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Abstract

Exclusive photoproduction ofρ0 vector mesons is studied using the H1 detector at
HERA. A sample of about 700000 decaysρ0 → π+π− was collected in the years 2006-
2007, using the H1 Fast Track Trigger. It corresponds to an integrated luminosity of
1.3 pb−1. The sample is used to study cross-sections as a function of the invariant mass
mπ+π− of the decay pions, the photon-proton collision energyWγp and the momentum
transfer at the proton vertext. The phase-space restrictions are0.5 < mπ+π− < 1.3 GeV,
20 < Wγp < 80 GeV and|t| < 1.5 GeV

2. Reactions where the proton stays intact are sta-
tistically separated from those where the proton dissociates to a low-mass hadronic system.
The observed cross-section dependencies are parameterized using fits and are compared to
expectations from phenomenological models.
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1 Introduction

This document is a brief description of the measurement of the elastic and proton-dissociative
ρ0 photoproduction cross-section as a function of the center-of-mass energyWγp. The analysis
uses H1 data collected from the high energy electron-protoncollisions at HERA in 2006 and
2007. The sample of photoproducedπ+π− events used for the analysis is described in Section 2.
The MC samples used to model the data are introduced in Section 3. Theρ0 cross-sections are
extracted from theπ+π− data in two steps: first theπ+π− distributions are unfolded to particle
level, then theρ0 contribution to theπ+π− cross-section is extracted using an extended Söding
model. Both steps are described in Section 4. The results are presented in Section 5.

2 Data-Set

The analysis is based on a sample of exclusiveπ+π− events collected with the H1 detector in
2006 and 2007. A detailed description of the H1 detector can be found elsewhere [1]. For
the dataset only events where protons at an energy of920 GeV were collided with27.6 GeV
positrons1 are considered. Given the varying trigger pre-scales the sample corresponds to an in-
tegrated luminosity ofLint = 1.3 pb−1. The selection of the dataset is outlined in the following.

The pions fromρ0 photoproduction are expected to be centrally produced withlow trans-
verse momentapT . 1 GeV. In the photoproduction regime, the electron leaves thedetector
undetected, as in most cases also does the strongly forward2 scattered proton. To trigger such
events a mostly track-based, dedicatedρ0 trigger was used. Track information within the 2.3µs
decision time of the H1 level-1 trigger was available through the Fast Track Trigger (FTT). The
FTT used pattern recognition and associative memory to identify predefined tracks in the hit-
patterns produced by charged particles in a subset of the central jet chamber (CJC) wires. For
a positive trigger decision, at least two FTT tracks above a transverse momentum threshold of
160 MeV and at most three tracks above a threshold of 100 MeV had to be reconstructed . The
sum of the charges of these tracks must not exceed±1e. In addition, trigger information from
the Central Inner Proportional Chamber (CIP) was used to ensurea low multiplicity interac-
tion within the nominal interaction region. And vetoes on the inner, forward part of the Liquid
Argon (LAr) calorimeter, and a scintillator wall in forwarddirection were applied to suppress
interactions in which the scattered proton dissociates into a system with high mass.

In order to select a pure sample ofπ+π− photoproduction events a set of off-line selection
cuts is applied on top of the trigger requirements:

• The reconstructed primary vertex is required to be within 25cm of the nominal interaction
point along the beam axis.

1In the following the term “electron” is indistinctly used torefer to both electrons and positrons.
2A right handed cartesian coordinate system is used with the origin at the nominal primaryep interaction vertex.

The proton beam direction defines thez axis. The polar anglesθ and transverse momentapT of all particles are
defined with respect to this axis. The azimuthal angleφ defines the particle direction in the transverse plane. The
pseudorapidity is defined asη = − ln tan

θ

2
.
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• No scattered electron candidate is reconstructed in neither the LAr nor SpaCal calorime-
ter.

• Exactly two primary-vertex fitted, central tracks of good quality are reconstructed. They
are required to have opposite charge and be within the CJC acceptance defined aspT > 160 MeV
and20◦ < θ < 160◦. Low momentum kaons, protons and deuterons are suppressed using
the measured energy loss of the tracks in the CJC.

• There are no LAr or SpaCal clusters with energies above a noisethreshold 400 MeV and
200 MeV, respectively, that cannot be associated with one ofthe tracks. A cluster is
considered associated to a track if it lies within a cylinderof a radius of 30 cm along the
direction of the particle’s momentum at calorimeter entry.

From the four-momenta of the two reconstructed pion candidates, the momentum transfer
at the proton vertext and the photon-proton center-of-mass energyWγp can be approximately
reconstructed:

t ≃ −p2
T,π+π− , and (1)

Wγp ≃
√

2Ep(Ep − pz,π+π−). (2)

Ep here denotes the proton-beam energy andpT,π+π− andpz,π+π− are the transverse and longi-
tudinal four-momentum component of theπ+π− system. The two relations only exactly hold
for photoproduction with photon-virtualityQ2 = 0; however, the electron veto limited by the
SpaCal acceptance only guaranteesQ2 . 2.5 GeV.

The experimental phasespace considered in this analysis isdefined by cuts onWγp, t, and
the invariantπ+π− massmπ+π−:

15 < Wγp[GeV] < 100,
0 < p2

T,π+π− [ GeV2] < 2, and
0.3 < mπ+π− [GeV] < 1.5.

The data is modelled using a set of MC samples for signal and background processes; see
Section 3. Another background contribution due to beam-restgas and beam-machine interac-
tions is estimated using events from pilot-bunch collisions where a proton or electron bunch
is purposefully collided with a gap in the oncoming bunch-structure. The signal purity of the
data-sample is about 94%. The dominant background components are from:

• higher massρ′ resonances, which decay into multiple charged or neutral pions, some of
which escape detection,

• ω → π+π−π0 decays where the low-momentumπ0 escapes detection

• beam-restgas and beam-machine interaction events producing low-mass particles

• φ decays into kaon-pairs that are mis-identified as pions, and
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• γ-dissociation events where hadronic photon system decays into a multitude of low-mass
particles in the very backward direction.

To study and constrain these backgrounds, some of the selection cuts defined above are
inverted or modified to define control regions enriched in oneof the dominant background
components.

• A φ control region is defined by identifying the two tracks as kaons via their measured
energy loss in the central tracker and requiring the invariant mass reconstructed under the
kaon hypothesis to be within 15 MeV of theφ(1020) mass. Theφ purity achieved in this
region is∼ 90%.

• Events with energy clusters in the LAr and optionally a moderate energy deposit in the
SpaCal constitute anω (∼ 48% purity) or ρ′ (∼ 71% purity) control region depending
whether the invariant mass of the tracks and all unassociated clusters is below or above
600 MeV.

• Events with an unassociated energy deposit in the SpaCal between 2 and 10 GeV constitue
a control region for photon-dissociative events (∼ 52% purity).

In Figure 2 the distribution of the selected number of eventsis shown as a function of the in-
variantπ+π− mass and compared to the MC model. Theρ0 resonance at a mass of∼ 770 MeV
clearly dominates the sample. Smaller contributions toπ+π− production are implicitly mod-
elled by theρ0 MC, as well, which is tuned to better describe the data; see Section 3. Most
events originate from elastic scattering of the proton, butthe sample still obtains a significant
contribution from proton-dissociation. Various wrongly reconstructed background events con-
taminate the sample at percent level. At low mass, a broad peak is attributed toω(782) produc-
tion, much wider backgrounds are attributed toρ(1450), ρ(1700), γ-dissociation and beam-gas
interactions. Contamination fromφ events is all but negligible. Correspondingly to the mass
distribution in Figure 3 theWγp andp2

T,π+π− distributions in the signal region are shown.

2.1 Taggingp-Dissociative Events

A fraction of the selected data-sample is from interactionswhere the scattered proton decays
into a systemY of several particles with a combined invariant massMY larger than the mass
of the protonmp. The aforementioned selection cuts on the unassociated energy deposits limit
the system to approximatelyMY . 10 GeV. While the elastically scattered proton leaves the
detector undetected through the beam-pipe, particles ofY can obtain sufficient transverse mo-
mentum to be detected by one of several detectors in the forward region. Information from
the H1 forward muon detectors (FMD), the plug calorimeter and the Forward Tagging Station
(FMD) 28m down the beam-pipe is used to tag these events. In order to improve the tagging
efficiency and reduce the mis-tag rate, the binary “tag/no-tag” information from the three de-
tectors is combined into three tagging categories: a zero tag, single tag and multi-tag category.
By splitting the dataset into these categories the elastic events can be well separated from the
proton-dissociative events: The zero tag category is dominated by∼ 90% elastic events, int0
the single tag category this fraction is reduced to52%, and the multi-tag category consists of
92% proton-dissociative events.
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3 Monte Carlo Modelling

The data are modelled using MC samples for elastic and proton-dissociativeρ0, ω(782), φ(1020),
ρ(1450), ρ(1700) production, as well as for elastic photon-dissociation. The samples are all
generated using the DiffVM event generator [2] that models vector meson production on the
principles of equivalent photon approximation [3], the vector meson dominance model [15–19],
and pomeron exchange [20–22]. For the vector mesons the following decay channels are con-
sidered:

• For theρ0, ω andφ sample all observed decay channels are modelled with their respective
measured branching fractions if they account for at least1% of the mesons’ decays.

• The variousρ(1450), andρ(1700) decay modes have not been measured in detail. The es-
timated decay channels assumed in the MC areρ±π∓π0 andρ0ππ at a branching fraction
of 30% per charge combination,2π+2π− at 6%,π+π−2π0 at 2%, andπ+π− at 2%.

• The fragmentation process in the photon-dissociative MC ismodelled via JETSET [10].

• All events with aπ+π− final state are removed from the background samples and treated
as signal. Contributions fromω(782) → π+π− andγ-dissociation→ π+π− are explicitly
included in theρ0 by reweighing themπ+π− lineshape. Contributions from theρ(1450)
andρ(1700) samples are neglected.

Proton dissociation is modelled by DiffVM assuming the following dependence of the cross-
section on the mass of the dissociated system:

dσγp

dM2
Y

=
f(MY )

(M2
Y )1+ǫY

. (3)

Here,ǫY = 0.0808±0.01 andf(MY ) is a phenomenological function that is fitted to the experi-
mental data [23,24] to parametrize the low-mass resonance structure in the regionmp < MY <
1.9 GeV. ForMY > 1.9 GeVf(MY ) becomes constant. In the low mass region the dissociative
system is treated as anN∗ resonance and decays are modelled according to measured branch-
ing fractions [25]. For higher masses the decay is modelled as a Lund fragmentation process as
implemented in.

To a large extend DiffVM provides only phenomenological kinematic spectra. In order to
achieve a better agreement between data and the MC model, allDiffVM samples are reweighed
on generator level int andWγp. Theρ0 samples are also reweighed inmπ+π− in order to account
for contributions to theπ+π− spectrum not coming from theρ0 resonance.

The background MCs are reweighed to the followingWγp andt dependence of the photo-
production cross-section:

dσγp

dt
(Wγp) =

(

Wγp

90 GeV

)4(α−1)

exp (b t) , (4)

whereα and b are reweighing parameters to be chosen. For the elasticω, φ, ρ, ρ, andγ-
dissociation samplesα is set toαelas = 1.06 ± 0.03, and the corresponding proton-dissociation
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samples toαp-diss = 1 ± 0.03. For the elasticω andφ samplesbelas
ω = 10 ± 1.8 GeV−1 and

belas
φ = 6.3 ± 1 GeV−1 are taken from measurements by [26] and [27], respectively.For the

elasticρ(1450), andρ(1700) and theγ-dissociation samples thebelas-parameters are tuned using
the dataset at hand and set tobρ′ = bγ−diss = 5.2 ± 1. For the proton-dissociativeφ sample
bp-dis
φ = 2.1± 0.9 was measured by [27], as well. All other proton-dissociativebp-dis]-parameters

are set to half the corresponding elastic values.

Theρ(1450) andρ(1700) samples can not be well distinguished experimentally in this anal-
ysis. They are thus combined at a(2 ± 1) : 1 ratio and treated as a single MC sample. Further-
more, for all background samples the elastic contributionscan not be well distinguished from
the proton-dissociative contributions and are also combined. From the template fit described be-
low, an estimated fraction of36± 1% of the reconstructed events are proton-dissociative which
is assumed for the combination.

A deviation from pure exponentialt-dependence of the cross-section is needed to describe
theπ+π− sample. Theρ0 MCs are thus reweighed to the cross-section:

dσγp

dt
(Wγp) =

(

Wγp

90 GeV

)4(α0+α1 t−1)

exp (a ln(1 − b t/a)) . (5)

The chosen parametrization for thet dependence smoothly interpolates between an exponential
behaviourdσγp/dt ∝ exp (b t + b2 t2/2a) at low |t| and a power lawdσγp/dt ∝ |t|−a at large
|t|.

Furthermore, the reproduce the fullπ+π− mass spectrum with contributions from theω
resonance and non-resonant production the samples are reweighed inmπ+π− to the extended
Söding model that is defined in Equation (10) in Section 4. All mass parameters are assumed
to be the same for the elastic and proton-dissociative sample and most are assumed to be inde-
pendent ofWγp andt. Only for the parametersfnr = fnr(t) andΛnr = Λnr(t) a t-dependence
is assumed:

fnr(t) = f 0
nr exp

(

f 1
nr t

)

(6)

Λnr(t) =
√

Λ2
nr,0 − t (7)

All reweighing parameters for theρ0 samples are tuned to the data-set at hand to achieve a
good description within uncertainties. The tuning is done via a template fit of the MC model
to three dimensional histograms of the detected number of events inWγp, p2

T,π+π− andmπ+π−

in the three tagging and all four background regions. The number of bins is adapted in each
region to the number of events in that region. In addition to the reweighing parameters the
normalizations of all samples is determined in the fit. However, the relative fraction of proton-
dissociative background events is not well constrained by the fit and is thus fixed to the fitted
fraction for theρ0 sample. The optimizedρ0 parameters are summarized in Table 1.

All generated events are passed through the full GEANT [30] based simulation of the H1
apparatus and are reconstructed using the same program chain as for the data. Trigger scaling
factors are applied to correct differences in the trigger performance between data and simula-
tion. They are obtained fromπ+π− sample from deep-inelastic scattering events, that can be
triggered track-independently by the scattered electron.
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Table 1:ρ0 MC reweighing parameters.
mass parameter value Wγp-t parameter value
mρ [GeV] 0.7707 ± 0.0003 αelas

0 1.0606 ± 0.002
Γρ,0 [GeV] 0.1458 ± 0.0006 αelas

1 [GeV−2] 0.2412 ± 0.015
fω 0.031 ± 0.002 aelas 14.6 ± 1
φω 1.72 ± 0.06 belas [GeV−2] 11.47 ± 0.09

mω PDG value αp-dis
0 0.9567 ± 0.006

Γω,0 PDG value αp-dis
1 [GeV−2] 0.0455 ± 0.013

f 0
nr 0.90 ± 0.01 ap-dis 6.1 ± 0.5

f 1
nr 2.52 ± 0.05 bp-dis [GeV−2] 6.16 ± 0.12

φnr 3.01 ± 0.01
δnr 0.7 ± 0.1
Λnr,0 [GeV] 0.3 ± 0.01

4 Determination of theρ0 Photoproduction Cross-Section

The detector level data distributions are unfolded to extract differential cross-section distribu-
tions on truth particle level. This means that the simulateddetector response from the MC
samples is used to correct the detected number of events for the limited detector acceptance, the
reconstruction efficiency and resolution, and to separate elastic from proton-dissociative events.
The fiducial phasespace for the measured cross-section is chosen to be slightly smaller than the
experimental phasespace. This allows to properly account for migrations of events in and out of
the phasespace due to detector resolution effects. The fiducial phasespace is defined in Table 2.

The unfolding is done by means of a binned, regularized template fit, which is described
in the following. In sections thereafter the differentialπ+π− photoproduction cross-section is
defined and the extraction of theρ0 contribution is explained.

4.1 Unfolding With TUnfold

This analysis uses the TUnfold [8] package to unfold binned detector level distributions. Effi-
ciency and migration effects are modelled by a migration matrix A that is obtained from MC

Table 2: Definition of the fiducial phasespace. The cuts onWγp, t, andmπ+π− are applied
on truth and detector level, whereas explicit cuts onQ2 andMY are only possible on truth
level. The kinematic region ofMY is used to separately define elastic and proton-dissociative
cross-sections.

20 < Wγp [GeV] < 80,
0 < t [ GeV2] < 1.5

0.4 < mπ+π− [GeV] < 1.2
0 < Q2 [ GeV2] < 0.1

elastic proton-dissociative
MY = mp mp < MY [GeV] < 10
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simulation. Let the vectors~xMC
true and~yMC

rec represent the true and reconstructed MC distributions,
then each matrix elementAij gives the probability that an event originating from binj of ~xMC

true

is reconstructed in bini of ~yMC
rec , which can be written as a matrix equation

~yMC
rec = A · ~xMC

true . (8)

To estimate the number of true events~̂x corresponding to the observed reconstructed data dis-
tribution ~ydata

rec a χ2-function χ2(~x|~ydata
rec ,A) is defined and minimized by varying~x. In order

to suppress correlated statistical fluctuations in the unfolded distribution~̂x the χ2-function is
extended by regularization constraints on the normalization and the smoothness of the second
derivative of~̂x. The regularization strength is chosen such that the average global correlation
between the bins of̂~x is minimized.
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Figure 1: Response matrix schematic.

The structure of the response matrix used in this analysis isillustrated in Figure 1, where
the x-axis corresponds to the reconstructed and the y-axis to the truth distribution. Along the
x-axis the response matrices from the different MC sources are stacked, which allows to sep-
arate respective contributions to the measured spectrum. Sub-matrices from the elastic and
proton-dissociative signal MC and from the four backgroundMCs fromω, φ, ρ(1450 + 1700),
γ-dissociation are considered. For the latter the truth variables to be unfolded can not always be
well defined. Instead, these sub-matrices track how thereconstructed background MC events
from the different background sources contribute to the, differently defined, reconstructed distri-
bution. This results in a subtraction of background events where the background normalization
in each truth distribution bin is determined in the unfolding. Along the x-axis, the reconstructed
distribution is split into multiple control regions: the three forward tagging regions to constrain
contributions from elastic and proton-dissociative events plus four background control regions
to constrain the contributions from the respective background processes.
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4.2 π+π− Photoproduction Cross-Section

The differentialπ+π− photoproduction cross-section is defined as:

d2σγp→π+π−X(t,Wγp,mπ+π−)

dtdmπ+π−

=
NX

unfolded

Lint∆t ∆mπ+π− Φγ/e(Wγp)
. (9)

NX
unfolded is the number of unfolded events in a given bin,Lint the integrated luminosity of

the considered dataset, and∆t, and ∆mπ+π− are the bin-widths int, and mπ+π− , respec-
tively. The measuredep cross-section is normalized by a photon flux factorΦγ/e(Wγp) to
transformed it into a photoproduction cross-section. For this analysisΦγ/e(Wγp) is calcu-
lated using the Weizsäcker-Williams formula [11–14] integrated over the considered range
0 ≤ Q2 < 0.1 GeV2.

4.3 Mass-Dependence and Extraction of theρ0 Contribution

While theπ+π− cross-section is dominated in the considered mass range by theρ0 resonance,
it obtains significant contributions from theω(782) resonance, as well as non-resonantπ+π−

production. At highermπ+π− values, further resonances have been observed. In the mass range
0.4 < mπ+π− < 1.3 GeV an extended S̈oding model [28] is used to describe the complete
mπ+π− spectrum:

dσ

dmπ+π−

(mπ+π−) =
N

(1 + fω + fnr)2
(10)

·

[

RBWρ(mπ+π−) + fωeiφωRBWω(mπ+π−) + fnre
iφnr

Bnr(mπ+π−)

Bnr(mρ)

]2

,

where aρ0 andω contribution are each parametrized by a relativistic Breit-Wigner amplitude
[29]

RBWVM(mπ+π−) =

√

mπ+π−mVMΓ(mπ+π−)

m2
ππ − m2

VM + i mVMΓ(mπ+π−)
(11)

with mass-dependent width

Γ(mπ+π−) = ΓVM,0

(

m2
ππ − 4m2

π

m2
VM − 4m2

π

)
3

2 mVM

mπ+π−

. (12)

A non-resonant contribution is parametrized by

Bnr =

(

mπ+π− − 2mπ

(mπ+π− − 2mπ)2 + Λ2
nr

)δnr

. (13)

In these equationsN is a normalization parameter,mVM andΓVM,0 denote the vector mesons’
mass and width, andΛnr andδnr are phenomenological parameters shaping the non-resonant
background, respectively.fω andfnr are the relative normalizations of theω and non-resonant
contribution and, throughφω andφnr, global phase-differences between the two vector mesons,
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as well as between theρ0 and the non-resonant component are explicitly allowed. Theparametriza-
tion of the non-resonant contribution was chosen because itallows to describe themπ+π− spec-
trum well, including it’s strongt-dependence. The model can be extended to higher masses by
including a third Breit-Wigner resonance analogously to theω contribution that will be generi-
cally referred to as aρ′ contribution.

In order to extract theρ0 contributions to theπ+π− cross-section, the unfolded mass distri-
butions are fitted using Equation (10). Theρ0 contribution is then defined by the integral:

σ(ep → ρ0p) =

∫ mρ+5Γρ

2mπ

∣

∣

∣

∣

RBWρ(mπ+π−)

∣

∣

∣

∣

2

dmπ+π− . (14)

The integration boundaries are always defined by the PDG values formπ, mρ, andΓρ (“Photo-
produced”) [25] such thatmρ + 5Γρ ≃ 1.53 GeV, whereas inRBWρ the fitted mass and width
parameters are used. An uncertainty on theρ0 cross-section is calculated by propagating the
correlated fit parameter uncertainties through the integral. The non-resonant contribution to the
cross-section in that mass range is calculated analogously.

To extract kinematic dependencies of theρ0 cross-section, theπ+π− mass distribution is
fitted in Wγp bins. Not all parameters of the extended Söding model can be well constrained
independently in all individual bins or even for the elasticand proton-dissociative part of the
cross-section. That is why for the parallel fits further model assumptions on the parameter de-
pendences on the mass of the proton final stateMY , Wγp andt are made. They are summarized
in Table 3. In particular, the availablemπ+π− resolution is not sufficient to resolve the with of
theω(782) resonance, which is thus always fixed to the PDG valueΓ=omega,0 = 8.5 MeV. The
mass of theω(782) can be fitted in the one-dimensional mass distribution only,in is fixed for the
parallel fits inWγp to the value obtained there to allow for the possibility of absolute systematic
shifts in the mass scale that have not been studied yet.

4.4 Parallel Fits andχ2 Definition

The differential cross-sections are parametrized and fitted with the goal to extract more fun-
damental parameters, such as theρ0 contribution. Only one-dimensional parametrizations are
used, however for multi-dimensional cross-section dependences the one-dimensional distribu-
tions are always fitted in parallel. For example themπ+π− dependence of the cross-section is
fitted in parallel for the elastic and proton-dissociative distribution, for the one-dimensional case
and in allWγp bins for the two-dimensional cross-section. This allows totake the full correla-
tions between all bins into consideration and also to betterconstrain some fit parameters that
are shared across all distributions. The fits are performed by optimizing the fit parameters~θ to
minimize theχ2

χ2(~θ) =

ndistr.
∑

idistr.=0

ndistr.
∑

jdistr.=0

[

~σidistr.(m) − ~F(m, ~θ)
]T

(U stat
σ )

−1
idistr.,jdistr.

[

~σjdistr.(m) − ~F(m, ~θ)
]

(15)

~σ is the one-dimensional cross-section distribution along variablem, U stat
σ the statistical covari-

ance matrix and~F(m, ~θ) the bin-averaged fit function in each bin of the distribution. If the
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parameter MY -dependent Wγp-dependent
mρ0 ✗ ✗

Γρ,0 ✗ ✗

fω ✓ ✗

φω ✓ ✗

mω ✗ ✗

Γω,0 ✗ ✗

fnr ✓ ✓

φnr ✓ ✗

δnr ✗ ✗

Λnr ✓ ✗

fρ′ ✓

φρ′ ✓

mρ′ ✗

Γρ′,0 ✗

Table 3: Multi-dimensional parameter dependences of the extended S̈oding model parameters
defined in Equation (10). The labels✓ and ✗ indicate whether a parameter is assumed to
depend onMY or Wγp, and thus set as a single parameter across all distributionsin the parallel
fits. Empty cells indicate that a parameter is not used in the given kind of parallel fit.

differential cross-section is parametrized byf(m, ~θ), Fi in a given bin[mi −∆i/2,mi + ∆i/2]
is defined as

Fi =
1

∆i

∫ mi+∆i/2

mi−∆i/2

f(m, ~θ)dm. (16)

4.5 Systematic Uncertainties

Several sources of systematic uncertainties are considered:

• The MC modelling parameters defined in Section 3 are varied; as are theQ2 dependence
of both ρ0 MCs, theMY dependence of the proton-dissociativeρ0 MC and the relative
fraction of proton-dissociative background events.

• The LAr and SpaCal energy scales are independently varied by±10%, their noise levels
are changed by by±50% and a modification of the cluster association radius of±30% is
considered.

• The tagging efficiency of the Plug, FTS and FMD tags for elastic and proton-dissociative
MCs is independently varied by±10% (relative).

• A statistical uncertainty on the trigger scaling factors asas well as an uncertainty due to
the transport of the DIS correction factors to photoproduction kinematics is considered.

• A ±20% uncertainty is applied on the modelling of the trackpT resolution.
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• A normalization uncertainty from the luminosity measurement of 2.7% is considered, as
well as 2% track reconstruction uncertainty (1% per track).

For each variation almost the full analysis chain is repeated with three noticeable exceptions:

a) In the unfolding always the same regularization strengthτ is used, which is obtained from
minimizing the nominal average global correlation.

b) All variations are symmetrized around the nominal distribution after the unfolding step,
in particular only the symmetrized variations are considered in the cross-section fits. For
one-sided variations (e.g. from the trigger correction) the full uncertainty is applied in
both direction.

c) For the cross-section fits always the nominal statisticaluncertainties are used in theχ2

definition.

5 Results

Differential elastic and proton-dissociativeπ+π− photoproduction cross-sections are measured
in the phase-space defined in Table 2. The one-dimensional cross-section as a function of
mπ+π− is used to illustrate the structure of theπ+π− mass spectrum and to interpret it using
the extended S̈oding model defined in Equation (10). The model is then applied to the two-
dimensionalπ+π− cross-section as a function ofmπ+π− andWγp and used to extract the energy
dependence of theρ0 cross-section.

5.1 π+π− Mass Spectrum

The differential cross-sectiondσ(γp → π+π−X)/dmπ+π− is shown in Figure 4 as function of
mπ+π− for both elastic and proton-dissociative scattering. The distributions are obtained by
unfolding the one-dimensionalmπ+π− distribution. A simultaneous fit of the parametrization
given in Equation (10) to both distributions is performed todetermine the model parameters.
The fit functions are shown in the figure together with theρ0, ω and non-resonant contributions
and the combination of all interference terms. The fit illustrates that while the total cross-section
is dominated byρ0 production, the line-shape of themπ+π− distribution is strongly distorted by
the other contributions because of strong interference terms. These result in a steep edge right
above theρ0 mass peak and a strong skewing of theρ0 resonance towards smaller mass values.

The skewing of theρ0 peak is significantly weaker in the proton-dissociative cross-section.
This can be seen model independent in Figure 5 where the elastic and proton-dissociative cross-
sections are directly compared as a function ofmπ+π−.

The fiducial elastic and proton-dissociativeπ+π− cross-section obtained from unfolding the
mass distribution are given in Table 4.
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While this analysis focuses on theρ0 resonance, further resonances with a larger mass
have been observed in theπ+π− spectrum for example by ZEUS [9] inπ+π− electroproduc-
tion events. Also in the data-set at hand such a resonance at aroundmπ+π− = 1.6 GeV can
be observed as is shown in Figure 6 where the upper limit onmπ+π− for the cross-section
dσ(γp → π+π−p)/dmπ+π− is increased up to 2.2 GeV. The mass spectrum is again fitted us-
ing the extended S̈oding model with one additional Breit-Wigner contribution to account for this
high mass resonance. The fit functions are shown together with the cross-sections including a
set of individual contributions to the full model.

5.2 Energy Dependence of theρ0 Cross-Section

In order to measure the energy dependence of theρ0 cross-section, theπ+π− cross-section
dσ(γp → π+π−X)/dmπ+π− is measured as a function ofmπ+π− andWγp. It is obtained by
unfolding the two-dimensionalmπ+π− ⊗ Wγp distributions and shown in Figures 6 and 7 as a
function ofmπ+π− in theWγp bins for elastic and proton-dissociative events. The distributions
are fitted in parallel using the extended Söding model with the assumptions on the parameters’
Wγp dependence that are summarized in Table 3. The fit functions are shown together with
the distributions, including individual contributions tothe full model. Following the procedure
outlined in Section 4.3 the energy dependence of theρ0 and non-resonant contribution can be
extracted by integrating out the mass dependence of the corresponding contributions to the fit.
The results are shown in Figure 8. For both the fullπ+π− cross-section, as well as theρ0 and
non-resonant contribution the elastic cross-section slightly rises with energy. For the proton-
dissociative cross-section on the other hand, no significant energy dependence can be observed.

The energy dependence of the cross-sectionsσ(γp → ρ0X) is put into historic perspective
in Figure 9 where it is compared to previous measurements arereferenced in the figure. The
energy region of this measurement nicely fills the energy gapbetween the measurements by
fixed-target experiments and previous results from the HERA collaborations.
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Figure 2: Invariantπ+π− mass distribution of selected events in the signal region incomparison
to the tuned model prediction on a linear (left) and logarithmic y-scale (right).
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Figure 6: Differential cross-sectiondσ(γp → π+π−X)/dmπ+π− as a function ofmπ+π− for
elastic (left) and proton-dissociative events (right) with the mass range extended to2 GeV.
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Figure 4.

Table 4: Fiducial elastic and proton-dissociativeπ+π− photoproduction cross-sections obtained
from unfolding themπ+π− distribution in the phasespace defined in Table 2. Systematic uncer-
tainties not fully evaluated.

σ[µb] stat.[µb] syst.[µb] (%)
elastic
11.36 0.05 1.03 (9.0)

p-dissociative
6.22 0.06 1.14 (18.3)
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Figure 6: Elastic differential cross-sectiondσ(γp → π+π−p)/dmπ+π− as a function ofmπ+π−

shown in 16 bins of risingWγp (from left to right, top to bottom). The elastic distributions
are simultaneously fitted together with the proton-dissociative distributions shown in Figure 7
using the parametrization given in Equation (10). The fit function for the respective bins is
shown together with a subset of contributing components. The composition of the data errors is
explained in Figure 4.
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Figure 7: proton-dissociative differential cross-section dσ(γp → π+π−X)/dmπ+π− as a func-
tion of mπ+π− shown in 8 bins of risingWγp (from left to right, top to bottom). The elastic
distributions are simultaneously fitted together with the proton-dissociative distributions shown
in Figure 6 using the parametrization given in Equation (10). The fit function for the respective
bins is shown together with a subset of contributing components. The composition of the data
errors is explained in Figure 4.
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Figure 8: Contributions fromρ0 and non-resonant production to the total cross-section
σ(γp → π+π−X) for elastic (left) and proton-dissociative events (right)as a function ofWγp.
The contributions are obtained by integrating the respective components to the fit-functions
shown in Figures 6 and 7 over the range2mπ < mπ+π− < 1.53 GeV. The shown total and
statistical uncertainties are obtained by propagating thefit parameter uncertainties through the
integration. The composition of the data errors is explained in Figure 4.
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Figure 9: Comparison of the total cross-sectionσ(γp → ρ0X) for elastic and proton-
dissociative events as a function ofWγp. For illustration, high energy data forσ(γp → ρ0p)
from H1 [5] and ZEUS [6, 7] at HERA as well as data from fixed target experiments, as refer-
enced in [6], are included. The composition of the data errors is explained in Figure 4.
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