Andrews University

Digital Commons @ Andrews University

Faculty Publications

7-1-2004

Search for Contact Interactions, Large Extra Dimensions and
Finite Quark Radius in ep Collisions at HERA

S. Chekanov
Argonne National Laboratory

M. Derrick
Argonne National Laboratory

D. Krakauer
Argonne National Laboratory

J. H. Loizides
Argonne National Laboratory

S. Magill
Argonne National Laboratory

Bekovexhagied adddibtianalorktharshttps:/digitalcommons.andrews.edu/pubs
b Part of the Physics Commons

Recommended Citation

Chekanov, S.; Derrick, M.; Krakauer, D.; Loizides, J. H.; Magill, S.; Miglioranzi, S.; Musgrave, B.; Repond, J.;
Yoshida, R.; Mattingly, Margarita C. K.; 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 Sartorelli, G., "Search for
Contact Interactions, Large Extra Dimensions and Finite Quark Radius in ep Collisions at HERA" (2004).
Faculty Publications. 2199.

https://digitalcommons.andrews.edu/pubs/2199

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%2F2199&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=digitalcommons.andrews.edu%2Fpubs%2F2199&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.andrews.edu/pubs/2199?utm_source=digitalcommons.andrews.edu%2Fpubs%2F2199&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:repository@andrews.edu

Authors

S. Chekanov, M. Derrick, D. Krakauer, J. H. Loizides, S. Magill, S. Miglioranzi, B. Musgrave, J. Repond, R.
Yoshida, Margarita C. K. Mattingly, 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 G. Sartorelli

This article is available at Digital Commons @ Andrews University: https://digitalcommons.andrews.edu/pubs/2199


https://digitalcommons.andrews.edu/pubs/2199

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

ELSEVIER Physics Letters B 591 (2004) 23-41

www.elsevier.com/locate/physletb

Search for contact interactions, large extra dimensions and finite
qguark radius irep collisions at HERA

ZEUS Collaboration

S. Chekanov, M. Derrick, D. Krakauer, J.H. LoizideS. Magill, S. Miglioranzt,
B. Musgrave, J. Repond, R. Yoshida
Argonne National Laboratory, Argonne, IL 60439-4815, USA4°

M.C.K. Mattingly

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

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,

G. Sartorelli, A. Zichichi

University and INFN Bologna, Bologna, Italy 36

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

Physikalisches Institut der Universitat Bonn, Bonn, Germany 33

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 Kingdom 44
M. Capua, A. Mastroberardino, M. Schioppa, G. Susinno

Physics Department, Calabria University, and INFN, Cosenza, Italy 36

J.Y. Kim, Y.K. Kim, J.H. Lee, I.T. Lim, M.Y. Paé

Chonnam National University, Kwangju, South Korea 38

0370-26931 2004 Published by Elsevier B.XDpen access under CC BY license.
doi:10.1016/j.physletb.2004.03.081


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

24 ZEUS Collaboration / Physics Letters B 591 (2004) 23-41

A. Caldwell®, M. Helbich, X. Liu, B. Mellado, Y. Ning, S. Paganis, Z. Ren,
W.B. Schmidke, F. Sciulli

Nevis Laboratories, Columbia University, Irvington on Hudson, NY 10027, USA 46

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

Institute of Nuclear Physics, Cracow, Poland 43

L. Adamczyk, T. Botd, |. Grabowska-Bofd D. Kisielewska, A.M. Kowal, M. Kowal,
T. Kowalski, M. Przybyci@, L. Suszycki, D. Szuba, J. Szuba

Faculty of Physics and Nuclear Techniques, AGH-University of Science and Technology, Cracow, Poland 47

A. Kotanski®, W. Stomiski

Department of Physics, Jagellonian University, Cracow, Poland

V. Adler, U. Behrens, I. Bloch, K. Borras, V. Chiochia, D. Dannheim, G. Drews,
J. Fourletova, U. Fricke, A. Geiser, P. GottlicherO. Gutsche, T. Haas, W. Hain,
S. Hillert!!, B. Kahle, U. Kotz, H. Kowalski?, G. Kramberger, H. Labes, D. Lelas,

H. Lim, B. Lohr, R. Mankel, I.-A. Melzer-Pellmann, C.N. Nguyen, D. Notz,

A.E. Nuncio-Quiroz, A. Polini, A. Raval, L. Rurua, U. Schneekloth, U. Stésslein,

R. Wichmanrt®, 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 36
A. Bamberger, A. Benen, F. Karstens, D. Dobur, N.N. Vlasov
Fakultat fir Physik der Universitat Freiburg i.Br., Freiburg i.Br., Germany 33

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 44

|. Gialas

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



ZEUS Collaboration / Physics Letters B 591 (2004) 23-41 25

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

Institute of Experimental Physics, Hamburg University, Hamburg, Germany 33

C. Collins-Tooth, C. Foudas, R. Gong¢éatpK.R. Long, A.D. Tapper

High Energy Nuclear Physics Group, Imperial College London, London, United Kingdom44

P. Cloth, D. Filges

Forschungszentrum Julich, Institut fir Kernphysik, Julich, Germany

M. Kataoka'®, K. Nagano, K. Tokushukt, S. Yamada, Y. Yamazaki

Institute of Particle and Nuclear Studies, KEK, Tsukuba, Japan 37

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 38

K. Piotrzkowski

Institut de Physique Nucléaire, Université Catholique de Louvain, Louvain-la-Neuve, Belgium

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

Departamento de Fisica Tedrica, Universidad Auténoma de Madrid, Madrid, Spain43

M. Barbi, F. Corriveau, S. Gliga, J. Lainesse, S. Padhi, D.G. Stairs, R. Walsh

Department of Physics, McGill University, Montréal, Québec, Canada H3A 21832

T. Tsurugai

Faculty of General Education, Meiji Gakuin University, Yokohama, Japan 37

A. Antonov, P. Danilov, B.A. Dolgoshein, D. Gladkov, V. Sosnovtsev, S. Suchkov

Moscow Engineering Physics I nstitute, Moscow, Russia®!



26 ZEUS Collaboration / Physics Letters B 591 (2004) 23-41

R.K. Dementiev, P.F. Ermolov, Yu.A. Golubk& I.l. Katkov, L.A. Khein,
I.LA. Korzhavina, V.A. Kuzmin, B.B. Levchenk@, O.Yu. Lukina, A.S. Proskuryakov,
L.M. Shcheglova, S.A. Zotkin

Institute of Nuclear Physics, Moscow State University, Moscow, Russia#2

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

NIKHEF and University of Amsterdam, Amsterdam, Netherlands 39
N. Brimmer, B. Bylsma, L.S. Durkin, T.Y. Ling
Physics Department, Ohio State University, Columbus, OH 43210, USA4®

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

Department of Physics, University of Oxford, Oxford, United Kingdom#4

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 38
E.A. Heaphy, F. Metlica, B.Y. Oh, J.J. Whitmdte
Department of Physics, Pennsylvania State University, University Park, PA 16802, USA 46
Y. Iga
Polytechnic University, Sagamihara, Japan 37
G. D’Agostini, G. Marini, A. Nigro
Dipartimento di Fisica, Universita ‘La Sapienza’ and INFN, Rome, Italy 38
C. Cormack?, J.C. Hart, N.A. McCubbin
Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, United Kingdom44
C. Heusch
University of California, Santa Cruz, CA 95064, USA4®

I.H. Park

Department of Physics, Ewha Womans University, Seoul, South Korea



ZEUS Collaboration / Physics Letters B 591 (2004) 23-41 27

N. Pavel
Fachbereich Physik der Universitat-Gesamthochschule Segen, Germany
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 35
M. Kuze
Department of Physics, Tokyo Institute of Technology, Tokyo, Japan 37
T. Fusayasu, S. Kagawa, T. Kohno, T. Tawara, T. Yamashita
Department of Physics, University of Tokyo, Tokyo, Japan 37
R. Hamatsu, T. Hirosg M. Inuzuka, H. Kaji, S. Kitamur&, K. Matsuzawa
Department of Physics, Tokyo Metropolitan University, Tokyo, Japan 37
M.l. Ferrero, V. Monaco, R. Sacchi, A. Solano
Universita di Torino and INFN, Torino, Italy 36
M. Arneodo, M. Ruspa
Universita del Piemonte Orientale, Novara, and INFN, Torino, Italy 36

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

Department of Physics, University of Toronto, Toronto, Ontario, Canada M5S 1A7 32

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

Physics and Astronomy Department, University College London, London, United Kingdom#4

J. Ciborowsk?®, R. Ciesielsk?®, P. Lwzniak?’, R.J. Nowak, J.M. Pawlak, J. Szttf
T. Tymienieck&®, A. Ukleja?, J. Ukleja®, A.F. Zarnecki

Institute of Experimental Physics, Warsaw University, Warsaw, Poland 48

M. Adamus, P. Plucinski

Institute for Nuclear Studies, Warsaw, Poland 48

Y. Eisenberg, L.K. Gladilif*, D. Hochman, U. Karshon, M. Riveline

Department of Particle Physics, Weizmann Institute, Rehovot, Israel 34



28

ZEUS Collaboration / Physics Letters B 591 (2004) 2341

D. Kcira, S. Lammers, L. Li, D.D. Reeder, M. Rosin, A.A. Savin, W.H. Smith

Department of Physics, University of Wisconsin, Madison, W 53706, USA4®

A. Deshpande, S. Dhawan

Department of Physics, Yale University, New Haven, CT 06520-8121, USA4°

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

Department of Physics, York University, Ontario, Canada M3J 1P332
Received 19 January 2004; accepted 30 March 2004
Available online 8 May 2004
Editor: W.-D. Schlatter

Abstract

A search for physics beyond the Standard Model has been performed with Rigleutral current deep inelastic scattering
events recorded with the ZEUS detector at HERA. Two data s&ts,— ¢T X ande™ p — e~ X, with respective integrated
luminosities of 112 pbl and 16 pbl, were analyzed. The data reagtf values as high as 40000 G&Wo significant
deviations from Standard Model predictions were observed. Limits were derived on the effective mass &eajecontact

interactions, the ratio of leptoquark mass to the Yukawa coupling for heavy leptoquark models and the mass scale parameter
in models with large extra dimensions. The limit on the quark charge radius, in the classical form factor approximation, is

0.85x 10~ 16 cm.
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1. Introduction tions betweere and g involving mass scales above
the center-of-mass energy can modify the cross sec-
The HERA ¢p collider has extended the kine- tion at highQ? via virtual effects, resulting in observ-
matic range of deep inelastic scattering (DIS) mea- able deviations from the Standard Model (SM) predic-
surements by two orders of magnitude @7, the tions. Many such interactions, such as processes me-
negative square of the four-momentum transfer, com- diated by heavy leptoquarks, can be modelled as four-
pared to fixed-target experiments. At values@f of fermion contact interactions. The SM predictions for
about 4x 10* Ge\?, the eq interaction, wherey is ep scattering in theQ? domain of this study result
a constituent quark of the proton, is probed at dis- from the evolution of accuta measurements of the
tances of~ 10-16 cm. Measurements in this domain Proton structure functions made at lowgF. In this
allow searches for new physics processes with char- Letter, acommon method is applied to search for four-

acteristic mass scales in the TeV range. New interac- fermion interactions, for graviton exchange in models
with large extra dimensions, and for a finite charge ra-

dius of the quark.

31 On leave from MSU, partly supported by University of Wis- In an analysis of 1994—1993+p data [1]’ the
°%,’;s'” viathe US-israel BSF. o ZEUS Collaboration set limits on the effective mass
Supported by the Natural Sciees and Engineering Research scale for the several parity-conserving compositeness
Council of Canada (NSERC). parity g p

33 supported by the German Federal Ministry for Education Models. Results presented here are based on approx-
and Research (BMBF), under contract numbers HZ1GUA 2, imately 130 pb! of et p ande™ p data collected by
HZ1GUB 0, HZ1PDA 5, HZ1VFA 5. ZEUS in the years 1994-2000. Since this publica-

%% Supported by the MINERVA Gesellschaft fiir Forschung  tjon also includes the early ZEUS data, the results

GmbH, the Israel Science Foundatitime US—Israel Binational Sci- . .
ence Foundation and the Benozyio Center for High Energy Physics. presented here supersede those of the earlier publica

35 Supported by the German-Israel Foundation and the Israel tion [1].
Science Foundation.
36 Supported by the Italian Natiohkastitute for Nuclear Physics
(INFN). 2. Standard Model cross section
37 Supported by the Japanese Miny of Education, Culture,
Sports, Science and Technology EMT) and its grants for Scien-
tific Research.
38 Supported by the Korean Ministry of Education and Korea

The differential SM cross section for neutral cur-
rent (NC) ep scattering,e*p — e¢*X, can be ex-

Science and Engineering Foundation. pressed in terms of the kinematic variab@$, x and
39 supported by the Netherlands Foundation for Research on y, which are defined by the four-momenta of the in-
Matter (FOM). coming electrof® (k), the incoming proton®), and

40 supported by the Polish State Committee for Scientific Re- the scattered electron’f asQ? = —q2 = —(k — k')?
sia;rch, Qrant No. 620/E-PB/DESY/P-03/DZ 11.7/.2003-2005. Y= QZ/(Zq .P),andy = (¢ - P)/(k - P). For unpolar-
Partially supported by the German Federal Ministry for Educa- db he leadi d | K
tion and Research (BMBF). I_ZE eams, the leading-order electroweak cross sec-
42 partly supported by the Russian Ministry of Industry, Science IONS can be expressed as
and Technology through its grant for Scientific Research on High
gy g g 9 dZO_NC(eip)

Energy Physics. (x Q2)
43 Supported by the Spanish Ministry of Education and Science dxdQ? ’
through funds provided by CICYT. 272
44 supported by the Particle Physics and Astronomy Research — — 7 [(1 +@1- y)2) FZNC
Council, UK. xQ
45 supported by the US Department of Energy. T (1 —(1- y)z)xFé\'C], (1)

46 supported by the US Nathal Science Foundation.
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48 syupported by the Polish State Committee for Scientific Re-
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Fi (x, 0%), is negligible at highQ? and is not taken
into account in this analysis. At leading order (LO) in
QCD, the structure functions)' andx F}'C are given

by
F(x, 0%

2

g=u,d,s,c,b
xF3(x, Q%)

2

g=u,d,s,c,b

By (Q®)[xa(x, 0%) —xa(x, 0%)],

whereg (x, Q%) andg(x, Q?) are the parton densities
for quarks and antiquarks. The functioAg and B,
are defined as

A0(0) = SL(VA + (V)7 + (1) + (a5,

2 L L R R
Bti(Q ) = (Vq )(Aq) - (Vq )(Aq)’
where the coefficient functiong,* and A} are
given by:
Vql = Qq — (ve iae)quZ,
Ay =—e tar)agxz,
af= T3

1 0?

Xz = )

4sirt Oy coR Oy 02+ M2

In Eq. (2) the superscript denotes the left) or
right (R) helicity projection of the lepton field; the
plus (minus) sign in the definitions dfqi and A; is
appropriate foi = L(R). The coefficients ; anda
are the SM vector and axial-vector coupling constants
of an electron { = ¢) or quark (f =¢); Qr and Tf
denote the fermion charge and third component of the
weak isospinM; anddy are the mass of th&°® and
the electroweak mixingngle, respectively.

3. Modelsfor new physics

3.1. General contact interactions

Four-fermion contact interactions (Cl) represent an
effective theory, which desibes low-energy effects

ZEUS Collaboration / Physics Letters B 591 (2004) 2341

due to physics at much higher energy scales. Such
models would describe the effects of heavy lepto-
guarks, additional heavy weak bosons, and electron or
quark compositeness. The Cl approach is not renor-
malizable and is only valid in the low-energy limit. As
strong limits have already been placed on scalar and
tensor contact interactiong], only vector currents

are considered here. They can be represented by ad-
ditional terms in the Standard Model Lagrangian, viz.:

Lo= Y 3
i,j=L,R

q=u,d,s,c,b
where the sum runs over electron and quark helicities
and quark flavors. The couplingg; describe the
helicity and flavor structure of contact interactions.
The CI LagrangianKq. (3)) results in the following
modification of the function/; andA! of Eq. (2}

Q2
V = Qq - (ve :tae)quZ + 5= 2a (nlL + an)

eq
2u (nlL - an)
It was assumed that all up-type quarks have the same

contact-interaction couplings, and a similar assump-
tion was made for down-type quark®:

ni (@iv"er)@vug)),

—(ve = ae)aqXZ +

eu ec et
Nij =MNij =MNij»
ed es eb
Nij =Mij =Nij»

leading to eight independent couplingg; , with ¢ =

u,d. Due to the impracticality of setting limits in
an eight-dimensional space, a set of representative
scenarios was analyzed. Each scenario is defined by
a set of eight coefﬁments,q, each of which may take
the valuest1 or zero, and the compositeness scale
The couplings are then defined by

g 4
ij AZ
Note that models that differ in the overall sign of the

coefficientgf.q are distinct because of the interference
with the SM.

eq _

Nij e

50 The results depend very weakly on this assumption since
heavy quarks make only a very small contribution to high-cross
sections. In most cases, the same mass-scale limits were obtained for
Cl scenarios where only first-generation quarks are considered. The
largest difference between the obtained mass-scale limits is about
2%.
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Table 1

Coupling structurde; 1, €1 r, €rr, €rr] Of the compositeness models and the 95% C.L. limits on the compositeness/Asaaigllting from
the ZEUS analysis of 1994-2006 p data. Each row of the table represents two scenarios corresponding (A*) andn <0 (A7).
The same coupling structure appliesst@ndu quarks, except for the models U1 to U6, for which the couplings fowtlyiarks are zero.
Also shown are results obtaithdy the H1 Collaboration, thep collider experiments B and CDF, and the LEP experiments ALEPH, L3 and
OPAL. For the LEP experiments, limits derived from the charfiel~ — ¢4 are quoted

ZEUS 1994-2000% p 95% C.L. (TeV) Hi1 m CDF ALEPH L3 OPAL
Coupling structure
Model [err.€rRr.€rL.€RR] A~ AT A= AT AT~ At A= At A~ At A= At A= a4t

LL [+1,0,0,0] 17 27 16 28 42 33 37 25 6.2 54 28 42 31 55
LR [0,+1,0,0] 2.4 3.6 19 33 3.6 34 33 28 33 30 35 33 44 38
RL [0,0,+1,0] 27 35 20 33 37 33 32 29 4.0 24 46 25 6.4 27
RR [0,0,0,+1] 18 27 22 28 4.0 33 3.6 26 44 39 38 31 49 35
\AY [+1,+1,+1,+1] 6.2 54 55 53 6.1 4.9 52 35 71 6.4 55 4.2 7.2 4.7
AA [+1,-1,-1,+1] 4.7 44 41 25 55 47 48 38 7.9 7.2 38 6.1 42 81
VA [+1, -1, +1,-1] 33 32 3.0 29

X1 [+1,-1,0,0] 3.6 26 45 39

X2 [+1,0,+1,0] 39 4.0

X3 [+1,0,0,+1] 3.7 3.6 39 37 51 42 74 6.7 37 44 44 54
X4 [0,+1,+1,0] 51 48 44 44 44 39 45 29 5.2 31 71 34
X5 [0,41,0,+1] 4.0 40

X6 [0,0,+1, —1] 25 35 43 4.0

Ul [+1,—-1,0,01* 3.8 3.6

uz2 [+1,0,+1, 0]¢* 50 4.2

u3 [+1,0,0, +1]¢* 5.0 41 52 9.2

u4 [0, +1,+1, 014 5.8 4.8 32 23

us [0,+1,0,+1]¢* 5.2 43

u6 [0,0, +1, —1]¢* 2.8 34

In this Letter, different chiral structures of Cl are both lepton and baryon numbers and have spin 0
considered, as listed iflable 1 Models listed in the or 1. According to the general classification proposed
lower part of the table were previously considered in by Buchmiller, Rickl and Wylef8], there are 14

the published analysis of 1994-1997 p data[1]. possible LQ states: seven scalar and seven vettor.
They fulfill the relation In the limit of heavy LQs Mo > /s), the effect
. of s- and¢-channel LQ exchange is equivalent to a
4 4o el _ped . . £o .
Ner TR — MR —MRR =Y vector-typeeegq contact interactioi? The effective

which was imposed to conserve parity, and thereby contact-interaction couplings;/, are proportional
complement strong limits from atomic parity violation 0 the square of the ratio of the leptoquark Yukawa
(APV) results[3,4]. Since a later APV analysis] coupling,ALq, to the leptoquark mas#/.q:

indicated possible deviations from SM predictions,

models that violate parity, listed in the upper part of 5 2

Table 1 have also been incorporated in the analysis. nf/,q :a;fi<ﬂ) ,

The reported Bo deviation[5] from the SM was later ' Miq

reduced to arounddl, after re-evaluation of some of

the theoretical correctior}6,7]. -
51 Leptoquark states are named according to the so-called Aachen
notation[9].
52 For the invariant mass range accessible at HERA, ~
. . . 300 GeV, heavy LQ approximation is applicable fof o >
Leptoquarks (LQ) appear in certain extensions of 400 Gev. For ZEUS limits covering LQ masses below 400 GeV
the SM that connect leptons and quarks; they carry see[10].

3.2. Leptoquarks
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Table 2
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CoeﬁicientSaf]ff defining the effective leptoquark cdings in the contact-interaction limitf, g > /s and the 95% C.L. lower limits on

the leptoquark mass to the Yukawa coupling radpg /A q resulting from the CI analysis of the ZEUS 19942068 data, for different
models of scalar (upper part of the table) and vector (lower partdderks. Also shown are results aisted by the H1 Collaboration and
corresponding contact-interaction limii®m the LEP experiments L3 and OPAL. The limits from LEP on the compositeness Acéte
models with coupling structure corresponding to thasscalar (vector) leptoquarks, were scaled by factor/8r (1/+/4r)

ZEUS 1994-2000* p 95% C.L.

M g/ Q (TeV)

Model Coupling structure Mig/rLg (TeV) H1 L3 OPAL

s& ash =+3 0.61 071 140 098

sE ag =+3% 056 064 030 030

R ed 1

5 afh =+3% 0.27 033 058 080
L 1

St ast, =3 0.83 085 054 074
R d _ __1

Sfa as =afl =3 053 037 086

85 asd, =3 0.43 043 042 048

st as =+1,a5% =+1 0.52 049

v as? =—1 055 073 183 127

Ve asth =—1 047 058 051 054

VR agly =—1 087 099 102 144

Vi, ash =+1 047 042 071 090

v, ash =afl =+1 0.99 0.95 071

v, gl =+1 106 102 054 059

vE afd =-1,a8" =-2 123 136

where the coefficients; depend on the LQ species
[11] and are twice as large for vector as for scalar lep-
toquarks. Only first-generation leptoquarks are con-
sidered in this analysig, = u, d. The coupling struc-
ture for different leptoquark species is shownTia-

ble 2. Leptoquark models} and S’lL/Z correspond to

the squark state#; andii; , in minimal supersymmet-
ric theories with brokerR-parity.

3.3. Large extra dimensions

Arkani-Hamed, Dimopoulos and Dvalil2-14]
have proposed a model to solve the hierarchy problem,
assuming that space-time has+4n dimensions.
Particles, including strong and electroweak bosons,
are confined to four dimensions, but gravity can
propagate into the extra dimensions. The exira
spatial dimensions are compactified with a radius
The Planck scaley/p ~ 10'° GeV, in 4 dimensions is
an effective scale arising from the fundamental Planck

scaleMp in D =4+ n dimensions. The two scales
are related by:

M% ~ R"M3™.

For extra dimensions witlR ~ 1 mm forn = 2, the
scaleMp can be of the order of TeV. At high ener-
gies, the strengths of the gravitational and electroweak
interactions can then bee® comparable. After sum-
ming the effects of graviton excitations in the ex-
tra dimensions, the graviton-exchange contribution to
eq — eq scattering can be described as a contact in-
teraction with an effective coupling strength[@5,16]

A

nG = —z
MS

where My is an ultraviolet cutoff scale, expected to
be of the order ofMp, and the coupling. is of or-

der unity. Since the sign of is not known a priori,
both valuesr = £1 are considered in this analysis.
However, due to additional energy-scale dependence,
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reflecting the number of accessible graviton excita- whereg(x, 0?), ¢(x, 0?) andg(x, Q?) are the quark,
tions, these contact interactions are not equivalent to antiquark and gluon densities in the proton, respec-
the vector contact interactions Bfy. (3) To describe tively.

the effects of graviton exchange, terms arising from

pure graviton exchangé&), graviton—photoninterfer- ~ 3.4. Quark form factor

ence {G) and gravitonZ (ZG) interference have to

be added to the SMg — eq scattering cross sec- Quark substructure can be detected by measuring
tion [17]: the spatial distribution of the quark charge.Qf «
1/R? and Q? « 1/RZ, the SM predictions for the

+ +
M cross sections are modified, approximately, to:

dt
doSM  doC  dovC  do4C do do=M RS 2 ? Rg 2 2
—_— 02= 707 _FQ 1_FQ ,
di di di di 0 0
do¢ _ TA? £{32ﬁ4+64ﬁ3f where R, and R, are the root-mean-square radii of
dt 32M§’ 52 the electroweak charge of the electron and the quark,
R a2 A respectively.
+ 42072 + 10013 + 74, P Y
do?C i aQy (20+1)3
PR _$2M§‘ 2 P 4. Datasamples
zZG n 3
do T “ { vevqw The data used in this analysis were collected with
dt 2M ¢ §2sin? 20y f— M2 the ZEUS detector at HERA and correspond to an
7(602 4 6idF + 72)3 integrated luminosity of 48 pbt and 63 pb! for et p
— dedy 2 } collisions colleceéd in 1994-1997 and 1999-2000,
Z

respectively, and 16 pt for e~ p collisions collected
wheres$, 7 andi, with 7 = —Q2, are the Mandelstam  in 1998—-1999. The 1994-1997 data set was collected
variables, while the other coefficients are given in at./s = 300 GeV and the 1998-2000 data sets were
Eg. (2) The corresponding cross sections f6fg taken with,/s = 318 GeV.
scattering are obtained by changing the sig@gfand The analysis is based upon the final event samples
v, parameters. used in previously published cross section measure-
Graviton exchange also contributes to electron— ments[18—20] Only events withQ? > 1000 Ge\
gluon scatteringeg — eg, which is not present at are considered. The SM predictions were taken from
leading order in the SM: the simulated event samples used in the cross sec-
tion measurements, where selection cuts and event
_ reconstruction are identical to those applied to the
di data. Neutral current DIS events were simulated us-
_ ﬂ_kzﬁ{ ing the HERACLES[21] program with DIANGOH [22,
- 2mME§? 23] for electroweak radiat® corrections and higher-
order matrix elements, and the color-dipole model of
ARIADNE [24] for the QCD cascade and hadroniza-
tion. The ZEUS detector was simulated using a pro-

do (et g — e*yg)

20% + 40%F + 3ii % + 73},

For a given point in théx, 02) plane, thee*p cross
section is then given by

d?c (et p — e+ X) ) gram based on BANT 3.13[25]. The details of the
2 (x» Q ) data selection and reconstruction, and the simulation
dxdQ
do (£ do (etd used can be found elsewhgi8—20]
=q(x, QZ)MQ(X, QZ)LACD The distributions of NC DIS events i®@2, mea-
di N dt sured separately for each of the three data sets, are
+ g(x Qz) do (e7g) in good agreement with SM predictions calculated us-

dt ing the CTEQ5D parameterizati¢®6,27]of the par-
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ton distribution functions (PDFs) of the proton. The interaction by a single parameterr 442 for contact
CTEQS5D parameterization is based on a global QCD interactions;(M_Q/MLQ)2 for Ieptoquarks?L/Mg1 for
analysis of the data on high energy lepton—hadron models with large extra dimensions; aﬁ'@ for the
and hadron—hadron interactions, including higB- quark form factor. In the following, this parameter is
H1and ZEUS results based on the 1994 data. The  denoted byy. For contact interactions, models with
ZEUS data used in the CTEQ analysis amount to less |large extra dimensions and the quark form factor
than 3% of the sample considered in this analysis. In model, scenarios with positive and negativealues
general, SM predictions in th@? range considered  were considered separately.
here are dominantly determined by fixed-targetdataat  For a given model, the likelihood was calculated as
0? < 100 GeV andx > 0.01[28]. e
— —Hi ), A,
L(n) = Ue pa

5. Analysis method where the product runs over af)? bins, n; is the
number of events observed@? bini andu; (n) is the
expected number of events in that bin for a coupling
strengthy. The likelihood for the complete* p data
set was obtained by multiplying the likelihoods for
each of the three running periods.

The value ofp for which L(n) is maximized is
denoted asjg. First ngata, the value ofy that best
describes the observe@? spectra was determined.

5.1. Monte Carlo reweighting

The contact interactions analysis was based on a
comparison of the measuref distributions with the
predictions of the MC simulation. The effects of each
Cl scenario are taken into account by reweighting each
MC event of the typep — X with the weight

_d’_ (M4 Cl Using ensembles of Monte Carlo experiments (MCE),
ddez( +CD L. . .
w= — . (4) the expected distribution ofg was then determined
ddez (SM) true x, 02 as a function ofgmc the coupling value used as the

input to the simulation. The 95% C.L. limit apwas
defined as the value ajiyc for which the probability
that|no| > (7339 was 0.95.

For each value ofyyc, the nominal number of
events expected in eadh? bin i, denotedi; (7uc)
was calculated by reweighting the SM MC predic-

The weightw was calculated as the ratio of the
leading-ordet3 cross section€&q. (1) evaluated at the
true values ofc and Q2 as determined from the four-
momenta of the exchanged boson and the incident par-
ticles. In simulated events where a photon with en-
ergy E, is radiated by the incoming electron (initial- X . )
state radiation), the electron energy is reducedpy tion accordn_wg (Eq. (4) '_I'heoretlcal anq experimen-
This approach guarantees that possible differences beld systematic uncertainties were taken into account by
tween the SM and the CI model in event-selection ef- treating each uncgrtam quantity as a random variable.
ficiency and migration corrections are properly taken For each uncertainty, 100% correlation between sys-

into account. Under the assumption that the difference temra]lti_c (\j/gr(ijatioln'\s;lgEdiffer?t binz was as;umed. I_:or
between the SM predictions and those of the model eﬁf n |y|hua , anndependent ré"? om \;]a”'
including contact interactions is small, higher-order 2P!€.d;, With zero mean, was generated for each sys-

QCD and electroweak corrections, including radiative [€Matic uncertainty. The expected number of events

corrections, are also accounted for. in each Q bin i was th~en given by the product of
the nominal expectationi;, and Nsys random factors

which account for the uncertainties in the estimation

5.2. Limit-setting procedure
of u; as follows:

For each of the models of new physics described Nsys
above, it is possible to characterize the strength of the 1; = 1; (nme) - ]_[(1 +cij)%i.
j=1

53 Note that Cls constitute a non-renaalizable effective theory 1 he coefficenty;; is the fra(_:tion.al Change‘. in the ex-
for which higher orders are not well defined. pected number of events in binfor a unit change
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in §;. This definition ofu; reduces to a linear depen-
dence ofu; on each$; wheng; is small, while avoid-
ing the possibility ofu; becoming negative which
would arise if u; was defined as a linear function
of the §;’s. For most of the systematic uncertainties,
§; follows a Gaussian distribution, except for a few
where it follows a uniform distribution, as noted in the
next section. For a Gaussidn distribution, the defi-
nition of u; corresponds to a Gaussian distribution in
logu;. About one million MCEs were generated for
each model, so that the statistical error was negligi-
ble.

5.3. Systematic uncertainties

Uncertainties in the SM cross sections considered
in this study were estimated using the LB pro-
gram[29] based on @bNuM [30]. Fractional varia-
tions estimated from EDFLIB were used to rescale the
nominal SM expectations calculated with CTEQ5D.
The following uncertainties were included:

o statistical and systematic uncertainties of the data
used as an input to the NLO QCD fit. These
errors were the largest uncertainty in the SM
expectations. At highp?, the uncertainty is up to
about 4.5% (3%) foe™ p (e~ p) data;

uncertainty in the value O&S(M%) used in the
NLO QCD fit. The resulting uncertainties of NC
DIS cross sections at high?, estimated assuming
an error onas(M2) of £0.002 [31], is about
1.6%;

uncertainties in the nuclear corrections applied to
the deuteron datéK p) and to the data from neu-
trino scattering on irofKre) used in CDNUM.

As suggested in BDFLIB, variations by up to
100% for Kp and 50% forKre were applied,
treating the corrections as uniformly distributed
random variables. The corresponding uncertain-
ties of NC DIS cross sections at high?, are up

to about 1.7% (0.8%) foK p and up to about 3%
(0.7%) forKre, for e p (e~ p) data.

The PDF uncertainties calculated usingdgLIB are
similar to those obtained from a ZEUS NLO QCD fit
[28], when high©? HERA data were excluded from
the fit.

35

In addition to the uncertainty in the SM prediction,
the following experimental uncertainties were taken
into account:

o the scale uncertainty on the energy of the scattered
electron of+(1-3)% depending on the topology
of the event[32]. The resulting uncertainty of
NC DIS cross section at high? is about 0.6%
(1.3%), fore™ p (e~ p) data;

e the uncertainty in the hadronic energy scale of

+(1-2)% depending on the topology of the event

[33]. The resulting cross section uncertainty at

high 02 is about 1%, for botle™ p ande™ p data;

uncertainties on the luminosity measurement of

1.6% for the 1994-1997" p data, 1.8% for the

1998-1999¢~ p data and 2.5% for the 1999-

2000¢™ p data. Correlations between luminosity

uncertainties for different data-taking periods are
small and were neglected in the analysis.

As the double-angle method used to reconstruct
the kinematics of the eventdl8-20] is relatively
insensitive to uncertainties in the absolute energy scale
of the calorimeter, the largest experimental uncertainty
in the numbers of NC DIS events expected at higth
is due to the luminosity measurement.

6. Results

No significant deviation of the ZEUS data from
the SM prediction using the CTEQ5D parameteriza-
tion of the proton PDF was observed. For all models
considered, the best description of the data was ob-
tained for very small values d)f;gat"’], i.e., close to the
SM. The probability of obtaining larger best-fit cou-
pling from the SM, i.e., the probability that an exper-
iment would produce a value o0fip| greater than that
obtained from the datagg| > |ngat"1, calculated with
MCEs assuming the SM cross section, was above 25%
in all cases. Therefore, limits on the strength parame-
ters of the models described$ection 3are presented
in this Letter.

The measured)? spectra foret p ande™ p data,
normalized to the SM predictions are showrFig. 1L
Also shown are curves, for VV and AA contact-
interaction modelsection 3.}, which correspond to
the 95% C.L. exclusion limits om. The 95% C.L.
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Fig. 1. ZEUS data compared with 95% C.L. exclusion limits for tHeative mass scale in the VV and AA contact-interaction models, for
positive (A1) and negative 4 ) couplings. Results are normalized to the Standacdi®ll expectations calculated using the CTEQ5D parton
distributions. The insets show the comparison in@fe< 10* GeV? region, with a linear ordinate scale.

limits on the compositeness scate for different CI The 95% C.L. lower limits on the compositeness
models, are compared iRig. 2 and Table 1 Limits scale A are compared ifTable 1 with limits from
range from 1.7 TeV for the LL model to 6.2 TeV for the H1 Collaboratiori34], the Tevatron35,36] and
the VV model. Also indicated in the figure are the the LEP[37—40]experiments (where only the results
best-fit coupling valuemgataz %, for positive and  fromeTe™ — ¢4 channel are quoted). [fable 1the
negative couplings. For comparison, the positions of relations between CI couplings for the compositeness
the global likelihood maxima with-10 and+20 er- models considered are also included. The results
ror*? bars are included iRig. 2 Systematic uncertain-  on the compositeness scalé presented here are
ties are taken into account by averaging the likelihood comparable to those obtained by other experiments,
values over systematic uncertainties. For most models, where they exist. For many models, this analysis sets
the £20 error bars are in good agreement with 95% the only existing limits.
C.L. limits calculated with the MCE approach. The leptoquark analysiskas into account LQs that
couple to the electron and the first-generation quarks
(u, d) only (Section 3.2 Deviations in theQ? distrib-
m are calculated from the likelihood variatiod:1o ution 0fe+p ande”p NC DIS events, corresponding
and +20 errors correspond to the decrease of the likelihood tothe 95% C.L. exclusion limits for selected S_Calar and
value to logL(n) = logL(ng) — 3 and logL () = log L(ng) — 2, vector Ieptoquark models, a're'compared Wlth ZEUS
respectively. data inFig. 3. The 95% C.L. limits on the ratio of the
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ZEUS

ZEUS 94-00 e*p 95% C.L.
O -1/A? best fit value
—  allowed +1/A% range
A" (TeV)
VV | 62
AA | 47 |
VA | 33
X1 | 36 |
X2 | 39
X3 | 37 |
X4 |51
X5 | a0 |
X6 | 25
Ut | 38 |
U2 | 50 |
Us | 50 °
U4 | 58 |
Us | 52
ue | 28 |
LL | 17"
LR | 24
RL | 27
RR 1.8

® +1/A% best fit value
—&— best fit +10, H20
AT (TeV)

+1/A2 (TeV?)

Fig. 2. Confidence intervals ef1/42 at 95% C.L. for general C| scenarios studied in thigtéie(dark horizontal bars). The numbers at the right
(left) margin are the corresponding lower limits on the mass sddlé A ). The dark filled (open) circlesidlicate the positions corresponding

to the best-fit coupling valuesgata, for positive (negative) couplings. The light filled circles with error bars indicate the position of the global
likelihood maximum. For calculation af1lo and+20 errors on the global maximum position, llke@od values are averaged over systematic

uncertainties.

leptoquark mass to the Yukawa coupling.q/ALq,
are summarized iffable 2together with the coeffi-
cientSa;.q describing the CI coupling structure. The

limits range from 0.27 TeV foﬁc’f model to 1.23 TeV
for VlL model. Table 2also shows the LQ limits ob-
tained by the H1 Collaboratiof84] and by the LEP
experiment$37,39] In general, comparable limits are
obtained. For thes{, Vi, and \71L/2 leptoquarks, the
ZEUS analysis provides the most stringent limits.
When only the NC DIS event sample is consid-
ered, the leptoquark limits obtained in the contact-
interaction approximation are similar to, or better than,

the high-mass limits from the ZEUS resonance-search
analysis[10]. However, forS}, S¥ and v} models
these previously published limits are more stringent,
as the possible leptoquark contribution to charged cur-
rent DIS was also taken into account.

For the model with large extra dimensiorSe¢-
tion 3.3, 95% C.L. lower limits on the mass scalexn
dimensions of

Mg >0.78TeV fori=+1,

Mg >0.79TeV fori=-1,
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Fig. 3. ZEUS data compared with 95% C.L. exclusion limitstfte ratio of the leptoquark mass to the Yukawa coupliig, for the SlL/Z,
SlL, VlL and VlL/2 leptoquarks. Results are normalized to the Standard Model extjoet calculated using theTEQS5D parton distributions.
The insets show the comparison in € < 10* GeV? region, with a linear ordinate scale.

were obtained. IrfFig. 4, effects of graviton exchange (R; < 1.0 x 1016 ¢m) and is similar to the limit set
on the Q2 distribution, corresponding to these limits, by the CDF Collaboration irpj collisions using the
are compared with ZEUS*p (Fig. 4(a) ande™p Drell-Yan production ofe™ andu™ ™ pairs[35]
(Fig. 4(b) data. The limits onMs obtained in this (R, < 0.79 x 1016 cm)55 The L3 Collaboration has
analysis are similar to those obtained by the H1 presented a stronger limiiR, < 0.42 x 10716 cm,
Collaboration[34] and stronger than limits fromg assumingR, = 0), based on quark-pair production
production at LER41]. However, if all final states are  measurement at LEPB9] and assuming the same
considered, the limits derived frori e~ collisions effective charge radius for all produced quark fla-
exceed 1 TeV[41]. Limits above 1 TeV are also vors.

obtained inpp from the measurement ef et and If the charge distribution in the quark changes sign
yy production[42]. as a function of the radius, negative values can also be
Assuming the electron to be point-like’, = 0), considered foﬂeg. For such a model, the ZEUS 95%

the 95% C.L. upper limit on the effective quark-charge
radius Section 3.4 of

R, <0.85x 1078 cm 55 Limits on the effective quark radius published by the CDF Col-

. . . laboration[35] were calculated assumiry, = R.. For comparison
was obtained. The present result improves the lim- it limits assumingg. = 0, the limit value was scaled by a factor

its set inep scattering by the H1 CollaboratidB4] V2.
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Fig. 4. ZEUSe™ p data (a) an@~ p data (b) compared with 95% C.L. exclusion limits for the effective Planck mass scale in models with large
extra dimensions, for positive\/(;“) and negative /') couplings. (c) Combined 1994-2000 data compared with 95% C.L. exclusion limits for
the effective mean-square radius of the electroweak charge of the @Resilts are normalized to the Standard Model expectations calculated
using the CTEQ5D parton distributions. The insets show the comparison ®%hel0* GeV2 region, with a linear ordinate scale.

C.L. upper limit on the effective quark-charge radius Cross section deviations corresponding to the 95%

squared can be written as:

—R? < (1.06x 10~*® cm)?,

C.L. exclusion limits for the effective radiu®,, of
the electroweak charge of the quark are compared with
the ZEUS data irfrig. 4(c)
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7. Conclusions

A search for signatures of physics beyond the
Standard Model has been performed with #iep
and e~ p data collected by the ZEUS Collaboration
in the years 1994—-200ith integrated luminosities
of 112 and 16 pb!, reaching 0? values as high
as 4x 10* Ge\2. No significant deviation from
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