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Abstract. Multijet production rates in neutral current deep inelastic scattering have been measured in the
range of exchanged boson virtualities 10 < @2 < 5000 GeV?2. The data were taken at the ep collider HERA
with centre-of-mass energy /s = 318 GeV using the ZEUS detector and correspond to an integrated
luminosity of 82.2pb™!. Jets were identified in the Breit frame using the kr cluster algorithm in the
longitudinally invariant inclusive mode. Measurements of differential dijet and trijet cross sections are

presented as functions of jet transverse energy (E%?fB), pseudorapidity (7)) and Q* with Ej;fB > 5GeV

and —1 < 7°%p < 2.5. Next-to-leading-order QCD calculations describe the data well. The value of
the strong coupling constant as(Mz), determined from the ratio of the trijet to dijet cross sections, is

as(Mz) = 0.1179 + 0.0013 (stat.) 59028 (exp.)T9:09%% (th.).
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1 Introduction

Measurements of multijet production from initial-state
hadrons and leptons have been carried out previously in col-
lisions at the SPS [1,2], the ISR [3,4], the TEVATRON [5,6]
and at LEP [7,8] as well as in photoproduction [9] and deep
inelastic scattering (DIS) [10] at HERA. Multijet produc-
tion in DIS at HERA has been used to test the predictions of
perturbative QCD (pQCD) calculations over a large range
of four-momentum transfer squared, Q? [11]. Recently, the
ZEUS and H1 collaborations have determined the strong
coupling constant «; from a variety of measurements of jet
production and jet properties in both DIS [10,12-18] and
photoproduction [19].

At leading order (LO) in ay, dijet production in neu-
tral current DIS proceeds via the boson-gluon-fusion (BGF,
V*g — qq with V = v, Z°) and QCD-Compton (QCDC,
V*q — qg) processes. Events with three jets can be seen as
dijet processes with an additional gluon radiation or split-
ting of a gluon into a quark-antiquark pair and are directly
sensitive to O(a?) QCD effects. The higher sensitivity to
a, and the large number of degrees of freedom of the trijet
final state allow detailed testing of QCD predictions.

In the present analysis, the differential cross sections
for the trijet production have been measured with high
statistical precision. Measurements of the inclusive trijet
cross section as a function of Q? and the jet transverse
energy, quffB, in the Breit frame and the jet pseudorapidity,
n'}igB, in the laboratory frame are presented. Predictions of
pQCD at next-to-leading order (NLO) are compared to the
measurements. In addition, the analysis includes the first
a, determination using the cross-section ratio of trijet to
dijet production, R3/;, at HERA. In this ratio, correlated
experimental and theoretical uncertainties cancel, allowing
for an extension of the measurement to low Q2.

2 Experimental set-up

The data used in this analysis were collected during the
1998-2000 running period, when HERA operated with pro-
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tons of energy E, = 920 GeV and electrons or positrons
of energy E. = 27.5 GeV, and correspond to an integrated
luminosity of 82.241.9 pb~!. A detailed description of the
ZEUS detector can be found elsewhere [20,21]. A brief
outline of the components that are most relevant for this
analysis is given below.

Charged particles are measured in the central track-
ing detector (CTD) [22-24], which operates in a mag-
netic field of 1.43 T provided by a thin superconducting
solenoid. The CTD consists of 72 cylindrical drift chamber
layers, organised 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 inter-
action vertex with a typical resolution along (transverse to)
the beam direction of 0.4 (0.1) cm and also to cross-check
the energy scale of the calorimeter.

The high-resolution uranium-scintillator calorimeter
(CAL) [25-28] covers 99.7% of the total solid angle and con-
sists 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 elec-
tromagnetic 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. Un-
der test-beam conditions, the CAL single-particle relative
energy resolutions were o(E)/E = 0.18/v/E for electrons
and ¢(E)/E = 0.35/vE for hadrons, with E 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 [29-31], a lead-scintillator calorimeter placed in
the HERA tunnel at Z = —107m.

3 Kinematics and event selection

A three-level trigger system was used to select events on-
line [21,32-34]. Neutral current DIS events were selected
by requiring that the scattered electron with energy more
than 4 GeV was measured in the CAL [35].

The offline kinematic variables @? (four-momentum
transfer squared), xp; (Bjorken scaling variable) and y =
Q?/(swp;) (s is the centre-of-mass energy squared) were
reconstructed by the electron (e), double angle (DA) [36]
and Jacquet-Blondel (JB) [37] methods. The angle of the
hadronic system, a4, corresponds, in the quark-parton
model, to the direction of the scattered quark and was
reconstructed from the CAL measurements of the hadronic
final state.

! In the following, the term “electron” denotes generically
both the electron (e~) and the positron (e™).

2 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.

187

If Yhaq was less than 90° and the scattered-electron track
could be well reconstructed by the CTD, the DA method
was used; otherwise, the electron method was used. The
offline selection of DIS events was similar to that used in
a previous ZEUS measurement [38] and was based on the
following requirements:

— E/>10GeV, where E! is the scattered-electron energy
after correction for energy loss in inactive material in
front of the CAL, to achieve a high-purity sample of
DIS events;

— 4.<0.6, where y. is y reconstructed by the electron
method, to reduce the photoproduction background;

— y3>0.04, where yjpg is y reconstructed by the JB
method, to ensure sufficient accuracy for the DA re-
construction of Q?;

— €08 Yhad<0.7, to ensure good reconstruction of jets in
the Breit frame;

— 40< )", (E — Pz);<60 GeV, where the sum runs over
all CAL energy deposits. The lower cut removed back-
ground from photoproduction and events with large
initial-state QED radiation. The higher cut removed
cosmic-ray background;

— | Zyertex| <50 cm, where Zyertex i the reconstructed pri-
mary vertex Z-position, to select events consistent with
ep collisions;

— |X|>13 or |Y|>7 cm, where X and Y are the im-
pact positions of the scattered electron on the RCAL,
to avoid the low-acceptance region adjacent to the
rear beampipe.

The kinematic range of the analysis is defined as:

10 < Q% < 5000GeV? and 0.04 <y < 0.6.
Jets were reconstructed using the kr cluster algorithm [39]
in the longitudinally invariant inclusive mode [40]. The jet
search was conducted in the Breit frame [41,42]. For each
event, the jet search was performed using a combination
of track and CAL information, excluding the cells and the
track associated with the scattered electron. The selected
tracks and CAL clusters were treated as massless Energy
Flow Objects (EFOs) [43]. The clustering of objects was
done according to the Snowmass convention [44].

The jet phase space is defined by selection cuts on the
jet pseudorapidity 71°xp in the laboratory frame and on

the jet transverse energy EJIStB in the Breit frame:
—1<nifp<25 and EY';>5GeV.

Events with two (three) or more jets were selected by re-
quiring the invariant mass of the two (three) highest E} tB
jets to be:

M2jets(3jets) > 25 GeV.

These requirements were necessary to ensure a reliable

prediction of the cross sections at NLO (see Sect. 5).
After all cuts, 37089 events with two or more jets (dijets)

and 13665 events with three or more jets (trijets) remained.
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4 Monte Carlo simulation

Monte Carlo (MC) simulations were used to correct the
data for detector effects, inefficiencies of the event selection
and that of the jet reconstruction, as well as for QED effects.
Neutral current DIS events were generated using the ARI-
ADNE 4.08 program [45] and the LEPTO 6.5 program [46] in-
terfaced to HERACLES 4.5.2 [47] via DJANGO 6.2.4 [48]. The
HERACLES program includes QED effects up to O(ay,). In
case of ARIADNE, the QCD cascade is simulated using the
colour-dipole model [49], whereas for LEPTO, the matrix
elements plus parton shower model is used. Both models
use the Lund string model [50], as implemented in JETSET
7.4 [51,52], for hadronisation.

The ZEUS detector response was simulated with a pro-
gram based on GEANT 3.13 [53]. The generated events were
passed through the detector simulation, subjected to the
same trigger requirements as the data, and processed by
the same reconstruction and offline programs.

Measured distributions of kinematic variables are well
described by both the ARIADNE and LEPTO MC models af-
ter reweighting in Q2. The LEPTO simulation gives a better
overall description of the E%f‘,tB and invariant mass distri-
butions. Therefore, the events generated with the LEPTO
program were used to determine the acceptance correc-
tions. The events generated with ARIADNE were used to
estimate the systematic uncertainty associated with the
treatment of the parton shower.

5 NLO QCD calculations

The NLO calculations were carried out in the MS scheme
for five massless quark flavors with the program NLO-
JET [54] using CTEQ6 [55], CTEQ4 [56], MRST99 [57]
and ZEUS-S [58] for the proton parton density functions
(PDFs). NLOJET allows a computation of the trijet produc-
tion cross sections to next-to-leading order, i.e. including
all terms up to O(a?). It was checked that the LO and NLO
calculations from NLOJET agree with those of DISENT [59]
at the 1-2% level for the dijet cross sections [33,34].

For comparison with the data, the CTEQG6 parame-
terisations of the proton PDFs were used and the renor-
malisation and factorisation scales were both chosen to be
(EZ + Q?)/4, where for dijets (trijets) Er is the average
Er of the two (three) highest Er jets in a given event.
The strong coupling constant was set to the value used
in the CTEQG6 analysis, as(Mz) = 0.1179, and evolved
according to the two-loop solution of the renormalisation
group equation.

The NLO QCD predictions were corrected for hadroni-
sation effects using a bin-by-bin procedure. Hadronisation
correction factors were defined for each bin as the ratio of
the parton- to hadron-level cross sections and were calcu-
lated using the LEPTO MC program. The correction factors
Chaq were typically in the range 1.15-1.35 for most of the
phase space.
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6 Corrections and systematic uncertainties

The jet transverse energy was corrected for energy losses
in the inactive material in front of the CAL using the sam-
ples of MC simulated events [18]. The cross sections for jets
of hadrons in bins of Q?, Ef'; and i’ were obtained
by applying a bin-by-bin correction to the measured jet
distributions using the LEPTO program. The corrections
take into account the efficiency of the trigger, the selection
criteria and the purity and efficiency of the jet reconstruc-
tion. The correction factors were within about 20% of unity
for all bins. Additional corrections for QED effects, Cqep,
calculated using HERACLES, were applied to the measured
cross sections, 0Born = Omeas. - CQED-

A detailed study of the sources contributing to the
systematic uncertainties of the measurements was per-
formed [33,34]. The main sources contributing to the sys-
tematic uncertainties are listed below (typical values of
the systematic uncertainties in the dijet cross section and
cross-section ratio R3/o are indicated in parentheses):

— jet-pseudorapidity cut —achange of 0.1 (corresponding
to the resolution) in the niezB cuts imposed on the jets
in the laboratory frame for both data and MC simulated
events (1%,1%);

— jet transverse energy and invariant mass cuts - EJj?tB and

Mojers(Ms3jets) were simultaneously varied by the corre-
sponding resolution near the cuts for both data and MC
simulated events. Along with the previous systematic
check, this takes into account the effect of the remain-
ing differences between the data and the MC simulation
(3%,3%);

— use of different parton shower model — using ARIADNE
instead of LEPTO to evaluate the acceptance corrections
(2%,4%);

— the absolute energy scale of the CAL — varying E%?fB by

its uncertainty of £1%(>10 GeV) and +3%(<10 GeV)
for MC events [14] (6%,3.5%).

The systematic uncertainties not associated with the
absolute energy scale of the CAL were added in quadrature
to the statistical uncertainties and are shown on the figures
as error bars. The uncertainty due to the absolute energy
scale of the CAL is highly correlated from bin-to-bin and is
shown separately as a shaded band. The total systematic
uncertainty and the uncertainty due to the absolute energy
scale are also shown in Tables 1-9.

The main contributions to the theoretical uncertainties
of the NLO QCD predictions are:

— uncertainties in the proton PDF's, which were estimated
by repeating the calculations using 40 additional sets
obtained under different theoretical assumptions as part
of the CTEQ6 release (2.5%,2%);

— uncertainties in the correction factors, Cpaq, which were
estimated by using the ARIADNE program instead of
LEPTO (6%,4%);

— uncertainties due to terms beyond NLO, which were
estimated by varying both ugr and pr between (EZ +
Q?) and (E2 + Q?)/16 (10%,7%). The use of E2 or
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Q? as the scale gives results within these uncertainties
except when E2 is used in the highest Q2 bin.

The total theoretical uncertainty was obtained by adding
in quadrature the individual uncertainties listed above.

7 Results
7.1 Differential cross sections

The differential trijet cross sections as functions of quftB
are presented in Fig. 1 and in Tables 1-3. The three hlghest
EJ; 7 jets were ordered in E&?’tB (E%?fBl >E¥fB2>E¥fB3). The
observed decrease of the cross section for the first jet to-
wards small values of E%?tB is caused by the E%?tB ordering
combined with the requii*ement that the second and third
jet have EJe 5>0GeV. For the second jet, a similar but
less pronounced effect is observed. The NLO predictions
using NLOJET, corrected for hadronisation effects, are com-
pared to the data in Fig. 1. The QCD predictions provide

ZEUS

< E E
% 10 ZEUS 98-00 @ Leading EIy Jet A Second EFf Jet )!:
S 10 2; v Third EIF} Jet E Energy Scale Uncertalnty E
2 MF 3
e o 1E 3
2 10 ¢ . E
l_g 10 3F s E
~ 10 aF (X107) E
-8 10 (x10%) E
10 o My, > 25 GeV E
b 7E NLO : 0(0,3) ® Cyg L
10"’;@ 116 <p2/(Q%+E2) <1 3
P S B R \ Ll T
2 F e Leading Ef} Jet I b)7]
1 : Soees XX XX XXX :
o B v T [P ! L
o 2[4 second Ei°t Jet c) ]
= r ’ 1
~ L
[} 1
ol C
g E L L L
2r v Third EI, Jet @]
L t r ' ]
1 L L 9.9.9.0.:9.9.9 9.9 ]
N T T N B B
0 10 20 30 40 50 60
jet
EJEB (GeV)

Fig. 1. a The inclusive trijet cross sections as functions of EJet

with the jets ordered in EJet The cross sections of the second
and third jet were scaled by the factors shown for readability.
The inner error bars represent the statistical uncertainties. The
outer error bars represent the quadratic sum of statistical and
systematic uncertainties not associated with the calorimeter
energy scale. The shaded band indicates the calorimeter en-
ergy scale uncertainty. The predictions of perturbative QCD in
next-to-leading order, corrected for hadronisation effects and
using the CTEQG6 parameterisations of the proton PDF's, are
compared to the data. b, ¢, and d show the ratio of the data
to the predictions. The hatched band represents the renormal-
isation scale uncertainty of the QCD calculation
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Table 1. The inclusive trijet cross section do/ alEJet ! for jets
of hadrons in the Breit frame, selected using the kT cluster
algorithm in the longitudinally invariant inclusive mode. The
statistical (dstat), systematic (dsyst) and the absolute energy
scale uncertainties (dgs) are shown separately. The multiplica-
tive correction factors for QED radiative effects (Cqen ), applied
to the data, and for hadronisation effects (Chaa), applied to
the NLO predictions, are shown in the last two columns

E%?’tél dU/dE%?fél 6stat 5syst 6ES CQED Chad
(GeV) (pb/GeV)

58 5.22 +£029 05 08 097 211
812 202 +05 32 35 096 1.33
12-16 144 +04 S S 096 121
1620  6.05 +0.22 )8 A0 096 1.19
20-25 219 +011 3 2% 096 1.19
25-30  0.828 +0.068 *0i5  To0ee 097 1.22
30-40  0.222 +0.027 006 Tooir 097  1.20
40-60  0.047 +0.012 08 00 1.07  1.31

Table 2. The inclusive trijet cross section dcf/dEJet 2 for jets
of hadrons in the Breit frame, selected using the kT cluster
algorithm in the longitudinally invariant inclusive mode. Other
details are as in the caption to Table 1

E’?}}f dU/dE¥7té2 Ostat Osyst OES Cqep  Chad
(GeV) (pb/GeV)

5-8 24.0 +06  tZS 2% 096 148
812  20.7 +04 e TS 097 1.22
12-16  6.70 +024 OO 05 096 1.28
1620  2.16 +013 335 0% 095 1.32
2025  0.780 +0.067 30T o055 097 1.34
25-30  0.225 +0.038 T000s 000 0.97 140
30-40  0.054 +0.014 I8 TO00t 102 151

Table 3. The inclusive trijet cross section do/ dEjTe:“ng for jets
of hadrons in the Breit frame, selected using the kr cluster
algorithm in the longitudinally invariant inclusive mode. Other
details are as in the caption to Table 1

EXY do/dEYY  Ssat Seyst  Oms  Cqep  Chaa
(GeV) (pb/GeV)

5-8 52.8 +08  f33  f%L 096  1.28
8-12 8.06 +025 11 1 096 1.49
12-16  1.11 +0.09 35 00T 097 1.66
16-20  0.208 +0.039 TO0% f00% 098  1.77
20-25  0.052 +0.020 9% o008 094  1.77

a good description of both the shape and magnitude of the
measured cross sections, even at low EJI?tB
Figure 2 and Tables 4-6 show the differential trijet cross

sections as functlons of 7% 5. The three highest E%'ftB jets

were ordered in 7l g (1 s >TvE>nIVE ). Figure 3 and

Tables 7 and 8 show both the differential dijet and trijet
cross section as functions of Q2. In Figs. 2 and 3, the data



190 The ZEUS Collaboration: Multijet production in neutral current deep inelastic scattering at HERA
ZEUS Table 4. The inclusive trijet cross section do/dni°vs for jets
- _ . of hadrons in the Breit frame, selected using the k7 cluster
g 10"’% ZEUS 98-00 @ Leadingnl%gJet Ao Second 0%, Jet a);z algorithm in the longitudinally invariant inclusive mode. Other
o 10°%F v Third nifg Jet ] Energy Scale Uncertainty §  details are as in the caption to Table 1
B3 10°F 4 — —
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o 10°F 3 (pb)
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e e 3 2025 1s6 +4 B0 096 117
5 ; ® Leading 1% Jet b)é -
,E esooTREERy | Table 5. The inclusive trijet cross section do/dni°va for jets
a3 of hadrons in the Breit frame, selected using the kr cluster
9 F 2 Second . Jet BE algorithm in the longitudinally invariant inclusive mode. Other
z 15 e I 3 details are as in the caption to Table 1
~ 1 F v "~ y ..., V. P94 |
s E W E| - -
8 o5 E ! L b b TR nff\’é dO/dﬂﬁg’é Ostat Osyst  OES Cqep  Chad
15 F d)é (pb)
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Fig. 2. a The inclusive trijet cross sections as functions of 0-5-1.0 15 +3 J‘ri;‘ J‘r}f 0.97 1.29
nf/:B with the jets ordered in nf’;\B. The cross sections of the 1.0-1.5 108 +3 —14 -10 0.96 1.22
second and third jet were scaled up for readability only. The 1.5-2.0 73.3 +22 I3 fTE 0 0.96 1.19
predictions of perturbative QCD in next-to-leading order are 9 925 20.3 + 1.4 +5.6 ﬂg 0.97 1.16

compared to the data. b, ¢, and d show the ratio of the data
to the predictions. Other details are as in the caption to Fig. 1

ZEUS
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Table 6. The inclusive trijet cross section do/dni°vs for jets

of hadrons in the Breit frame, selected using the kr cluster
algorithm in the longitudinally invariant inclusive mode. Other
details are as in the caption to Table 1

& ? ? jet,3 jet,3
E F v ZEUS 98-00 Trijet 1 n%n do/dniyn  Ostas Osyst  OES Cqep  Chad
) 1 E [ Energy Scale Uncertainty 3 (pb)
2 L ] -1.0-05 637 +23 92 35 096 1.32
g i -05-00 112 +3 HEHB 096 1.24
E 10 F 3 0005 108 +3 22096 1.25
Wil ;\lﬂﬁ;ss_('\gs-&.sz));gs GeV ] 05-1.0 68.6 +21 &7 fT4 097 1.32
- NLO:0() 9 Co 11015 314 +15 2% 421 004 144
30 7 g ]
10 B2 N6 <ual (@B <1 o v 4 1520 6.21 +£0.67 L0 H061 g3 150
15 o Diiet b)]
E ije E
125 | ' 3 are generally well described by the NLO QCD predictions.
o ! %}/I;;/,/WZZ%' B Tge largest difference is a slightly different slope of the
= o075 £ ER dependence of the third jet.
= £ | ] LAB
= 16 ¢ ‘ —
S w4l v Trijet E
© 4 - r . . . .
S 2F 1 7.2 Cross-section ratio and determination of o,
Ve 5
08 b W L Figure 4 and Table 9 show the cross-section ratio R /o of the
06 E C ] C 1 trijet cross section to the dijet cross section, as a function
10' 10° @ (GeV?) of @?. The correlated systematic and the renormalisation

Fig. 3. a The inclusive dijet and trijet cross sections as functions
of Q2. The predictions of perturbative QCD in next-to-leading
order are compared to the data. b and ¢ show the ratio of
the data to the predictions. Other details are as in the caption
to Fig. 1

scale uncertainties largely cancel in the ratio. The agree-
ment between the data and NLO predictions is good. The
total experimental and theoretical uncertainties are about
5% and 7%, respectively. These uncertainties are substan-
tially reduced with respect to those of the di- and trijet
cross sections. In particular, at low Q2 (Q% < 100 GGVQ),
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Table 7. The inclusive dijet cross section (do/dQ?)asjet for jets of hadrons in
the Breit frame, selected using the kr cluster algorithm in the longitudinally
invariant inclusive mode. Other details are as in the caption to Table 1

Q° (do/dQ?)aijes  Ostat Osyst OES Cqep  Chad
(GeV?) (pb/GeV?)

10-35 9.70 + 0.10 o 05 097  1.18
35-85 2.50 + 0.04 B e 0.95  1.16
85-220 0.649 + 0.011 Tooar fooit 096 115
220-700  0.104 + 0.002 Tooe e 094 102
700-5000  0.00403 +0.00014  F0000%  TOooois  0.92  1.09

Table 8. The inclusive trijet cross section (da/dQQ)trijet for jets of hadrons in
the Breit frame, selected using the kr cluster algorithm in the longitudinally
invariant inclusive mode. Other details are as in the caption to Table 1

Q? (do/dQ?) et st Osyst OBS Cqep  Chad
(GeV?) (pb/GeV?)

10-35 3.94 + 0.08 s e 098  1.35
35-85 0.94 + 0.02 ol 008 095  1.31
85-220 0.227 + 0.007 ooar o0 096 1.32
220-700  0.0320 +0.0013 9008 o006 0.94 135
700-5000  0.00112 4+ 0.00007 900004 To0oo0s 092 1.33
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Fig. 4. a The ratio of inclusive trijet to dijet cross sections
as a function of Q2. The predictions of perturbative QCD in
next-to-leading order are compared to the data. b shows the
ratio of the data to the predictions. Other details are as in the
caption to Fig. 1

the theoretical uncertainties are reduced by as much as
a factor of four. This reduction allows the determination
of ag(Mz) at a much lower Q? than in previous analy-
ses [14,18].

Table 9. The ratio of inclusive trijet to dijet cross sections for
jets of hadrons in the Breit frame, selected using the kr cluster
algorithm in the longitudinally invariant inclusive mode. Other
details are as in the caption to Table 1

Q? Rg/y  star syt 0ms  Cqep  Chad
(GeV?)

10-35 0.406 4 0.008 o031 o012 101 1.14
35-85 0375  +0.010 *0glg 0o 099 1.02
85-220 0.350 +0.011 5o 0% 100 115
220-700  0.306 4+ 0.013 003 OO0 101 1.21
700-5000 0.279 £ 0.018 FJOS 090 101 121

The measurement of R3/5 as a function of Q? was used
to determine as(My) with a method similar to that of a
previous ZEUS publication [13]:

— the NLO QCD calculation of R3/, was performed using
the five sets of proton PDFs of the CTEQ4 A-series [56].
The value of as (M) used in each partonic cross-section
calculation was that associated with the corresponding
set of PDF's: 0.110, 0.113, 0.116, 0.119, 0.122;

— for each bin, 4, in @2, the NLO QCD calculations, cor-
rected for hadronisation effects, were used to parame-
terise the a(Mz) dependence of R3/; according to the
functional form:

[Rs/2(as(Mz))]" = Cf - as(Mz) + C5 - 03(Mz), (1)

3 The CTEQ4 PDF was chosen because the CTEQ6 does not
provide PDF sets obtained with different «s(Mz) values and
therefore cannot be used for the determination of as.



192

where C} and C} are fitting parameters. This sim-
ple parameterisation gives a good description of the
as(Mz) dependence of Rj/5(Q?) over the entire
range spanned by the PDF sets;

— a value of as(Mz) was then determined in each bin of
Q?, as well as in the entire Q? region, by a y2-fit of
the measured I3 /o (Q?) values using the parameterisa-
tion in (1).

This procedure correctly handles the complete as-de-
pendence of the NLO differential cross sections (the explicit
dependence coming from the partonic cross sections and
the implicit dependence coming from the PDFs) in the fit,
while preserving the correlation between a; and the PDF's.
Taking into account only the statistical uncertainties on
the measured cross-section ratio, as(Mz) is determined to
be as(Mz) = 0.1179+0.0013(stat.).

Fig. 5a shows the sensitivity of the cross-section ratio
R3/5 to the value of aj. Figure 5b and Table 10 show
as(Myz) determined in the five bins of Q2.

As a cross-check of the extracted value of as(Mz), the
fit procedure was repeated by using the three sets of the
MRST99 PDF corresponding to as(Mz) equal to 0.1125,
0.1175, and 0.1225. The result is

as(Mz) = 0.1178-0.0010(stat.)
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Fig. 5. a The ratio of inclusive trijet to dijet cross sections as a
function of Q2. The predictions of perturbative QCD in next-
to-leading order using five sets of CTEQ4 PDF are compared
to the data. b shows the as(Mz) values determined from the
ratio of inclusive trijet to dijet cross sections in different regions
of Q2. The shaded band indicates the current world average
value of as(Mz). The inner error bars represent the statistical
uncertainty of the data. The outer error bars show the statistical
and systematic uncertainties added in quadrature. The dashed
error bars display the theoretical uncertainties
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Table 10. The as(Mz) values as determined in this analy-
sis. The statistical (Jstat), experimental (dexp) and theoretical
(5theo) systematic uncertainties are shown separately

Q2 Qs (MZ) Ostat 5exp Otheo
(GeV?)

10-35 0.1210 + 0.0022 oo, Fo.o0ts
35-85 0.1148 + 0.0024 Hoo0es o oooe
85-220 0.1178 + 0.0027 oot +o.o0as
220-700 0.1171 + 0.0039 Ho-o0es o o0es
700-5000 0.1170 + 0.0064 Ho-o0es o oess
10-5000 0.1179 + 0.0013 Toooas 0 00%6

In addition, the NLO QCD analysis used to obtain
the ZEUS-S PDF [58] was repeated to obtain a set of five
PDFs corresponding to the values of as (Mz): 0.115,0.117,
0.119, 0.121, 0.123. These sets were used in the current
analysis yielding a,(Mz) = 0.1191£0.0010(stat.), in good
agreement with the other determinations.

The experimental and theoretical uncertainties of the
extracted value of s (M) were evaluated by repeating the
analysis above for each systematic check, as described in
Sect. 6. The main contributions to the experimental sys-
tematic uncertainty were:

j idi +1% .
— jet pseudorapidity cut (7172, );
— jet transverse energy and invariant mass cuts (fg;;o%);

— use of different parton shower model (—2%) ;

— the absolute energy scale of the CAL (f?g%)

The main contributions to the theoretical uncertainty are:

— wuncertainties in the proton PDFs (féé’)%),

— uncertainties in the correction factor, Cpaa (+2%);
+5% )

— uncertainties due to terms beyond NLO (73.5%

The value of a;(Mz) as determined from the measure-
ments of R3/y is therefore:

as(Mz) = 0.117940.0013 (stat.) 5092 (exp.)T5-9954 (th.).

The result is in good agreement with recent determina-
tions at HERA [10,12-19] and the current world average
of as(Mz) = 0.1182+0.0027 [60, 61].

8 Summary

Differential dijet and trijet cross sections have been mea-
sured with high precision in neutral current deep inelas-
tic scattering for 10 < Q% < 5000GeV? at HERA us-
ing the ZEUS detector. The inclusive trijet cross section
has been measured as a function of EJ;tB, vg and Q2.
The ratio Rg/, of the trijet and dijet cross sections has
been measured as a function of Q2. The predictions of
perturbative QCD calculations in next-to-leading order
give a good description of the dijet and trijet cross sec-
tions and the cross-section ratio 23/, over the whole range
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of Q2. The cancellation of uncertainties in the ratio, in
particular those from theory, allow the extraction of ag
with good precision down to Q2 of 10 GeV2. The value
of the strong coupling constant a, was measured to be
as(Myz) = 0.117940.0013 (stat.) 790928 (exp.) T5-99%2 (th.),
in good agreement with the current world average value
and previous determinations of as(Mz) at HERA.
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