
*∣
∣∣
∣.
49
05
*

 DESY-11-220
ar

X
iv

:1
11

1.
49

05
v1

  [
he

p-
ex

] 
 2

1 
N

ov
 2

01
1

DESY{11{220November 2011
Ex
lusive ele
troprodu
tion of two pions atHERA

ZEUS Collaboration
Abstra
tThe ex
lusive ele
troprodu
tion of two pions in the mass range0:4 < M�� < 2:5 GeV has been studied with the ZEUS dete
tor at HERAusing an integrated luminosity of 82 pb�1. The analysis was 
arried out in thekinemati
 range of 2 < Q2 < 80 GeV2, 32 < W < 180 GeV and jtj < 0:6 GeV2,where Q2 is the photon virtuality, W is the photon-proton 
entre-of-mass energyand t is the squared four-momentum transfer at the proton vertex. The two-pioninvariant-mass distribution is interpreted in terms of the pion ele
tromagneti
form fa
tor, jF (M��)j, assuming that the studied mass range in
ludes the
ontributions of the �; �0 and �00 ve
tor-meson states. The masses and widths ofthe resonan
es were obtained and the Q2 dependen
e of the 
ross-se
tion ratios�(�0 ! ��)=�(�) and �(�00 ! ��)=�(�) was extra
ted. The pion form fa
torobtained in the present analysis is 
ompared to that obtained in e+e� ! �+��.

http://arxiv.org/abs/1111.4905v1


The ZEUS CollaborationH. Abramowi
z45;ah, I. Abt35, L. Adam
zyk13, M. Adamus54, R. Aggarwal7;
, S. Antonelli4,P. Antonioli3, A. Antonov33, M. Arneodo50, D. Ashery45, V. Aushev26;27;z, Y. Aushev,27;z;aa,O. Ba
hynska15, A. Bamberger19, A.N. Barakbaev25, G. Barbagli17, G. Bari3, F. Barreiro30,N. Bartosik27;ab, D. Barts
h5, M. Basile4, O. Behnke15, J. Behr15, U. Behrens15, L. Bellagamba3,A. Bertolin39, S. Bhadra57, M. Bindi4, C. Blohm15, V. Bokhonov26;z , T. Bo ld13, K. Bondarenko27,E.G. Boos25, K. Borras15, D. Bos
herini3, D. Bot15, I. Bro
k5, E. Brownson56, R. Brugnera40,N. Br�ummer37, A. Bruni3, G. Bruni3, B. Brzozowska53, P.J. Bussey20, B. Bylsma37, A. Caldwell35,M. Capua8, R. Carlin40, C.D. Catterall57, S. Chekanov1, J. Chwastowski12;e, J. Ciborowski53;al,R. Ciesielski15;g, L. Cifarelli4, F. Cindolo3, A. Contin4, A.M. Cooper-Sarkar38, N. Coppola15;h,M. Corradi3, F. Corriveau31, M. Costa49, G. D'Agostini43, F. Dal Corso39, J. del Peso30,R.K. Dementiev34, S. De Pasquale4;a, M. Derri
k1, R.C.E. Devenish38, D. Dobur19;s, B.A. Dolgo-shein 33;y, G. Dolinska26;27, A.T. Doyle20, V. Drugakov16, L.S. Durkin37, S. Dusini39, Y. Eisenberg55,P.F. Ermolov 34;y, A. Eskreys 12;y, S. Fang15;i, S. Fazio8, J. Ferrando38, M.I. Ferrero49, J. Figiel12,M. Forrest20;v , B. Foster38;ad, G. Ga
h13, A. Galas12, E. Gallo17, A. Garfagnini40, A. Geiser15,I. Gialas21;w, L.K. Gladilin34;a
, D. Gladkov33, C. Glasman30, O. Gogota26;27 , Yu.A. Golubkov34,P. G�ottli
her15;j , I. Grabowska-Bo ld13, J. Grebenyuk15, I. Gregor15, G. Grigores
u36, G. Grzelak53,O. Gueta45, E. Gurvi
h45, M. Guzik13, C. Gwenlan38;ae, T. Haas15, W. Hain15, R. Hamatsu48,J.C. Hart44, H. Hartmann5, G. Hartner57, E. Hilger5, D. Ho
hman55, R. Hori47, K. Horton38;af ,A. H�uttmann15, Z.A. Ibrahim10, Y. Iga42, R. Ingbir45, M. Ishitsuka46, H.-P. Jakob5, F. Janus
hek15,T.W. Jones52, M. J�ungst5, I. Kadenko27, B. Kahle15, S. Kananov45, T. Kanno46, U. Karshon55,F. Karstens19;t, I.I. Katkov15;k, M. Kaur7, P. Kaur7;
, A. Keramidas36, L.A. Khein34, J.Y. Kim9,D. Kisielewska13, S. Kitamura48;aj , R. Klanner22, U. Klein15;l, E. Ko�eman36, P. Kooijman36,Ie. Korol26;27, I.A. Korzhavina34;a
, A. Kota�nski14;f , U. K�otz15, H. Kowalski15, O. Kuprash15,M. Kuze46, A. Lee37, B.B. Lev
henko34, A. Levy45, V. Libov15, S. Limentani40, T.Y. Ling37,M. Lisovyi15, E. Lobodzinska15, W. Lohmann16, B. L�ohr15, E. Lohrmann22, K.R. Long23,A. Longhin39, D. Lontkovskyi15, O.Yu. Lukina34, J. Maeda46;ai, S. Magill1, I. Makarenko15,J. Malka15, R. Mankel15, A. Margotti3, G. Marini43, J.F. Martin51, A. Mastroberardino8,M.C.K. Mattingly2, I.-A. Melzer-Pellmann15, S. Mergelmeyer5, S. Miglioranzi15;m, F. MohamadIdris10, V. Mona
o49, A. Montanari15, J.D. Morris6;b, K. Mujki
15;n, B. Musgrave1, K. Nagano24,T. Namsoo15;o, R. Nania3, A. Nigro43, Y. Ning11, T. Nobe46, U. Noor57, D. Notz15, R.J. Nowak53,A.E. Nun
io-Quiroz5, B.Y. Oh41, N. Okazaki47, K. Oliver38, K. Olkiewi
z12, Yu. Onish
huk27,K. Papageorgiu21, A. Parenti15, E. Paul5, J.M. Pawlak53, B. Pawlik12, P. G. Pelfer18, A. Pellegrino36,W. Perla�nski53;am, H. Perrey15, K. Piotrzkowski29, P. Plu
i�nski54;an, N.S. Pokrovskiy25, A. Polini3,A.S. Proskuryakov34, M. Przyby
ie�n13, A. Raval15, D.D. Reeder56, B. Reisert35, Z. Ren11,J. Repond1, Y.D. Ri48;ak, A. Robertson38, P. Rolo�15;m, I. Rubinsky15, M. Ruspa50, R. Sa

hi49,A. Salii27, U. Samson5, G. Sartorelli4, A.A. Savin56, D.H. Saxon20, M. S
hioppa8, S. S
hlenstedt16,P. S
hleper22, W.B. S
hmidke35, U. S
hneekloth15, V. S
h�onberg5, T. S
h�orner-Sadenius15,J. S
hwartz31, F. S
iulli11, L.M. Sh
heglova34, R. Shehzadi5, S. Shimizu47;m, I. Singh7;
, I.O. Skilli
orn20,W. S lomi�nski14, W.H. Smith56, V. Sola49, A. Solano49, D. Son28, V. Sosnovtsev33, A. Spiridonov15;p,H. Stadie22, L. Stan
o39, A. Stern45, T.P. Stewart51, A. Stifutkin33, P. Stopa12, S. Su
hkov33,I



G. Susinno8, L. Suszy
ki13, J. Sztuk-Dambietz22, D. Szuba22, J. Szuba15;q, A.D. Tapper23,E. Tassi8;d, J. Terr�on30, T. Theedt15, H. Tie
ke36, K. Tokushuku24;x, O. Tomalak27, J. Tomaszewska15;r,T. Tsurugai32, M. Tur
ato22, T. Tymienie
ka54;ao, M. V�azquez36;m, A. Verbytskyi15, O. Viazlo26;27,N.N. Vlasov19;u, O. Volynets27, R. Wal
zak38, W.A.T. Wan Abdullah10, J.J. Whitmore41;ag,L. Wiggers36, M. Wing52, M. Wlasenko5, G. Wolf15, H. Wolfe56, K. Wrona15, A.G. Yag�ues-Molina15, S. Yamada24, Y. Yamazaki24;y , R. Yoshida1, C. Youngman15, A.F. _Zarne
ki53, L. Zawiejski12,O. Zenaiev15, W. Zeuner15;m, B.O. Zhautykov25, N. Zhmak26;z, C. Zhou31, A. Zi
hi
hi4, Z. Zolkapli10,M. Zolko27, D.S. Zotkin34

II



1 Argonne National Laboratory, Argonne, Illinois 60439-4815, USA A2 Andrews University, Berrien Springs, Mi
higan 49104-0380, USA3 INFN Bologna, Bologna, Italy B4 University and INFN Bologna, Bologna, Italy B5 Physikalis
hes Institut der Universit�at Bonn, Bonn, Germany C6 H.H. Wills Physi
s Laboratory, University of Bristol, Bristol, United Kingdom D7 Panjab University, Department of Physi
s, Chandigarh, India8 Calabria University, Physi
s Department and INFN, Cosenza, Italy B9 Institute for Universe and Elementary Parti
les, Chonnam National University,Kwangju, South Korea10 Jabatan Fizik, Universiti Malaya, 50603 Kuala Lumpur, Malaysia E11 Nevis Laboratories, Columbia University, Irvington on Hudson, New York 10027,USA F12 The Henryk Niewodni
zanski Institute of Nu
lear Physi
s, Polish A
ademy ofS
ien
es, Krakow, Poland G13 AGH-University of S
ien
e and Te
hnology, Fa
ulty of Physi
s and Applied Com-puter S
ien
e, Krakow, Poland H14 Department of Physi
s, Jagellonian University, Cra
ow, Poland15 Deuts
hes Elektronen-Syn
hrotron DESY, Hamburg, Germany16 Deuts
hes Elektronen-Syn
hrotron DESY, Zeuthen, Germany17 INFN Floren
e, Floren
e, Italy B18 University and INFN Floren
e, Floren
e, Italy B19 Fakult�at f�ur Physik der Universit�at Freiburg i.Br., Freiburg i.Br., Germany20 S
hool of Physi
s and Astronomy, University of Glasgow, Glasgow, United King-dom D21 Department of Engineering in Management and Finan
e, Univ. of the Aegean,Chios, Gree
e22 Hamburg University, Institute of Experimental Physi
s, Hamburg, Germany I23 Imperial College London, High Energy Nu
lear Physi
s Group, London, UnitedKingdom D24 Institute of Parti
le and Nu
lear Studies, KEK, Tsukuba, Japan J25 Institute of Physi
s and Te
hnology of Ministry of Edu
ation and S
ien
e of Kaza-khstan, Almaty, Kazakhstan26 Institute for Nu
lear Resear
h, National A
ademy of S
ien
es, Kyiv, Ukraine27 Department of Nu
lear Physi
s, National Taras Shev
henko University of Kyiv,Kyiv, Ukraine28 Kyungpook National University, Center for High Energy Physi
s, Daegu, South Ko-rea K29 Institut de Physique Nu
l�eaire, Universit�e Catholique de Louvain, Louvain-la-Neuve,Belgium L30 Departamento de F��si
a Te�ori
a, Universidad Aut�onoma de Madrid, Madrid,Spain M31 Department of Physi
s, M
Gill University, Montr�eal, Qu�ebe
, Canada H3A 2T8 N32 Meiji Gakuin University, Fa
ulty of General Edu
ation, Yokohama, Japan JIII



33 Mos
ow Engineering Physi
s Institute, Mos
ow, Russia O34 Mos
ow State University, Institute of Nu
lear Physi
s, Mos
ow, Russia P35 Max-Plan
k-Institut f�ur Physik, M�un
hen, Germany36 NIKHEF and University of Amsterdam, Amsterdam, Netherlands Q37 Physi
s Department, Ohio State University, Columbus, Ohio 43210, USA A38 Department of Physi
s, University of Oxford, Oxford, United Kingdom D39 INFN Padova, Padova, Italy B40 Dipartimento di Fisi
a dell' Universit�a and INFN, Padova, Italy B41 Department of Physi
s, Pennsylvania State University, University Park,Pennsylvania 16802, USA F42 Polyte
hni
 University, Sagamihara, Japan J43 Dipartimento di Fisi
a, Universit�a 'La Sapienza' and INFN, Rome, Italy B44 Rutherford Appleton Laboratory, Chilton, Did
ot, Oxon, United Kingdom D45 Raymond and Beverly Sa
kler Fa
ulty of Exa
t S
ien
es, S
hool of Physi
s,Tel Aviv University, Tel Aviv, Israel R46 Department of Physi
s, Tokyo Institute of Te
hnology, Tokyo, Japan J47 Department of Physi
s, University of Tokyo, Tokyo, Japan J48 Tokyo Metropolitan University, Department of Physi
s, Tokyo, Japan J49 Universit�a di Torino and INFN, Torino, Italy B50 Universit�a del Piemonte Orientale, Novara, and INFN, Torino, Italy B51 Department of Physi
s, University of Toronto, Toronto, Ontario, Canada M5S1A7 N52 Physi
s and Astronomy Department, University College London, London, UnitedKingdom D53 Fa
ulty of Physi
s, University of Warsaw, Warsaw, Poland54 National Centre for Nu
lear Resear
h, Warsaw, Poland55 Department of Parti
le Physi
s and Astrophysi
s, Weizmann Institute, Rehovot,Israel56 Department of Physi
s, University of Wis
onsin, Madison, Wis
onsin 53706, USA A57 Department of Physi
s, York University, Ontario, Canada M3J 1P3 N

IV



A supported by the US Department of EnergyB supported by the Italian National Institute for Nu
lear Physi
s (INFN)C supported by the German Federal Ministry for Edu
ation and Resear
h (BMBF),under 
ontra
t No. 05 H09PDFD supported by the S
ien
e and Te
hnology Fa
ilities Coun
il, UKE supported by an FRGS grant from the Malaysian governmentF supported by the US National S
ien
e Foundation. Any opinion, �ndings and 
on-
lusions or re
ommendations expressed in this material are those of the authors anddo not ne
essarily re
e
t the views of the National S
ien
e Foundation.G supported by the Polish Ministry of S
ien
e and Higher Edu
ation as a s
ienti�
proje
t No. DPN/N188/DESY/2009H supported by the Polish Ministry of S
ien
e and Higher Edu
ation and its grantsfor S
ienti�
 Resear
hI supported by the German Federal Ministry for Edu
ation and Resear
h (BMBF),under 
ontra
t No. 05h09GUF, and the SFB 676 of the Deuts
he Fors
hungsge-meins
haft (DFG)J supported by the Japanese Ministry of Edu
ation, Culture, Sports, S
ien
e andTe
hnology (MEXT) and its grants for S
ienti�
 Resear
hK supported by the Korean Ministry of Edu
ation and Korea S
ien
e and EngineeringFoundationL supported by FNRS and its asso
iated funds (IISN and FRIA) and by an Inter-University Attra
tion Poles Programme subsidised by the Belgian Federal S
ien
ePoli
y OÆ
eM supported by the Spanish Ministry of Edu
ation and S
ien
e through funds providedby CICYTN supported by the Natural S
ien
es and Engineering Resear
h Coun
il of Canada(NSERC)O partially supported by the German Federal Ministry for Edu
ation and Resear
h(BMBF)P supported by RF Presidential grant N 4142.2010.2 for Leading S
ienti�
 S
hools,by the Russian Ministry of Edu
ation and S
ien
e through its grant for S
ienti�
Resear
h on High Energy Physi
s and under 
ontra
t No.02.740.11.0244Q supported by the Netherlands Foundation for Resear
h on Matter (FOM)R supported by the Israel S
ien
e Foundation

V



a now at University of Salerno, Italyb now at Queen Mary University of London, United Kingdom
 also funded by Max Plan
k Institute for Physi
s, Muni
h, Germanyd also Senior Alexander von Humboldt Resear
h Fellow at Hamburg University, Insti-tute of Experimental Physi
s, Hamburg, Germanye also at Cra
ow University of Te
hnology, Fa
ulty of Physi
s, Mathemathi
s andApplied Computer S
ien
e, Polandf supported by the resear
h grant No. 1 P03B 04529 (2005-2008)g now at Ro
kefeller University, New York, NY 10065, USAh now at DESY group FS-CFEL-1i now at Institute of High Energy Physi
s, Beijing, Chinaj now at DESY group FEB, Hamburg, Germanyk also at Mos
ow State University, Russial now at University of Liverpool, United Kingdomm now at CERN, Geneva, Switzerlandn also aÆliated with Universtiy College London, UKo now at Goldman Sa
hs, London, UKp also at Institute of Theoreti
al and Experimental Physi
s, Mos
ow, Russiaq also at FPACS, AGH-UST, Cra
ow, Polandr partially supported by Warsaw University, Polands now at Istituto Nu
leare di Fisi
a Nazionale (INFN), Pisa, Italyt now at Haase Energie Te
hnik AG, Neum�unster, Germanyu now at Department of Physi
s, University of Bonn, Germanyv now at Biodiversit�at und Klimafors
hungszentrum (BiK-F), Frankfurt, Germanyw also aÆliated with DESY, Germanyx also at University of Tokyo, Japany now at Kobe University, Japanz supported by DESY, Germanyy de
easedaa member of National Te
hni
al University of Ukraine, Kyiv Polyte
hni
 Institute,Kyiv, Ukraineab member of National University of Kyiv - Mohyla A
ademy, Kyiv, Ukrainea
 partly supported by the Russian Foundation for Basi
 Resear
h, grant 11-02-91345-DFG aad Alexander von Humboldt Professor; also at DESY and University of Oxfordae STFC Advan
ed Fellowaf nee Kor
sak-Gorzoag This material was based on work supported by the National S
ien
e Foundation,while working at the Foundation.ah also at Max Plan
k Institute for Physi
s, Muni
h, Germany, External S
ienti�
Memberai now at Tokyo Metropolitan University, Japanaj now at Nihon Institute of Medi
al S
ien
e, JapanVI



ak now at Osaka University, Osaka, Japanal also at  L�od�z University, Polandam member of  L�od�z University, Polandan now at Department of Physi
s, Sto
kholm University, Sto
kholm, Swedenao also at Cardinal Stefan Wyszy�nski University, Warsaw, Poland

VII



1 Introdu
tionEx
lusive ele
troprodu
tion of ve
tor mesons takes pla
e through a virtual photon 
�by means of the pro
ess 
�p ! V p. At large values of the 
entre-of-mass energy, W ,this is usually viewed as a three-step pro
ess; the virtual photon 
� 
u
tuates into a q�qpair whi
h intera
ts with the proton through a two-gluon ladder and hadronizes into ave
tor meson, V . The produ
tion of ground-state ve
tor mesons, V = �; !; �; J= ;�,whi
h are 1S triplet q�q states, has been extensively studied at HERA, parti
ularly inseveral re
ent publi
ations [1{7℄). As the virtuality, Q2, of the photon in
reases, thepro
ess be
omes hard and 
an be 
al
ulated in perturbative Quantum Chromodynami
s(pQCD). Furthermore, by varying Q2, and thus the size of the q�q pair, sensitivity tothe ve
tor-meson wave-fun
tion 
an be obtained by s
anning it at di�erent q�q distan
es
ales. Expe
tations in the QCD framework vary from 
al
ulations based only on the massproperties and typi
al size of the q�q inside the ve
tor-meson [8, 9℄, to those based on thedetails of the ve
tor meson wave-fun
tion dependen
e on the size of the q�q pair [10{14℄.The approa
hes di�er in their predi
tions for the Q2 dependen
e of the 
ross se
tions forex
ited ve
tor-meson states and their ratio to their ground state.The only radially ex
ited 2S triplet q�q state studied at HERA so far has been the  (2S)state [15℄. In this study, only the photoprodu
tion rea
tion was investigated and thelow 
ross-se
tion ratio of  (2S) to the ground-state J= supported the existen
e of asuppression e�e
t, expe
ted if a node in the  (2S) wave-fun
tion is present.Other ex
ited ve
tor-meson states, in parti
ular those 
onsisting of light quarks, 
an beused to study the e�e
t 
aused by 
hanging the s
anning size. Ex
lusive �+�� produ
tionhas been measured previously in the annihilation pro
ess e+e� ! �+�� [16℄, as well as inphotoprodu
tion [17℄. The �+�� mass distribution shows a 
omplex stru
ture in the massrange 1{2 GeV. Eviden
e for two ex
ited ve
tor-meson states has been established [18,19℄;the �0(1450) is assumed to be predominantly a radially ex
ited 2S state and the �00(1700)is an orbitally ex
ited 2D state, with some mixture of the S and D waves [20℄. In additionthere is also the �3(1690) spin-3 meson [21℄ whi
h has a �� de
ay mode. The two-pionde
ay mode of these resonan
es is related [22,23℄ to the pion ele
tromagneti
 form fa
tor,F�(M��).In this paper, a study of ex
lusive ele
troprodu
tion of two pions,
�p! �+��p; (1)is presented in the two-pion mass range 0:4 < M�� < 2:5 GeV, in the kinemati
 range2 < Q2 < 80 GeV2, 32 < W < 180 GeV and jtj < 0:6 GeV2, where t is the squaredfour-momentum transfer at the proton vertex. The M�� system 
onsists of a resonan
epart and a non-resonant ba
kground. The resonan
es are des
ribed by the pion form1



fa
tor. The 
ontributions of the three ve
tor-mesons �, �0 and �00 are extra
ted and theirrelative rates as a fun
tion of Q2 are dis
ussed in terms of QCD expe
tations.2 The pion form fa
torThe two-pion invariant-mass distribution of Eq. 1, after subtra
tion of the non-resonantba
kground1, 
an be related to the pion ele
tromagneti
 form fa
tor, F�(M��), throughthe following relation [22, 23℄: dN(M��)dM�� / jF�(M��)j2 : (2)There are several parameterizations of the pion form fa
tor usually used for �tting the�+�� mass distribution; the Kuhn-Santamaria (KS) [24℄, the Gounaris-Sakurai (GS) [25℄and the Hidden Lo
al Symmetry (HLS) [26,27℄ parameterizations. In this paper, resultsbased on the KS parameterization are presented.In the mass range M�� < 2:5 GeV, the KS parameterization of the pion form fa
torin
ludes 
ontributions from the �(770), �0(1450) and �00(1700) resonan
es2,F�(M��) = BW�(M��) + �BW�0(M��) + 
BW�00(M��)1 + � + 
 : (3)Here � and 
 are relative amplitudes and BWV is the Breit-Wigner distribution whi
hhas the form BWV (M��) = M2VM2V �M2�� � iMV �V (M��) ; (4)where MV and �V (M��) are the ve
tor-meson mass and momentum-dependent width,respe
tively. The latter has the form�V (M��) = �V �p�(M��)p�(MV ) �3�M2VM2�� �; (5)where �V is the width of the V meson atM�� =MV , p�(M��) = 1=2pM2�� � 4M2� is thepion momentum in the �+�� 
entre-of-mass frame, p�(MV ) is the pion momentum in theV -meson rest frame, and M� is the pion mass.1 This is assumed not to interfere with the resonan
e signal.2 This analysis 
annot distinguish between �3(1690) and �00(1700). Theoreti
al 
al
ulations estimatethe 
ontribution of �3(1690) to be either one order of magnitude [9℄ or 2{5 times [28℄ smaller than thatof the �00(1700). 2



3 Experimental set-upThe analyzed data were 
olle
ted with the ZEUS dete
tor at the HERA 
ollider in theyears 1998{2000, when 920 GeV protons 
ollided with 27.5 GeV ele
trons or positrons.The sample used for this study 
orresponds to 81.7 pb�1 of whi
h 65.0 pb�1 were 
olle
tedwith an e+ and the rest with an e� beam3.A detailed des
ription of the ZEUS dete
tor 
an be found elsewhere [29℄. A brief outlineof the 
omponents that are most relevant for this analysis is given below.The 
harged parti
les were tra
ked in the 
entral tra
king dete
tor (CTD) [30℄ whi
hoperated in a magneti
 �eld of 1:43T provided by a thin super
ondu
ting solenoid. TheCTD 
onsisted of 72 
ylindri
al drift 
hamber layers, organized in nine superlayers 
ov-ering the polar-angle4 region 15Æ < � < 164Æ. The transverse-momentum resolution forfull-length tra
ks was �(pT )=pT = 0:0058pT � 0:0065� 0:0014=pT , with pT in GeV.The s
attered ele
tron was identi�ed in the high-resolution uranium{s
intillator 
alorime-ter (CAL) [31℄ whi
h 
overed 99.7% of the total solid angle and 
onsisted of three parts:the forward (FCAL), the barrel (BCAL) and the rear (RCAL) 
alorimeters. Ea
h partwas subdivided transversely into towers and longitudinally into one ele
tromagneti
 se
-tion (EMC) and either one (in RCAL) or two (in BCAL and FCAL) hadroni
 se
-tions (HAC). The CAL energy resolution, as measured under test-beam 
onditions, was�(E)=E = 0:18=pE for ele
trons and �(E)=E = 0:35=pE for hadrons, with E in GeV.The position of the s
attered ele
tron was determined by 
ombining information from theCAL, the small-angle rear tra
king dete
tor [32℄ and the hadron-ele
tron separator [33℄.The luminosity was measured from the rate of the bremsstrahlung pro
ess ep ! e
 p.The photon was measured in a lead{s
intillator 
alorimeter [34{36℄ pla
ed in the HERAtunnel at Z = �107 m.4 Data sele
tion and re
onstru
tionThe online event sele
tion required an ele
tron 
andidate in the CAL, along with thedete
tion of at least one and not more than six tra
ks in the CTD.In the o�ine sele
tion, the following further requirements were imposed:3 From now on, ele
trons and positrons will be both referred to as ele
trons in this paper.4 The ZEUS 
oordinate system is a right-handed Cartesian system, with the Z axis pointing in theproton beam dire
tion, referred to as the \forward dire
tion", and the X axis pointing left towardsthe 
entre of HERA. The 
oordinate origin is at the nominal intera
tion point. The polar angle, �, ismeasured with respe
t to the proton beam dire
tion.3



� the presen
e of a s
attered ele
tron, with energy in the CAL greater that 10 GeVand with an impa
t point on the fa
e of the RCAL outside a re
tangular area of26.4 � 16 
m2 in the X � Y plane;� the Z 
oordinate of the intera
tion vertex was within � 50 
m of the nominal inter-a
tion point;� in addition to the s
attered ele
tron, the presen
e of exa
tly two oppositely 
hargedtra
ks. Both tra
ks have to be asso
iated with the re
onstru
ted vertex, ea
h havingpseudorapidity j�j less than 1.75 and transverse momentum greater that 150 MeV.This ensures high re
onstru
tion eÆ
ien
y and ex
ellent momentum resolution in theCTD. These tra
ks were treated in the following analysis as a �+�� pair;� E � PZ > 45 GeV, where E � PZ = Pi(Ei � PZi) and the summation is over theenergy Ei and longitudinal momentum PZi of the �nal-state ele
tron and pions. This
ut ex
ludes events with high-energy photons radiated in the initial state;� events with any energy deposit larger than 300 MeV in the CAL, not asso
iated withthe pion tra
ks (so-
alled `unmat
hed islands'), were reje
ted.The following kinemati
 variables are used to des
ribe the ex
lusive produ
tion of a �+��pair:� Q2, the four-momentum squared of the virtual photon;� W 2, the squared 
entre-of-mass energy of the photon-proton system;� M��, the invariant mass of the two pions;� t, the squared four-momentum transfer at the proton vertex;� �h, the angle between the �+�� produ
tion plane and the positron s
attering planein the 
�p 
entre-of-mass frame;� �h and �h, the polar and azimuthal angles of the positively 
harged pion in the s-
hannel heli
ity frame [37℄ of the �+��.The kinemati
 variables were re
onstru
ted using the so-
alled `
onstrained' method [38℄,whi
h uses the momenta of the de
ay parti
les measured in the CTD and the re
onstru
tedpolar and azimuthal angles of the s
attered ele
tron. The analysis was restri
ted tothe kinemati
 region 2 < Q2 < 80 GeV2, 32 < W < 180 GeV, jtj � 0:6 GeV2 and0:4 < M�� < 2:5 GeV. The lower mass range ex
ludes re
e
tions from the � ! K+K�de
ays and the upper limit ex
ludes the J= ! �+��; e+e� de
ays with its radiative tail.The above sele
tion yielded 63517 events for this analysis.The above 
uts do not eliminate events in whi
h the proton disso
iates into a low-mass�nal state, the produ
ts of whi
h disappear down the beam pipe. This 
ontribution,4



estimated [2℄ to be about 20% in the range of this analysis, was found to be Q2 and Windependent. Its presen
e does not a�e
t the 
on
lusions of this analysis.5 Monte Carlo simulationThe program Zeusvm [39℄ interfa
ed to Hera
les4.4 [40℄ was used. The e�e
tive dis-tributions of Q2; W and jtj were parameterized to reprodu
e the data. The mass andangular distributions were generated uniformly and the MC events were then iterativelyreweighted using the results of the analysis.The generated events were passed through a full simulation of the ZEUS dete
tor basedon Geant 3.21 [41℄ and pro
essed through the same 
hain of sele
tion and re
onstru
tionpro
edures as the data, a

ounting for trigger as well as dete
tor a

eptan
e and smearinge�e
ts. The number of simulated events after re
onstru
tion was approximately seventimes greater than the number of re
onstru
ted data events.A detailed 
omparison between the data and the Zeusvm MC distributions for the massrange 0:65 < M�� < 1:1 GeV has been presented elsewhere [2℄. Some examples for themass range 1:1 < M�� < 2:1 GeV are shown here. The transverse momentum, pT , ofthe �+ and the �� parti
les for di�erent ranges of Q2 and M�� are presented in Fig. 1.Figure 2 shows the Q2; W; jtj, 
os �h; �h; and �h distributions for events sele
ted withinthe mass ranges 1:1 < M�� < 1:6 GeV, while Fig. 3 shows those distributions for themass range 1:6 < M�� < 2:1 GeV. All measured distributions are well des
ribed by theMC simulations.6 The �� mass �tThe �+�� mass distribution, after a

eptan
e 
orre
tion determined from the above MCsimulation, is shown in Fig. 4. A 
lear peak is seen in the � mass range. A small shoulderis apparent around 1.3 GeV and a se
ondary peak at about 1.8 GeV.The two-pion invariant-mass distribution was �tted, using the least-square method [42℄,as a sum of two terms,dN(M��)dM�� = A�1� 4M2�M2���"jF�(M��)j2 +B � M0M���n#; (6)where A is an overall normalization 
onstant. The se
ond term is a parameterization ofthe non-resonant ba
kground, with 
onstant parameters B, n andM0 = 1 GeV. The otherparameters, the masses and widths of the three resonan
es and their relative 
ontributions5



� and 
, enter through the pion form fa
tor, F� (Eq. 3). The �t, whi
h in
ludes 11parameters, gives a good des
ription of the data (�2/ndf=28.8/24=1.2). The result ofthe �t is shown in Fig. 4 together with the 
ontribution of ea
h of the two terms of Eq. 6.The � and the �00 signals are 
learly visible. The negative interferen
e between all theresonan
es results in the �0 signal appearing as a shoulder. To illustrate this better, thesame data and �t are shown in Fig. 5 on a linear s
ale and limited to M�� > 1.2 GeV,with separate 
ontributions from the ba
kground, the three resonant amplitudes as wellas their total interferen
e term.The �t parameters are listed in Table 1. Also listed are the mass and width parametersfrom the Parti
le Data Group (PDG) [43℄. The masses and widths of the � and the �00as well as the width of the �0 agree with those listed in the PDG, while there is about 100MeV di�eren
e between the PDG value and the �tted mass of the �0. It should howeverbe noted that the value quoted by PDG is an average over many measurements having alarge spread (1265� 75 up to 1424� 25 MeV for the �� de
ay mode) in this mass range.The measured negative value of � and positive value of 
 implies that the relative signsof the amplitudes of the three resonan
es �; �0 and �00 are +;�;+, respe
tively. A similarpattern was observed in e+e� ! �+�� and � -de
ay experiments [45{53℄, whi
h alsoshowed a dip in the mass range around 1.6 GeV, resulting from destru
tive interferen
e.There is a single experiment where a 
onstru
tive interferen
e was obtained around 1.6GeV, namely 
p! �+��p [17℄, a result whi
h is not understood [12℄.In the mass �ts above it was assumed that the relative amplitudes � and 
 are real. Inorder to test this assumption, the �t was repeated allowing them to be 
omplex. Thepion form fa
tor was re-written in the formF�(M��) = BW�(M��) + �0 � exp(i�12)BW�0(M��) + 
0 � exp(i�13)BW�00(M��)1 + �0 + 
0 ; (7)where �0 and 
0 are real numbers and two additional �t parameters, �12 and �13, arethe 
orresponding phase shifts. The value of the phase-shifts obtained from the �t were�12 = 3:2� 0:2 rad and �13 = 0:1� 0:2 rad, supporting the assumption of the real natureof the relative amplitudes.7 Systemati
 un
ertaintiesThe systemati
 un
ertainties of the �t parameters were evaluated by varying the sele
tion
uts and the MC simulation parameters. Motivation for the variation in 
uts used below
an be found in a previous ZEUS analysis [2℄. The following sele
tion 
uts were varied:� the E � PZ 
ut was 
hanged within the resolution of � 3 GeV;6



� the pT threshold for the pion tra
ks (default 0.15 GeV) was in
reased to 0.2 GeV andthe j�j 
ut on the two pion tra
ks was 
hanged (default 1.75) by �0:25;� the required maximum distan
e of 
losest approa
h of the two extrapolated pion tra
ksto the mat
hed island in the CAL was 
hanged from 30 
m to 20 
m;� the Z-vertex 
ut was varied by �10 
m;� the energy threshold for an unmat
hed island (elasti
ity 
ut) was 
hanged by�50 MeV;� the bin size in the �tted mass distribution (default 60 MeV) was varied by � 20 MeV;� the mass range was narrowed to 0:5 < M�� < 2:3 GeV;� the jtj 
ut was varied by �0:1 GeV2;� the W range was 
hanged to 35 < W < 190 GeV;� the 
os �h range was 
hanged to j 
os �hj < 0:9;� the W Æ dependen
e in the MC was varied by 
hanging the Q2-dependent Æ value by� 0.03;� the exponential t distribution in the MC was reweighted by 
hanging the nominalQ2-dependent slope parameter b by � 0.5 GeV�2;� the exponent of the Q2 distribution parameterization in the MC was 
hanged by �0.05.The largest variations were observed for 
, �(�00) and �. The value of �(�00) 
hanges by7% when the elasti
ity 
ut is varied. The restri
tion of the phase spa
e in the �tted massrange leads to a 
hange of the value of � by �5:2% while for 
, restri
ting the j 
os �hjrange leads to a 
hange of �8%. In addition, another form of ba
kground in Eq. 6, withan added exponential term, was investigated. It gave a very similar result in the massrange of this analysis and therefore no additional un
ertainty was assigned to the form ofthe �tted mass 
urve.All the systemati
 un
ertainties were added in quadrature. The 
ombined systemati
un
ertainties are in
luded in Table 1.8 De
ay angular distributionsDe
ay angular distributions 
an be used to determine the spin density-matrix elementsof a resonan
e [37, 44℄. In the present 
ase we study three resonan
es, all in a JP = 1�state. However, the de
ay angular distribution in a given mass bin is a�e
ted by theba
kground 
ontribution whi
h does not ne
essarily have the same quantum numbers asthe resonan
e. Given the above, only the distribution of the polar angle �h, de�ned asthe polar angle of the positively 
harged pion in the heli
ity frame, was studied.7



The distribution of 
os �h is shown in Fig. 6 for di�erent mass bins; its shape is 
learlymass dependent. In order to study the mass dependen
e further, the angular distributionof the polar heli
ity angle, W (
os �h) was parameterized asW (
os �h) / [1� r + (3r � 1) 
os2 �h℄; (8)and �tted to the data. The mass dependen
e of the resulting parameter r is shownin Fig. 7. In the mass range M�� < 1.1 GeV, r shows the dependen
e seen for the r0400density matrix in the � region [2℄. Indeed this region is dominated by ex
lusive produ
tionof � and therefore r = r0400. In that 
ase, r 
an be interpreted as �L=�tot, assuming s-
hannel heli
ity 
onservation (SCHC). Here �L is the 
ross se
tion for produ
ing � by alongitudinally polarized photon, and �tot = �L+�T , with �T the produ
tion 
ross se
tionby transversely polarized photons. The results shown here for the � region are in ex
ellentagreement with the values given in an earlier ZEUS paper [2℄.The stru
ture seen for M�� > 1.1 GeV is not easy to interpret, however the dip observedaround 1.3 GeV and the enhan
ement at 1.6 GeV seem to follow the lo
ation of theresonan
es determined from the mass distribution.9 Q2 dependen
e of the pion form fa
torThe Q2 dependen
e of the relative amplitudes was determined by performing the �t toM�� in three Q2 regions, 2{5, 5{10 and 10{80 GeV2. The masses and widths of the threeresonan
es were �xed to the values found in the overall �t and listed in Table 1. Theresults are shown in Fig. 8. A reasonable des
ription of the data is a
hieved in all threeQ2 regions. The 
orresponding values of � and 
 are given in Table 2. The absolute valueof � in
reases with Q2 while the value of 
 is 
onsistent with no Q2 dependen
e, withinlarge un
ertainties.Figure 9 shows the 
urves representing the pion form fa
tor, jF�(M��)j2, as obtained inthe present analysis for the three Q2 ranges: 2{5, 5{10, 10{80 GeV2. Also shown areresults obtained in the time-like regime from the rea
tion e+e� ! �+��. In general, thefeatures of the jF�(M��)j2 distribution observed here are also observed in e+e�, i.e., theprominent � peak, a shoulder around the �0 and a dip followed by an enhan
ement in the�00 region. Above the � region, where the interferen
e between the �0 and the �00 starts todominate, there is a dependen
e of jF�(M��)j2 on Q2, with the results from the lowest Q2range 
losest to those from e+e�. However, in the region of the � peak, shown in Fig. 10,the pion form-fa
tor jF�(M��)j2 is highest at the highest Q2, as in the �0-�00 interferen
eregion, while the e+e� data are higher than those in the highest Q2 range. They are equalwithin errors for M�� > 1.8 GeV. 8



10 Cross-se
tion ratios as a fun
tion of Q2The Q2 dependen
e of the � by itself is given elsewhere [2℄. Sin
e the �� bran
hing ratiosof �0 and �00 are poorly known, the ratio RV de�ned asRV = �(V ) �Br(V ! ��)�(�) ; (9)has been measured, where � is the 
ross se
tion for ve
tor-meson produ
tion and Br(V !��) is the bran
hing ratio of the ve
tor meson V (�0; �00) into ��. The ratio RV may bedire
tly determined from the results of the M�� mass �t,R�0 = �2 I�0I� R�00 = 
2 I�00I� ; (10)where IV = MV +5�VZ2M� dM��jBWV (M��)j2; (11)and the integration is 
arried out over the range 2M� < M�� < MV + 5�V .Figure 11 shows and Table 3 lists the ratio RV for V = �0; �00, as a fun
tion of Q2. Owingto the large un
ertainties of R�00 , no 
on
lusion on its Q2 behaviour 
an be dedu
ed,whereas R�0 
learly in
reases with Q2. This rise has been predi
ted by several models [8,10, 13, 54, 55℄. The suppression of the 2S state (�0) is 
onne
ted to a node e�e
t whi
hresults in 
an
ellations of 
ontributions from di�erent impa
t-parameter regions at lowerQ2, while at higher Q2 the e�e
t vanishes.11 SummaryEx
lusive two-pion ele
troprodu
tion has been studied by ZEUS at HERA in the range0:4 < M�� < 2:5 GeV, 2 < Q2 < 80 GeV2, 32 < W < 180 GeV and jtj � 0:6 GeV2. Themass distribution is well des
ribed by the pion ele
tromagneti
 form fa
tor, jF�(M��)j2,whi
h in
ludes three resonan
es, �, �0(1450) and �00(1700).A Q2 dependen
e of jF�(M��)j2 is observed, visible in parti
ular in the interferen
e regionbetween �0 and �00. The ele
tromagneti
 pion form fa
tor obtained from the presentanalysis is lower (higher) than that obtained from e+e� ! �+�� for M�� < 0:8 GeV(0:8 < M�� < 1:8 GeV). They are equal within errors for M�� > 1:8 GeV.The Q2 dependen
e of the 
ross-se
tion ratios R�0 = �(�0 ! ��)=�(�) and R�00 = �(�00 !��)=�(�), has been studied. The ratio R�0 rises strongly with Q2, as expe
ted in QCD-inspired models in whi
h the wave-fun
tion of the ve
tor meson is 
al
ulated within the
onstituent quark model, whi
h allows for nodes in the wave-fun
tion to be present.9
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Parameter ZEUS PDGM� (MeV) 771� 2+2�1 775.49�0.34�� (MeV) 155� 5� 2 149.1�0.8� �0:27� 0:02� 0:02M�0 (MeV) 1350� 20+20�30 1465�25��0 (MeV) 460� 30+40�45 400�60
 0:10� 0:02+0:02�0:01M�00 (MeV) 1780� 20+15�20 1720�20��00 (MeV) 310� 30+25�35 250�100B 0:41� 0:03� 0:07n 1:30� 0:06+0:18�0:13Table 1: Fit parameters obtained using F�(M��) parameterization. Masses andwidths are in MeV. The �rst un
ertainty is statisti
al, the se
ond systemati
. Alsoshown are the masses and widths from the PDG [43℄.
Q2(GeV2) 2{5 5{10 10{80� �0:249� 0:008+0:005�0:003 �0:282� 0:008+0:005�0:008 �0:35� 0:02� 0:01
 0:100� 0:009� 0:003 0:098� 0:012+0:005�0:003 0:118� 0:022+0:008�0:006Table 2: The Q2 dependen
e of the � and 
 parameters. Masses and widths are�xed to the values given in Table 1. The �rst un
ertainty is statisti
al, the se
ondsystemati
.
Q2(GeV2) 2{5 5{10 10{80R�0 0.063�0:006� 0:004 0.081�0:007+0:006�0:005 0.122�0:008+0:005�0:006R�00 0.027�0:006+0:004�0:003 0.026�0:006� 0:003 0.039�0:010+0:003�0:005Table 3: The Q2 dependen
e of the ratio RV for V = �0 and �00. The �rstun
ertainty is statisti
al, the se
ond systemati
.
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Figure 9: The pion form fa
tor squared, jF�j2, as a fun
tion of the �+�� invariantmass, M��, as obtained from the rea
tion e+e� ! �+�� [16, 45, 46, 48, 49℄. Theshaded bands represent the square of the pion form fa
tor and its total un
ertaintyobtained in the present analysis for three ranges of Q2: 2{5 GeV2 (
rossed lines),5{10 GeV2 (horizontal lines) and 10{80 GeV2 (verti
al lines).
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Figure 10: The pion form fa
tor squared, jF�j2, in the � mass region, as afun
tion of the �+�� invariant mass, M��, as obtained from the rea
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ertainty obtained in the present analysis for three rangesof Q2: 2{5 GeV2 (
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