Andrews University

Digital Commons @ Andrews University

Faculty Publications

8-12-2004

Observation of Isolated High-ET Photons in Deep Inelastic
Scattering

S. Chekanov
Argonne National Laboratory

M. Derrick
Argonne National Laboratory

J. H. Loizides
Argonne National Laboratory

S. Magill
Argonne National Laboratory

S. Miglioranzi
Argonne National Laboratory

See next page for additional authors
Follow this and additional works at: https://digitalcommons.andrews.edu/pubs

b Part of the Physics Commons

Recommended Citation

Chekanov, S.; Derrick, M.; Loizides, J. H.; Magill, S.; Miglioranzi, S.; Musgrave, B.; Repond, J.; Yoshida, R,;
Mattingly, Margarita C. K.; Pavel, N.; Antonioli, P; Bari, G.; Basile, M.; Bellagamba, L.; Boscherini, D.; Bruni,
A; Bruni, G.; Cara Romeo, G.; Cifarelli, L.; Cindolo, F.; Contin, A.; Corradi, M.; de Pasquale, S.; Giusti, P;
lacobucci, G.; Margotti, A.; Montanari, A.; Nania, R.; Palmonari, F.; Pesci, A.; and Rinaldi, L., "Observation of
Isolated High-ET Photons in Deep Inelastic Scattering" (2004). Faculty Publications. 2198.

https://digitalcommons.andrews.edu/pubs/2198

This Article is brought to you for free and open access by Digital Commons @ Andrews University. It has been
accepted for inclusion in Faculty Publications by an authorized administrator of Digital Commons @ Andrews
University. For more information, please contact repository@andrews.edu.


https://digitalcommons.andrews.edu/
https://digitalcommons.andrews.edu/pubs
https://digitalcommons.andrews.edu/pubs?utm_source=digitalcommons.andrews.edu%2Fpubs%2F2198&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=digitalcommons.andrews.edu%2Fpubs%2F2198&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.andrews.edu/pubs/2198?utm_source=digitalcommons.andrews.edu%2Fpubs%2F2198&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:repository@andrews.edu

Authors

S. Chekanov, M. Derrick, J. H. Loizides, S. Magill, S. Miglioranzi, B. Musgrave, J. Repond, R. Yoshida,
Margarita C. K. Mattingly, N. Pavel, P. Antonioli, G. Bari, M. Basile, L. Bellagamba, D. Boscherini, A. Bruni, G.
Bruni, G. Cara Romeo, L. Cifarelli, F. Cindolo, A. Contin, M. Corradi, S. de Pasquale, P. Giusti, G. lacobucci,
A. Margotti, A. Montanari, R. Nania, F. Palmonari, A. Pesci, and L. Rinaldi

This article is available at Digital Commons @ Andrews University: https://digitalcommons.andrews.edu/pubs/2198


https://digitalcommons.andrews.edu/pubs/2198

Available online at www.sciencedirect.com
SCIENCE @DIRECT“
PHYSICS LETTERS B

ELSEVIER Physics Letters B 595 (2004) 86—100

www.elsevier.com/locate/physletb

Observation of isolated high+ photons
in deep inelastic scattering

ZEUS Collaboration

S. Chekanov, M. Derrick, J.H. LoizidésS. Magill, S. Miglioranzt, B. Musgrave,
J. Repond, R. Yoshida

Argonne National Laboratory, Argonne, IL 60439-4815, USA 40

M.C.K. Mattingly

Andrews University, Berrien Springs, Ml 49104-0380, USA

N. Pavel

Ingtitut fir Physik der Humboldt-Universitét zu Berlin, Berlin, Germany

P. Antonioli, G. Bari, M. Basile, L. Bellagamba, D. Boscherini, A. Bruni, G. Bruni,
G. Cara Romeo, L. Cifarelli, F. Cindolo, A. Contin, M. Corradi, S. De Pasquale,
P. Giusti, G. lacobucci, A. Margotti, A. Montanari, R. Nania, F. Palmonari, A. Pesci,

L. Rinaldi, G. Sartorelli, A. Zichichi

University and INFN Bologna, Bologna, Italy 31

G. Aghuzumtsyan, D. Bartsch, I. Brock, S. Goers, H. Hartmann, E. Hilger, P. Irrgang,
H.-P. Jakob, O. Kind, U. Meyer, E. Payll. Rautenberg, R. Renner, A. Stifutkin,
J. Tandle?, K.C. Voss, M. Wang

Physikalisches Institut der Universitat Bonn, Bonn, Germany 28

D.S. Bailey*, N.H. Brook, J.E. Cole, G.P. Heath, T. Namsoo, S. Robins, M. Wing
H.H. WiIs Physics Laboratory, University of Bristol, Bristol, United Kingdom3°
M. Capua, A. Mastroberardino, M. Schioppa, G. Susinno
Physics Department, Calabria University, and INFN, Cosenza, Italy 31

J.Y. Kim, I.T. Lim, K.J. Ma, M.Y. Pa¢

Chonnam National University, Kwangju, South Korea 33

0370-26931 2004 Elsevier B.VOpen access under CC BY license.
doi:10.1016/j.physletb.2004.05.033


http://www.elsevier.com/locate/physletb
http://creativecommons.org/licenses/by/3.0/

ZEUS Collaboration / Physics Letters B 595 (2004) 86-100 87

M. Helbich, Y. Ning, Z. Ren, W.B. Schmidke, F. Sciulli

Nevis Laboratories, Columbia University, Irvington on Hudson, NY 10027, usa4t

J. Chwastowski, A. Eskreys, J. Figiel, A. Galas, K. Olkiewicz, P. Stopa, L. Zawiejski

Institute of Nuclear Physics, Cracow, Poland 35

L. Adamczyk, T. Botd, |. Grabowska-Bofi D. Kisielewska, A.M. Kowal, M. Kowal,
J. tukasik, M. Przybycie, L. Suszycki, D. Szuba, J. Szuba

Faculty of Physics and Nuclear Techniques, AGH-University of Science and Technology, Cracow, Poland 42

A. Kotanski®, W. Stomihski

Department of Physics, Jagellonian University, Cracow, Poland

V. Adler, U. Behrens, I. Bloch, K. Borras, V. Chiochia, D. Dannhé&jiG. Drews,
J. Fourletova, U. Fricke, A. Geiser, P. Gottlich®rO. Gutsche, T. Haas, W. Hain,

S. Hillert'!, C. Horn, B. Kahle, U. Kétz, H. Kowalski, G. Kramberger, H. Labes,
D. Lelas, H. Lim, B. L6hr, R. Mankel, I.-A. Melzer-Pellmann, C.N. Nguyen, D. Notz,
A.E. Nuncio-Quiroz, A. Polini, A. Raval, L. Rurua, U. Schneekloth, U. Stdsslein,

G. Wolf, C. Youngman, W. Zeuner

Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany
S. Schlenstedt
DESY Zeuthen, Zeuthen, Germany
G. Barbagli, E. Gallo, C. Genta, P.G. Pelfer
University and INFN, Florence, Italy 31
A. Bamberger, A. Benen, F. Karstens, D. Dobur, N.N. Vlasov

Fakultat fr Physik der Universitat Freiburg i.Br., Freiburg i.Br., Germany 28

M. Bell, P.J. Bussey, A.T. Doyle, J. Ferrando, J. Hamilton, S. Hanlon, D.H. Saxon,
[.O. Skillicorn

Department of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom 39

|. Gialas

Department of Engineering in Management and Finance, University of Aegean, Greece



88 ZEUS Collaboration / Physics Letters B 595 (2004) 86-100

T. Carli, T. Gosau, U. Holm, N. Krumnack, E. Lohrmann, M. Milite, H. Salehi,
P. Schleper, T. Schorner-Sadenius, S. StoHjek. Wichmann, K. Wick, A. Ziegler,
Ar. Ziegler

Institute of Experimental Physics, Hamburg University, Hamburg, Germany 28
C. Collins-Tooth, C. Foudas, R. GoncatpK.R. Long, A.D. Tapper
High Energy Nuclear Physics Group, Imperial College London, London, United Kingdom39
P. Cloth, D. Filges
Institut flr Kernphysik, Forschungszentrum Julich, Julich, Germany
M. Kataoka'®, K. Nagano, K. Tokushuklf, S. Yamada, Y. Yamazaki
Institute of Particle and Nuclear Studies, KEK, Tsukuba, Japan 32
A.N. Barakbaev, E.G. Boos, N.S. Pokrovskiy, B.O. Zhautykov
Institute of Physics and Technology of Ministry of Education and Science of Kazakhstan, Almaty, Kazakhstan
D. Son
Center for High Energy Physics, Kyungpook National University, Daegu, South Korea 33
K. Piotrzkowski
Institut de Physique Nucléaire, Université Catholique de Louvain, Louvain-la-Neuve, Belgium

F. Barreiro, C. Glasmafi, O. Gonzalez, L. Labarga, J. del Peso, E. Tassi, J. Terron,
M. Zambrana

Departamento de Fisica Tedrica, Universidad Auténoma de Madrid, Madrid, Spain 38

M. Barbi, F. Corriveau, S. Gliga, J. Lainesse, S. Padhi, D.G. Stairs, R. Walsh
Department of Physics, McGill University, Montréal, Québec, Canada H3A 21827
T. Tsurugai
Faculty of General Education, Meiji Gakuin University, Yokohama, Japan 32
A. Antonov, P. Danilov, B.A. Dolgoshein, D. Gladkov, V. Sosnovtsev, S. Suchkov

Moscow Engineering Physics Institute, Moscow, Russia 36

R.K. Dementiev, P.F. Ermolov, I.I. Katkov, L.A. Khein, I.A. Korzhavina, V.A. Kuzmin,
B.B. Levchenko, O.Yu. Lukina, A.S. Proskuryakov, L.M. Shcheglova, S.A. Zotkin

Institute of Nuclear Physics, Moscow State University, Moscow, Russia3”



ZEUS Collaboration / Physics Letters B 595 (2004) 86-100 89

[. Abt, C. Bittner, A. Caldwell, X Liu, J. Sutiak

Max-Planck-Institut fir Physik, Miinchen, Germany

N. Coppola, S. Grijpink, E. Koffeman, P. Kooijman, E. Maddox, A. Pellegrino,
S. Schagen, H. Tiecke, M. Vazques, L. Wiggers, E. de Wolf

NIKHEF and University of Amsterdam, Amsterdam, Netherlands 34
N. Briummer, B. Bylsma, L.S. Durkin, T.Y. Ling
Physics Department, Ohio State University, Columbus, OH 43210, USA40

A.M. Cooper-Sarkar, A. Cottrell, R.C.E. Devenish, B. Foster, G. Grzelak,
C. Gwenlart®, T. Kohno, S. Patel, P.B. Straub, R. Walczak

Department of Physics, University of Oxford, Oxford, United Kingdom 39

A. Bertolin, R. Brugnera, R. Carlin, F. Dal Corso, S. Dusini, A. Garfagnini,
S. Limentani, A. Longhin, A. Parenti, M. Posocco, L. Stanco, M. Turcato

Dipartimento di Fisica dell’ Universita and INFN, Padova, Italy 31
E.A. Heaphy, F. Metlica, B.Y. Oh, J.J. Whitmdre
Department of Physics, Pennsylvania State University, University Park, PA 16802, USA41
Y. Iga
Polytechnic University, Sagamihara, Japan 32
G. D’Agostini, G. Marini, A. Nigro
Dipartimento di Fisica, Universita ‘La Sapienza’ and INFN, Rome, Italy 31
C. Cormack?®, J.C. Hart, N.A. McCubbin
Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, United Kingdom3°
C. Heusch
University of California, Santa Cruz, CA 95064, USA40
I.H. Park
Department of Physics, Ewha Womans University, Seoul, South Korea
H. Abramowicz, A. Gabareen, S. Kananov, A. Kreisel, A. Levy
Raymond and Beverly Sackler Faculty of Exact Sciences, School of Physics, Tel-Aviv University, Tel-Aviv, Israel 30

M. Kuze

Department of Physics, Tokyo Institute of Technology, Tokyo, Japan 32



20 ZEUS Collaboration / Physics Letters B 595 (2004) 86-100

T. Fusayasu, S. Kagawa, T. Tawara, T. Yamashita
Department of Physics, University of Tokyo, Tokyo, Japan 32
R. Hamatsu, T. Hirosg& M. Inuzuka, H. Kaji, S. Kitamur®, K. Matsuzawa
Department of Physics, Tokyo Metropolitan University, Tokyo, Japan 32
M. Costa, M.I. Ferrero, V. Monaco, R. Sacchi, A. Solano
Universita di Torino and INFN, Torino, Italy 31
M. Arneodo, M. Ruspa

Universita del Piemonte Orientale, Novara, and INFN, Torino, Italy 31

T. Koop, J.F. Martin, A. Mirea

Department of Physics, University of Toronto, Toronto, Ontario, Canada M5S 1A7 27

J.M. Butterworth°, R. Hall-Wilton, T.W. Jones, M.S. Lightwood, M.R. SuttGn
C. Targett-Adams

Physics and Astronomy Department, University College London, London, United Kingdom 39

J. Ciborowsk?, R. Ciesielsk??, P. Lwzniak?®, R.J. Nowak, J.M. Pawlak, J. Szttfl
T. Tymieniecka, A. Ukleja, J. Uklej&, A.F. Zarnecki

Institute of Experimental Physics, Warsaw University, Warsaw, Poland 43
M. Adamus, P. Plucinski

Institute for Nuclear Studies, Warsaw, Poland 43

Y. Eisenberg, D. Hochman, U. Karshon, M. Riveline
Department of Particle Physics, Weizmann Institute, Rehovot, Israel 29

A. Everett, L.K. Gladilir®, D. Kgira, S. Lammers, L. Li, D.D. Reeder, M. Rosin,
P. Ryan, A.A. Savin, W.H. Smith

Department of Physics, University of Wisconsin, Madison, W 53706, USA 40
S. Dhawan

Department of Physics, Yale University, New Haven, CT 06520-8121, USA40

S. Bhadra, C.D. Catterall, S. Fourletov, G. Hartner, S. Menary, M. Soares, J. Standage

Department of Physics, York University, Ontario, Canada M3J 1P327



ZEUS Collaboration / Physics Letters B 595 (2004) 86-100 91

E-mail address: rik.yoshida@desy.de (R. Yoshida).
1 Also affiliated with University College London, London, UK.
2 Retired.
3 Self-employed.
4 PPARC Advanced fellow.
5 Now at Dongshin University, Naju, South Korea.
6 Partly supported by Polish Ministof Scientific Researchnd Information Technology, grant No. 2P03B 12225.
7 Partly supported by Polish Ministiof Scientific Researcand Information Technology, grant No. 2P03B 12625.
8 Supported by the Polish State Committee for Scientific Research, grant No. 2P03B 09322.
9 Now at Columbia University, New York, USA.
10 Now at DESY group FEB.
11 Now at University of Oxford, Oxford, UK.
12 Now at Royal Holoway University of London, London, UK.
13 Also at Nara Women'’s University, Nara, Japan.
14 Also at University of Tokyo, Tokyo, Japan.
15 Ramon y Cajal Fellow.
16 pPPARC Postdoctoral Research Fellow.
17 On leave of absence at The Nationale®ice Foundation, Arlington, VA, USA.
18 Now at University of London, Queen Mary College, London, UK.
19 present address: Tokyo Metropolitan University of Health Sciences, Tokyo 116-8551, Japan.
20 Also at University of HamburgAlexander von Humboldt Fellow.
21 Also at £6dF University, Poland.
22 gupported by the Polish State Committee for Scientific Research, grant No. 2P03B 07222.
23 } 6dz University, Poland.
24 4 6dz University, Poland, supported by the KBN grant No. 2P03B 12925.
25 supported by the KBN grant No. 2P03B 12725.
26 On leave from MSU, partly supported by the Weizmann Institute via the US—Israel BSF.
27 supported by the Natural Sciences and Eagiing Research Council of Canada (NSERC).
28 Supported by the German Federal Ministry for Education Redearch (BMBF), under contract numbers HZ1GUA 2, HZ1GUB 0,
HZ1PDA 5, HZ1VFA 5.
29 supported by the MINERVA Gesellschaft fiir Forschung GmbH, Irael Science Foundation, theSUisrael Binational Science
Foundation and the Benozyio Center for High Energy Physics.
30 supported by the German-—Israeli Foutioia and the Israel Science Foundation.
31 Supported by the Italian National ltitsite for Nuclear Physics (INFN).
32 Supported by the Japanese Ministry of Edigrg Culture, Sports, Science and Technologye(¥T) and its grants foScientific Research.
33 supported by the Korean Ministry of Educatiand Korea Science and Engineering Foundation.
34 Supported by the Netherlands Foundatfor Research on Matter (FOM).
35 Supported by the Polish State Committee for Scientiiséarch, grant No. 620/E-77/SPB/DESY/P-03/DZ 117/2003-2005.
36 partially supported by the German Federal Miry for Education and Research (BMBF).
37 Supported by the RF President grant No. 1685.2003.2 for the leadiewgtificischools and by the Russiinistry of Industry, Science
and Technology through its grant for Sciéic Research on High Energy Physics.
38 Supported by the Spanish Ministry of Educatiand Science through funds provided by CICYT.
39 Supported by the Particle Physics and Astronomy Research Council, UK.
40 sypported by the US Department of Energy.
41 supported by the US Natihal Science Foundation.
42 Supported by the Polish Ministry of Sciéfic Research and Information Technologyagt No. 112/E-356/SPBIDESY/P-03/DZ
116/2003-2005, 2P03B 13922.
43 Supported by the Polish State Committee for Scientific Rebegrant No. 115/E-343/SPUB-M/DESY/P-03/DZ 121/2001-2002, 2P03B
07022.



92 ZEUS Collaboration / Physics Letters B 595 (2004) 86-100

Received 12 February 2004; accepted 10 May 2004
Available online 23 June 2004
Editor: W.-D. Schlatter

Abstract

First measurements of cross sections for isolated prompt photon production in deep imglastittering have been made
using the ZEUS detector at the HERIectron—proton collidr using an integrated luminosity of 121ph A signal for isolated
photons in the transverse energy and rapidity rangesEi < 10 GeV and-0.7 < ¥ < 0.9 was observed for virtualities of
the exchanged photon of2 > 35 Ge\2. Cross sections are presented for inclusive prompt photons and for those accompanied
by a single jet in the rangEIEt >6GeVand-15< r;jet < 1.8. Calculations at order3«; describe the data reasonably well.

0 2004 Elsevier B.\MOpen access under CC BY license,

1. Introduction the acceptance of the measurement. Comparisons

are made to MC predictions and also &@(a3;)
Isolated photons in the final state with high trans- calculations for the photon-jet final state.

verse momenta are a direct probe of the dynamics

of hard subprocesses in high energy collisions, since

these ‘prompt’ photons are largely insensitive to the 2. Experimental set-up and event selection

effects of hadronisation. Prompt photons have been

studied in a number of hadronic experiments. Early A data sample corresponding to an integrated

evidence for such processes came from the R806 ex-luminosity of 121 pb! was used, taken between 1996

periment at the CERN ISRL] and from WA70[2] and 2000. This sample is the sum of 38 plof ¢* p

and E706[3]. More recently, the CDF and D@ ex- data taken at a centre-of-mass energy of 300 GeV

periments at the Tevatron collider have performed a and 68 pb! taken at 318 GeV, plus 16 pb of

number of QCD tests using prompt photdas9]. In e~ p data taken at 318 GeV. A single set of results

previous ZEUS publications, the production of prompt is presented for this combined sample. The MC cross

photons in photoproduction has been studies-12] sections (seSection 3 differ by under 4% at the two

In the present work, for the first time, prompt photon centre-of-mass energies, well within the precision of

measurements in deep iastic scattering (DIS) are  these measurements. Difémces between the cross-

reported, both inclusively and accompanied by jets. sections foret p ande™ p collisions are expected to
These processes test QCD in a new way by studying be negligiblg14].

processes containing two different hard scafes, the A description of the ZEUS detector is given else-
exchanged photon virtuality, andl7, the transverse  where[15]. Of particular importance in the present
energy of the emitted prompt photon. work are the uranium calorimeter (CAL) and the cen-

Prompt photons are produced in DIS at lowest order tra| tracking detector (CTD).
in QCD, as shownifrig. 1 These processes have been The CAL [16] has an angular coverage of 99.7%
calculated to orde® (ac,) by Gehrmann-DeRidder,  of 47 and is divided into three parts (FCAL, BCAL,
Kramer and Spiesberg¢t3], including interference  RCAL), covering the angular ranges 2-86.7,
terms for initial- and final-state radiation from the 36.7-129.7 and 129.1-176.2, respectively** Each
electron. In contrast, leading-logarithm parton-shower

Monte Carlo (MC) models do not naturally predict ——— _ _ . _
events with two hard scales. The ZEUS coort;hnatg §ystgm is a right-handed .CarFeS|an
In this Letter. results are presented for the process system with theZ axis pom_tlng_ln the proton _bearr_l _dlrectlon,

! ; _p p referred to as the ‘forward direction’, and the axis pointing left
ep — ey X, whereX is anything, and foep — ey + towards the centre of HERA. The coordinate origin is at the nominal
jet+ Y, whereY does not contain further jets within interaction point.
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Fig. 1. The lowest-order tree-level diagrams for prompt photon productiep gtattering. Vertex corrections enter at the same order.

part consists of towers longitudinally subdivided into above 10 GeV and its polar angle in the range.&39
electromagnetic (EMC) and hadronic (HAC) cells. to 1719°, in order to be well measured in the RCAL
The electromagnetic section of the BCAL (BEMC) and well separated from the photon candidate. Events
consists of cells of 23.3 cm length azimuthally, rep- were required to have a reconstructed vertex position
resenting 132 of the full 360, and width of 4.9 cm  within the ranggZ| < 40 cm and 35< § < 65 GeV,
in the Z direction at its inner face, at a radius of where§ =}, E;(1— cost;), E; is the energy of the
123.2 cm from the beam line. These cells have a pro- ith CAL cell, 6; is its polar angle and the sum runs
jective geometry as viewed from the interaction point. over all cells.
The profile of the electromagnetic signals observed  For the subset of events used in the photon-jet
in clusters of cells in the BEMC discriminates be- study, jets were reconstructed from CAL cells using
tween those originating from photons or electttns  a cone algorithm with radius 0[20] in the laboratory
and those originating from neutral-meson decays. The frame. Corrections for energy losses, principally due
CAL energy resolutions, as measured under test-beamto uninstrumented material in front of the CAL,
conditions, ares (E)/E = 0.18/VE for electromag- were evaluated using MC simulated events, and were
netic showers and (E)/E = 0.35/+/E for hadrons, typically +(10-15% for jets with measured energy
with E in GeV. above 6 Ge\[12].
The CTD[17]is a cylindrical drift chamber situated
inside a superconducting solenoid. Using the tracking
information from th(_a CTD, the \_/ertex of an eventcan 3 \onteCarlo event smulation
be reconstructed with a resolution of 0.4 cmArand
0.1 cm inX, Y. In this analysis, the CTD tracks are
used to reconstruct the event vertex, and are also used The MC programs PTHIA .6'206[21] and HER-
in the selection criteria for higliz; photons. wIG 6.'1 [22] were used to simulate prompt .photor_1
The luminosity was determined from the rate of the emission for the study of event—re_constructlon effi-
bremsstrahlung process — eyp, where the high- ciency. In bo'gh gener_atorthe partonl_c processes are
energy photon was measured in a lead-scintillator S|mglated_ using Iggdlng-orQer matrix elements, with
calorimetef[18] located atZ = —107 m. the mcluspn of initial- and f!nal-sta}te parton showers.
The DIS events were selected online using a trigger PyTHIA simulates the deep inelastic scattering process

based on energy deposits in the CAL consistent with a at leading order, and radiates a photon from the struck

scattered electron. Offline, events which passed DIS quark to simulate prompt photonsERwIG also radi- :
cuts similar to those used in previous analykESj ates a photon from the struck quark, but the deep in-

were selected. In addition, a photon candidate was ela_stic scattering is. a|o_proximated with Compton sc_at-
required. The value of?, as reconstructed from the tering between poin-like photons and quarks, using

final-state electron, was required to be above 35GeV the equivalent-photon approximation for the incoming

: hoton beam; this is not expected to be valid above a
The energy of the scattered electron was required to beP RN ) .
9y q few Ge\2 in Q2. Neither FrTHIA nor HERWIG simu-

late large angle photon radiation from the electron.

45 Hereafter ‘electron’ referdoth to electrons and positrons Th? proton parton .diStrib_Ution CTEQ423] was
unless specified. used in the HRwWIG simulation, whereas CTEQ3M
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[24] was used in PTHIA. It was checked that the pseudorapidity satisfied-0.7 < n¥ < 0.9. The cut
quark distributions in the CTEQ3M set are within 10% E¥ < 10 GeV was imposed to ensure that thtand
of the CTEQA4L set in the kinematic region of interest. » subtraction method was effective.
Fragmentation into hadrons is performed using the  The photon candidate was well separated from
Lund string mode[25] in the case of PTHIA, and a the scattered electron. Monte Carlo simulations and
cluster mode[26] in the case of HRwWIG. The events 0 () calculations (seSection 6.2 show that for
generated using theyRHIA and HERwWIG programs electrons in the range defined $®ction 2 most pho-
were used to correct for detector and acceptancetons radiated from the electron fall outside the prompt-
effects. The corrections provided byyPHIA were photon acceptance used in this analysis, though they
used as default and those given bygrWwIG were still give an important contribution to the cross section
used to estimate the systematic uncertainties due toin the kinematic region of the measurement.
the treatment of the event dynamics and of parton  To reduce backgrounds, the photon-candidate clus-
showering and hadronisation. The detector response toter was required to be isolated by demandig >
photons and neutral mesons’(andy) was simulated 0.2, whereAr = \/A¢2+ An?, the distance to the
by using single-particle MC generated events. nearest reconstructed trackip¢ space. It was fur-
The generated events were passed through thether required thak?. / E$°"> 0.9, whereES*"®is the
ZEUS detector and trigger simulation programs based energy within a cone im—¢$ of radius 1.0 around
on GEANT 3.13[27]. They were reconstructed and the photon candidate. This energy isolation require-
analysed by the same programs as the data. The jetment suppresses the contribution from photon candi-
search was performed using the energy measured indates produced within jets. Deeply virtual Compton
the CAL cells in the same way as for the data. The scattering (DVCS) events were removed by demand-
same jet algorithm was also applied to the final-state ing at least two tracks reconstructed in the CTD, since
particles. The comparisons between data and MC in in DVCS the final state seen in the detector consists
Section Gare made at the hadron level. only of a photon and an electron which are well sepa-
To study the effects of electron radiation, simula- rated[30,31]
tions were made of deep inelastic scattering eventsus- The selected candidates were still dominated by
ing the HERACLES4.6.1[28] program with the DAN- neutral mesons, such as® and 5, which decay
GOH [29] interface to the MC generators that provide to photons. The single-photon signal was statisti-
the hadronisation. The collinear radiative corrections cally extracted from the background using BEMC
were found to be small in the kinematic region of this energy-cluster shapes. The first distribution consid-
analysis and were neglected. ered was that of§ Z), where(§Z) = > (Ecelll Zcell —
Z|)/ Y Ecell. Here Ecqy is the energy deposited in a
BEMC cell, Z¢ey is the cell number measured in tde
4. Photon candidate selection direction andZ is the energy-weighted mean .
Fig. 2(a)shows thgs Z) distribution for data, together
The identification of events containing an isolated with a fit based on photon shower shapes and a sim-
prompt photon candidate follows closely the approach ulation of single particles in the detector andn).
used in previous analys§$0—-12] Events were se- Clear peaks are visible @ Z) ~ 0.15 due to single
lected on the basis of an isolated photon candidate de-photons andsZ) ~ 0.5 due tor? — yy, as well as
tected in the BCAL. The algorithm selected predomi- a tail due to the decays of heavier particles to two or
nantly electromagnetic clusters of cells within a small more photons.
angular cone. Initially, larger electromagnetic clusters ~ The photon shower shapes used were derived in
than are typical of a single photon were accepted to two ways: from DVCS datg431], and from single-
estimate backgrounds. Use of shower shapes as a disphoton MC simulation. InFig. 2, photons found
criminant, as described below, allowed subtraction of in DVCS data events are shown. The results of
the backgrounds due t6° andy production. the two shower-shape methods gave indistinguishable
It was required that the reconstructed transverse background subtractions and differed only by an
energy of the cluster satisfieﬂ? > 5 GeV and the overall scale factor of 5% on the acceptance of
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Fig. 2. (a) Distribution of(§ Z) for prompt photon candidates in selected events. (b) Distributiofigk after a cut on§Z) < 0.65. Also given
are fitted distributions for Monte Carlpmesonsg®+ 7 andz®+ 5 +y (where they is taken from DVCS data), with similar selection criteria
and E; spectrum to the observed candidates.

the prompt-photon signal. The DVCS method gave high and low values offmax, respectively. From the

the higher acceptance, as the DVCS single-photon number of events in each class, as well as the ratios of

showers are slightly narrower than those from the MC the corresponding numbers for thfgax distributions

showers. The MC method was used in this analysis, of the single-particle samples, the number of events in

because of the higher statistics available. This allows the given bin was evaluatglO].

rapidity and energy dependences of shower shapes A total of 1875 events with(§Z) < 0.65 were

to be modelled; a scale correction of 5% was then selected, of which 877 havfnax > 0.75, yielding a

applied. signal of 572 and a background of 1303 events. The
The n contribution was determined from a fit to fits and signal extraction procedure were repeated for

the (6Z) distribution above 0.65. After removing each bin of each distribution.

candidates with(§Z) > 0.65, the final background Studies based on single-particle MC samples

subtraction was performed using the variallgax, showed that the photon energy measured in the BCAL

defined as the ratio of the energy of the highest-energy was on average less than the true value, owing to en-

cell in an electromagnetic cluster to the total cluster ergy loss in the uninstrumented material in front of

energy. When incident on the BEMC, single photons the BCAL. To compensate for this effect, a correc-

form narrow clusters, with most of the energy going tion of typically 0.2 GeV was added to the photon en-

into only one cell, giving anfmax distribution peaked  ergy[12].

close to unity. Because of the projective geometry

of the BEMC, a photon entering at the boundary

between two cells typically hagnax >~ 0.5. Thus the 5. Systematic uncertainties

fmax distribution for single photons peaks close to

1.0 and extends down to 0.5. In contrast, the neutral  The following sources of systematic uncertainty

mesons decay to more than one photon, forming larger were investigated: variations of the nominghax

clusters in the BEMC. In each bin of a plotted physical spectra for the photon affecting the signal extraction;

quantity, events were divided into two classes, with change in the detector energy scale calibration by
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+3%, reflecting the overall energy scale uncertainty;
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mately 2 and 8, respectivelyig. 3(a) and (byhow the

and a change in the energy cut in both MC events and measured rapidity and transverse energy distributions,

data by+10% for photons. This last uncertainty is mo-
tivated by the r.m.s. differences between hadron-level

compared to MC prediains normalised to the data.
Both PyTHIA and HERWIG describe thet?. spectrum

generated and reconstructed energies. Also includedand HERwIG describes the rapidity wellFig. 3(c)

as a systematic uncertainty is the difference in cal-
culated acceptance corrections betwe@arWIG and
PYTHIA, which is mostly well below the statistical
uncertainty. A change of20% in the hadronic en-
ergy cut for photon-jet events for both data and recon-
structed Monte Carlo events, representing the r.m.s.

shows theQ? distribution of the data, again compared
to MC predictions. The agreement of PHIA with the
data is reasonable, buteRwIG fails to describe the
measured?? spectrum, which is expected given the
limitations of this simulation (se8ection 3. As dis-
cussed inSection 6.2the O (a3;) calculations sug-

difference between hadron-level and reconstructed jet gest that the discrepancies betweermPiA and the
energies was considered as an additional systematicdata in the rate and photon rapidity distribution may

uncertainty. The uncertainty of 2.2% on the luminos-
ity measurement was neglectedhe differential cross
sections but included in the total cross sections.

The method used for background subtraction is
more sensitive to the shape of thfgax distribution
of the background than to that of the signal. The
background shape is relatively insensitive to #fy
ratio and hence the results using DVCS and MC
photons are very similar. A study was made of the
effect on the results of the fact that the fits fall below
the data at highs Z). This is due to events with large
E7., where the contribution of events with more than
one 7% with a multi=z® invariant mass above the
mass is likely to be important. A fit was made to the
high-E? data excluding the regiof$Z) > 1.0. The
change in the extracted signal was well below the
statistical uncertainty in the bin.

6. Results
6.1. Inclusive prompt photon production

The cross section for inclusive prompt photon
production,ep — ey X, has been measured in the
following kinematic region:Q? > 35 Ge\?, E, >
10 GeV, 139° <6, < 1718°, —0.7 < n” < 0.9 and
5 < E} <10 GeV, with photon isolation such that at
least 90% of the energy found in @a¢ cone of radius
1.0 around the photon is associated with the photon.
The measured cross section is

o(ep — ey X) =5.64= 0.58 (stat) 345 (syst) pb.

The predicted cross sections from 1A and HER-
wIG are lower than the data by factors of approxi-

be due to the fact that wide-angle initial- and final-
state radiation from the electron are not included in
the MC calculations.

6.2. Prompt photon plus jet production

Owing to divergences in cross-section calculations
for prompt photons, a comparison ®(a«,) QCD
predictions in DIS can be made only when there is a
jetaccompanying an isolated prompt photon. Jets were
reconstructed as described 8ection 2 For events
satisfying the criteria for isolated prompt photons
described above, jets were counted only if they had
E'¥' > 6 GeV and—1.5 < nft < 1.8. The measured
total cross section for photon plus a single jet within
this kinematic region is

o(ep — ey +jet+7Y)

= 0.864 0.14 (stat) 944

034 (SYyst) pb.

Fig. 4shows the differential cross sections for ‘prompt
photon plus one jet’ events, together with MC predic-
tions. The transverse energies of the photon and the jet
are well described by the MC calculationseriviG
describes the photon rapidity well but the jet pseudo-
rapidity peaks at lower valuesyPHIA describes the
jet pseudorapidity well, but the photon rapidity peaks
too far forward, as was also the case for inclusive pho-
tons.

Fig. 5 shows the same data &igy. 4, compared to
the O («3«y) parton-level calculations of Kramer and
Spiesbergef14]. These include all possible initial-
and final-state single photon and gluon radiation, to-
gether with appropriate vertex corrections, and their
interference terms. Higher-order effects, such as col-
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Fig. 3. Inclusive prompt-photon differential cross secti(@) in rapidity, (b) in transverse energy, in the rangé.7 < n” < 0.9 and
5< E; < 10 GeV. The inner error bars are statistical while the outer represent systematic uncertainties added in quadrature. (c) Distribution

of Q2. In each case the histograms show MC predictions, normalised to data.

linear bremsstrahlung in the same event as a hardble contribution of unknown higher-order terms, is
non-collinear photon, estimated to be a 4% effect, shown inFig. 5. The predicted total cross section
are omitted. These calculations use the phase-spacefor the mixture of energies and beam charges used
slicing method to cancel the infrared and collinear sin- in this analysis is B3+ 0.07 pb, where the uncer-
gularities. The MRST parton distributiorf82] were tainty corresponds to the change in the result when
used for the parametrisation of the proton structure. the renormalisation scale is varied by a factor of two.
Parton-to-photon fragmentation functions were taken This parton-level calculation is compatible with the
from Bourhis, Fontannaz and Guillg&3]. The renor- data.

malisation scale was chosen to be the transverse en- By definition, theO («3ay) parton-level calculation
ergy of the jet. The effect of changing this scale up does not include the effects of hadronisation. Hadro-
or down by a factor of two, to estimate the possi- nisation effects were investigated by comparing the
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Fig. 4. Cross section for prompt-photon-pjes production differential in (a) photon rapty, (b) photon transverse energy, (c) jet
pseudorapidity, (d) jet transverse energy, for events with a photon in the r&h@e< n” < 0.9 and 5< E; <10 GeV and one jet in the range

-15< nje‘ <18 andE'-Tet > 6 GeV. The inner error bars are statistical and the ouf@esent systematic uncertes added in quadrature.
The band around the data points shows the effect of calorimeter eseafg/-uncertainty. The histograms show Monte Carlo predictions,
normalised to the data.

parton-level RTHIA and HERwIG distributions with photon rapidities, and theest by quarks. The pho-
the hadron level. The effect of hadronisation would be ton rapidity and jet pseudorapidity distributions for
to reduce the predictions by 30% to 40%. Because the the latter component resemble theTRIA predic-
poor overall description of the data by the MC sim- tions, which include only such photons. Interference
ulations makes the hadronisation corrections derived between these processes contributes only 2% to the
from them unreliable, such corrections were not ap- total. The transverse-energy distributions of the two
plied to theO (a3w;) calculation. processes are similar. Th@(a3w;,) calculation pre-

The 0(a3w;) calculation shows that 65% of pho-  dicts a higher jet cross section at forward pseudora-
tons are emitted by the electron, concentrated at low pidity and at IOWE¥ than is seen in the data.
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Fig. 5. Cross section for prompt-photon-pjes production differential in (a) photon ragify, (b) photon transverse energy, (c) jet
pseudorapidity, (d) jet transverse energy, for events with a photon in the rah@e< n¥ < 0.9 and 5< E¥ < 10 GeV and one jet in the

range—1.5 < njet <18 and EJTet > 6 GeV. The inner error bars are statistical while the outer represent systematic uncertainties added in
guadrature. The band around the data points shows the effect of catariemergy scale uncertainty. The boxed band shows the parton-level
predictions of Kramer and Spiesberger including the effect of renorrtialisscale uncertainty. The single line indicates their prediction of the
contribution of photons diated from the quark line.

7. Conclusions features of the data. Both describe the transverse en-
ergy distribution well and HRwWIG describes the pho-
The first observation of prompt photon produc- ton rapidity well. Both models predict too low a cross
tion in deep inelastic scattering has been presented,section.

together with distributins for accompanying jets. The results have been compared to @(rfas)
Leading-logarithm parton-shower Monte Carlo mod- Parton-level calculation fogp — ey +jet+Y in the
els for photon emission by quarksYPHIA and HER- acceptance region of this measurement. The level of

wIG) are each able to describe some but not all of the agreement is satisfactory in photon rapidity and jet
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transverse energy but only fair for photon transverse [13] A. Gehrmann-De Ridder, G. mer, H. Spiesberger, Nucl.

energy and jet pseudorapidity. The total predicted
cross section is consistent with the measured value.
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