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Abstract

Three-jet production in deep inelastic ep scattering has been investigated with
the ZEUS detector at HERA using an integrated luminosity of 81.7 pb~!. Jets
were identified using the kr cluster algorithm in the longitudinally invariant
inclusive mode in the Breit frame. Angular correlations between the three jets
in the final state and the proton beam direction were investigated to separate
the contributions from the different color configurations. The measurements are
compared to fixed-order perturbative calculations assuming the values of the
colour factors C'r, C'y and Tr as derived from a variety of gauge groups.






1 Introduction

Quantum chromodynamics (QCD), the gauge theory of the strong interactions which acts
on the quark-fermion fields, is based on the SU(3) non-abelian group, which induces the
self-coupling of the gauge bosons, the gluons. Investigations of the triple-gluon vertex
have been carried out at LEP [1,2] using angular correlations in four-jet events from Z°
hadronic decays.

At HERA, the effects of the different color configurations arising from the underlying
gauge structure have been studied in three-jet events in direct photoproduction [3]. Neu-
tral current (NC) deep inelastic scattering (DIS) events also provide a clean way to study
the effects of the different color configurations. An illustrative diagram for each color
configuration is shown in Fig. 1: (A) double-gluon bremsstrahlung from a quark line
(proportional to C%), (B) the splitting of a virtual gluon into a pair of final-state glu-
ons (proportional to CrCYy), (C) the production of a ¢g pair through the exchange of
a virtual gluon emitted by an incoming quark (proportional to CrTr) and (D) the pro-
duction of a ¢¢ pair through the exchange of a virtual gluon arising from the splitting
of an incoming gluon (proportional to TxC). The variables that have been devised to
distinguish the contributions from the different color configurations make use only of the
three highest—E%fBt jets in an event and are:

e O, the angle between the plane determined by the highest transverse energy jet and
the beam and the plane determined by the two lowest transverse energy jets [4];

e (3, which is inspired by the variable a§;¢ [2] for ete™ — 4 jets, is defined as the
angle between the two lowest transverse energy jets;

et

¢ Bksw, which is inspired by the Kérner-Schierholz-Willrodt angle ®§.y [5] for ete™ —
4 jets, is defined as
cos(Bksw) = cos [% (Z[(p1 x Ps), (P2 x pp)] + Z[(P1 X PB), (P2 X 153)])]7
where p;, 1 =1, ..., 3 is the momentum of jet ¢ and pjp is a unit vector in the direction
of the beam; the jets are ordered according to decreasing transverse energy;

° nfﬁgx, the maximum pseudorapidity of the three jets with highest transverse energy.

In ete” annihilation into four-jet events, the distribution of ®gy is sensitive to the
differences between qggg and ggqq final states whereas that of ang distinguishes between
contributions from double-bremsstrahlung diagrams and diagrams involving the triple-
gluon coupling. For three-jet events in ep interactions, the variable 8y is sensitive to the

triple-gluon coupling in quark-induced processes (see Fig. 1B).

Three-jet cross sections have been measured previously in NC DIS [6]. The measured
cross sections are well reproduced by perturbative QCD calculations and a value of the



strong coupling constant, «,, was extracted. In this paper, measurements of the angular
distributions sensitive to the contributions from the different color configurations are
presented and compared to fixed-order O(aa?) perturbative calculations.

2 Experimental set-up

A detailed description of the ZEUS detector can be found elsewhere [7,8]. A brief outline
of the components that are most relevant for this analysis is given below.

Charged particles are tracked in the central tracking detector (CTD) [9], which operates
in a magnetic field of 1.43T provided by a thin superconducting solenoid. The CTD
consists of 72 cylindrical drift-chamber layers, organized in nine superlayers covering the
polar-angle! region 15° < # < 164°. The transverse-momentum resolution for full-length
tracks can be parameterised as o(pr)/pr = 0.0058pr @& 0.0065 & 0.0014/pr, with pr in
GeV. The tracking system was used to measure the interaction vertex with a typical
resolution along (transverse to) the beam direction of 0.4 (0.1) cm and to cross-check the
energy scale of the calorimeter.

The high-resolution uranium-scintillator calorimeter (CAL) [10] covers 99.7% of the total
solid angle and consists of three parts: the forward (FCAL), the barrel (BCAL) and
the rear (RCAL) calorimeters. Each part is subdivided transversely into towers and
longitudinally into one electromagnetic section (EMC) and either one (in RCAL) or two (in
BCAL and FCAL) hadronic sections (HAC). The smallest subdivision of the calorimeter
is called a cell. Under test-beam conditions, the CAL single-particle relative energy
resolutions were o(F)/E = 0.18/v/E for electrons and ¢(FE)/E = 0.35/y/E for hadrons,
with £ in GeV.

The luminosity was measured from the rate of the bremsstrahlung process ep — eyp. The
resulting small-angle energetic photons were measured by the luminosity monitor [11], a
lead-scintillator calorimeter placed in the HERA tunnel at Z = —107 m.

! The ZEUS coordinate system is a right-handed Cartesian system, with the Z axis pointing in the
proton beam direction, referred to as the “forward direction”, and the X axis pointing left towards
the centre of HERA. The coordinate origin is at the nominal interaction point.



3 Data selection and jet search

The data were collected during the running period 1998-2000, when HERA operated with
protons of energy E, = 920 GeV and electrons or positrons? of energy E. = 27.5 GeV,
and correspond to an integrated luminosity of 81.7 = 1.9 pb~1.

Neutral current DIS events were selected offline using criteria similar to those reported
previously [12]. The main steps are listed below.

The scattered-electron candidate was identified from the pattern of energy deposits in the
CAL [13]. The energy (E!) and polar angle (6, ) of the electron candidate were determined
from the CAL measurements. The () variable was reconstructed from the double angle
method (Q3,) [14], which uses . and the angle v, which corresponds, in the quark-
parton model, to the direction of the scattered quark. The angle v, was reconstructed
from the CAL measurements of the hadronic final state [14]. The following requirements

were imposed on the data sample:

e an electron candidate of energy E. > 10 GeV;,
e y. < 0.95, where yo =1— E/(1 —cosb.)/(2E,);

e the total energy not associated with the electron candidate within a cone of radius
0.7 units in the pseudorapidity-azimuth (7 — ¢) plane around the electron direction
should be less than 10% of the electron energy;

o for 30° < 0. < 140°, the fraction of the electron energy within a cone of radius 0.3
units in the n — ¢ plane around the electron direction should be larger than 0.9; for
0. < 30°, the cut was raised to 0.98;

e the vertex position along the beam axis should be in the range |Z| < 34 cm;

e 38 < (E — pz) < 65 GeV, where F is the total energy as measured by the CAL,
E =), E;, and py is the Z-component of the vector p = >, E;r;; in both cases the
sum runs over all CAL cells, FE; is the energy of the CAL cell ¢ and r; is a unit vector
along the line joining the reconstructed vertex and the geometric centre of the cell i;

o piiss/\/Er < 2.5 GeV'/2, where p'* is the missing transverse momentum as measured
with the CAL (ps* = /p% + p?) and Er is the total transverse energy in the CAL;

e the event is rejected if there is a second electron candidate with energy above 10 GeV
and the total energy in the CAL, after subtracting that of the two electron candidates,
is below 4 GeV;

o 0%, > 125 GeV?

2 Here and in the following, the term “electron” denotes generically both the electron (e~) and the
positron (e™), unless otherwise stated.



e |cosy,| < 0.65.

The kr cluster algorithm [15] was used in the longitudinally invariant inclusive mode [16]
to reconstruct jets in the hadronic final state both in data and in Monte Carlo (MC)
simulated events (see Section 4). In data, the algorithm was applied to the energy deposits
measured in the CAL cells after excluding those associated with the scattered-electron
candidate. The jet search was performed in the n — ¢ plane of the Breit frame. The jet
variables were defined according to the Snowmass convention [17].

After reconstructing the jet variables in the Breit frame, the massless four-momenta were
boosted into the laboratory frame, where the transverse energy (EJTetL ap) and the pseudo-
rapidity (njng) of each jet were calculated. Energy corrections were then applied to the
jets in the laboratory frame and propagated into the jet transverse energy in the Breit
frame, E%f’tB The jet variables in the laboratory frame were also used to apply additional
cuts on the selected sample:

e cvents were removed from the sample if the distance of any of the jets to the electron
candidate in the n — ¢ plane of the laboratory frame, was smaller than 1 unit;

e cvents were removed from the sample if any of the jets was in the backward region of
the detector (nixp < —2);

e jets with low transverse energy in the laboratory frame (EJTGtL ap < 2.5 GeV) were not
included in the final sample;

The jets in the Breit frame were ordered in transverse energy. The final data sample
contained 1015 events with at least three jets satisfying E%?tBl > 8 GeV, E%f’,th’S > 5 GeV

and —2 < njBet < 1.5, where njBGt is the jet pseudorapidity in the Breit frame.

4 Monte Carlo simulation

Samples of events were generated to determine the response of the detector to jets of
hadrons and the correction factors necessary to obtain the hadron-level jet cross sections.
The generated events were passed through the GEANT 3.13-based [18] ZEUS detector-
and trigger-simulation programs [8]. They were reconstructed and analysed by the same
program chain as the data.

Neutral current DIS events including radiative effects were simulated using the HERA-
CLES 4.6.1 [19] program with the DJANGOH 1.1 [20] interface to the hadronisation pro-
grams. HERACLES includes corrections for initial- and final-state radiation, vertex and
propagator terms, and two-boson exchange. The QCD cascade is simulated using the
colour-dipole model (CDM) [21] including the leading-order (LO) QCD diagrams as im-
plemented in ARIADNE 4.08 [22] and, with the MEPS model of LEPTO 6.5 [23]. The



CTEQ5D [24] proton PDFs were used for these simulations. Fragmentation into hadrons
is performed using the Lund string model [25] as implemented in JETSET [26,27]

The jet search was performed on the MC events using the energy measured in the CAL
cells in the same way as for the data. Using the sample of events generated with either
ARIADNE or LEPTO-MEPS and after applying the same offline selection as for the data,
a reasonably good description of the measured distributions for the kinematic and jet
variables was found. The average between the acceptance correction values obtained with
ARIADNE and LEPTO-MEPS was used to correct the data to the hadron level. The same
jet algorithm was also applied to the hadrons (partons) to obtain the predictions at the
hadron (parton) level.

5 Fixed-order calculations

The leading-order (LO) calculation of three-jet cross sections in NC DIS can be expressed
in terms of the color factors Cy, Cr and TF as follows:

Tep—siets = 012; o4+ CpCy-op+ Cplr-0c+TrCy - op, (1)
where 04, ..., 0p are the partonic cross sections for the different contributions (see Fig. 1).
The Cr, C4 and Tf color factors are the physical manifestation of the underlying group
structure. In strong interactions, they represent the relative strengths of the processes
q— qg, g — gg and g — qq, respectively.

The calculations of 04, ..., op used in this analysis are based on the program DISENT [28].
The calculations were performed in the MS renormalisation and factorisation schemes
using a generalised version [28] of the subtraction method [29]. The number of flavours
was set to five and the renormalisation (ug) and factorisation (ur) scales were chosen to
be pr = prp = Q. The strong coupling constant, oy, was calculated at two loops with
A% = 226 MeV, corresponding to as(Myz) = 0.118. The calculations were performed
using the CTEQ6 [30] parameterisations of the proton PDFs. These calculations are

O(aa?) and represent the lowest-order contribution to three-jet events in NC DIS.

Since the measurements refer to jets of hadrons, whereas the calculations refer to jets of
partons, the predictions were corrected to the hadron level using the MC models. The
multiplicative correction factor (Cpaq) was defined as the ratio of the cross section for jets
of hadrons over that for jets of partons, estimated by using the MC programs described in
Section 4. The normalised cross-section calculations changed typically by less than +10%
upon application of the parton-to-hadron corrections. Other effects not accounted for in
the calculations, namely QED radiative corrections and Z° exchange, were found to be
very small for the normalised cross-section calculations and, therefore, neglected.



6 Systematic uncertainties

The following sources of systematic uncertainty were considered for the measured jet cross
sections:

e the uncertainty in the absolute energy scale of the jets was estimated to be £1% for
EX A > 10 GeV and £3% for lower EY ;5 values [31];

e the uncertainty in the absolute energy scale of the electron candidate was estimated
to be £1% [32];

e the deviations in the results obtained by using either ARIADNE or LEPTO-MEPS to
correct the data from their average, were taken to represent systematic uncertainties;

e the EJTetL Ap cut was raised to 4 GeV;

e the cut in 7% used to suppress the contamination due to photons falsely identified
as jets in the Breit frame was set to —3 and to —1.5;

e the uncertainty in the simulation of the trigger.

The effect of these uncertainties on the normalised cross sections is small compared to
the statistical uncertainties for the measurements presented in Section 7. The systematic
uncertainties were added in quadrature to the statistical uncertainties and are shown in
the figures as error bars.

7 Results

Using the selected data sample, normalised three-jet differential cross sections were mea-
sured for @ > 125 GeV? and |cos~y,| < 0.65. The cross sections were determined for
inclusive three-jet events with E%?té > 8 GeV, E;té’?’ > 5 GeV and —2 < 75" < 1.5.

The cross-sections (1/0)(do/dfy) and (1/0)(do/d cosass) are presented in Figs. 2a and
2b, respectively. The measured cross section as a function of cos ay3 peaks around 0.4;
(1/0)(do/dfy) increases as fy increases. Figure 2c¢ shows the normalised cross section as
a function of cos fxsw. The normalised cross section as a function of i is presented in

Fig. 2d; the measured cross section increases as )¢t increases.

Leading-logarithm parton-shower Monte Carlo calculations using either MEPS or CDM
are compared to the data in Fig. 2. The fractional difference between the measured
normalised cross section and the corresponding predictions of the models are shown in
the lower part of Figs. 2(a)-(d). The predictions of MEPS give a good description of
the data, whereas those from CDM give a somewhat poorer description of the measured
normalised cross sections.



Fixed-order calculations of the individual color components from Eq. 1 are compared to
the data in Fig. 3. The predicted relative contributions by SU(3) are A: 23%, B: 13%,
C: 39% and D: 25%. Therefore, the contribution from diagrams that involve the triple-
gluon coupling amounts to 38% in SU(3). The component which contains the contribution
from the triple-gluon vertex in quark-induced processes (Fig. 1B), op, has a different
shape than the other components for €y, cosass and cos fksw, but its contribution in
SU(3) is small. The component with the triple-gluon vertex in Fig. 1D, op, has a shape
which is very similar to that of Fig. 1A for these variables and it is best distinguished
by the ni¢t distribution. Therefore, the three-jet angular variables studied are sensitive
to the different color configurations. The full calculation, in which each contribution has
been weighted according to the color factors predicted by SU(3), is compared to the data
in Fig. 4. These calculations give a reasonable description of the data for all angular

observables.

To illustrate the sensitivity of the measurements to the color factors, calculations based on
different symmetry groups are also compared to the data in Fig. 4. In this figure, the color
components have been combined in such way as to reproduce the color structure of a theory
based on the non-abelian group SU(N) in the limit of large N (Cr = (N? — 1)/2N, T =
1/2,C4 = N), the abelian group U(1)? (Cr = 1,Tr = 3,C4 = 0) and, as an extreme
choice, a calculation with Cr = 0, Tp = 1/2 and C4 = 3. The predictions of U(1)? show
differences of around 10% with respect to those of SU(3), which are of the same order
as the statistical uncertainties. As can be seen from Fig. 4, the data clearly disfavour a
theory in which T%/Cr ~ 0 such as predicted by SU(N) in the limit of large N or C'r = 0.

8 Summary

Measurements of angular correlations in three-jet events in NC DIS have been made in
ep collisions using 81.7 pb~! of data collected with the ZEUS detector at HERA. The
cross sections refer to jets identified in the Breit frame with the longitudinally invariant
kr cluster algorithm in the inclusive mode and selected with E%f’tBl > 8 GeV, Eﬂ;,f”tBQ’?’ > 5
GeV and -2 < njBet < 1.5. The measurements were made in the kinematic region defined
by Q% > 125 GeV? and | cosv;,| < 0.65.

Normalised differential cross sections were measured as functions of 0y, a3, Oxgw and
jet . Fixed-order (O(aa?)) calculations for three-jet events in NC DIS separated accord-
ing to the color configurations were used to study the sensitivity of the angular distri-
butions to the underlying gauge structure. The predicted distributions of 0y, as3 and
Oksw distinguish well the contribution from the triple-gluon coupling in quark-induced

processes and 7 distinguishes the contribution coming from gluon induced processes.



The measurements are found to be consistent with the admixture of color configurations
as predicted by SU(3). The data clearly disfavour a theory in which T%/Cr =~ 0, as
predicted by SU(N) in the limit of large N, or Cr = 0.
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Figure 1: Examples of diagrams in NC DIS three-jet events in each color configu-
ration: (A) double-gluon bremsstrahlung from a quark line, C%; (B) the splitting of
a virtual gluon into a pair of final-state gluons, CrCya; (C) the production of a qq
pair through the exchange of a virtual gluon emitted by an incoming quark, CpTg;
(D) the production of a qG pair through the exchange of a virtual gluon arising from

the splitting of an incoming gluon, TrC 4.
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Figure 2: Measured normalised differential ep cross sections for three-jet events
in NC DIS for E%?té > 8 GeV, E;té’?’ > 5 GeV and —2 < " < 1.5 in the kine-
matic region defined by Q* > 125 GeV? and |cosvy,| < 0.65 as functions of (a)
O, (b) cosawg, (c) cosPBxsw and (d) i<t (dots). The thick error bars represent
the statistical uncertainties of the data, and the thin error bars show the statistical
and systematic uncertainties added in quadrature. For comparison, the predictions
of leading-logarithm parton-shower Monte Carlo models of MEPS (solid lines) and
CDM (dashed lines) are included. The lower part of the figures displays the frac-
tional difference between the measured normalised cross section and the correspond-
ing predictions of MEPS (dots); the fractional difference between the predictions of
CDM and MEPS is also shown (dashed lines).
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Figure 3: Measured normalised differential ep cross sections for three-jet events in
NC DIS for EjftBl > 8 GeV, E%?,th’g >5 GeV and -2 < 77jBet < 1.5 in the kinematic
region defined by Q* > 125 GeV? and | cosvy,| < 0.65 as functions of (a) Og, (b)
cos ang, (¢) cos Brsw and (d) ni<  (dots). Other details as in the caption to Fig. 2.
For comparison, the color components of the O(aa?) calculations of DISENT (see

text) are included.
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Figure 4: Measured normalised differential ep cross sections for three-jet events in
NC DIS for EjftBl > 8 GeV, E;té’?’ >5 GeV and —2 < miy' < 1.5 in the kinematic
region defined by Q* > 125 GeV? and | cosvy| < 0.65 as functions of (a) 0g, (b)
cos i, (¢) cos Brsw and (d) ni<t  (dots). Other details as in the caption to Fig. 2.
For comparison, the O(aa?) calculations of DISENT (see text) based on SU(3)
(solid lines), U(1)® (dashed lines), SU(N) in the limit of large N (dotted lines) and
Cr = 0 (dot-dashed lines) are included. The lower part of the figures displays the
fractional difference between the measured cross section and the calculation based
on SU(3) (dots); the fractional difference between the predictions of U(1)* (dashed
lines), Cr = 0 (dot-dashed lines) or SU(N) in the limit of large N (dotted lines)
and SU(3) are also shown.
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