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A first measurement is presented of exclusive photoproduction of ρ0 mesons associated with

leading neutrons at HERA. The data were taken with the H1 detector in the years 2006 and

2007 at a centre-of-mass energy of
√

s= 319 GeV and correspond to an integrated luminosity of

1.16 pb−1. Theρ0 mesons with transverse momentapT < 1 GeV are reconstructed from their

decays to charged pions, while leading neutrons carrying a large fraction of the incoming proton

momentum,xL > 0.35, are detected in the Forward Neutron Calorimeter. The phase space of the

measurement is defined by the photon virtualityQ2 < 2 GeV2, the total energy of the photon-

proton system 20< Wγ p < 100 GeV and the polar angle of the leading neutronθn < 0.75 mrad.

The cross section of the reactionγ p → ρ0nπ+ is measured as a function of several variables.

The data are interpreted in terms of a double peripheral process, involving pion exchange at the

proton vertex followed by elastic photoproduction of aρ0 meson on the virtual pion. In the

framework of one-pion-exchange dominance the elastic cross section of photon-pion scattering,

σel(γπ+ → ρ0π+), is extracted. The value of this cross section indicates significant absorptive

corrections for the exclusive reactionγ p→ ρ0nπ+.
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1. Introduction

The aim of the analysis is to measure exclusiveρ0 production on virtual pion in the photopro-
duction regime at HERA and to extract for the first time experimentally elasticγπ cross section. In
the Regge framework the events of such class are explained by the diagram shown in Fig. 1a which
involves an exchange of two Regge trajectories in the process 2→ 3, known asDouble Peripheral
Process(DPP), or Double-Regge-pole exchange reaction [1]. It has been demonstrated in similar
reactions at fixed target experiments that two further diagrams (Fig. 1b, 1c) have to be included in
addition to the pion exchange (Fig. 1a), as well as interference between them [2]. However at small
values of four-momentum transfer squaredt the contributions from graphs 1b and 1c largely cancel
and the one-pion-exchange (OPE) term dominates the cross section.

Events of this type are modelled by the two-step Monte Carlo generator POMPYT [3] in
which the virtual pion is produced at the proton vertex according to one ofthe available pion flux
parametrisations. This pion then scatters elastically on the photon from the electron beam, thus
producing vector meson (ρ0 in our case). Diffractive dissociation of the proton into a systemY
(Fig. 1d) represents a background to DPP, which contributes due to the limited detector acceptance
in the forward (p-beam direction) region. This background is modelled by the DIFFVM genera-
tor [4] and is statistically subtracted from the data.
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Figure 1: Generic diagrams for processes contributing to exclusive photoproduction ofρ0 mesons associated
with leading neutrons at HERA. The signal corresponds to theDrell-Hiida-Deck model graphs for the pion
exchange (a), neutron exchange (b) and direct pole (c). Diffractive scattering in which a neutron may be
produced as a part of the proton dissociation system,MY, contributes as background (d). TheN∗ in (c)
denotes both resonant (viaN+) and possible non-resonantn+π+ production.

2. Analysis Outline and Main Results

Using VDM [5] flux fγ/e(y,Q
2) to convertepcross section intoγ pone, and one-pion-exchange

approximation [6] to decompose photon-proton cross section into a pion fluxconvoluted with a
photon-pion cross section one obtains for the reaction of intereste+ p→ e+ρ0 +n+π+

d2σep

dydQ2 = fγ/e(y,Q
2)σγ p(Wγ p(y));

d2σγ p(Wγ p,xL, t)

dxLdt
= fπ/p(xL, t)σγπ(Wγπ), (2.1)

with the generic form of the pion flux factor [7]:

fπ/p(xL, t) =
1

2π
g2

pπn

4π
(1−xL)

αIP(0)−2απ (t) −t
(m2

π − t)2F2(t,xL). (2.2)
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HereαIP(0) is the Pomeron intercept,απ(t) = α ′
π(t −m2

π) is the pion trajectory,g2
pπn/4π is the

pπn coupling constant known from phenomenological analysis of low energydata, andF(t,xL) is
a form factor accounting for off mass-shell corrections and normalisedto unity at the pion pole,
F(m2

π ,xL) = 1. For exact definition of kinematic variables in eq. (2.1-2.2) see [8].

The analysis is based on∼ 6600 events, containing only two charged pions fromρ0 decay and
a leading neutron with energyEn > 120 GeV, and nothing else above noise level in the detector.
The sample corresponds to an integrated luminosity of 1.16 pb−1, collected by a special minimum
bias track trigger in the years 2006-2007 at

√
sep = 319 GeV. Further details of the analysis can be

found in [8].

The effective mass distribution for two charged pions withpt > 200 MeV each and within the
central detector range 20o < θ < 160o is shown in Fig. 2a. The distribution is corrected for the mass
dependent detector efficiency. The sample is very clean with only 1.5% background contamination
in the analysis region. ThepT dependent distortion of the Breit-Wigner line shape is shown in
Fig. 2b. In Fig. 2c the spin-density matrix elementr04

00 as measured in this experiment is compared
to the values obtained at HERA for differentQ2 ranges.
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Figure 2: Theρ0 meson properties: (a) Mass distribution of theπ+π− system withp2
T < 1.0 GeV2. The data

points are corrected for the detector efficiency. The curvesrepresent different components contributing to
the measured distribution and the Breit-Wigner resonant part extracted from the fit to the data. The analysis
region 0.6 < Mπ+π− < 1.1 GeV is indicated by vertical arrows. (b) Ross-Stodolsky skewing parameter,nRS,
as a function ofp2

T of theπ+π− system. The values measured in this analysis are compared topreviously
obtained results for elastic photoproduction ofρ0 mesons,γ p→ ρ0p, by the ZEUS Collaboration. (c) Spin-
density matrix element,r04

00, as a function ofQ2 for diffractive ρ0 photo- and electro-production. The curves
on figures (b,c) represent the results of the fits discussed in[8].
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After all selections described in [8] the remaining proton dissociative background fraction in
the sample is estimated as 0.34±0.05. This value is verified by normalising DIFFVM prediction
to the orthogonal, background dominated sample, in which additional activity originating fromMY

system (see Fig.1d) in the forward region was required.
Theγ p cross section integrated in the domain 0.35<xL <0.95 andpT,ρ <1 GeV and averaged

over the energy range 20<Wγ p < 100 GeV is determined for two intervals of leading neutron
transverse momentum, corresponding to the full angular acceptanceθn < 0.75 mrad and the “OPE-
safe” region respectively:

σ(γ p→ ρ0nπ+) = (310±6stat±45sys) nb for pT,n < xL ·0.69 GeV (2.3)

σ(γ p→ ρ0nπ+) = (130±3stat±19sys) nb for pT,n < 0.2 GeV. (2.4)

The differential cross section dσγ p/dxL is shown in Fig.3. Predictions from severalπ-flux
models [7] are confronted with these data. Only a shape comparison is possible, since theγπ cross
section is not known. However, some models can be excluded even on the basis of this shape
comparison.

ρ0 with Forward Neutron

xL

dσ
γp

/d
x L

 [
µb

]

0.4 0.5 0.6 0.7 0.8 0.9
0

0.2

0.4

0.6

0.8

1
H1 data (ϑn<0.75 mrad)

Normalised to data:

xL

dσ
γp

/d
x L

 [
µb

]

0.4 0.5 0.6 0.7 0.8 0.9
0

0.2

0.4

0.6

0.8

1

FMS
NSSS

xL

dσ
γp

/d
x L

 [
µb

]

0.4 0.5 0.6 0.7 0.8 0.9
0

0.2

0.4

0.6

0.8

1

H1

xL

dσ
γp

/d
x L

 [
µb

]

0.4 0.5 0.6 0.7 0.8 0.9
0

0.2

0.4

0.6

0.8

1
H1 data (ϑn<0.75 mrad)

Normalised to data:

xL

dσ
γp

/d
x L

 [
µb

]

0.4 0.5 0.6 0.7 0.8 0.9
0

0.2

0.4

0.6

0.8

1

Bishari-0
Holtmann
KPP
MST

xL

dσ
γp

/d
x L

 [
µb

]

0.4 0.5 0.6 0.7 0.8 0.9
0

0.2

0.4

0.6

0.8

1

H1

Figure 3: Differential cross section dσγ p/dxL in the range 20<Wγ p < 100 GeV compared to the predictions
based on different versions of pion fluxes [7]. The data points are shown with statistical (inner error bars)
and total (outer error bars) uncertainties, excluding an overall normalisation error of 4.4%. All predictions
are normalised to the data.

Additional constraints on the pion flux models could be provided by the dependence ont (or
p2

T,n) of the leading neutron. The double differential cross section d2σγ p/dxLdp2
T,n is measured, and

the results are presented in Fig. 4 (left). The bins are chosen such, thatthe data are not affected by
the polar angle cut. The cross sections are fitted by a single exponential functione−bn(xL)p2

T,n in each
xL bin and the results are presented in Fig. 4 (right). The measuredb-slopes are compared to those
obtained from several pion flux parametrisations. Despite of the large experimental uncertainties
none of the models is able to reproduce the data. This observation supportsphenomenological
expectation [9] of large absorptive corrections which modify thet dependence of the amplitude,
leading to an increase of the effectiveb-slope at largexL as compared to the pure OPE model
without absorption.

3



Exclusiveρ0 Meson Photoproduction with a Leading Neutron at HERA Sergey Levonian

ρ0 with Forward Neutron

pT,n
2  [GeV2]

d2 σ γ
p
/(

dx
L
dp

T
,n

2
) x

 3
j  [

µb
/G

eV
2
]

0 0.1 0.2 0.3

0.1

1

10

100 0.35<xL<0.50  (j=3)

0.50<xL<0.65  (j=2)

0.65<xL<0.80  (j=1)

0.80<xL<0.95  (j=0)

pT,n
2  [GeV2]

d2 σ γ
p
/(

dx
L
dp

T
,n

2
) x

 3
j  [

µb
/G

eV
2
]

0 0.1 0.2 0.3

0.1

1

10

100

H1 data

Fit: e--bn(x L) p2
T,n

H1

xL

b n
 [

G
eV

-2
]

0.4 0.6 0.8
0

10

20
H1 data

xL

b n
 [

G
eV

-2
]

0.4 0.6 0.8
0

10

20 Bishari-0
Holtmann
KPP
MST
FMS

H1

Figure 4: (left) Double differential cross section d2σγ p/dxLdp2
T,n of neutrons in the range 20< Wγ p < 100

GeV fitted with single exponential functions. The cross sections in differentxL bins j are scaled by the
factor 3j for better visibility. The data points are shown with statistical (inner error bars) and total (outer
error bars) uncertainties excluding an overall normalisation error of 4.4%. (right) The exponential slopes
fitted through thep2

T dependence of the leading neutrons as a function ofxL. The inner error bars represent
statistical errors and the outer error bars are statisticaland systematic errors added in quadrature. The data
points are compared to the expectations of several parametrisations of the pion flux within the OPE model.

Fig. 5 (left) shows the energy dependence of exclusiveρ0 production with a leading neutron,
σγ p→ρ0nπ+(Wγ p). Regge motivated fitσγ p ∝ Wδ yields a value ofδ = −0.26±0.06stat±0.07sys.
POMPYT MC predicts different trend, typical for Pomeron exchange only.

The pion flux models compatible with the data in shape of thexL distribution are used to extract
the photon-pion cross sections from dσ/dxL in the OPE approximation. The result is presented in
in Fig. 5 (right). As a central value the Holtmann flux is used, and the largestdifference to the other
three predictions (Bishari-0, KPP, MST) [7] provides an estimate of the model uncertainty which is
∼19% on average. From the totalγ p cross section in equation (2.4) and using the pion flux (2.2)
integrated inxL andpT,n, Γπ = 0.056, the cross section of elastic photoproduction ofρ0 on a pion
target is determined at an average energy〈Wγπ〉 ≃ 24 GeV:

σ(γπ+ → ρ0π+) = (2.33±0.34(exp)+0.47
−0.40(model)) µb, (2.5)

where the model error is due to the uncertainty in the pion flux integral obtained for the different
flux parametrisations compatible with our data. This value leads to the ratiorel = σ γπ

el /σ γ p
el =

0.25±0.06. A similar ratio, but for the total cross sections at〈W〉 = 107 GeV, has been estimated
by the ZEUS collaboration asrtot = σ γπ

tot /σ γ p
tot = 0.32± 0.03 [10]. Both ratios are significantly

smaller than their respective expectations, based on simple considerations.For rtot, a value of
2/3 is predicted by the additive quark model, whilerel = (

bγ p

bγπ
) · (σ γπ

tot /σ γ p
tot )

2 = 0.57±0.03 can be
deduced by combining the optical theorem, the eikonal approach and the world data onpp,π+pand
γ p elastic scattering. Such a suppression of the cross section is usually attributed to rescattering,
or absorptive corrections [9], which are essential for leading neutron production. For the exclusive
reactionγ p→ ρ0nπ+ studied here this would imply an absorption factor ofKabs= 0.44±0.11.
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Figure 5: (left) Cross section of the reactionγ p→ ρ0nπ+ as a function ofWγ p compared to the prediction
from POMPYT MC program, which is normalised to the data. The dashed curve represents the Regge moti-
vated fitσ ∝ Wδ with δ = −0.26±0.06stat±0.07sys. The data points are shown with statistical (inner error
bars) and total uncertainties (outer error bars) excludingan overall normalisation error of 4.4%. (right) Elas-
tic cross section,σel

γπ ≡ σ(γπ+ → ρ0π+), extracted in the one-pion-exchange approximation as a function
of the photon-pion energy,Wγπ . The inner error bars represent the total experimental uncertainty and the
outer error bars are experimental and model uncertainties added in quadrature, where the model error is due
to pion flux uncertainties. The dark shaded band represents the average value for the fullWγπ range.

Finally, the cross section as a function of the four-momentum transfer squared of theρ0 meson,
t ′, is presented in Fig. 6. It exhibits the very pronounced feature of a strongly changing slope be-
tween the low-t ′ and the high-t ′ regions, a feature known to be a characteristic for DPP reactions [1].
In a geometric picture, the large value ofb1 suggests that for a significant part of the dataρ0 mesons
are produced at large impact parameter values of order〈r2〉 = 2b1·(h̄c)2 ≃ 2fm2 ≈ (1.6Rp)

2. In
other words, photons find pions in a cloud which extends far beyond the proton radius. The small
value ofb2 corresponds to a target size of∼0.5 fm.
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Figure 6: Differential cross section
dσγ p/dt ′ of ρ0 mesons fitted with
the sum of two exponential functions.
The inner error bars represent statis-
tical and uncorrelated systematic un-
certainties added in quadrature and the
outer error bars are total uncertain-
ties, excluding an overall normalisa-
tion error of 4.4%. The values of
slopes are characteristic for double pe-
ripheral processes [1] in which an ex-
change of two Regge trajectories is
involved.
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3. Summary

Photoproduction cross section for exclusiveρ0 production associated with leading neutron is
studied for the first time at HERA. Single and double differentialγ p cross sections are measured.
The differential cross section dσ/dt ′ shows the behaviour typical for exclusive double peripheral
exchange processes. The elastic photon-pion cross section,σ(γπ+ → ρ0π+), at〈W〉 = 24 GeV is
extracted in the OPE approximation. The estimated cross section ratio for the elastic
photoproduction ofρ0 mesons on the pion and on the proton,rel = σ γπ

el /σ γ p
el = 0.25±0.06,

suggests large absorption corrections, of the order of 60%, suppressing the rate of the studied
reactionγ p→ ρ0nπ+.
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