12)

and
o(yp — p’nrt) = (130 £ 340 + 194y5) b for prn < 0.2 GeV. (13)

Single differential cross sections as a functioncgffor these two regions are given in table 2
and are shown in figure 6. The data are compared in shape todtietons based on different
models for the pion flux. Some models, like FMS [31] and NSS& Ee disfavoured by
the data and can be ruled out even on the basis of shape campatone. The other pion flux
parametrisations: Bishafi{26], Holtmann [27], KPP [29] and MST [30] are in good agre@ine
with the data in bothy,, ranges.

Additional constraints on the pion flux models could be pded by the dependence on
(or p3.,,) of the leading neutron. The double differential crossiseai®c., /dzdp7.,, is mea-
sured, and the results are presented in table 3 and figure &.biRls are chosen such, that
the data are not affected by the polar angle cut (see figure Rthough neither the-, nor
the p%,n-dependence of the pion flux models are exactly exponehigl tan be approximated
by a simple exponent in many cases. Such an approximatiobdes used already in other
analyses [2, 6]. Th@%’n-distributions measured here for fixag are compatible with an ex-
ponential shape within the statistical and uncorrelatedesyatic errors. Therefore, the same
approach is used here. The cross sections are fitted by & gxgbnential function @ £)Prn
in eachz bin. The quality of the fits is good, wit#(y?) = 0.35 =+ 0.60. The results are
presented in table 4 and figure 8. The measurshbpes are compared to those obtained from
several pion flux parametrisations. Despite of the largeegrpental uncertainties none of the
models is able to reproduce the data. A possible reasonitditcrepancy could be the effect
of energy-momentum conservation affecting the protonexent this exclusive reaction more
strongly than in inclusive production of a leading neutronvinich an apparent factorisation of
the proton vertex has been observed. Another explanatitr6g] could be absorptive correc-
tions which modify thet dependence of the amplitude, leading to an increase of tbetige
b-slope at larger;, as compared to the pure OPE model without absorption.

The energy dependence of the reactipn— p’nn is presented in table 5 and in figure 9.
The cross section drops witft,, in contrast to the POMPYT MC expectation, where the energy
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dependence is driven by Pomeron exchange alone. A Reggeatectipower law fit to the
data,o.,(W,,) Wip, yieldsé = —0.26 £ 0.064,¢ £ 0.075,5. The difference in the energy
dependence in data and MC is also reflected in the pseuddyaghistribution of thep” meson,
which is given in table 6 and shown in figure 10.

Finally, the cross section as a function of the four-momentransfer squared of the’
meson{’, is given in table 7 and presented in figure 11. It exhibitsvgy pronounced feature
of a strongly changing slope between the Itvand the hight regions. The fit is performed to
the sum of two exponential functions:

do,,

dt/

= a1 + age”? (14)
and yields the following slope parameters:
by = (25.72 £ 3.22,,. + 0.26,,,) GeV ™2, by = (3.62 % 0.30,,c & 0.10.,,) GeV™2  (15)

where the first errors include statistical and uncorrelagesiematic uncertainties and the second
errors are due to correlated systematic uncertaintiesgboanetric picture, the large valuelgf
suggests that for a significant part of the deftanesons are produced at large impact parameter
values of order(r?) = 2b, - (hc)? ~ 2fm*> ~ (1.6R,)%. In other words, photons find pions
in a cloud which extends far beyond the proton radius. Thellsralue of b, corresponds to

a target size ofv 0.5 fm. In the DPP interpretation [17, 20, 21] the observed b&havs a
consequence of the interference between the amplitudesspanding to the diagranas band

cin figure 1, leading to a slope dependence on the invarian$ wfabe(nr ") system produced
at the proton vertex. Since the forward pion is not deteatetiis analysis thénz™) invariant
mass cannot be determined with sufficient precision, whiglvgnts explicit measurement of
theb(m) dependence.

In order to investigate the presence of a possible factiwisdetween the proton and the
photon vertices, thé distribution is studied in bins of ;. The result of the fit by equation (14)
with z;, dependent parameteds(zy,), b;(z;) is presented in table 8 and in figure 12 in com-
parison with the values given in equation (15) for the full range. Also the evolution with
xy, of the ratio of two components;, /0., Whereo; = Z—;‘(l — e %), is shown. Given the large
experimental uncertainties no strong conclusion abouofeation of the two vertices can be

drawn.

4.2 ~m Cross section

The pion flux models compatible with the data in shape ofithelistribution are used to ex-
tract the photon-pion cross sections freim/dz;, in the OPE approximation. The results are
presented in table 9 and in figure 13. As a central value thééoin flux [27] is used, and the
largest difference to the other three predictions [26, B Bovides an estimate of the model
uncertainty which isv 19% on average. From the totap cross section in equation (13) and
using the pion flux (5-6) integrated in;, andpr,,, I'x = 0.056, the cross section of elastic
photoproduction of” on a pion target is determined at an average engdrgy,) ~ 24 GeV:

o(yrt — p’nt) = (2.33 £ 0.34(exp) )45 (model)) ub, (16)
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where the experimental uncertainty includes statistisgstematic and normalisation errors
added in quadrature, while the model error is due to the taicgy in the pion flux integral
obtained for the different flux parametrisations compatiblth our data.

Theoretical studies of leading neutron productioreincollisions [27, 29] suggest that in
addition to the pion exchange process other procésaay contribute al0 — 20% level. To
suppress these contributions it is recommended to perfoosscsection measurements in the
‘OPE safe’ phase space region: lpw,, and highz;,. In order to investigate a possible influence
of non-OPE contributions the extraction of the photon-piooss section is repeated for two
additional regions, in which the validity of pure OPE is asgad. The cross sections for the
full FNC acceptance rang@, < 0.75 mrad, 0.35 < z; < 0.95) and for the OPE2 sub-
sample(pr,, < 200 MeV, 0.65 < =, < 0.95) together with the value (16) obtained for the
OPE1 sample are presented in table 10. The value$pf™ — p°7 ") extracted in these three
different phase space regions agree well within the expartal errors. Thus no evidence for an
extra contribution beyond the OPE is found in the full FNCegtance range for the exclusive
reaction studied here.

Taking a value ot (vp — p°p) = (9.5 £ 0.5) ub at the corresponding enerdy¥’) = 24
GeV, which is an interpolation between fixed target and HER#&asurements (see e.g. fig-
ure 10 in [47]), one obtains for the ratig, = ¢ /o’ = 0.25 £+ 0.06. A similar ratio, but for
the total cross sections &tl’) = 107 GeV, has been estimated by the ZEUS collaboration as
Ttot = Opoe/0ry = 0.3240.03 [2]. Both ratios are significantly smaller than their resppecex-
pectations, based on simple considerations.rEora value of2/3 is predicted by the additive
quark model [61], whiler, = (bw) (g /odk)? = 0.57 £ 0.03 can be deduced by combining
the optical theorem, the elkonél approach [62] relatingsreections with elastic slope param-
eters [63] and the data gmp, 7" p [64] and~p [2] elastic scattering. Such a suppression of
the cross section is usually attributed to rescatteringbsorptive corrections [65—68], which
are essential for leading neutron production. For the estetureactiomyp — p°nrt studied
here this would imply an absorption factor éf,,; = 0.44 + 0.11. It is interesting to note,
that this value is similar to the somewhat different, butaaptually related damping factor in
diffractive dijet photoproduction, the rapidity gap swai probability, (S?) ~ 0.5, which has
been determined by the H1 collaboration [69-71].

5 Summary

The photoproduction cross section for exclusi¥g@roduction associated with a leading neutron
Is measured for the first time at HERA. The integratedcross section in the kinematic range
20 < W,, < 100 GeV,0.35 < z;, < 0.95 andd,, < 0.75 mrad is determined with% statistical
and 14.6% systematic precision. The elastic photon-pion cross @ecti(yr™ — p’x "), at
(W.,») = 24 GeV is extracted in the one-pion-exchange approximation.

Single and double differentialp cross sections are measured. The differential cross sectio
do/dt’ shows a behaviour typical for exclusive double periphexahange processes.

SFor inclusive leading neutron production,a, trajectories should be considered, while for the exclusize-
tion (1) the diagrams shown in figures 1b,c become importalargert.
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The differential cross sections for the leading neutronsaresitive to the pion flux models.
While the shape of the;, distribution is well reproduced by most of the pion flux paensa-
tions, thex; dependence of the, slope of the leading neutron is not described by any of the
existing models. This may indicate that the proton vertexdiasation hypothesis does not hold
in exclusive photoproduction, e.g. due to large absorptifects which are expected to play
an essential@le in soft peripheral processes. The estimated crossosettio for the elastic
photoproduction of" mesons on the pion and on the proteg,= o) /o¥ = 0.25 + 0.06,
suggests large absorption corrections, of the ordé06§, suppressing the rate of the studied
reactionyp — p'nw™.

Acknowledgements

We are grateful to the HERA machine group whose outstandifogte have made this ex-
periment possible. We thank the engineers and technic@rthéir work in constructing and
maintaining the H1 detector, our funding agencies for fimarngupport, the DESY technical
staff for continual assistance and the DESY directoratsdigport and for the hospitality which
they extend to the non DESY members of the collaboration. \¢alavliike to give credit to all
partners contributing to the EGI computing infrastructtoetheir support for the H1 Collabo-
ration.

References

[1] C. Adloff et al.[H1 Collaboration], Eur. Phys. £6 (1999) 587 [hep-ex/9811013].
[2] S. Chekanowet al.[ZEUS Collaboration], Nucl. Phy86373 (2002) 3 [hep-ex/0205076].
[3] S. Chekanoet al.[ZEUS Collaboration], Phys. LetB590(2004) 143 [hep-ex/0401017].
[4] A. Aktas et al.[H1 Collaboration], Eur. Phys. £41 (2005) 273 [hep-ex/0501074].

[5] S. Chekanovet al. [ZEUS Collaboration], Phys. LettB610 (2005) 199 [hep-
ex/0404002v2].

[6] S. Chekanoet al.[ZEUS Collaboration], Nucl. Phy$776(2007) 1 [hep-ex/0702028].
[7] F. Aaronet al.[H1 Collaboration], Eur. Phys. £68(2010) 381 [arXiv:1001.0532].

[8] P.D.B. Collins, “An Introduction to Regge Theory and Higmergy Physics”, Cambridge
University Press, 1977.

[9] N.F. Bali, G.F. Chew and A. Pignotti, Phys. Rev. Ld19.(1967) 614,
G.F. Chew and A. Pignotti, Phys. Réw/6(1968) 2112;
E. L. Berger, Phys. ReL79(1969) 1567.

[10] H. De Kerretet al,, Phys. LettB63(1976) 477.
[11] J. Bielet al, Phys. Rev. Lett36 (1976) 504, J. Biekt al,, Phys. LettB65(1976) 291.
18



[12] M. Cavalli-Sforza, Lett. Nuovo Ciml4 (1975) 359.
[13] G.W. Brandenburgt al., Nucl. PhysB45(1972) 397.
[14] G.V. Beketowet al, Yad. Fiz.13(1971) 104.

[15] S.D. Drell and K. Hiida, Phys. Rev. Left.(1961) 199;
R.T. Deck, Phys. Rev. Lett.3(1964) 169.

[16] L.A. Ponomarev, Sov. J. Part. Nu@l(1976) 70.
[17] N.P. Zotov and V.A. Tsarev, Sov. J. Part. NUZ(1978) 266.
[18] V.A. Tsarev, Phys. RelD11 (1975) 1864.

[19] L.A. Ponomareyv, in proceedings of ti@/Ill International Conference on High-Energy
Physics C76-07-15, Eds. N.N Bogolyubaat al., Thilisi, USSR (1976) A1-24.

[20] F. Hayotet al,, Lett. Nuovo Cim.18(1977) 185.

[21] G. Cohen-Tannoudji, A. Santoro and M. Souza, Nucl. PBY25(1977) 445.

[22] J.J. Sakurai, Annals Phys1 (1960) 1; J. J. Sakurai, Phys. Rev. L&2.(1969) 981.
[23] For areview, see e.g. T.H. Bauetral,, Rev. Mod. Phys50 (1978) 261.

[24] J. D. Sullivan, Phys. Re®5 (1972) 1732; V. Pelosi, Lett. Nuovo Cim.(1972) 502;
G. Levman and K. Furutani, DESY-95-142 (1995)

[25] T.E.O. Ericson, B. Loiseau and A.W. Thomas, Phys. R&86 (2002) 014005 [hep-
ph/0009312].

[26] M. Bishari, Phys. LettB38(1972) 510.

[27] H. Holtmannet al, Phys. LettB338(1994) 363;
H. Holtmann, A. Szczurek and J. Speth, Nucl. Pi596 (1996) 631.

[28] M. Przybycien, A. Szczurek and G. Ingelman, Z. Plg84 (1997) 509.

[29] B. Kopeliovich, B. Povh and I. Potashnikova, Z. Ph§3.3 (1996) 125.

[30] W. Melnitchouk, J. Speth and A.W.Thomas, Phys. R0 (1999) 014033.

[31] L. Frankfurt, L. Mankiewicz and M. Strikman, Z. Phy&334 (1989) 343.

[32] N.N. Nikolaev, W. Schfer, A. Szczurek and J. Speth, Phys. R260 (1999) 014004.
[33] I. Abt et al.[H1 Collaboration], Nucl. Instrum. MethA386 (1997) 310; ibid, 348.
[34] D. Pitzlet al, Nucl. Instrum. MethA454 (2000) 334 [hep-ex/0002044].

[35] J. Becketet al,, Nucl. Instrum. MethA586 (2008) 190 [physics/0701002].

[36] R. D. Appuhnet al.[H1 SPACAL Group], Nucl. Instrum. MethA386 (1997) 397.

19



[37] F. Aaronet al.[H1 Collaboration], Eur. Phys. £71(2011) 1771 [arXiv:1106.5944].

[38] F. Aaronet al. [H1 Collaboration], Eur. Phys. XZ72 (2012) 2163, Erratum-ibidC74
(2014) 2733 [arXiv:1205.2448].

[39] A. Bairdet al, IEEE Trans. Nucl. Sci48(2001) 1276 [hep-ex/0104010];
A. Schbning, Nucl. Instrum. Meth A566 (2006) 130.

[40] P.Bruniand G. Ingelman, in proceedings of Eigophysics Conferenc€93-07-22, Eds.
J. Carr and M. Perrottet., Marseille, France (1993) 595.

[41] V.R. Zoller, Z. PhysC53(1992) 443.

[42] B. List and A. Mastroberardino, Proc. of the WorkshopMonte Carlo Generators for
HERA Physics, eds. A.T. Doyle et al., DESY-PROC-1999-02 9) 396.

[43] S. Aidet al.[H1 Collaboration], Z. PhysC69 (1995) 27 [hep-ex/9509001].

[44] T. Sjostrand, Comput. Phys. Commi82 (1994) 74.

[45] M. Ross and L. Stodolsky, Phys. R&49(1966) 1172.

[46] K. A. Olive et al.[Particle Data Group Collaboration], Chin. Phys3€(2014) 090001.
[47] J. Breitweget al.[ZEUS Collaboration], Eur. Phys. €2 (1998) 247 [hep-ex/9712020].
[48] R. Brunet al, CERN-DD/EE/84-1 (1987).

[49] M.Derrick et al.[ZEUS Collaboration], Z. Phy<C73(1996) 73 [hep-ex/9608010].

[50] M.Derrick et al.[ZEUS Collaboration], Phys. LetB377(1996) 259 [hep-ex/9601009].

[51] T. J. Killian et al,, Phys. RevD21 (1980) 3005;
W. D. Shambroonet al. Phys. RevD26 (1982) 1;
A. Abeleet al.[CRYSTAL BARREL Collaboration], Eur. Phys. 21 (2001) 261,
H. Abramowicz et al. [ZEUS Collaboration], Eur. Phys. JC72 (2012) 1869
[arXiv:1111.4905].

[52] J.D. Jackson, Nuov. Cin34 (1964) 1644.
[53] K. Schilling and G. Wolf, Nucl. Phys361 (1973) 381.

[54] J. Breitweget al. [ZEUS Collaboration], Eur. Phys. €12 (2000) 393 [hep-ex/9908026];
S. Chekanowet al.[ZEUS Collaboration], PMC Physiaosl (2007) 6 [arXiv:0708.1478].

[55] C. Adloff et al.[H1 Collaboration], Eur. Phys. £13(2000) 371 [hep-ex/9902019];
F.D. Aaronet al.[H1 Collaboration], JHER.005(2010) 032 [arXiv:0910.5831].

[56] I.P. Ivanov, N.N. Nikolaev and A.A. Savin, Phys. Partudl 37 (2006) 1 [hep-
ph/0501034].

[57] E. Fermi, Z. Phys.29 (1924) 315; E.J. Williams, Phys. Rewv5 (1934) 729;
C.F. Weiz&cker, Z. Phys88(1934) 612; S. Frixionet al., Phys. LettB319(1993) 339.

20



[58] M. Brinkmann, “Measurement of th®** Meson Production Cross Section aff at
High % in ep Scattering at HERA”, Ph.D. thesis, University Hamburg @QIDESY-
THESIS-2010-016 (available at http://www-h1.desy.digstheses/).

[59] F. Aaronet al.[H1 Collaboration], Eur. Phys. £72(2012) 2074 [arXiv:1203.4495].
[60] F. Aaronet al.[H1 Collaboration], Eur. Phys. £72(2012) 1836 [arXiv:1107.3420].

[61] E. M. Levin and L. L. Frankfurt, JETP Let? (1965) 65;
H. J. Lipkin and F. Scheck, Phys. Rev. Lelt6 (1966) 71;
J. J. J. Kokkedee and L. Van Hove, Nuovo Cime#d@(1966) 711.

[62] T.T. Chow and Chen-Ning Yang, Phys. R&v0(1968) 1591.
[63] B. Povh and J. Hufner, Phys. Rev. Le&8 (1987) 1612.

[64] M. Adamuset al.[NE22 Collaboration], Phys. LetB186(1987) 223;
R.E. Breedoret al. [UA6 Collaboration], Phys. LetB216(1989) 459;
The Durham HepData Reaction Databdee, p: / / dur pdg. dur . ac. uk/ reacti on.

[65] N. Nikolaev, J. Speth and B.G. Zakharov, hep-ph/97@829

[66] U. D’Alesio and H.J. Pirner, Eur. Phys.A7 (2000) 109 [hep-ph/9806321].

[67] A.B. Kaidalovet al.,, Eur. Phys. JC47 (2006) 385 [hep-ph/0602215].

[68] B.Z. Kopeliovichet al., Phys. RevD85 (2012) 114025 [arXiv:1205.0067].

[69] A. Aktaset al.[H1 Collaboration], Eur. Phys. £51 (2007) 549 [hep-ex/0703022].
[70] F.D. Aaronet al.[H1 Collaboration], Eur.Phys.&LL70(2010) 15 [arXiv:1006.0946].
[71] V. Andreevet al.[H1 Collaboration], JHER5 (2015) 056 [arXiv:1502.01683].

21



(prn < 1, - 0.69 GeV) (pr.n < 0.2 GeV)
Iy, dO"yp/dl'L 5stat gune oeor 5tot dO'»Yp/dfﬂL (5smt gune oer 5tot

sys sYs sYs sys
[4b] (] | %] | [%) | (%] | [ub] (%] | (%] | [ | [
0.35 — 0.45 0.213 9.8 110.6 | 15.1 | 20.9 0.119 11.2 1 10.3 | 15.2 | 21.5
0.45 — 0.55 0.398 7.0 9.8 |154 195 0.164 8.6 | 7.5 153 19.1
0.55 — 0.65 0.530 5.9 | 7.2 |15.7]18.2 0.190 76| 7.8|154 189
0.65 —0.75 0.761 411 69 (128|151 0.274 5.1 9.5 |12.0 | 16.2
0.75 —0.85 0.806 3.6 | 5.0 |11.7]13.2 0.354 41| 5.8 (10.7 | 12.8

0.85 —0.95 0.402 541194 | 12.8 | 23.9 0.204 6.3 | 15.0 | 11.2 | 19.7

Table 2: Differential photoproduction cross sectialas,/dz, for the exclusive procesg —
p’n7 ™ in two regions of neutron transverse momentum 2 17, < 100 GeV. The statistical,
uncorrelated and correlated systematic uncertaindigs, d;,;° anddg;; respectively, are given

together with the total uncertaindy,;, which does not include the global normalisation error of
4.4%.

2 2 o
me range <pT,n> m

[GeV?] | [GeV?] || [ub/GeV?] | [%] | [%] | [%] | [%]

0.35 —0.50 | 0.440 | 0.00 — 0.01 | 0.00499 3.178 13.9 | 6.3 |14.8|21.3
0.01 —0.03 | 0.01998 3.545 121 ] 5.4 | 127 | 184
0.03 —0.06 | 0.04495 2.974 13.7 ] 6.1 | 12.7 | 19.7
0.50 —0.65 | 0.581 | 0.00 — 0.01 | 0.00492 5.242 10.5 | 4.3 |14.0| 18.0
0.01 —0.03 | 0.01969 4.925 8.6 | 4.1 129 16.0
0.03 —0.06 | 0.04429 3.344 11.7 ] 4.7 1139 | 18.8
0.06 —0.12 | 0.08719 2.775 11.2 ] 7.3 | 13.7 | 19.1

6stat 6}:;36 5;;; 5tot

xyrange | (zr)

0.65 —0.80 | 0.728 | 0.00 — 0.01 | 0.00489 9.623 6.3 4.5 |11.4 | 138
0.01 —0.03 | 0.01957 7.229 5.5 | 5.5 |12.0| 14.3
0.03 —0.06 | 0.04403 5.333 73| 5.7 122 | 15.3

0.06 —0.12 | 0.08617 2.927 84| 48 |13.7]16.8
0.12 —0.20 | 0.15324 1.494 1471 6.3 | 179 | 24.0

0.80 —0.95 | 0.863 | 0.00 —0.01 | 0.00484 7.990 76| 85 |11.2]16.0
0.01 —0.03 | 0.01935 6.457 2.7 7.1 1109 | 14.2
0.03 —0.06 | 0.04354 3.850 79| 74123164

0.06 — 0.12 | 0.08425 1.580 11.3 | 7.8 | 15.7 | 20.8
0.12 —0.30 | 0.16558 0.520 141 9.3 | 18.7 | 25.2

Table 3: Double differential photoproduction cross sewi¢*c.,/dx Ldp?p,n in the range20 <
W, <100 GeV. The statistical, uncorrelated and correlated systieraacertaintiesyq¢, 0,

sYs
andé<?” respectively, are given together with the total uncertaing;, which does not include

sys

the global normalisation error df4%.
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rp range| (zp) b, [GeV~?]

0.35—10.50 | 0.440 || 2.23£4.57+2.10
0.50 —0.65 | 0.581 || 8.51+£1.74£1.10
0.65 —0.80 | 0.728 || 13.17 £ 0.90 £ 0.65
0.80 —0.95 | 0.863 || 18.21 =0.94 £ 1.05

Table 4: The effective exponential slope, obtained from the fit of double differential photo-
production cross sectiongo., /dzdp7, to a single exponential function in bins of . The
first uncertainty represents the fit error from the statédtend uncorrelated systematic uncer-
tainty and the second one is due to the correlated systematartainty.

W., [GeV] D, o(yp — pnm™) [nb]

20 —36 | 0.06306 | 343.7+10.1 +45.4
36 —52 | 0.03578 | 308.7 £12.3 £43.5
52 —68 ] 0.02413 | 2942 £15.8+45.2
68 —84 | 0.01769 | 260.0 £23.1 £44.9
84 — 100 | 0.01362 | 214.5 £50.2 +£45.0

Table 5: Energy dependence of the exclusive photoproducdiia ,° meson associated with a
leading neutronyp — p’nt. The first uncertainty is statistical and the second is syati.
The global normalisation uncertainty % is not included.®., is the integral of the photon
flux (3) in a givenii’,,, bin.
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d va / d77 5stat 5unc 5007" 6tot

sYs sYs

+40 +4.5 1.0 | 55.| 21.| 11.| 60.

0.71] 64.| 33.| 11.| 73.

Tlp

[nb] o] | [%] | [%] | %]
[—5.0; —4.5) 09| 68| 28.| 12.| 75.
[—4.5; —4.0) 51| 27.| 18. | 11. | 34.
[—4.0; —3.5) 8.8 | 22.| 11.| 12. ] 27.
[—3.5; —3.0) 23.7 | 14.| 6.1 12.| 20.
[—3.0; —2.5) 44.0 | 9.7| 40| 13. ] 17.
[—2.5; —2.0) 452 | 93| 3.1 16. | 18.
[—2.0; —1.5) 475 86| 35| 17.] 19.
[~1.5;—1.0) 482 | 7.6| 29| 15 | 17.
[—1. 0 —0.5) 459 | 7.1| 59| 13. ] 16.
[—0.5; 0.0) 389 80| 32| 14. | 16.
[ 0. 0 +0.5) 462 | 69| 5.7 13. ] 16.
[+0.5; +1.0) 52.1| 6.7] 7.1 13.| 16.
[+1.0; +1.5) 63.8 || 6.0| 5.4 | 13. | 15.
[+1.5;+2.0) 86.2 || 5.8 | 4.4 13.| 14.
[+2.0; +2.5) 398 | 7.7| 3.1 | 12. | 15.
[4+2.5; +3.0) 17.7 || 11.| 4.0 12. ] 17.
[+3.0; +3.5) 78| 17.| 6.8 | 12.] 22.
[+3.5; +4.0) 34| 26.| 11.| 12. ] 30.
[ )
[ 0)

Table 6: Differential photoproduction cross sectidm,,/dn for the exclusive procesgp —
p’nmt as a function of the) pseudorapidity in the kinematic ran@e35 < x;, < 0.95, 0,, <
0.75 mrad and20 < ., < 100 GeV. The statistical, uncorrelated and correlated systiema
uncertaintiesy .., dg, andog,; respectively, are given together with the total unceriadpy;,

which does not include the global normalisation errod df’.
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—t'range | (—t) doy, /At || Ostar | Ogps | Osos | Otor
[GeV?] | [GeV?] | [ub/GeV?] || [%] | (%] | [%] | (%]
0.00 — 0.02 | 0.0094 2.771 45 2511211 13.2
0.02 — 0.05 | 0.0338 1.821 49| 1.7113.0] 14.0
0.05 —0.10 | 0.0727 0.996 59 1.3 ]114.6 | 15.8
0.10 — 0.15 | 0.1236 0.600 871 1.01]16.3 | 18.5
0.15—0.20 | 0.1741 0.402 11.6 | 29178 | 214
0.20 — 0.25 | 0.2242 0.343 12.0 | 3.7 ] 16.0 | 20.3
0.25 —0.35 | 0.2973 0.279 86| 5.11]13.8]17.0
0.35—0.50 | 0.4189 0.178 83| 641127164
0.50 — 0.65 | 0.5689 0.104 921 7.8 11161 16.8
0.65 —1.00 | 0.7924 0.037 94 | 18.7 | 11.5 | 23.9

Table 7: Differential photoproduction cross sectidn,,/dt’ for the exclusive procesgp —

p’nmt as a function of the four-momentum transfer squaretl, in the kinematic range
0.35 <z < 0.95, 6, < 0.75 mrad and20 < W,, < 100 GeV. The statistical, uncorrelated
and correlated systematic uncertainti&s,;, o, anddg,; respectively, are given together with

the total uncertainty,.;, which does not include the global normalisation errot df%.

x7, range (rr) b [GeV~2?] | by [GeV2?] 01/09
0.35 — 0.50 0.440 186 £4.2 | 2544+0.79 | 1.501 £1.024
0.50 — 0.65 0.581 26.0+5.5 | 2.79+0.43 | 0.782 £ 0.316
0.65 — 0.80 0.728 28.1£7.9 | 4244+0.34 | 0.244 + 0.091
0.80 — 0.95 0.863 2794+ 6.5 | 4.42+0.50 | 0.394 4+ 0.142
0.35 — 0.95 0.686 25.7+3.2 | 3.62+0.32 | 0.492 £0.143

p7., range [GeV] | (p7,,) [GeV?] || by [GeV~?] | b, [GeV 7] o1 /09
0.0 —0.04 0.015 26.84+4.5 | 4.07+0.34 | 0.384 £ 0.077
0.04 — 0.30 0.092 26.6 4.4 | 3.08+0.46 | 0.635 £ 0.423

Table 8: Exponential slopes, andb,, and the ratiar, /o5, obtained from the components of
fit (14) to the differential cross sectiaiv,/dt’ in bins of z;, and in bins ofp7.,,. The errors
represent the statistical and systematic uncertaintidsdchoh quadrature.
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zprange | Tp(zp) | (W,,) [GeV] | o(yant — pPnt) [ub]
0.35 — 0.45 | 0.04407 34.08 2.71 £ 0.5870 %2
0.45 — 0.55 | 0.07262 31.11 2.25 4 0.43 1062
0.55 — 0.65 | 0.10400 27.83 1.83 4+ 0.357041
0.65—0.75 | 0.13154 24.10 2.09 + 0.341038
0.75 — 0.85 | 0.13386 19.68 2.65 + 0.3410 35
0.85 —0.95 | 0.07431 13.91 2.74 +0.5410

Table 9: Energy dependence of elagfiphotoproduction on the pions* — p’7*, extracted
in the one-pion-exchange approximation using OPE1 sanipie.first uncertainty represents
the full experimental error and the second is the model exoning from the pion flux uncer-
tainty (see text)',(z1) represents the value of the pion flux (5-6) integrated ovepith), < 0.2
GeV range, at a giveny,.

zprange | ppa[GeV] | Tr | (Wyq) [GeV] | o(yat — pOnT) [ub]

0.35—0.95 | 2,-0.69 |0.13815 23.65 2.25 4 0.3470 2
0.35 — 0.95 0.2 0.05604 23.65 2.33 4 0.3477
0.65 — 0.95 0.2 0.03397 19.73 2.45 4 0.3377 7%

Table 10: Cross section of elasti€ photoproduction on the piomr™ — pzT, extracted
in the one-pion-exchange approximation using three diffesamples: full sample, OPE1 and
OPE2. The first uncertainty represents the full experimextar and the second is the model
error coming from the pion flux uncertainty (see text). represents the value of the pion flux
(5-6) integrated over the correspondifig., pr.,) range.
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Figure 2: Sketch of the Forward Neutron Calorimeter (a), ptangce in the azimuthal plane (b)
and the(wL,p%’n) plane (c). The shaded area in figure (b) is the projectedaedmnited by the
proton beamline elements. The insert of figure (c) showsd¢hetance in terms of the, and¢
variables. The dark green area indicates the OPE2 region< 0.2 GeV andx; > 0.65. The
curve in the main figure corresponds to the angula¥gut 0.75 mrad, and the grid shows the
binning scheme used for the double differential cross seatieasurement®o.,,/dzdp7.,,.
The dots are events from the preselection sample descrittbée ieftmost column of table 1.
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p° with Forward Neutron o Exclusive p° photoproduction

“,"_|1200' ] 2 T T T T T T T YTTYTL
% | H 1 e Hildata c ]
§ (H1 - e H1
— r — p% BWxRS ]
% r -- interference term -

3 800 - i ooref'lectlon 4

5 — full fit

e 2 o ZEUS1994 (yp - p°p)

L + | [ e Hldata ]

e S M aen s L fit ny (M)
L 1 alxla]y‘?\i;:;:egiolu L L (a? ] 0 kx 1 L Ll L L x(lxj)x L i
0.5 1 _ 15 0.01 0.1 1
M (1T T7) [GeV] p$ (G evz]
as: L B B BB B S S R B B B \( \) T 38 1 T T Y(d)‘
[%) B c) | = F 1
g o8 H1 0.8 H1 hgogeeTT
P i i L A ,_OO"_-O- 4 J
S 06 3 2
z 06 <% .
S o |
04/ _ .
0.4 6 * This measurement
02L& ° ZEL(J%»(er»OI)Jp)
0.2 M _ Tl 4 Hl(yp—>pp
| rOO - 0-108 i 0.017 | 0 ; _____ flt [1+E(M’2)/Q2)K]-l
0 e b e b b |- |- 1 TR N1
-1 -0.5 0 0.5 1 0 4 8 12
cos 9, Q* [GeV?]

Figure 3: Thep’ meson properties: (a) Mass distribution of ther— system for exclusive’
production withp2. < 1.0 GeV? associated with a leading neutron. The data points are cor-
rected for the detector efficiency. The curves represefareéit components contributing to the
measured distribution and the Breit-Wigner resonant pdraeted from the fit to the data. The
analysis regior).6 < M, +.- < 1.1 GeV is indicated by vertical arrows. (b) Ross-Stodolsky
skewing parametef s, as a function op? of the v 7~ system. The values measured in this
analysis are compared to previously obtained results fistiel photoproduction gf° mesons,
~vp — p°p, by the ZEUS Collaboration. (c) Decay angular distributiéthe =+ in the helicity
frame. (d) Spin-density matrix element,;, as a function of)? for diffractive ,° photo- and
electro-production. The curves on figures (b-d) repredenteésults of the fits discussed in the
text.
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p° with Forward Neutron
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Figure 4: Signal to background decomposition in the setedtga sample. On the left panel

the distribution of the measured neutron eneigy, is shown together with the contributions

from signal and background. On the right panel fRelependence on the background fraction,
Fy,, is shown. The shaded band representslthencertainty around the optimal fit value of

the F;,, taking into account statistical errors, FNC calibratigstematics and the uncertainty

in proton dissociation background shape.
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P’ with Forward Neutron
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Figure 5: Distributions of the reconstructed quantitiésandn of the p° meson,z;, pr and

¢ of the neutron andl’,, for data and Monte Carlo simulations normalised to the dat@aD
points are shown with statistical errors only. The shadetlbadicates the uncertainty in the
estimated background fraction.
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p° with Forward Neutron
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Figure 6: Differential cross sectiorrgl,/dx;, in the range20 < W, < 100 GeV compared

to the predictions based on different versions of the piox fiwdels. Top row: cross sections
in the full FNC acceptancé, < 0.75 mrad. Bottom row: cross sections for the OPEL range,
pryn < 200 MeV. Left-hand column: disfavoured versions of the pion #sxright-hand column:
pion fluxes compatible with the data. The data points are sivaith statistical (inner error bars)
and total (outer error bars) uncertainties, excluding agral normalisation error of.4%. All
predictions are normalised to the data.
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p° with Forward Neutron
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Figure 7: Double differential cross sectiefio.,/dz dp7,, of neutrons in the rangg0 <
W, < 100 GeV fitted with single exponential functions. The crossisestin differentz, bins

4 are scaled by the factdf for better visibility. The binning scheme is shown in figue The
data points are shown with statistical (inner error bars) tatal (outer error bars) uncertainties
excluding an overall normalisation error ©f%.
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p° with Forward Neutron
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Figure 8: The exponential slopes fitted through tedependence of the leading neutrons
as a function oft;. The inner error bars represent statistical errors and thercerror bars
are statistical and systematic errors added in quadrafithre.data points are compared to the
expectations of several parametrisations of the pion flukiwithe OPE model.
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P° with Forward Neutron
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Figure 9: Cross section of the reactiop — p’n7™ as a function ofiV.,, compared to the
prediction from POMPYT MC program, which is normalised te tttata. The dashed curve
represents the Regge motivatedfitc 1 with § = —0.26 4 0.06 +0.07s. The data points
are shown with statistical (inner error bars) and total utateties (outer error bars) excluding
an overall normalisation error @f4%.

34
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Figure 10: The differential cross sectiom.g/dn as a function of pseudorapidity of thé
meson compared to the prediction from the POMPYT MC prograne inner error bars repre-
sent statistical errors and the outer error bars are totateexcluding an overall normalisation
uncertainty of4.4%.
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Figure 11: Differential cross sectiorvg,/d¢’ of p° mesons fitted with the sum of two expo-
nential functions. The inner error bars represent staistind uncorrelated systematic uncer-
tainties added in quadrature and the outer error bars akuotertainties, excluding an overall
normalisation error ofl.4%.
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Figure 12: The two exponential slopésandb,, obtained by fitting the’ dependence of the’
mesons (left) and the relative contribution of the two exgrus to the overall cross section of
the reactionyp — p’nzt (right) as a function of:;, (top) andpsz (bottom). The error bars re-
present statistical and systematic uncertainties addgdadrature. Horizontal lines with error
bands show the corresponding average values for the fujesf0.35 < z;, < 0.95 and

0 < p%, <0.3GeV.
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Figure 13: Elastic cross sectiom, = o(yn* — p’n"), extracted in the one-pion-exchange
approximation as a function of the photon-pion eneldly,.. The inner error bars represent the
total experimental uncertainty and the outer error bareaperimental and model uncertainties
added in quadrature, where the model error is due to pion fhoedainties. The dark shaded
band represents the average value for thelfdl} range as given in equation (16).
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