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Abstract

The diffractive photoproduction gf mesonsep — epY’, with large momentum trans-
fer squared at the proton vertex|, is studied with the H1 detector at HERA using an
integrated luminosity 020.1 pb~!. The photon-proton centre of mass energy spans the
range7s < W < 95 GeV, the photon virtuality is restricted ©@2 < 0.01 GeV? and the
massMy of the proton remnant is below 5 GeV. The&lependence of the cross section
is measured for the range5 < |t| < 10.0 GeV? and is well described by a power law,
do/d|t| < |t|~™. The spin density matrix elements, which provide informatn the he-
licity structure of the interaction, are extracted usingsweements of angular distributions
of thep decay products. The data indicate a violatiorsathannel helicity conservation,
with contributions from both single and double helicitypftieing observed. The results are
compared to the predictions of perturbative QCD models.

Submitted tdPhys. LettB



A. Aktas’, V. AndreeVv?, T. Anthonis, B. Antunovic®, S. Aplin’, A. Asmoné?,

A. Astvatsatourov, A. Babae¥*, S. Backovié’, A. Baghdasaryah, P. Barano¥’,

E. Barrelet’, W. BarteP, S. Baudrantl, S. Baumgartné?, J. Becket’, M. Beckinghar,

0. Behnké?, O. Behrendt, A. Belousov®, N. Berget?, J.C. Bizot”, M.-O. Boenid,

V. Boudry?®, J. Bracinik®, G. Brandt?, V. Brissort”, D. Brunckd®, F.W. Biisse¥,

A. Bunyatyan'>", G. Buschhort#f, L. Bystritskayd?, A.J. Campbefl, F. Cassol-Brunnét,
K. Cerny?, V. Cerny>6, V. Chekeliarl®, J.G. Contreras, J.A. Coughlah, B.E. Cox?,

G. Cozzikd, J. Cvach!, J.B. Daintor’, W.D. Dau*, K. Daun?®#?, Y. de Boet*,

B. Delcourt”, M. Del Degari®, A. De Roeck**, E.A. De Wolf, C. Diacond!, V. Dodonov!,
A. Dubak’*, G. Eckerlift, V. Efremenkd*, S. Egli*®, R. Eichler®, F. Eiselé?, A. Eliseev”,
E. Elseri, S. Essenot, A. FalkewicZ, P.J.W. Faulknér L. Favart, A. Fedotov?, R. Felst,
J. Feltesse J. Ferenceét, L. Finke'®, M. Fleische?, P. Fleischmarh G. Fluckée?,

A. Fomenkd®, G. Franké, T. Frissor®, E. Gabathulér, E. Garutt?, J. Gaylet, C. GerlicH?,
S. Ghazaryafi, S. Ginzburgskayd, A. GlazoV, |. Glushkov®, L. Goerlich, M. Goettlict?,
N. Gogitidze®, S. Gorbouno¥?, C. Gral®, T. GreenshaW, M. Gregori®, B.R. Grell,

G. Grindhammef, C. Gwillian?®, D. Haidf, L. Hajduk’, M. Hanssol, G. Heinzelmant?,
R.C.W. Hendersofi, H. Henschef, G. Herrer&®, M. Hildebrandt®, K.H. Hiller33,

D. Hoffmanrt!, R. Horisberge?, A. Hovhannisya#, T. Hreus*®, S. Hussait?,

M. Ibbotsor®, M. IsmaiF°, M. Jacquet, L. Janauschek, X. Jansseh V. JemanoV,

L. Jonssol’, D.P. Johnsoh A.W. Jungd?, H. Jund®?, M. Kapichin€, J. Katzy,

|.R. Kenyort, C. Kiesling®, M. Klein*, C. Kleinwort, T. Klimkovich?, T. Kluge’, G. Knie$,
A. Knutsson?, V. KorbeP, P. Kostk&®, K. KrasteV, J. Kretzschmadf, A. Kropivnitskayd*,
K. Kriiger®, M.P.J. Landok, W. Langé€®, T. LaStovicka®*?, G. Lastovicka-Medit?,

P. Laycock’, A. Lebede¥®, G. Leibengutf?, V. Lendermant?, S. Levoniaf, L. Lindfeld?°,
K. Lipka®, A. Liptaj*¢, B. List*, J. List?, E. Lobodzinsk&°, N. Loktionov&®,

R. Lopez-Fernandéz V. Lubimov**, A.-I. Lucaci-Timocé, H. Lueder$’, D. Luke*?,

T. Lux!?, L. Lytkin'!, A. Makankiné, N. Maldert®, E. Malinovsk#®, S. Mangan®,

P. Maragé, R. Marshali®, M. Martisikovd, H.-U. Martynt, S.J. Maxfield”, A. Mehtd”,

K. Meier'?, A.B. Meyef’, H. Meyer*, J. Meye?, V. Michels’, S. Mikock?,

|. Milcewicz-Mika®, D. Milstead?”, D. Mladenov*, A. Mohamed", F. Moread®,

A. MorozoV, J.V. Morris', M.U. Mozer?, K. Muller*®, P. Murin®*3, K. Nankov*,

B. Naroskd’, Th. Naumant?, P.R. Newma#h C. Niebuh?, A. Nikiforov?¢, G. Nowak,

K. Nowak®, M. Nozicka?, R. Oganezo¥/, B. Olivier’s, J.E. Olssot S. Osmat?,

D. Ozerov*, V. PalichikK, I. Panagoulias T. Papadopouldy C. Pascaud, G.D. Patel,

H. Pend, E. PereZ, D. Perez-Astudillé’, A. Perieand, A. Petrukhii*, D. PitzP,

R. Placakyt®, B. Portheauff, B. Povi!, P. Prideau¥X, A.J. Rahmdf, N. Raicevic®,

P. Reimet!, A. Rimmet7, C. Risle?, E. Rizvi'®, P. Robmant?, B. Roland, R. Rooseh,

A. Rostovtse¥, Z. Rurikova®, S. Rusako¥’, F. Salvairé’, D.P.C. Sankey E. Sauvaf,

S. Schatzél S. Schmidt, S. Schmitt, C. Schmit2°, L. Schoeffet, A. Schoning?,

H.-C. Schultz-Coulol¥, F. Sefkow, R.N. Shaw-We$t I. Sheviako¥’®, L.N. Shtarkov®,

T. Sloart®, P. Smirno¥®, Y. Soloviev®, D. SoutH, V. SpaskoV, A. Specka®, M. Stedet,

B. Stell&?, J. Stiewé®, U. Straumant?, D. Sunat, V. TchoulakoV, G. Thompsoftt,

P.D. Thompsoh T. Toll?, F. TomasZ’, D. Traynot®, P. Trudf?, I. Tsakov*, G. Tsipolitis"*!,
|. Tsurin’, J. Turnag, E. Tzamariudakf, K. Urban'®, M. Urbari®, A. Usik?>, D. Utkin**,

A. Valkarova?, C. Vallée!, P. Van Mecheleh A. Vargas Trevin®, Y. Vazdik®®, C. Veelker’,
S. Vinokurovd, V. Volchinski”, K. Wackef, G. Webet®, R. Webet?, D. Wegenet,

1



C. Wernet?, M. Wessel$, B. Wessling, Ch. Wissing, R. Wolf'?, E. Wunsch, S. Xella®,
W. Yar?, V. Yeganov’, J.Zacek?, J. Zalesak, Z. Zhang’, A. Zhelezov*, A. Zhokin?,
Y.C. Zht?, J. Zimmermantf, T. Zimmerman#?, H. Zohrabya#', and F. Zomer

L'l. Physikalisches Institut der RWTH, Aachen, Germiany

2 School of Physics and Astronomy, University of Birmingh@immingham, UK

? Inter-University Institute for High Energies ULB-VUB, Bisels; Universiteit Antwerpen,
Antwerpen; Belgium

* Rutherford Appleton Laboratory, Chilton, Didcot, UK

> Institute for Nuclear Physics, Cracow, Pol&hd

% Institut fur Physik, Universitat Dortmund, Dortmund, E&ny

7 Joint Institute for Nuclear Research, Dubna, Russia

8 CEA, DSM/DAPNIA, CE-Saclay, Gif-sur-Yvette, France

? DESY, Hamburg, Germany

19 Institut fur Experimentalphysik, Universitat Hambukggmburg, Germarty

1" Max-Planck-Institut fiir Kernphysik, Heidelberg, Gerngan

12 physikalisches Institut, Universitat Heidelberg, Hembrg, Germany

13 Kirchhoff-Institut fur Physik, Universitat Heidelbergleidelberg, Germarty

4 nstitut fur Experimentelle und Angewandte Physik, Ursitat Kiel, Kiel, Germany
15 Institute of Experimental Physics, Slovak Academy of Seigrkosice, Slovak Repullic
16 Department of Physics, University of Lancaster, Lancast&f

17 Department of Physics, University of Liverpool, Liverpddk®

18 Queen Mary and Westfield College, London,’UK

19 Physics Department, University of Lund, Lund, Swéden

20 Physics Department, University of Manchester, Manchebhigt

21 CPPM, CNRS/IN2P3 - Univ. Mediterranee, Marseille - France

22 Departamento de Fisica Aplicada, CINVESTAV, Mérida, YaicaMéxice

23 Departamento de Fisica, CINVESTAV, México

24 Institute for Theoretical and Experimental Physics, MagdRussi&

5 Lebedev Physical Institute, Moscow, Russia

6 Max-Planck-Institut fir Physik, Miinchen, Germany

27 LAL, Université de Paris-Sud, IN2P3-CNRS, Orsay, France

% | LR, Ecole Polytechnique, IN2P3-CNRS, Palaiseau, France

29 LPNHE, Universités Paris VI and VII, IN2P3-CNRS, Parisafice

% Faculty of Science, University of Montenegro, Podgorieb#& and Montenegfo
31 Institute of Physics, Academy of Sciences of the Czech RgRitaha, Czech Republic
32 Faculty of Mathematics and Physics, Charles UniversitgHa;, Czech Republic
3 Dipartimento di Fisica Universita di Roma Tre and INFN RoB)a&Roma, Italy

3 Institute for Nuclear Research and Nuclear Energy, Sofidg&ia°

% Paul Scherrer Institut, Villigen, Switzerland

% Fachbereich C, Universitat Wuppertal, Wuppertal, Gergan

37 Yerevan Physics Institute, Yerevan, Armenia

% DESY, Zeuthen, Germany

3 nstitut fur Teilchenphysik, ETH, Zurich, Switzerland

0 Physik-Institut der Universitat Zarich, Zurich, Swetiand



41 Also at Physics Department, National Technical Univergiyggrafou Campus, GR-15773
Athens, Greece

42 Also at Rechenzentrum, Universitat Wuppertal, Wuppe@almany

43 Also at University of P.JSafarik, Kosice, Slovak Republic

4 Also at CERN, Geneva, Switzerland

45 Also at Max-Planck-Institut fir Physik, Miinchen, Germpan

6 Also at Comenius University, Bratislava, Slovak Republic

t Deceased

“ Supported by the Bundesministerium fur Bildung und FareghFRG, under contract
numbers 05 H1 1GUA /1, 05 H1 1PAA /1, 05 H1 1PAB /9, 05 H1 1PEBAY 61 1VHA /7 and
05 H1 1VHB /5

> Supported by the UK Particle Physics and Astronomy Resd2aeincil, and formerly by the
UK Science and Engineering Research Council

¢ Supported by FNRS-FWO-Vlaanderen, [ISN-IIKW and IWT andtgyuniversity Attraction
Poles Programme, Belgian Science Policy

4 Partially Supported by the Polish State Committee for SifielResearch,
SPUB/DESY/P003/DZ 118/2003/2005

¢ Supported by the Deutsche Forschungsgemeinschaft

! Supported by VEGA SR grant no. 2/4067/ 24

9 Supported by the Swedish Natural Science Research Council

" Supported by the Ministry of Education of the Czech Repuinliter the projects LC527 and
INGO-1PO5LA259

' Supported by the Swiss National Science Foundation

7 Supported by CONACYT, México, grant 400073-F

* Partially Supported by Russian Foundation for Basic Resfeagrants 03-02-17291 and
04-02-16445



1 Introduction

Diffractive vector meson production iap interactions with large negative four-momentum
transfer squared at the proton vertexprovides a powerful means to probe the nature of the
diffractive exchange. It has been proposed as a processiain\v@uantum Chromodynamics
(QCD) effects predicted by the BFKL evolution equation [[Lc@uld be observed. Theoreti-
cally, the large momentum transfer provides the hard sadessary for the application of per-
turbative QCD (pQCD) models. In such models, diffractivetee meson production is viewed,
in the proton rest frame, as a sequence of three procesdesewatated in time: the intermedi-
ate photon fluctuates intogg pair; theqq pair is involved in a hard interaction with the proton
via the exchange of a colour singlet state, and;thgair recombines to form a vector meson. At
leading order (LO), the interaction between tlggpair and the proton is represented by the ex-
change of two gluons. Beyond LO, the exchange of a gluon Idulaeto be considered which,
in the leading logarithm (LL) approximation, can be desedby the BFKL equation. The
treatment of the formation of the vector meson, which is aperturbative process, involves a
parameterisation of the meson wavefunction.

At high|¢|, thet dependence of vector meson production and of the spin glenaitix elements
has been measured in photoproduction by ZEUS/3}(.J /) and H1 [4,5] (//+, ¢ (2s)). H1
has also measured thdependence of the spin density matrix elements fop timeson at high
|t| in electroproduction [6]. The data on light vector mesordoiaiion {, ¢) at large|t| indicate

a violation ofs-channel helicity conservation (SCHC), i.e. the non-coves#on of the helicity
between the exchanged photon and the vector meson. Thicainast to measurements of
the heaviet//¢> meson, whera-channel helicity is seen to be conserved [3,4].

This paper presents new measurements of the diffractivduptimn ofp mesons at largg|, in
the range .5 < |¢| < 10 GeV?%:

ep—epYip —mia, ()

in the photoproduction regime, .62 ~ 0 GeV? where@? is the modulus of the squared four
momentum carried by the intermediate photon. The systerapresents either an elastically
scattered proton or a low mass dissociated system. A clgaatsire and low background rates
make this process experimentally attractive and it is jpbsgo precisely determine the kine-
matics of the process through an accurate measurement eéth@ meson four momentum.
The dependence arof the cross section is measured and the spin density mé&trmeats are
extracted, which provide information on the helicity sttue of the interaction.

2 Perturbative QCD Models

Perturbative QCD calculations at leading order (two-glesnhange) have been performed
for high |¢| vector meson photoproduction in [7]. For light vector mesahese calculations

indicate that, although the initial photon is transverg®arised, the vector meson is produced
predominantly in a longitudinal state. Intuitively, thiarcbe understood as follows. Since the
light quark and antiquark have opposite helicities (chéan configuration), the pair must be in
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an orbital momentum state with projectién = +1 onto the photon axis, in order to conserve
the photon spin projection. The hard interaction betweerdtpole and the gluon system does
not affect the dipole size nor the quark and antiquark hedii but modifies the dipole line of
flight. This implies a damping by a facter 1/¢| of the probability of measuring the value
L. = +1 for the projection of the dipole angular momentum onto it lof flight, and hence
of transversely polarised vector meson production.

However, in contrast to these pQCD expectations, expetahehservations indicate that light
vector mesons are produced predominantly in a transvetaggatdion state [3]. As firstrealised
in [8] an enhanced production of transversely polarisedesons can be accounted for by the
possibility for a real photon to couple toya pair in a chiral-odd spin configuration even in the
case of light quarks

The data presented in this paper are compared to two theairptedictions: a fixed order cal-
culation in which the hard interaction is approximated by éixchange of two gluoAsand a

LL calculation in which it is described according to the BFKkolution. In both cases, the
chiral-odd component of the photon wavefunction is obtaibg giving the quarks a “con-
stituent quark mass’ = my /2, wheremy is the mass of the vector meson, and a set of QCD
light-cone wavefunctions for the vector meson [11] is used.

The BFKL calculation is described in [9, 10]. The BFKL resuation cures some possible
instabilities which might affect the two-gluon predict®fi]. The expansions on the light-cone
of the relevant hadronic matrix elements are performed uwit-3, i.e. next-to-leading twist.
The leading logarithm nature of the calculation preventalasolute prediction for the normal-
isation of the cross sections, due to the presence of an nedefnergy scal&. In [9, 10] this
scale is allowed to run withaccording to\? = m{ —~¢, wherey is a free parameter. The value
of the strong coupling constant is fixed since this is appad@iin the LL approximation and
has proved successful [12,13] in describing previous dBie. parameter values, as obtained
from a fit to the ZEUS data in [3], are: = 1.0 andaBF5L = (.20 [14].

3 DataAnalysis

3.1 Event Selection

The data used for the present analysis were taken with theelt€ctr in the year 2000 and
correspond to an integrated luminosity20f1 pb~!. In this period, the energies of the HERA

Note that in the case of heavy vector mesons, the relevantedativistic wavefunction, with equal sharing of
the photon longitudinal momentum by the two heavy quarksuees that the amplitude for producing a longitu-
dinally polarised meson vanishes. Only the chiral-odd &ompé¢, which is naturally present due to the non-zero
guark mass, remains. Hence heavy vector mesons are expediedransversely polarised, as confirmed by the
experimental observations.

2The two-gluon model predictions for the kinematic regiomsidered here were provided by the authors
of [9,10]. The model differs from that proposed in [8] in thaythe chiral-odd configurations are introduced.



proton and positron beams were 920 GeV and 27.5 GeV, regplctirhe kinematic domain
of the measurement is:

Q? < 0.01 GeV?
< W <95 GeV
L5< |t <10 GeV?
My < 5GeV (2)

wherelV is the photon-proton centre of mass energy &fdis the mass of the proton remnant
system.

The relevant parts of the detector, for which more detaifslmafound in [15], are the central
tracking detector (which covers the polar angular ran@fe < ¢ < 160°), the liquid argon
(LAr) calorimeter (which covers the polar angular radfje< § < 154°) and an electron tagger
located atl4 m from the interaction point, which detects the scatteredtfmrsat a small angle
to the backward directidn The 44 m electron tagger is & x 3 array of Cerenkov crystal
calorimeters used to select photoproduction events inahga? < 0.01 GeV?2. The trigger
system used in this analysis selects events with an enemgpsdareater than0 GeV in the
44 m electron tagger, at least one charged track with a transwvemsmentum abové00 MeV

in the central tracker and a reconstructed interactiorexeradditionally, there is a veto on the
amount of energy deposited in the forward region of the LAr.

Events corresponding to reaction (1), in the kinematic eatigfined by relations (2), are se-
lected by requesting:

¢ the reconstruction of an energy deposit of more that:d¥ in the44 m electron tagger
(the scattered positron candidate);

¢ the reconstruction in the central tracking detector of thgttories of exactly two oppo-
sitely charged patrticles (pion candidates) with transvenementa larger tharb0 MeV
and polar angles withig0° < 6 < 155°. In order to ensure a well understood trigger
efficiency, at least one track is required to have a transve@mentum abov&s0 MeV,

¢ the absence of any localised energy deposit larger than 400iNthe LAr calorimeter
which is not associated with either of the two reconstrud¢tadks. This cut reduces
backgrounds due to the diffractive production of systentagiag into two charged and
additional neutral particles. Further, it limits the mak#he proton dissociative system to
My <5 GeV which ensures that the events lie within the diffractiegimeM, < W.
Restricting the analysis to low values bfy also reduces the uncertainties arising from
the parametrisation of th&,- dependence of the cross section;

e events in the mass range6 < M., < 1.1 GeV and discarding events with
Mgkr < 1.04 GeV, whereM,, and My are the invariant masses of the two selected
tracks when considered as pions or kaons respectively (plccghadron identification
is performed for this analysis). The latter cut reduces tekground due to diffractive
production ofy mesons.

3In the H1 convention, the axis is defined by the colliding beams, the forward directieing that of the
outgoing proton beam and the backward direction that of tsi&tfn beam. Transverse and longitudinal momenta
are defined with respect to the proton beam direction.
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The final sample consists of 2628 events. Further detailsi®thalysis may be found in [16].

3.2 Kinematicsand Helicity Structure

The three momentum of themeson is computed as the sum of the two charged pion candidate
momenta. The variabl@ is reconstructed from the meson, rather than from the energy of
the scattered positron candidate which is less precisesured by the electron tagger, using
the Jacquet-Blondel method [17]:

W? 2B, (B, — p.,) (3)

whereF, is the energy of the incoming proton ahag andp. , are the energy and longitudinal
momentum of the meson, respectively. In the photoproduction regime, thi@akte? is well
approximated by the negative transverse momentum squétied @meson; ~ —p; .

The measurement of the production and decay angular distits provides information on
the helicity structure of the interaction. Three anglesdmfned [18] as illustrated in Fig. 1

is the angle between theproduction plane (defined as the plane containing the Vigiiaton
and thep meson) and the positron scattering plane inthecentre of mass systems is the
polar angle of the positively charged decay pion in ghest frame with respect to the meson
direction as defined in thep centre of mass frame an#d is its azimuthal angle relative to the
p production plane.

In this paper, the distributions of the anglgsand§* are analysed (the angfeis not acces-
sible in photoproduction) giving access to the spin densigtrix elements;, Re [r{a] and
r% [19]. For ap meson decaying into two pions, the normalised two-dimeradiangular
distribution [19], averaged ovdr, is

1 d20' 3 1 o4 1 ot -
ocdcosfdg* 4w 5(1 — To0) + 5(37“00 —1)cos™ 0

—V2Re [r76] sin 20" cos ¢ — r* | sin® 67 cos 2¢" | . (4)
Integrating overos 6 or ¢* further reduces this distribution to the one dimensionstrdiutions

do

oc 1 — 7o + (3rgy — 1) cos® 0~ (5)
d cos 0%
and 1
dqz* oc 1 — 27t | cos 29", (6)
The spin density matrix elements are defined as bilinear awatibns of the helicity amplitudes
M, ., where),, \y = —,0, 4 are the respective helicities of the photon and the vecter me

son. For photoproduction, where the photon is quasi-realldngitudinal photon polarisation
component is negligible and only the transverse poladeattates remain. The photon-meson
transitions can thus be described in terms of three indeperetlicity amplitudes/, ., M.,



M, _*, which correspond to no change in helicity (no-flip), a singhange in helicity (single-
flip) and a double change in helicity (double-flip), respegdi. In this case, the matrix elements
are related to the helicity amplitudes by

| Moo
oo = SRRV ANCERY VAT Y
[Myy [+ [Myo|* + [My—|
T04 — l M++M-T—O - M+—M-T—O (8)
0 2 My |* + [ Myo|* + [ M- |?
1 My, My My M7
= et e ©

2{Myy [P + [Myol? + [My 2

Unders-channel helicity conservation, only the amplitutle , is non-zero and consequently
thergs, riy andr?*, matrix elements should all be zero. In contrast, both the BEKd two-
gluon models predict a violation of SCHC. In the case of theBEKL model, the helicity
amplitudes are predicted to follow a hierarchical struetwith |M, | > |M,_| > |Mo] [9,
10].

3.3 MonteCarlo S mulation

A Monte Carlo simulation based on the DIFFVM program [20] $&2d to describe the diffrac-
tive production and decay @f mesons, and to correct the data for acceptance, efficiertty an
smearing effects. Th@* andW dependences of the cross section are taken from previous mea
surements [21]. Thedependence is taken according to the power law measured prélsent
analysis following an iterative procedure. The simulatincludes the angular distributions
corresponding to the measurements of the present anabysieer53, r*, and theRe [r¥3]
matrix elements. Thé/y spectrum is parameterisedds/d M « f(M3)/M#' [22], where
f(MZ) = 1 for M > 3.6 GeV* and, at lower masses, is a function which accounts for the
production of excited nucleon states. Other angular tistions and correlations are taken in
thes-channel helicity conservation approximation. The masgithution is described by a rel-
ativistic Breit-Wigner distribution, the mass and the widif the p being fixed [23], including
skewing effects resulting from the interference with op@nppair production [24, 25] taken
from the current analysis. For studies of systematics taiceies, all simulation parameters
have been varied within errors (see section 3.5).

The DIFFVM simulation is also used for the description of thhep andp’ backgrounds (see
next section). Here thedistributions are described using the same parametenisasi for the

p meson and the angular distributions are kept in the SCHCoappation, which is justified

by the smallness of these contributions.

All generated samples are passed through a detailed siorutstthe detector response based
on the GEANT3 program [26], and through the same reconstrusbftware as used for the

data. Figure 2 presents the observed and simulated disbiisifor several variables of the se-
lected sample of events. The simulated distributions, wimniclude the amounts of background

4The three corresponding amplitud&s _, M_, and M_, are not independent since they satidfy, | =
M__ My =M_, andM o = —M_, due to parity symmetry.



discussed in section 3.4, are normalised to the number @robd events. Reasonable agree-
ment is observed for all distributions, showing that the kde@arlo simulations can reliably be
used to correct the data for acceptance and smearing efféastructure in the* distribution
(Fig. 2f) is due to the low geometrical acceptance of theredmtacking detector in the case
where the angle between theneson production and decay planes is small{ 0° or 180°),
which leads to the emission of one of the pions at a small aietg¢ive to the beam direction.

3.4 Backgrounds

Diffractive photoproduction ofv, ¢ and o’ mesons can fakep production through the decay
channels:

w — 7T+7T_7T0,
¢ —atr n% ¢ — KIKY,
P — prr¥rt, pt = (10)

if the decay photons of the” or the K'Y mesons are not detecfedThis happens in the cases
where the energy of the neutral particle is deposited in aotive region of the detector, is
associated to the charged pion tracks, or is below the nmisstiold. Diffractive photoproduc-

tion of w and¢ mesons also gives the same topology as that of thheson within the detector

through the decay channels

w — 7T+7T_,

¢ — KTK™. (11)

To estimate the corresponding backgrounds,dhe andp’ cross sections were taken from
measured ratios to the cross section in th€)* range relevant for the analysis,, / o, =
0.106 & 0.019 [27], 04 / 0, = 0.156T00% [3] and o (p’ — pTa¥aY) / o, = 0.2 £ 0.1. In the
latter case, the ratio is obtained from the rati@’ — p°7*7~) / o, = 0.10 + 0.05, measured
in electron [28] and muon [29] scattering off a liquid hydeogtarget, under the assumption

alp) = ptr ) +o(p = p~rntrn?)
o(p' — p'nta)

~ 9. (12)

The background contributions in the selected kinematicalor(2) and for the selectedmass
range are estimated and subtracted separately for eachimaeesnt interval using the Monte
Carlo simulations. In total, the backgrounds amount to 0.6%2%0 and 1.2% fow, ¢ andp’
production, respectively.

5The detailed structure [23] of thé state is not relevant for the present study. The natis, therefore, used
to represent both the (1450) and the’(1700). In the DIFFVM simulation, thg’ mass and width are taken as
1450 MeV and300 MeV, respectively.

5The contribution from background processes leading to rtitae two charged particles in the final state is
negligible.



3.5 Systematic Uncertainties

The systematic uncertainties on the measurements areagstifny varying the event selection,
the parameters of the Monte Carlo simulation and the properties of subtractedkdpanzinds.
The following sources of systematic error are taken int@ant

e Uncertaintiesin the p smulation
The uncertainty on the inpudistribution, used to compute acceptances and smearing ef-
fects and to adjust the measurements to the meatue for each interval, is taken into
account by varying the exponent of the Monte Carlo power lgw-0.5. The uncertainty
in the modelling of the dissociative proton syst&nis estimated by reweighting the pro-
ton remnant mass distribution by facteig M2 )% [22]. For the angular distributions,
the spin density matrix elements are varied around the satueasured in the current
data according to the spread of the observed resultstviayht 0.03 for ri;, & 0.02 for
Re [r%] and 592 for »% . Finally, in the low|t| region where non-zero skewing is ob-
served in the line shape, the skewing parameter is varied according tonicertainty
of the fit to the invariant mass distribution (see section 4).

e Uncertaintieson the background distributions
The amount of background is varied by changing the ratio efidickground cross sec-
tions to thep cross section according to their uncertainties, as quotsddtion 3.4. The
t dependence of the distribution, which provides the largest background abntion,
is further varied using weighting factors @f/ |¢|) 2.

e Uncertaintiesin thedetector description
Uncertainties on the detailegd and angular dependences of the trigger efficiencies are
taken into account by varying them within their estimatewes. The uncertainty on the
tracking acceptance at large angles is estimated by vatlggngut on the polar angle of
the reconstructed tracks betweit® and160°. The threshold for the detection of energy
deposits in the LAr that are not associated to the two piomlicites is varied between
300 MeV and500 MeV. Finally, the influence of the uncertainty in the destdp of the
electron tagger acceptance is estimated by shifting thepséaece range il by 3%.

For the measurement of th@lependence, the largest sources of systematic uncergamtie
slope of the distribution in the MC, the variation of the LAr energy thineéd and the variation
of the upperd cut. Additionally, for the measurement of the spin densitgtnx elements,
the parameterisation of the matrix elements in the MC prwid significant effect. For each
contribution, the relative effect on the extracteslope is less thar:1%, and the effect on the
measured spin density matrix elements is less tha015.

The total systematic error on the cross section is obtaiyeadding the individual contribu-
tions, which are considered as uncorrelated, in quadra@ogelated systematics which affect
only the normalisation cancel since only normalised cresti@ens are presented here. For the
extraction of the slope and the spin density matrix elements, the systematc is obtained
by repeating the appropriate fit after shifting the data {soatcording to each individual sys-
tematic uncertainty. Again, the individual contributicare added in quadrature.
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4 Results

In each bin of the kinematic variables, the cross sectionmsputed from the number of events
in the bin, fully corrected for backgrounds, acceptance smdaring effects using the Monte
Carlo simulations described above. At low, the data are further corrected for the skewing
effect obtained from a fit to the present data using the Rosde&ky [25] parameterisation
in which the mass and the width of theare fixed [23]. This correction amounts 206%

for 1.5 < |t| < 2.2 GeV?®. At higher[t|, the skewing effect is negligible. All cross sections
presented below, as well as the theoretical model preditiare normalised to their integrals
in the respective kinematic domain.

4.1 Dependenceont

Thet dependence of then — epY” cross section is presented in Fig. 3 and table 1. The data
are plotted at the mean value in edcimterval determined according to the parameterisation
of thet dependence. The data are well described over the measugelo& by a power law
dependence of the formtr/d|¢| o |t|7" wheren = 4.26 £ 0.06 (stat.) 7005 (syst.), as
determined by &2 minimisation. An exponential parameterisation of the felaid|¢| oc e~

is unable to describe the data over the futange. The data in Fig. 3 are compared with the
predictions of the two-gluon model both with fixed and rurgin and with those of the BFKL
model [9, 10]. The BFKL model provides a reasonable desonpof thet dependence, in
contrast to the two-gluon model predictions.

The ZEUS Collaboration has previously published data oriffiective photoproduction of
mesons with proton dissociation in the rarge < |¢| < 10.0 GeV? [3] and observes a power
law with exponent: = 3.21 4+ 0.04 (stat.) £0.15 (syst.). This is significantly shallower than
the result obtained here. The difference in slope can berstuts in terms of the difference

in the kinematic region over which the two measurements ademnin particular the maxi-
mum value ofMy : the phase space of the ZEUS measurement correspoids ta 12 GeV

(31 GeV) at]t| = 1.5 GeV* (|t| = 10 GeV?) whereas the phase space of this measurement
is My < 5 GeV. Both measurements are well described by the BFKL modelusiimilar
parameters [10, 14].

4.2 Spin Density Matrix Elements

The spin density matrix elements are extracted by a two-dsmoaal likelihood fit of equa-
tion (4) to the data. The normalised single differentiatrilisitions incos #* and¢™ are shown

in Fig. 4 for three ranges a@f The solid curves show the projection of the two-dimendifiha
and the dashed curves show the expectatiospr@fannel helicity conservation. A flat* be-
haviour is clearly disfavoured, indicating a violation &2i8C. The values of the three extracted
matrix elements are shown in Fig. 5 and table 2 as a functigt|.ofVithin the experimental
uncertainty, no strong dependencetas observed. Measurements of the spin density matrix
elements for the photoproduction @mesons obtained by the ZEUS Collaboration [3] are also
shown. There is a reasonable agreement between the refdhiéstavo experiments.
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It| range | (|¢|) 1/o do/d[t|

(GeV?) | (GeV?) (GeV~?)
1.5-20 | 1.72 1.176 £ 0.032 12920
20-25 | 2.23 0.447 +0.019 150031
25-3.0 | 2.73 0.183 + 0.012 T0.0072

3.0 3.5 | 3.23 | 0.0850 £ 0.0076 *502
3.5 -4.0 | 3.74 0.0401 % 0.0051 +3:9931
4.0-50 | 445 0.0188 4 0.0025 F3-95%4
50—6.0 | 546 | 0.00848 & 0.00167 +0-00066
6.0 —10.0 | 7.56 | 0.00185 % 0.00039 +J:00011

Table 1: The normalised differential cross sectiondpr— epY” as a function of. The first
errors are statistical and the second are systematic. Tieenldtic range of the measurement is
givenin (2).

The small values of{;, which is directly proportional to the square of the sinfiig-helicity
amplitude 4, signify that the probability of producing a longitudinajpolarisedp from a
transversely polarised photon is low, varying fréand- 2)% at [t| = 1.79 GeV* to (6 & 6)%

at|t| = 4.69 GeV?®. The non-zero values dte [r%}] confirm that, although small, a single-
flip contribution is present. The production of transverg®larised» mesons must, therefore,
dominate and the finite negative valuesr§f, show clear evidence for a helicity double-flip
contribution. Both these observations indicate a viotabdbthe SCHC hypothesis. This is in
contrast with the results on th&'¢> meson, where, within experimental errors, the measured
spin density matrix elements [3,4] are all compatible wighaz

The two-gluon model predictions (dotted lines in Fig. 5) 0] are unable to describe the
measured spin density matrix elements. In particular, tbeehpredicts too high values of
ros, i.e. too high probabilities for producing longitudinajpplarised» mesons. For the BFKL
predictions [9, 10], which are shown by the full lines in Fig.r3; is well described but the
prediction forr* | is too negative and the wrong sign fee [r{3] is predicted. The inability to
describe théke [r¥3] matrix element is the major obstacle for the BFKL model.

5 Summary

The diffractive photoproduction gfmesonsgp — epY’, has been studied using the H1 detector
at HERA in the kinematic rang@? < 0.01 GeV*,75 < W < 95GeV,1.5 < [t| < 10 GeV?
andMy < 5 GeV. Thet dependence of the cross section is measured and fitted witvexr p
law of the form|¢|=", which fits the data well and resultsin= 4.26 £ 0.06 (stat.) 7355 (syst.).

It is reasonably described by a BFKL-based model, while bethrgluon predictions consid-
ered here, with different treatments of the strong coupliadjto describe the data.
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t| range | (|t]) 00 Re [r15] it
(GeV?) (GeV?)

1.5—-2.2 | 1.79 | 0.038 +0.017 T5:511 1 0.064 4 0.012 1399 | —0.088 £ 0.015 3997
2.2-35 | 2.64 |0.029+0.025 39191 0.031 £ 0.019 T5:597 | —0.138 4+ 0.021 91
3.5—-10.0 | 4.69 |0.062 4 0.058 10015 | 0.057 £ 0.034 T0008 | —0.119 + 0.044 T5004

Table 2: The three spin density matrix elemerfts »%*, andRe [r{}] for p meson photopro-
duction as a function dt|. The first errors are statistical and the second are systemat

The spin density matrix element§;, v*, andRe [r{j] are measured as a functiontfThe
r% . andRe [r{5] matrix elements differ significantly from zero, thus confingithe violation
of s-channel helicity conservation, with contributions frowit single and double helicity-flip
observed. The models considered are unable to describpithdensity matrix elements. The
two-gluon model predicts far too large a probability of puoohg a longitudinally polarised
meson, given by thes matrix element. While the BFKL based model is able to desctiie
roa matrix element well, the prediction fof* , is too negative antte [r%] has the wrong sign.
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Lepton Meson
Scattering Production
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Decay in Meson
Rest Frame

Figure 1: Production and decay angles used to analyse thagadlon of they meson.

15



800 E

@ F 2 350
5 0fkd « H1lData £ b)
a E > 300
* 600 L1 Mc gi 250
3 200
400 |
300 £ 150
200 | 100
100 | 50 *ote
0 : k o | ——— | I |
0 1 2 3 06 07 08 09 1 1.1
p; (GeV) M__ (GeV)
2 2 F d
c 3 [
S 10 c) S 300 | )
E T |
250 |
£ H ;
200 |
150 |
100 |
50
0 5 10 15 80 90 100
2
It] (GeV") W (GeV)
2 22 £ 200
[ [
g 200 g 180
QL 180 L 160
* 160 * 140
140 120
158 100
80 80
60 60
40 40
20 20
0 PR w— . 1 O PRI [ | i
-1 -05 0 0.5 1 0 100 200 300
coso* ¢* (deg)

Figure 2: Distributions of the selected events in the kinigendomain (2) and the invariant
mass rangé.6 < M,, < 1.1 GeV: a) transverse momentum of the pions; b) invariant mass of
the two pions; c) modulus of the square of the four momentamsfierred at the proton vertex

t; d) photon-proton centre of mass eneldy e) cosine of the polar angtE& of the positively
charged decay pion in therest frame and f) its azimuthal anghe the~p centre of mass frame.
The points represent the data and the histograms show theeMNGarlo predictions normalised

to the data, including the, ¢ andp’ backgrounds (filled histograms).
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Figure 3: Thet dependence of thep — epY cross section. The inner error bars show the
dominating statistical errors, while the outer error basresent the sum of the statistical and
systematic errors added in quadrature. The dashed lineeiseult of a fit to a power law
distribution|¢|=", which results in a powet = 4.26 + 0.06 (stat.) 7005 (syst.). The full
line shows the prediction from the BFKL model and the dotted dashed-dotted lines show
the predictions from the two-gluon model with fixed and rumgnis, respectively.
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Figure 4: Normalised decay angular distributions fjomeson photoproduction in three bins
of |¢|. The left column (a,c,e) shows the polar distributi@a 6* and the right column (b,d,f)
shows the azimuthal distributiosi’. The inner error bars show the statistical errors, while the
outer error bars represent the sum of the statistical artdregsic errors added in quadrature.
The solid lines show the results of the two-dimensional fith® data (see text). The dashed
lines show the expectations ferchannel helicity conservation (SCHC).
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Figure 5: The three spin density matrix elementsg) b) r{*, and c)Re[r{3] for p meson
photoproduction as a function ¢ff (full points) together with ZEUS measurements [3] (open
points). The inner error bars show the statistical errotsijerthe outer error bars represent
the sum of the statistical and systematic errors added idrgtizre. The full lines show the
predictions of the BFKL model and the dotted lines show thedjmtions of the two-gluon
model. The dashed lines show the expectation fsemhannel helicity conservation (SCHC).
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