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Abstract

Three-jet production is studied for the first time in deep-inelastic positron-proton scattering.
The measurement carried out with the H1 detector at HERA covers a large range of four-
momentum transfer squaréd< Q* < 5000 GeV? and invariant three-jet massgs <

Msie < 140 GeV. Jets are defined by the inclusikg algorithm in the Breit frame. The

size of the three-jet cross section and the ratio of the three-jet to the dijet cross gegtion

are described over the whole phase space by the predictions of perturbative QCD in next-to-
leading order. The shapes of angular jet distributions deviate significantly from a uniform
population of the available phase space but are well described by the QCD calculation.

To be submitted to Physics Letters



C. Adloff33, V. Andreev*, B. Andried’, T. Anthonig, V. Arkadov*®, A. Astvatsatouro?,
l. Ayyaz?®, A. Babae¥?, J. Bihr®, P. Barano¥, E. Barrelet®, W. Bartel’, P. Baté!,

A. Beglariartt, O. Behnké?, C. Beiet*, A. Belousov*, T. Benisch’, Ch. Berget,

T. Berndt?, J.C. Bizot¢, V. Boudry?”, W. Braunschweily V. Brissort®, H.-B. Broker,
D.P. Browrt!, W. Briicknet?, P. Bruet’, D. Brunckd®, J. Blirger®, F.W. Blissel!,

A. Bunyatyan?3*, H. Burkhardt*, A. Burrage®, G. Buschhor#, A.J. Campbelf, J. Cad®,
T. Carli®>, S. Caroh, D. Clarke, B. Clerbaux, C. Collard, J.G. Contrerds'!, Y.R. Coppend
J.A. Coughlah, M.-C. Cousinot?, B.E. Cox!, G. Cozzikd, J. CvacR’, J.B. Daintor®,
W.D. Dau®, K. Daum®3%, M. Davidssof’, B. Delcourt’, N. Delerué?, R. Demirchyart,
A. De Roeck*3, E.A. De Wolf*, C. Diacon@?, J. Dingfeldet®, P. Dixorn?, V. Dodonov?,
J.D. Dowelf, A. Droutsko??, A. Dubak?®, C. Dupret, G. Eckerlint®, D. Ecksteir®,

V. Efremenkd?, S. Egli?, R. Eichlef®, F. Eiselé?, E. Eisenhandlé?, M. Ellerbrock?,

E. Else?, M. Erdmann®4%¢ W. Erdmani®, P.J.W. Faulknér L. Favart, A. Fedotov?,
R. Felst?, J. Ference?, S. Ferrod’, M. Fleischel, Y.H. Fleming, G. Fliggé,

A. Fomenkd?, I. Foresti’, J. Fornanek®, J.M. Fostet', G. Franké’, E. Gabathulé?,

K. Gabathule®?, J. Garvey, J. Gassnét, J. Gaylel’, R. Gerhard¥, C. GerlicH?,

S. Ghazaryatt, L. Goerlictf, N. Gogitidzé?*, M. Goldberg®, C. Goodwiri, C. Gral3®,

H. Grasslet, T. GreenshaW, G. Grindhamme?, T. Hadig?, D. Haidt?, L. Hajdul,
W.J. Hayneg B. Heinemank, G. Heinzelmantt, A. Heistef, R.C.W. Henderson,

S. Hengstmanhi, H. HenscheP, R. Heremans G. Herrera*!, 1. Herynek?,

M. Hildebrandt’, M. Hilgers*®, K.H. Hiller®®, J. Hladk/®, P. Hoting?, D. Hoffmanri?,

R. Horisberge?, S. Hurling®, M. Ibbotsor!, C. Issevef, M. Jacque¥, M. Jaffre®,

L. Janauschek, D.M. Jansef?, X. Jansseh V. Jemano¥, L. Jonssof’, D.P. Johnsoh
M.A.S. Jone¥, H. Jung®!®, H.K. KastlP®, D. Kant?, M. Kapichin€, M. Karlssori,

O. Karschnick!, F. Keil'*, N. Keller*”, J. Kennedy?, I.R. Kenyori, S. Kermiché?,

C. Kiesling?®, P. Kjellberg®, M. Klein3?, C. Kleinwort?, G. Knies®, B. Koblitz?,

S.D. Kolya!, V. Korbel?, P. Kostkd®, S.K. Kotelniko¥!, R. KoutoueV?, A. KoutoV?,
M.W. Krasny?®, H. Krehbiel’, J. Krosebertf, K. Kruger?, A. Kuippe??, T. Kuhr'!,

T. Kuré¢a?®1¢, R. Lahmant, D. Laml, M.P.J. LandoH, W. Langé®, T. Lastovicka®,

P. Laycock®, E. Lebailly?%, A. Lebede¥*, B. LeiRnet, R. Lemrani®, V. Lendermanh

S. Levoniai®, M. Lindstroeni’, B. List*®, E. Lobodzinskd"%, B. Lobodzinsk{1",

A. Loginov??, N. Loktionova*, V. Lubimov??, S. Liiders®, D. Luke™'?, L. Lytkin'2,

N. Magnusseft, H. Mahlke-Kriger?, N. Maldert!, E. Malinovsk#, 1. Malinovsk#,

R. Maracek®, P. Maragé, J. Marks?, R. MarshaH!, H.-U. Martyrt, J. Martyniak,

S.J. Maxfield®, D. Meer, A. Mehta?®, K. Meier'4, P. Merkel?, A.B. Meyer'!, H. Meyer?,
J. Meyet?, P.-O. Meyet, S. Mikock®, D. Milstead?®, T. Mkrtchyar#*, R. Moh#?,

S. Mohrdieck!, M.N. Mondragon, F. Moread’, A. MorozoV?, J.V. Morrig’, K. Muller?”,
P. Murn'®42, V. Nagovizirt®, B. Narosk&', J. Naumanhf) Th. Nauman#?, G. Neller’,
P.R. Newma# T.C. Nicholl$, F. Niebergalfl!, C. Niebuht’, O. Nix4, G. NowakK,

T. Nunnemantt, J.E. OlssoH, D. Ozerov?, V. Panassik C. Pascaud, G.D. Patel,

M. Pee??, E. Pere?, J.P. Phillips?, D. PitzI'°, R. Ryschl, I. Potachnikov&, B. Povh?,
K. RabbertZ, G. Riddel, J. Rauschenberdér P. Reimet’, B. Reisert’, D. Reynd’,

S. Ries$!, C. Rislef’, E. Rizv*, P. Robmant{, R. Rooset, A. Rostovtse®, C. Royon,
S. Rusako¥, K. Rybicki®, D.P.C. Sankey J. Schein§ F.-P. Schillind?, P. Schlepef,

D. Schmidt?, D. Schmidt®, S. Schmitt’, M. Schneide??, L. Schoeffel, A. Schoning®,
T. Sclornef, V. Schioder?, H.-C. Schultz-Couloh C. Schwanenbergér K. SedHk??,

1



F. Sefkow’, V. Shekelyaf?, I. Sheviako¥*, L.N. Shtarkov*, Y. Sirois’”, T. Sloar’,

P. Smirnov*, V. Solochenk® 1, Y. Soloviev*, V. Spasko¥, A. Speckd’, H. Spitzef!,

R. Stameh, J. Steinhatt, B. Stelld!, A. Stellbergel*, J. Stiewé!, U. Straumantt,

W. Struczinski, M. Swart*, M. Tasevsk?, V. Tchernyshot?, S. Tchetchelnitsk?,

G. Thompsol, P.D. Thompsoh N. Tobiert?, D. Traynot?, P. Trwsl*?, G. Tsipolitig %38,
I. Tsurin®®, J. Turnaf, J.E. Turney’, E. Tzamariudak?, S. Udluft®, A. Usik?**, S. valkar®,
A. Valkarovg®, C. Vallee?, P. Van Mecheleh S. Vassilied, Y. Vazdik*?, A. Vichnevsk?,
K. Wacker, R. Wallny*", T. Walte?”, B. Waugh', G. Webet!, M. Webet*, D. Wegenet,
M. Werner3, N. Wernet”, G. Whité”, S. Wiesanéf, T. Wilksen'?, M. Winde*,

G.-G. Wintet?, Ch. Wissing, M. Wobisclt, H. WollatZ?, E. WlinscH?, A.C. Wyatt!,
J.Z&a6ek0, J. ZalesAk®, Z. Zhand®, A. Zhokin?, F. Zome?¢, J. Zsember; and

M. zur Nedder

L. Physikalisches Institut der RWTH, Aachen, Gernfany

2 11l. Physikalisches Institut der RWTH, Aachen, Gernfany

3 School of Physics and Space Research, University of Birmingham, Birminghdm, UK
* Inter-University Institute for High Energies ULB-VUB, Brussels; Universitaire Instelling
Antwerpen, Wilrijk; Belgiurh

® Rutherford Appleton Laboratory, Chilton, Didcot, UK

6 Institute for Nuclear Physics, Cracow, Polgnd

" Institut fur Physik, Universit Dortmund, Dortmund, Germaty

8 Joint Institute for Nuclear Research, Dubna, Russia

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

10 DESY, Hamburg, Germany

1, Institut fur Experimentalphysik, Universit Hamburg, Hamburg, Germafy

12 Max-Planck-Institutéir Kernphysik, Heidelberg, Germahy

13 Physikalisches Institut, Universit Heidelberg, Heidelberg, Germahy

14 Kirchhoff-Institut fir Physik, Universit Heidelberg, Heidelberg, Germahy

15 nstitut fur experimentelle und Angewandte Physik, Univatdfiel, Kiel, Germany

16 Institute of Experimental Physics, Slovak Academy of Sciences, Kosice, Slovak Républic
17 School of Physics and Chemistry, University of Lancaster, Lancastér, UK

18 Department of Physics, University of Liverpool, Liverpool,"UK

19 Queen Mary and Westfield College, London,’UK

20 physics Department, University of Lund, Lund, Swéden

21 Physics Department, University of Manchester, Manchestet, UK

22 CPPM, CNRS/IN2P3 - Univ Mediterranee, Marseille - France

2 Institute for Theoretical and Experimental Physics, Moscow, Russia

24 Lebedev Physical Institute, Moscow, Russ&ia

%5 Max-Planck-Institutiir Physik, Minchen, Germariy

26 AL, Universié de Paris-Sud, IN2P3-CNRS, Orsay, France

2T LPNHE, Ecole Polytechnique, IN2P3-CNRS, Palaiseau, France

2 LPNHE, Universiés Paris VI and VII, IN2P3-CNRS, Paris, France

2 Institute of Physics, Academy of Sciences of the Czech Republic, Praha, Czech Republic
30 Faculty of Mathematics and Physics, Charles University, Praha, Czech Republic

31 Dipartimento di Fisica Universit di Roma Tre and INFN Roma 3, Roma, Italy

32 paul Scherrer Institut, Villigen, Switzerland

2



33 Fachbereich Physik, Bergische Unive&tiGesamthochschule Wuppertal, Wuppertal,
Germany

34 Yerevan Physics Institute, Yerevan, Armenia

35 DESY, Zeuthen, Germahy

36 |Institut fur Teilchenphysik, ETH,#ich, Switzerland

37 Physik-Institut der Universitt Ziirich, Ziirich, Switzerland

38 Also at Physics Department, National Technical University, Zografou Campus, GR-15773
Athens, Greece

39 Also at Rechenzentrum, Bergische Univéts@esamthochschule Wuppertal, Germany

40 Also at Institut &ir Experimentelle Kernphysik, Univergitkarlsruhe, Karlsruhe, Germany

41 Also at Dept. Fis. Ap. CINVESTAVavida, Yucahn, Mexicd’

42 Also at University of P.Jafirik, Kosice, Slovak Republic

43 Also at CERN, Geneva, Switzerland

t Deceased

@ Supported by the Bundesministeriuim Bildung, Wissenschaft, Forschung und Technologie,
FRG, under contract numbers 7AC17P, 7AC47P, 7DO55P, 7THH17I1, 7THH27P, 7THD17P,
7HD27P, 7KI171, 6BMP171 and 7TWT87P

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

¢ Supported by FNRS-NFWO, IISN-IIKW

4 Partially Supported by the Polish State Committee for Scientific Research, grant no.
2P0310318 and SPUB/DESY/P03/DZ-1/99, and by the German Federal Ministry of Education
and Science, Research and Technology (BMBF)

¢ Supported by the Deutsche Forschungsgemeinschaft

f Supported by VEGA SR grant no. 2/5167/98

9 Supported by the Swedish Natural Science Research Council

h Supported by Russian Foundation for Basic Researc grant no. 96-02-00019

¢ Supported by the Ministry of Education of the Czech Republic under the projects
INGO-LA116/2000 and LNOOA006, and by GAG®/grant no B1010005

7 Supported by the Swiss National Science Foundation

¥ Supported by CONACyYT



1 Introduction

Multi-jet production in deep-inelastic scattering (DIS) has been successfully used at HERA to
test the predictions of perturbative QCD (pQCD) over a large range of four-momentum transfer
squared?? [1]. Recently the H1 collaboration has determined the strong coupling constant
a, and the gluon density in the proton [2] from the inclusive jet and the dijet cross sections
measured in the Breit frame. While these cross sections are directly sensitive to QCD effects of
orderO(«,), the three-jet cross section in DIS is already proportionaltin leading order in
pQCD. The higher sensitivity to, and the greater number of degrees of freedom of the three-jet
final state thus allow the QCD predictions to be tested in more detail in three-jet production. In
this paper we present for the first time differential measurements of the three-jet cross section in
neutral current DIS and measurements of shapes of angular jet distributions which are sensitive
to dynamic effects of the interaction. Similar studies of three-jet production in reactions with
initial state hadrons have been carried out previously in hadron-hadron collisions at the SPS [3],
the ISR [4] and at the TEVATRON [5] as well as in photoproduction at HERA [6]. The present
analysis includes the first comparison of three-jet distributions measured in hadron induced
reactions with a perturbative QCD calculation in next-to-leading ofid€¥].

In neutral current DIS the lepton interacts with a parton in the proton via the exchange of a
boson ¢, 7). At a fixed center-of-mass energy the kinematics of the lepton inclusive reaction
(for unpolarized lepton and proton beams) is given by two variables which are here chosen to be
the four-momentum transfer squar@d and the Bjorken scaling variable;;. The subprocess
14+ 2 — 344+ 5 in which three massless jets emerge from the boson-parton reaction is
fully described by six further variables which can be constructed from the enérgesd the
momentgp; of the jets in the three-jet center-of-mass (CM) frame. It is convenient to label the
three jets { = 3,4,5) in the order of decreasing energies in the three-jet CM frame. These
variables are conventionally chosen [8] to be the azimuthal orientation of the three-jet system,
the invariant mass of the three-jet systéfy,., the jet energy fractionsX;, X,

X3 = , Xy = , (2)
’ MSjet ! MSjet
and two angleg; andv; that specify the relative orientation of the jets,
— . — — X — . — X —
cosfy = LB I3 cos g = (pf’ ]iB) (pf pf) , (2)
17B| |Ps] D3 X Pl |pa X ps|

wherepp denotes the direction of the proton beam. As indicated in Fig; is the angle of

the highest energetic jet with respect to the proton beam directiomaisdthe angle between

the plane spanned by the highest energy jet and the proton beam and the plane containing the
three jets. The angles indicates whether the third jet (i.e. the lowest energy jet) is radiated
within ()3 — 0 or ¢»3 — ) or up to perpendicular to/g — 7/2) the plane containing the
highest energy jet and the proton beam. In dijet production, in the dijet center-of-mass frame
both jets carry half of the available energy and are scattered back-to-back. The presence of a
third jet, however, allows theos 5 distribution to be asymmetric in the three-jet CM frame

'Note that from energy and momentum conservafign+ X, + X5 = 2 with X5 = (2 Es5)/Msjet.



and the energies of the two leading jets to be smaller than half of the total available energy
(X37X4 < 1)

The observablé?;,,, defined by the ratio of the inclusive three-jet cross section and the
inclusive two-jet cross section, is of interest especially for quantitative studies, since in this
ratio both experimental and some theoretical uncertainties cancel to a large extent.

This paper presents measurements of the inclusive three-jet cross section in DIS as a func-
tion of Q?, xp; and Ms;,. Distributions of three-jet events are measured in the variables
Xy, cos 3 andis and are normalized to the integrated three-jet cross section. Thefgtio
is measured as a function @F. The kinematic range of the analysis covers four-momentum
transfers square@? betweens GeV? and 5000 GeV? and invariant three-jet massés;;e; in
the range fron25 GeV to 140 GeV.

2 Event Selection

The analysis is based on data taken in positron-proton collisions with the H1 detector at HERA
in the years 1995-1997 with a positron beam energg.of= 27.5 GeV and a proton beam
energy of E, = 820 GeV, leading to a center-of-mass energi of 300 GeV. A detailed
description of the H1 detector can be found in [9]. The main detector components relevant
for the present analysis are the liquid argon (LAr) calorimeter [10], the backward lead-fiber
calorimeter (SpaCal) [11] and the tracking chamber system. In the polar ahgarige4°® <

0 < 154° (153° < 6 < 177°) the electromagnetic and hadronic energies are measured by the
LAr calorimeter (SpaCal) with full azimuthal coverage. Charged particle tracks are measured
in two concentric drift chamber module®>( < 6 < 165°) and by a forward tracking detector

(7° < 6 < 25°).

The experimental procedure is similar to the one used in a previous measurement of the
inclusive jet and the dijet cross section [2]. Here we briefly summarize only the salient features.
The identification and triggering of neutral current DIS events is based on the reconstruction of
the event vertex and the detection of the scattered positron as a compact electromagnetic cluster
in either the SpaCal (“lov?”) or the LAr calorimeter (“high@?”). The two event samples
correspond to integrated luminosities@f; = 21.1pb~* (low Q%) andL;; = 32.9 pb™! (high
(Q)?), respectively. The trigger efficiencies for the final jet event samples are above 98%. The
hadronic final state is reconstructed from a combination of tracks with low transverse momen-
tum (pr < 2 GeV) and energy deposits in the LAr calorimeter and the SpaCal. The kinematic
variables?, z; andy = Q?/(sxg;) are reconstructed using th&-method [12]. The kine-
matic range of the analysis is specified by

low Q2 5< Q% < 100GeV? and Opesicron > 156°,
highQ? 150 < @Q* < 5000 GeV?, (3)
low % and highQ?: 02 < y < 06.

2The polar angl® is defined with respect to the positiveaxis which is given by the proton beam direction in
all reference frames.




The jet selection is carried out in the Breit frame in whigh- ZxBjﬁ = 0, whereq and P

are the momenta of the exchanged boson and of the incoming proton, respectively. Jets are
defined by the inclusivé, clustering algorithm [13] which is applied to the final state particles,
excluding the scattered positron. The paramé&grwhich defines the minimal separation of

jets in pseudorapidifyand azimuth space, is set &) = 1. The clustering of particles is done

in the £ recombination scheme in which the resulting jets are massless. A detailed description
of the procedure is given in [14]. The jet phase space is defined by cuts on the jet pseudorapidity
Niet, 1ab IN the laboratory frame and on the transverse jet enékgin the Breit frame

—1 < Mjet,ap < 2.5 and Er >5GeV. (4)

The inclusive three-jet (dijet) sample consists of all events with three (two) or more jets from
which the three (two) jets of highest- have an invariant mass of

M3jet > 25 GeV (MQjet > 25 GGV) (5)

With these selection criteria applied, the inclusive three-jet event sample @3dhigh Q?)
contains2903 (666) events, and the corresponding inclusive dijet sample conéaitts(2005)
events. The jet selection cuts in (4) deplete the phase space regiongof— +1, 3 — 0
andv3; — = [15]. To reduce this influence the following additional cuts are applied for the
measurement of the differential distributions of the variablesX,, cos 3 andys

X; < 0.95,
|cosfs| < 0.8, (6)
Mz > 40GeV  only for @ < 100 GeV?.

Due to the limited size of the event sample the last cut is not applied in theJfigimalysis.

The cuts in (6) are passed b3 (536) three-jet events in the lo®? (high Q?) event sample.

The size of the photoproduction background has been estimated using two samples of photo-
production events generated by PYTHIA [16] and PHOJET [17] and is found to be negligible
(i.e. below 2%) in all distributions measured.

3 Correction of the Data

The data are corrected for effects of detector resolution and acceptance, as well as for inefficien-
cies of the selection and for higher order QED effects. The correction functions are determined
using event samples generated by the Monte Carlo event generators LEPTO [18], RAPGAP [19]
and ARIADNE [20], all interfaced to HERACLES [21] to take QED corrections into account.

For each generator two event samples are generated. The first sample, which includes QED
corrections, is subjected to a detailed simulation of the H1 detector based on GEANT [22]. The
second event sample is generated under the same physics assumptions, but without QED cor-
rections and without detector simulation. The correction functions are determined bin-wise for
each observable as the ratio of its value in the second sample and its value in the first sample.

3The pseudorapidity is related to the polar angteby n = — In(tan 6/2).



The applicability of the simulated event samples for the correction procedure has been tested
by comparing a variety of their distributions to the data for the three-jet and the dijet event
samples [15]. The simulated events are found to give a good description of single jet related
guantities such as the surrounding energy flow, their angular distributions and their internal
structure. Based on the event simulation the bin widths of all variables have been adjusted
to match their resolution. At low)? (high Q%) the correction functions are determined using
event samples from RAPGAP and ARIADNE (LEPTO and ARIADNE). In b&thregions
the correction functions agree within typically 10% for the measured cross sections and for the
ratio 3/, and within typically 5% for the normalized distributions &%, X4, cos 63 ands.

The final correction functions are taken to be the average of the two models and half of their
difference is used as an estimate of the model dependence. The list of further experimental
uncertainties considered in the analysis is identical to the one in the recent measurement of
inclusive jet and dijet cross sections [2]. The uncertainty of the measured cross sections are
typically 16% and are dominated by systematic effects, the largest contributions being due to
the hadronic energy scale of the LAr calorimeter and the model dependence of the correction
functions. The uncertainties of the measured raje, have equal statistical and systematic
contributions while in the normalized distributions the statistical uncertainties dominate.

4 Results

The measured three-jet distributions are presented in Figs. 2-5 and in table 1. The inner er-
ror bars represent the statistical uncertainties and the outer error bars the quadratic sum of all
uncertainties. The data are compared to the pQCD predictions in leading order (LO) and in
next-to-leading order (NLO) with and without hadronization corrections. The LO and NLO
calculations are carried out in théS-scheme for five massless quark flavors using the recent
program NLOJET [7]. It was checked that the LO calculations from NLOJET agree with those
of MEPJET [23] and DISENT [24]. Heavy quark mass effects are estimated using the LO
calculation MEPJET and are found to lower the three-jet cross section by typi¢aky low

@Q* and 3% at high@?. Renormalization and factorization scales,(u;) are set to the av-

erage transverse energy, of the three jets in the Breit frame. The parton density functions

of the proton are taken from the parameterization CTEQ5ML1 [25]. The strong coupling con-
stant is set to the world average valuexgf /) = 0.118 [26] and is evolved according to the
two-loop solution of the renormalization group equation. Hadronization correcijgfsare
determined using LEPTO as the relative change of an observable before and after hadroniza-
tion. These corrections are in the rang22% < .4 < —18% for the three-jet cross section
and—18% < dnaar < —10% for the ratioR;/, over the whole range ap? and they agree with

those obtained from HERWIG [27] to with2fs. Hadronization corrections are negligible for

the normalized distributions (Figs. 4 and 5) since they basically change the size of the three-jet
cross section but not the shapes of differential distributions.

The three-jet cross section is presented in Fig. 2 (a) as a function of the four-momentum
transfer square@?. The data are compared to the LO and NLO predictions, the latter with and
without hadronization corrections. In the lower part of the figure the ratio of the measured cross
section and the NLO prediction (corrected for hadronization effects) is shown. Over the whole
range of)? the NLO prediction (corrected for hadronization effects) gives a good description
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of the data — at higld)?, where NLO corrections are small, but also at IQ&where the NLO
prediction is a factor of two above the LO prediction. The theoretical prediction is subject to
several uncertainties, the dominant sources being the value of the strong coupling constant, the
parton density functions of the proton (especially the gluon density) and the renormalization
scale dependence of the NLO calculation. In the lower part of Fig. 2 (a) the size of these
uncertainties is displayed by three different bands, indicating variations of the strong coupling
constant (byAa,(Mz) = +0.006), the gluon density(overall by Ag(x, 1f) = +£15%) and

the renormalization scale (b5 < (u./Er) < 2). While atQ? > 50 GeV? the variation

of a, gives the largest effect, the renormalization scale dependence is the dominant source of
uncertainty at lower values 6§, i.e. in the region where NLO corrections are also large. Over
the wholeQ)? range the change of the cross section, induced by the variation of the gluon density
is approximately half as large as the change induced by iivariation.

For the ratiol?; , of the inclusive three-jet cross section and the inclusive dijet cross section
which is shown in Fig. 2 (b) some experimental and theoretical uncertainties cancel. The data
are measured as a function @ and compared to LO and NLO calculations which are cor-
rected for hadronization effects. While the LO calculation predicts a strapgjeiependence
of i3/, than observed in the data, the NLO calculation gives a good description of the data over
the whole range of)?>. Uncertainties in the theoretical prediction for the ralig.(Q?) are
investigated in the same way as for the three-jet cross section. The NLO corrections for the
three-jet and the dijet cross sections are of similar size. Atdwhis leads to a smaller NLO
correction and renormalization scale dependence for the Kgtiothan for the cross section.
Furthermore, when measured in the same regiongpandQQ, with the same cut on the invari-
ant multi-jet mass, the three-jet and the dijet cross sections probe the parton density functions
of the proton in the same range of proton momentum fractjoasrg;(1 + My ;.. /Q*). Since
both jet cross sections are dominated by gluon induced processes, th&jjatie almost in-
sensitive to variations of the gluon density in the proton. It is recognized that theftgtias
experimentally measured and theoretically calculated with small uncertainties over the entire
range ofQ)?. For the central value af,()/;) ~ 0.118 used in the calculations, the theoretical
predictions are consistent with the data for the three-jet cross section and thesratio

The three-jet cross section is displayed in Fig. 3 as a function of the Bjorken scaling variable
xp; and the invariant three-jet mads;., over the range of0~* < zp; < 0.2 and25 < Maje <
140 GeV in two regions of@?. In the low Q? region the LO calculation underestimates the
cross section at smatls; and smalllM;;, by a factor of two. The NLO calculation, however,
gives a good description of the data.

In Fig. 4 the distributions of the energy fractioAg and X, of the two higher energetic jets
are shown. They are normalized to the total three-jet cross section in the same kinematic range.
The data are well described by the QCD prediction in NLO. For these normalized distributions
NLO corrections are negligible and the LO calculation (not shown) can not be distinguished
from the NLO curves. In addition the figures also include a three-jet distribution generated
with a uniform population of the available three-body phase space (labeled “Phase Space”)

4The variations ofv, (M) and the gluon density in the proton correspond roughly to the uncertainties within
which both have been determined in a previous analysis [2] from jet cross sections in DIS .

5The phase space distribution of the three jets is generated according to the observed invariant mass spectrum
using the jet separation and selection criteria as applied in the data. To apply the pseudorapidity cuts on the jets in



The phase space prediction is, however, similar to the NLO prediction, except for a small shift
towards larger values of; and X}, indicating the Bremsstrahlung nature of the process.

The normalized distributions of the angular variablesf; and; are shown in Fig. 5 for
the data at low))? (left) and at highQ? (right). Thecos 65 distributions in both)? regions are
peaked at the cut value obs ;3 = +0.8, corresponding to angles close to the proton and the
photon direction. The phase space prediction shows the opposite behavior, peaking at zero and
falling towardscos #3 — £0.8. The QCD calculation in NLO shows an asymmetry around zero
and gives a reasonable description of the effects seen in the data. The latter is also the case
for the measured; distributions which are relatively flat, while the underlying phase space
is strongly peaked at; = 7/2. Although at low@Q? the NLO prediction is almost a factor
of two higher than the LO prediction, the shapes of the angular jet distributions are almost
unaffected by the NLO correction. Differences between the QCD calculation and the phase
space prediction indicate that due to the Bremsstrahlung nature of the process configurations
are preferred in which the plane containing the two less energetic jets coincides with the plane
spanned by the proton beam and the highest energetic jet, corresponding to valges of
andys; — . These results are in qualitative agreement with measurementsatlisions [3,5]
and invyp collisions [6]. Differences in the observed shapes of the two variables at low and at
high@?* are, to some extent, due to the phase space resulting from the different 8ds;in

5 Summary

A measurement of the three-jet cross section in deep-inelastic scattering has been presented.
At a positron-proton center-of-mass energy of 300 GeV the production rates and angular
distributions of three-jet events, selected in the Breit frame Wwjth> 5 GeV, have been studied

over a large range of four-momentum transfer squared,)> < 5000 GeV?.

The inclusive three-jet cross section has been measured as a funafidnRjbrken< and
the invariant three-jet mass for invariant three-jet masses alioUeV. The ratioRz;/, of the
inclusive three-jet and the inclusive dijet cross section has been measured as a fun€ion of
The predictions of perturbative QCD in next-to-leading order give a good description of the
three-jet cross section and the rafg, over the whole range a* for values of the strong
coupling constant close to the current world average ©f/,) ~ 0.118. Angular jet distri-
butions and jet energy fractions have been measured in the three-jet center-of-mass frame. The
angular orientation of the three-jet system follows the radiation pattern expected from perturba-
tive QCD. While the angular distributions are not consistent with a uniform population of the
available phase space, they are reasonably well described by the QCD predictions.
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three-jet center-of-mass frame:
1+2 [0 3+4+5 E;>E,>E

Figure 1: A sketch of the anglés and; which are defined by the momenig p,, ps of the
three jets and the proton beap] in the three-jet center of mass frame.
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Figure 2: The inclusive three-jet cross section (a) measured as a function of the four-momentum
transfer square@?. The predictions of perturbative QCD in leading order (dotted line) and in
next-to-leading order with (solid line) and without hadronization corrections (dashed line) are
compared to the data. Also shown is the ratio of the measured cross section and the theoretical
prediction, including the effects from variations @f( M), the renormalization scale. and
the gluon density in the proton. The ratit, of the inclusive three-jet cross section to the
inclusive dijet cross section (b) is compared to the leading order (dotted line) and the next-to-
leading order calculations (central value of the light band) including hadronization corrections.
The sensitivity of the NLO calculation to parameter variations is indicated as in (a). (The data
atb5 < Q% < 100 GeV?, which are affected by the cut @hiiron in €4. (3), are not included

in this Figure.)
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Figure 3: The inclusive three-jet cross section measured as a function of (a) the Bjorken scaling
variablezg; and (b) the invariant three-jet mass;;... The predictions of perturbative QCD in
leading order (dotted line) and next-to-leading order (solid line) with hadronization corrections
are compared to the data.
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dos; b
Q2 1GeV?] | o [gre] | dsear (6] | duyse [%] [Q7[GVA [ Rs2(Q%) [ dsva (%] [ doyst 6] ]
[5, 10] 9.33 4.8 8.4 [5, 10] 0.391 5.8 3.2
[10, 15] 4.41 6.2 12.1 [10, 15] 0.355 7.2 4.0
[15, 25] 2.65 5.6 11.0 [15, 25] 0.385 6.4 3.5
[25, 35] 1.70 7.3 11.9 [25, 35] 0.426 8.4 6.2
[35, 55] 0.802 6.7 14.4 [35, 55] 0.338 7.8 6.1
[150, 220] 0.114 7.5 14.6 [150, 220] 0.338 8.7 6.0
[220, 350] 0.0465 7.6 16.9 [220, 350] 0.271 8.9 11.2
[350, 700] 0.0207 7.5 16.2 [350, 700] 0.310 8.6 13.1
[700, 5000] 0.00128 8.6 13.8 [700, 5000] 0.308 9.8 9.3
TBj d&%}fj [pb] Ostat [%] 6syst [%]
5 < Q2% < 100 GeV? . .
.0, 2. —2 . } O3jet [_DP
oo i0l 100 || 1rooer | 56| 0| LMot 0V) | Tty [Gev] | e D1 | dove D
[4.0, 6.0] - 10—* 108768 6.2 12.9 5 < Q2% < 100 GeV?
[6.0, 9.5] - 10—4 64410 6.1 12.6 [25, 35] 5.98 3.7 9.1
[9.5, 20] - 104 21352 5.9 12.8 [35, 50] 3.76 4.0 12.2
[20, 100] - 104 1019 8.4 11.5 [50, 65] 1.01 7.6 10.5
150 < Q7 < 5000 GeV? [65, 95] 0.159 12.0 18.2
[2,7]-1073 1644 7.0 12.8 150 < Q% < 5000 GeV?
[7, 17] -10—3 1110 6.1 16.2 [25, 40] 0.833 5.5 12.3
[17, 40] - 103 214 8.8 13.8 [40, 65] 0.470 6.0 11.2
[40, 200] - 103 14.5 13.5 18.3 [65, 140] 0.035 14.4 41.3
dos;j
Xo | o ST | e 1] | Gy 18] T
5 < Q2 < 100 GeV?2 Xa Osjet dXa_ Ostat [%] | dsyst D8]
[0.65, 0.77] 0.98 15.9 6.7 5 < Q2 < 100 GeV?
[0.77, 0.84] 3.62 10.1 4.6 [0.50, 0.68] 2.53 8.4 4.1
[0.84, 0.95] 5.71 6.7 3.6 [0.68, 0.80] 3.53 7.8 3.6
150 < Q2 < 5000 GoV 2 [0.80, 0.9] 1.26 14.0 4.9
[0.65, 0.70] 0.25 43.1 21.7 150 < Q% < 5000 GeV*
[0.70, 0.80] 1.99 10.6 6.3 [0.50, 0.65] 2.10 8.3 3.8
[0.80, 0.88] 5.21 7.2 3.5 [0.65, 0.75] 4.37 7.1 5.5
[0.88, 0.95] 5.33 7.3 2.9 [0.75, 0.90] 1.64 8.8 5.8
costs || = T2 | 5 06 | S 19 vo || = T | b 061 | e 18
5 < Q2% < 100GeV? 5 < Q% < 100 GeV?
[-0.8, —0.5] 0.984 9.6 5.0 [0.0, 0.6] 0.415 12.8 5.9
[-0.5, —0.2] 0.409 14.5 3.3 [0.6, 1.2] 0.330 11.6 4.8
[-0.2, 0.2] 0.442 14.1 5.8 [1.2, 1.9] 0.251 11.3 3.4
[0.2, 0.5] 0.574 11.8 10.3 [1.9, 2.5] 0.283 12.5 6.6
[0.5, 0.8] 0.755 10.9 7.3 [2.5, 3.15] 0.328 11.9 6.9
150 < Q2 < 5000 GeV? 150 < Q2 < 5000 GeV?
[-0.8, —0.5] 0.987 8.7 7.4 [0.0, 0.61] 0.273 11.8 5.5
[-0.5, 0.0] 0.571 8.3 6.0 [0.61, 1.57] 0.351 8.1 6.1
[0.0, 0.5] 0.451 9.8 5.4 [1.57, 2.53] 0.341 7.7 4.4
[0.5, 0.8] 0.656 10.6 4.7 [2.53, 3.15] 0.277 11.3 12.3

Table 1: Results of the measurement. The values of the three-jet observables are listed together

with their relative statistical and systematical uncertainties.



