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Abstract Inclusive jet, dijet and trijet differential cross sec-
tions are measured in neutral current deep-inelastic scattering
for exchanged boson virtualities 150 < Q2 < 15000 GeV?>
using the H1 detector at HERA. The data were taken in the
years 2003 to 2007 and correspond to an integrated lumi-
nosity of 351 pb~!. Double differential jet cross sections are
obtained using a regularised unfolding procedure. They are
presented as a function of 0? and the transverse momentum
of the jet, P, and as a function of 02 and the proton’s
longitudinal momentum fraction, &, carried by the parton
participating in the hard interaction. In addition normalised
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double differential jet cross sections are measured as the ratio
of the jet cross sections to the inclusive neutral current cross
sections in the respective Q2 bins of the jet measurements.
Compared to earlier work, the measurements benefit from
an improved reconstruction and calibration of the hadronic
final state. The cross sections are compared to perturbative
QCD calculations in next-to-leading order and are used to
determine the running coupling and the value of the strong
coupling constant as ag(Mz) = 0.1165 (8)exp (38)pdf,theo-

1 Introduction

Jet production in neutral current (NC) deep-inelastic ep scat-
tering (DIS) at HERA is an important process to study the
strong interaction and its theoretical description by Quan-
tum Chromodynamics (QCD) [1-4]. Due to the asymptotic
freedom of QCD, quarks and gluons participate as quasi-
free particles in short distance interactions. At larger dis-
tances they hadronise into collimated jets of hadrons, which
provide momentum information of the underlying partons.
Thus, the jets can be measured and compared to perturba-
tive QCD (pQCD) predictions, corrected for hadronisation
effects. This way the theory can be tested, and the value of
the strong coupling, oz (Mz), as well as its running can be
measured with high precision. A comprehensive review of
jets in ep scattering at HERA is given in [5].

In contrast to inclusive DIS, where the dominant effects of
the strong interactions are the scaling violations of the proton
structure functions, the production of jets allows for a direct
measurement of the strong coupling «;. If the measurement
is performed in the Breit frame of reference [6,7], where the
virtual boson collides head on with a parton from the pro-
ton, the Born level contribution to DIS (Fig. 1a) generates no
transverse momentum. Significant transverse momentum Pr
in the Breit frame is produced at leading order (LO) in the
strong coupling o by boson-gluon fusion (Fig. 1b) and the
QCD Compton (Fig. 1c) processes. In LO the proton’s longi-
tudinal momentum fraction carried by the parton participat-
ing in the hard interaction is given by & = x(1 + M 122 /0?).
The variables x, M1, and Q7 denote the Bjorken scaling vari-
able, the invariant mass of the two jets and the negative four-
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(a) (b)

Fig. 1 Deep-inelastic ep scattering at different orders in «;: a Born contribution O(aezm), b example of boson-gluon fusion (’)(ozgmas), ¢ example

(d)

2 2)

of QCD Compton scattering O(ozezmas) and d example of a trijet process O(as,,,o
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Fig. 2 Mean values of the Pr pa-distributions and the double-ratio of
data to MC simulations as function of P{?a, as measured in the one-
jet calibration sample and in an independent dijet sample. Results for
data are compared to RAPGAP and DJANGOH . The open boxes and
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the shaded areas illustrate the statistical uncertainties of the MC sim-
ulations. The dashed lines in the double-ratio figure indicate a +1 %
deviation

extended analysis phase space
and the measurement phase

Extended analysis phase
space

Measurement phase space
for jet cross sections

space of the jet cross sections
NC DIS phase space

Jet polar angular range
Inclusive jets

Dijets and trijets

100 < 0% < 40000 GeV?>
0.08 <y <0.7

15 <t <275
P%Et > 3 GeV
3 < P <50 Gev

150 < 0% < 15000 GeV?>
02<y<0.7

jet

—1.0<m, <25
7 < P%Et < 50 GeV

5 < PI <50 Gev
M12 > 16 GeV

momentum transfer squared, respectively. In the kinematic
regions of low Q2, low Pt and low &, boson-gluon fusion
dominates jet production and provides direct sensitivity to
terms proportional to the product of g and the gluon com-
ponent of the proton structure. At high Q2 and high Py the
QCD Compton processes are dominant, which are sensitive

to the valence quark densities and «. Calculations in pQCD
in LO for inclusive jet and dijet production in the Breit frame
are of O(«;) and for trijet production (Fig. 1d) of O(af).
Recent publications by the ZEUS collaboration concern-
ing jet production in DIS dealt with cross sections of dijet [8]
and inclusive jet production [9], whereas recent H1 publica-
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Fig. 3 Distributions of Q% and y for the selected NC DIS data on detec-
tor level in the extended analysis phase space. The data are corrected for
the estimated background contributions, shown as gray area. The pre-
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Fig. 4 Distributions of P%Et and njlzlt) for the selected inclusive jet data
on detector level in the extended analysis phase space. The are been
corrected for the estimated background contributions, shown as gray

tions dealt with multijet production and the determination of
the strong coupling constant oy (M) at low Q2 [10] and at
high Q2 [11].

In this paper double-differential measurements are pre-
sented of absolute and normalised inclusive jet, dijet and trijet
cross sections in the Breit frame. Two different jet algorithms,
the kT [12] and the anti-kT [13] algorithm, are explored. The
cross sections are measured as a function of Q2 and the trans-
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verse jet momentum P%et for the case of inclusive jets. Dijet
and trijet cross sections are measured as a function of Q2 and
the average jet transverse momentum. In addition, dijet and
trijet cross sections are measured as a function of Q2 and the
proton’s longitudinal momentum fraction &. The measure-
ments of the ratios of the number of inclusive jets as well
as dijet and trijet events to the number of inclusive NC DIS
events in the respective bins of Q?, referred to as normalised
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Fig. 6 Distributions of (Pr)3 and &3 for the selected trijet data on detec-
tor level in the extended analysis phase space. The data are corrected for
the estimated background contributions, shown as gray area. The pre-

multijet cross sections, are also reported. In comparison to
absolute jet cross sections these measurements profit from a
significant reduction of the systematic experimental uncer-
tainties.

The analysis reported here profits from improvements
in the reconstruction of tracks and calorimetric energies,
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bottom of each figure

together with a new calibration of the hadronic energy. They
lead to a reduction of the jet energy scale uncertainty to 1 %
[14] and allow an extension of the pseudorapidity! range of

! The pseudorapidity is related to the polar angle 6, defined with respect
to the proton beam direction, by n = — Intan(6/2).
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the reconstructed jets in the laboratory rest frame from 2.0
to 2.5 in the proton direction and from —0.8 to —1.0 in the
photon direction, compared to a previous analysis [11]. The
increase in phase space allows the trijet cross section to be
measured double-differentially for the first time at HERA.
The measurements presented in this paper supersede the pre-
viously published normalised multijet cross sections [11],
which include in addition to the data used in the present
analysis data from the HERA-I running period, yielding an
increase in statistics of about 10 %. However, the above men-
tioned improvements in the present analysis, which uses only
data from the HERA-II running period, outweigh the small
benefit from the additional HERA-I data and yield an overall
better precision of the results.

In order to match the improved experimental precision,
the results presented here are extracted using a regularised
unfolding procedure which properly takes into account detec-
tor effects, like acceptance and migrations, as well as statis-
tical correlations between the different observables.

The measurements are compared to perturbative QCD pre-
dictions at NLO corrected for hadronisation effects. Next-
to-next-to-leading order (NNLO) jet calculations in DIS
or approximations beyond NLO are not available yet. The
strong coupling o is extracted as a function of the hard scale
chosen for jet production in DIS.

2 Experimental method

The data sample was collected with the H1 detector at HERA
in the years 2003 to 2007 when HERA collided electrons
or positrons® of energy E. = 27.6 GeV with protons of
energy E, = 920 GeV, providing a centre-of-mass energy of
+/s = 319GeV. The data sample used in this analysis cor-
responds to an integrated luminosity of 351 pb~!, of which
160pb~! were recorded in e~ p collisions and 191 pb~! in
et p collisions.

2.1 The H1 detector

A detailed description of the H1 detector can be found else-
where [15-17]. The right-handed coordinate system of H1 is
defined such that the positive z-axis is in the direction of the
proton beam (forward direction), and the nominal interaction
point is located at z = 0. The polar angle 6 and azimuthal
angle ¢ are defined with respect to this axis.

The essential detector components for this analysis are
the Liquid Argon (LAr) calorimeter and the central track-
ing detector (CTD), which are both located inside a 1.16 T
solenoidal magnetic field.

2 Unless otherwise stated, the term “electron” is used in the following
to refer to both electron and positron.
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Fig. 7 Schematic illustration of the migration matrix for the regu-
larised unfolding, which includes the NC DIS (E), the inclusive jet (J1),
the dijet (J») and the trijet (J3) MC events. The observables utilised
for the description of migrations are given in the boxes referring to the
respective submatrices. The submatrices which connect the hadron level
NC DIS data with the detector level jet data ((B;),(B2), and (B3)) help
to control detector-level-only entries. An additional vector, £, is used
for efficiency corrections and to preserve the normalisation

Electromagnetic and hadronic energies are measured
using the LAr calorimeter in the polar angular range 4° <
0 < 154° and with full azimuthal coverage [17]. The LAr
calorimeter consists of an electromagnetic section made of
lead absorbers between 20 and 30 radiation lengths and a
hadronic section with steel absorbers. The total depth of the
LAr calorimeter varies between 4.5 and 8 hadronic inter-
action lengths. The calorimeter is divided into eight wheels
along the beam axis, each consisting of eight absorber stacks
arranged in an octagonal formation around the beam axis.
The electromagnetic and the hadronic sections are highly
segmented in the transverse and the longitudinal directions
with in total 45000 readout cells. The energy resolution is
oe/E =11%//E JGeV @ 1 % for electromagnetic energy
deposits and og/E =~ 50 %/+/E /GeV @ 3 % for pions,
as obtained from electron and pion test beam measurements
[18,19]. In the backward region (153° < 6 < 174°) energy
deposits are measured by a lead/scintillating fibre Spaghetti-
type Calorimeter (SpaCal), composed of an electromagnetic
and an hadronic section [20,21].

The CTD, covering 15° < 6 < 165°, is located inside the
LAr calorimeter and consists of drift and proportional cham-
bers, complemented by a silicon vertex detector covering the
range 30° < 6 < 150° [22]. The trajectories of charged par-
ticles are measured with a transverse momentum resolution
of op/Pr ~0.2 % Pr/GeV @ 1.5 %.
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Table 2 Summary of the phase

. Measurement
space boundaries of the

NC DIS phase space

Phase space for jet cross sections

measurements
2 pjet
Ojet(Q s PT )

150 < 0% < 15000 GeV2
02<y<0.7

7 < P < 50 GeV

: Niet > 1
1.0 < <25 =

odijec (02, (Pr)2)
Utrijet(st (Pr)3)

odijec (02, £2)

Otrijet (sz £3)

150 < Q2 < 15000 GeV?
02<y<07

Njet >2
7 < (Pr)2 <50 GeV

5 < P <50 GeV

et Nijer > 3
—1.0 <, <2.5 7 < (Pr)3 < 30 GeV
My > 16 GeV
Njet > 2
0.006 < & < 0.316
Njet = 3

0.01 < £ < 0.50

The luminosity is determined from the rate of the elas-
tic QED Compton process with the electron and the photon
detected in the SpaCal calorimeter [23].

2.2 Reconstruction and calibration of the hadronic final
state

In order to obtain a high experimental precision in the mea-
surement of jet cross sections and the determination of
as(M7z), the hadronic jet energy scale uncertainty needs to
be minimised. It has been so far the dominant experimen-
tal uncertainty in jet measurements. Details on an improved
procedure to achieve a jet energy scale uncertainty of 1 %
can be found elsewhere [14] and are briefly summarised
here.

After removal of the compact energy deposit (cluster) in
the electromagnetic part of the LAr calorimeter and the track
associated with the scattered electron, the remaining elec-
tromagnetic and hadronic clusters and charged tracks are
attributed to the hadronic final state (HFS). It is reconstructed
using an energy flow algorithm [24-26], combining infor-
mation from tracking and calorimetric measurements, which
avoids double counting of measured energies. This algorithm
provides an improved jet resolution compared to a purely
calorimetric jet measurement, due to the superior resolution
of the tracking detectors for charged hadrons.

For the final re-processing of the H1 data and subsequent
analyses using these data, further improvements have been
implemented. The track and vertex reconstruction is per-
formed using a double-helix trajectory, thus taking multi-
ple scatterings in the detector material better into account.
The calorimetric measurement benefits from a separation
of hadronic and electromagnetic showers based on shower
shape estimators and neural networks [27,28] for determin-
ing the probability that the measured energy deposit of a
cluster in the electromagnetic part of the LAr calorimeter
is originating from an electromagnetic or hadronic shower.
This improves the calorimetric measurement, since the non-

compensating LAr calorimeter has a different response for
incident particles leading to hadronic or electromagnetic
showers. The neural networks are trained [14] for each
calorimeter wheel separately, using a mixture of neutral
pions, photons and charged particles for the simulation of
electromagnetic and hadronic showers. The most important
discriminants are the energy fractions in the calorimeter lay-
ers and the longitudinal first and second moments. Addi-
tional separation power is gained by the covariance between
the longitudinal and radial shower extent and the longitu-
dinal and radial kurtosis. The neural network approach was
tested on data using identified electrons and jets and shows
an improved efficiency for the identification of purely elec-
tromagnetic or hadronic clusters, compared to the previously
used algorithm.

The overconstrained NC DIS kinematics allows for the
in situ calibration of the energy scale of the HFS using a
single-jet calibration event sample [14], employing the mean
value of the Pr-balance distribution, defined as Prpa =
(P{‘ / P{ia). The transverse momentum of the HFS, P{‘, is
calculated by summing the momentum components P; , and
P; y of all HFS objects i

2 2
Pl = (Z Pix) + (Z Pi,y) . (1

ich ieh

The expected transverse momentum P{ia is calculated using
the double-angle method, which, to a good approximation, is
insensitive to the absolute energy scale of the HFS measure-
ment. It makes use of the angles of the scattered electron 6
and of the inclusive hadronic angle yy, [29,30], to define Pga
as

tan 2 + tan %e

@

Calibration functions for calorimeter clusters are derived,
depending on their probability to originate from electromag-
netically or hadronically induced showers. They are chosen

@ Springer
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Fig. 8 Illustration of the most prominent experimental uncertainties of
the cross section measurement. Shown are the statistical uncertainties,
the jet energy scale 8'FS and the model uncertainty. Adjacent bins typi-

to be smooth functions depending on the cluster energy and
polar angle. The free parameters of the calibration functions
are obtained in a global x? minimisation procedure, where
X2 is calculated from the deviation of the value of Pr pa from
unity in bins of several variables. Since no jets are required at
this stage, all calorimeter clusters are calibrated. The uncer-
tainty on the energy measurement of individual clusters is
referred to as residual cluster energy scale (RCES). In addi-
tion, further calibration functions for clusters associated to
jets measured in the laboratory frame are derived. This func-
tion depends on the jet pseudorapidity, n{i{), and transverse

momentum, Pﬁab. It provides an improved calibration for
those clusters which are detected in the dense environment of
a jet. The calibration procedure described above is applied
both to data and to Monte Carlo (MC) event simulations.

@ Springer
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cally have negative correlation coefficients for the statistical uncertainty.
The uncertainties shown are of comparable size for the corresponding
normalised jet cross sections

Track-based four-vectors of the HFS are not affected by the
new calibration procedure.

The double-ratio of the Pr pa-ratio of data to MC simula-
tions, after the application of the new calibration constants, is
shown for the one-jet calibration sample and for a statistically
independent dijet sample in Fig. 2 as a function of PTda. Good
agreement between data and simulation is observed over the
full detector acceptance. This corresponds to a precision of
1 % on the jet energy scale in the kinematic domain of the
measurements.

2.3 Event selection

The NC DIS events are triggered and selected by requiring
a cluster in the electromagnetic part of the LAr calorime-
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Table 3 Overview of the tables

of cross sections Observable kt anti-kt kT (normalised) anti-kt (normalised)
oiet (02, Pft ) Table 6 Table 11 Table 16 Table 21
adijC[(Qz, (Pr)2) Table 7 Table 12 Table 17 Table 22
Udijet(Qza &) Table 8 Table 13 Table 18 Table 23
amje[(QZ, (Pr)3) Table 9 Table 14 Table 19 Table 24
amjet(Qz, &3) Table 10 Table 15 Table 20 Table 25

Table 4 Overview of the tables

of correlation coefficients. The Observable

et (02, PI)

odiet (0%, (P1)2)  Ouije(Q%, (P1)3)  0dijet (02, &) Ouijer (0, £3)

correlation coefficients between

the (Pr) and & measurements oier (02, P%Et) Table 26 Table 29 Table 30 Table 36 Table 37
are not available odijet (0%, (Pr)2)  Table 29 Table 27 Table 31 - -
omjet(Qz, (Pr)3) Table 30 Table 31 Table 28 - -
Udijet(st £) Table 36 - - Table 32 Table 38
Oijec (02, £3) Table 37 - - Table 38 Table 35
Correlation Matrix
16+ table 30 table 31 1
£ 13}
o
B 107
= 7 0.8
' =
table 29 table 27 table 31 0.6
211 - .g
c L —
g 17 - 2
_‘i 13} 04 3
8 -~ 3
ol
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Fig. 9 Correlation matrix of the three jet cross section measurements.
The bin numbering is given by b = (¢ — 1)n p. + p, where ¢ stands for
the bins in 0% and p for the bins in Pr (see Table 5). For the inclusive

ter. The scattered electron is identified as the isolated cluster
of highest transverse momentum, with a track associated to
it. Details of the isolation criteria and the electron finding
algorithm can be found elsewhere [31]. The electromagnetic

jet and dijet measurements np, = 4, and for the trijet measurement
np; = 3. The numerical values of the correlation coefficients are given
in the tables indicated

energy calibration and the alignment of the H1 detector are
performed following the procedure as in [31]. The recon-
structed electron energy E. is required to exceed 11GeV,
for which the trigger efficiency is close to unity. Only those
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Fig. 10 Double-differential cross sections for jet production in DIS as
a function of Q2 and Pr. The inner and outer error bars indicate the
statistical uncertainties and the statistical and systematic uncertainties
added in quadrature. The NLO QCD predictions, corrected for hadro-
nisation and electroweak effects, together with their uncertainties are
shown by the shaded band. The cross sections for individual Q2 bins
are multiplied by a factor of 107 for better readability

regions of the calorimeter where the trigger efficiency is
greater than 98 % are used for the detection of the scattered
electron, which corresponds to about 90 % of the n—¢-region
covered by the LAr calorimeter. These two requirements, on
E! and n—¢, ensure the overall trigger efficiency to be above
99.5 % [32]. In the central region, 30° < 6, < 152°, where
. denotes the polar angle of the reconstructed scattered elec-
tron, the cluster is required to be associated with a track mea-
sured in the CTD, matched to the primary event vertex. The
requirement of an associated track reduces the amount of
wrongly identified scattered leptons to below 0.3 %. The z-
coordinate of the primary event vertex is required to be within
435 cm of the nominal position of the interaction point.
The total longitudinal energy balance, calculated as the
difference of the total energy E and the longitudinal com-
ponent of the total momentum P,, using all detected parti-
cles including the scattered electron, has little sensitivity to
losses in the proton beam direction and is thus only weakly
affected by the incomplete reconstruction of the proton rem-
nant. Using energy-momentum conservation, the relation
E — P, ~ 2E. = 55.2 GeV holds for DIS events. The
requirement 45 < E — P, < 65 GeV thus reduces the con-
tribution of DIS events with hard initial state photon radia-
tion. For the latter events, the undetected photons, propagat-
ing predominantly in the negative z-direction, lead to values
of E — P, significantly lower than the expected value of

@ Springer

55.2 GeV. The E — P, requirement together with the scat-
tered electron selection also reduces background contribu-
tions from photoproduction, where no scattered electron is
expected to be detected, to less than 0.2 %. Cosmic muon
and beam induced backgrounds are reduced to a negligible
level after the application of a dedicated cosmic muon finder
algorithm. QED Compton processes are reduced to 1 % by
requiring the acoplanarity A = cos(|mr — A¢|) to be smaller
than 0.95, with A¢ being the azimuthal angle between the
scattered lepton and an identified photon with energy larger
than 4 GeV. The background from lepton pair production
processes is found to be negligible. Also backgrounds from
charged current processes and deeply virtual Compton scat-
tering are found to be negligible. The backgrounds originat-
ing from the sources discussed above are modelled using a
variety of MC event generators as described in [14].

The event selection of the analysis is based on an extended
analysis phase space defined by 100 < Q2 < 40000 GeV?
and 0.08 < y < 0.7, where y = Q2/(sx) quantifies the
inelasticity of the interaction. Jets are also selected within an
extended range in P%et and n{j{) as described in Sect. 2.4. The
extended analysis phase space and the measurement phase
space are summarised in Table 1.

The variables Q2 and y are reconstructed from the four-
momenta of the scattered electron and the hadronic final state
particles using the electron-sigma method [33,34],

2 / 29e 2E.
Q°=4E.E,cos" — and y=ys

2 X+ E[(1 —cosbe)

3)
ith x d = Z(E P;.)
wi = an = i—Pi2),
Y S EL(1—cos o) LT

4)

where X is calculated by summing over all hadronic final
state particles i with energy E; and longitudinal momentum
P ..

2.4 Reconstruction of jet observables

The jet finding is performed in the Breit frame of reference,
where the boost from the laboratory system is determined by
Q?, y and the azimuthal angle ¢ of the scattered electron
[35]. Particles of the hadronic final state are clustered into jets
using the inclusive k1 [12] or alternatively the anti-kt [13]
jet algorithm. The jet finding is implemented in FastJet [36],
and the massless Pr recombination scheme and the distance
parameter Ry = 1 in the n—¢ plane are used. MC studies
of the reconstruction performance and comparisons between
jets on detector, hadron and parton level indicate that Ry = 1
is a good choice for the phase space of this analysis. This
is also in agreement with the result reported in [37]. The
transverse component of the jet four-vector with respect to
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Fig. 11 Ratio of jet cross sections to NLO predictions as function of Q% and Pr. The error bars on the data indicate the statistical uncertainties
of the measurements, while the total systematic uncertainties are given by the open boxes. The shaded bands show the theory uncertainty

the z-axis in the Breit frame is referred to as P%et. The jets

are required to have P%et > 3 GeV.

The jet axis is transformed to the laboratory rest frame,
and jets with a pseudorapidity in the laboratory frame of
—-15 < n{zg < 2.75 are selected. Furthermore, the trans-
verse momentum of jets with respect to the beam-axis in
the laboratory frame is restricted to Pﬁab > 2.5 GeV. This
requirement removes only a few very soft jets which are not
well measured and is not part of the phase space definition.

Inclusive jets are defined by counting all jets in a given
event with P%et > 3 GeV. Dijet and trijet events are selected

by requiring at least two or three jets with 3 < P%e[ <
50 GeV, such that the trijet sample is a subset of the dijet
sample. The measurement is performed as a function of the
average transverse momentum (Pr), = %(P%eﬂ + P%etz) and

(Pr)3 = %(P%etl + PFJFet2 + P%eﬁ) of the two or three lead-
ing jets for the dijet and trijet measurement, respectively.
Furthermore, dijet and trijet cross sections are measured as
a function of the observables & X (l +M 122 / Qz) and
&3 = x (1 4+ M3,;/Q?), respectively, with M3 being the
invariant mass of the three leading jets. The observables &
and &3 provide a good approximation of the proton’s longi-
tudinal momentum fraction £ carried by the parton which
participates in the hard interaction.

2.5 Measurement phase space and extended analysis phase
space

The NC DIS and the jet phase space described above refers to
an extended analysis phase space compared to the measure-
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Fig. 12 Ratio of NLO predictions with various PDF sets to predic-
tions using the MSTW2008 PDF set as a function of Q% and Pr. For
comparison, the data points are displayed together with their statisti-
cal uncertainty, which are often outside of the displayed range in this

ment phase space for which the results are quoted. Extending
the event selection to a larger phase space helps to quantify
migrations at the phase space boundaries, thereby improv-
ing the precision of the measurement. The actual measure-
ment is performed in the NC DIS phase space given by
150 < Q% < 15000GeV? and 0.2 < y < 0.7. Jets are
required to have —1.0 < n{::) < 2.5, which ensures that they
are well contained within the acceptance of the LAr calorime-
ter and well calibrated. For the inclusive jet measurement,
each jet has to fulfil the requirement 7 < P%et < 50 GeV.
For the dijet and trijet measurements jets are considered with

5 < P%et < 50 GeV, and, in order to avoid regions of phase

@ Springer

enlarged presentation. All PDF sets used are determined at NLO and
with a value of ax(Mz) = 0.118. The shaded bands show the PDF
uncertainties of the NLO calculations obtained from the MSTW2008
eigenvector set at a confidence level of 68 %

space where calculations in fixed order perturbation theory
are not reliable [38,39], an additional requirement on the
invariant mass of M1y > 16 GeV is imposed. This ensures a
better convergence of the perturbative series at NLO, which
is essential for the comparison of the NLO calculation with
data and the extraction of «;. The extended analysis and the
measurement phase space are summarised in Table 1.

2.6 Monte Carlo simulations

The migration matrices needed for the unfolding procedure
(see Sect. 3) are determined using simulated NC DIS events.
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Fig. 13 Double-differential normalised cross sections for jet produc-
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Fig. 10

The generated events are passed through a detailed GEANT3
[40] based simulation of the H1 detector and subjected to the
same reconstruction and analysis chains as are used for the
data. The following two Monte Carlo (MC) event generators
are used for this purpose, both implementing LO matrix ele-
ments for NC DIS, boson-gluon fusion and QCD Compton
events. The CTEQ6L [41] parton density functions (PDFs)
are used. Higher order parton emissions are simulated in
DJANGOH [42] according to the colour dipole model, as
implemented in Ariadne [43,44], and in RAPGAP [45,46]
with parton showers in the leading-logarithmic approxima-
tion. In both MC programs hadronisation is modelled with
the Lund string fragmentation [47,48] using the ALEPH tune
[49]. The effects of QED radiation and electroweak effects
are simulated using the HERACLES [50] program, which
is interfaced to the RAPGAP, DJANGOH and LEPTO [51]
event generators. The latter one is used to correct the e p
and e~ p data for their different electroweak effects (see
Sect. 5.3).

3 Unfolding

The jet data are corrected for detector effects using a regu-
larised unfolding method which is described in the follow-
ing. The matrix based unfolding method as implemented in
the TUnfold package [52] is employed. A detector response
matrix is constructed for the unfolding of the neutral cur-

rent DIS, the inclusive jet, the dijet and the trijet measure-
ments simultaneously [53]. The unfolding takes into account
the statistical correlations between these measurements as
well as the statistical correlations of several jets originating
from a single event. The corrections for QED radiation are
included in the unfolding procedure. Jet cross sections and
normalised jet cross sections at hadron level are determined
using this method. The hadron level refers to all stable par-
ticles in an event with a proper lifetime larger than ct >
10 mm. It is obtained from MC event generators by select-
ing all particles after hadronisation and subsequent particle
decays.

3.1 Weighting of MC models to describe data

Both RAPGAP and DJANGOH provide a fair description of
the experimental data for the inclusive NC DIS events and the
multijet samples. To further improve the agreement between
reconstructed Monte Carlo events and the data, weights are
applied to selected observables on hadron level. The weights
are obtained iteratively from the ratio of data to the recon-
structed MC distributions and are applied to events on hadron
level. The observables of the inclusive NC DIS events are
in general well described and are not weighted. An excep-
tion is the inelasticity y. The slope of this distribution is not
described satisfactorily, where at low values of y the disagree-
ment amounts to about 5 % between the data and the LO MC
prediction. Since this quantity is important, as it enters in the
calculation of the boost to the Breit frame, it was weighted
to provide a good description of the data.

The MC models, simulating LO matrix elements and par-
ton showers, do not provide a good description of higher
jet multiplicities. Event weights are applied for the jet mul-
tiplicity as a function of Q2. The MC models are also not
able to reproduce well the observed P%et spectra at high

P%et and the pseudorapidity distribution of the jets. Thus,
weights are applied depending on the transverse momentum
and pseudorapidity of the jet with the highest (most forward)
pseudorapidity in the event as well as for the jet with the
smallest (most backward) pseudorapidity in the event. Addi-
tional weights are applied for trijet events as a function of the
sum of P%et of the three leading jets. The weights are typi-
cally determined as two-dimensional 2nd degree polynomi-
als with either P{:tfwd, Pﬁ)wd or Q2 as the second observ-
able to ensure that no discontinuities are introduced [14].
These weights are derived and applied in the extended anal-
ysis phase space (see Sect. 2.3 and Table 1) in order to con-
trol migrations in the unfolding from outside into the mea-
surement phase space. After application of the weights, the
simulations provide a good description of the shapes of all
data distributions, some of which are shown in Figs. 3, 4, 5
and 6.
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Fig. 14 Ratio of normalised jet cross sections to NLO predictions as a function of Q% and Pr. The error bars on the data indicate the statistical
uncertainties of the measurements, while the total systematic uncertainties are given by the open boxes. The shaded bands show the theory uncertainty

3.2 Regularised unfolding

The events are counted in bins, where the bins on hadron
level are arranged in a vector X with dimension 1370, and
the bins on detector level are arranged in a vector ¥ with
dimension 4562. The vectors ¥ and y are connected by a
folding equation y = AX, where A is a matrix of probabili-
ties, the detector response matrix. It accounts for migration
effects and efficiencies. The element A;; of A quantifies the
probability to detect an event in bin i of y, given that it was
produced in bin j of X. Given a vector of measurements ¥,
the unknown hadron level distribution X is estimated [52] in
a linear fit, by determining the minimum of

X =xa+x=0G-ADTV]'(G - AD

+72(F — %) T & - o) , Q)

@ Springer

where V is the covariance matrix on detector level, and
XE is a regularisation term to suppress fluctuations of the
result. The regularisation parameter 7 is a free parameter.
The matrix L contains the regularisation condition and is
set to unity. The bias vector Xy represents the hadron level
distribution of the MC model. The detector response matrix
A is constructed from another matrix M [52], called migra-
tion matrix throughout this paper. The migration matrix is
obtained by counting MC jets or events in bins of X and y. It
is determined by averaging the matrices obtained from two
independent samples of simulated events by the DJANGOH
and RAPGAP generators. It also contains an extra row, &,
to account for inefficiencies, i.e. for events which are not
reconstructed in any bin of y.

QED radiative corrections are included in the unfolding as
efficiency corrections [53]. The running of the electromag-
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tal systematic uncertainties are given by the open boxes. The shaded
bands show the theory uncertainties
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Table 5 Bin numbering scheme for QZ, Pr, and &-bins. Bins of the
double-differential measurements are for instance referred to as 3y for
the bin in the range 270 < Q% < 400 GeV2 and 18 < P} < 30 GeV

Bin labels Q2

Bin number ¢ 02 range in GeV?

1 150 < 02 < 200

2 200 < Q2% < 270

3 270 < 0? < 400

4 400 < Q% < 700

5 700 < Q% < 5000

6 5000 < Q2 < 15000

Bin labels Py

Label Pr range in GeV
o 7<Pr<l1l1

B 11<Pr<18

Y 18 < Pr <30

8 30 < Pr <50
Bin labels &, dijet

Label & range

a 0.006 < & < 0.02
b 0.02 <& <0.04
c 0.04 <& < 0.08
d 0.08 < & < 0.316

Bin labels &; trijet

Label &3 range

A 0.01 <&3 <0.04
B 0.04 <&3 <0.08
C 0.08 <& <05

netic coupling aem (14, is not corrected for. The size of the
radiative corrections is of order 10 % for absolute jet cross
sections and of order 5 % for normalised jet cross sections.

Prior to solving the folding equation, the remaining small
backgrounds in the data from the QED Compton process and
from photoproduction after the event selection are subtracted
from the input data [52] using simulated MC jets or events.
Also MC simulated DIS events with inelasticity y > 0.7 on
hadron level, and thus from outside the accepted phase space,
are considered as background and are subtracted from data.
These contributions cannot be determined reliably from data,
since the cut on E, results in a low reconstruction efficiency
for events with y > 0.7 on detector level. The contribution
from such events is less than 1 % in any bin of the cross
section measurement.

@ Springer

A given event with jets may produce entries in several bins
of y. This introduces correlations between bins of y which
lead to off-diagonal entries in the covariance matrix Vy.

3.3 Definition of the migration matrix

The migration matrix is composed of a 4 x 4 structure of sub-
matrices representing the four different data samples (NC
DIS, inclusive jet, dijet and trijet), thus enabling a simul-
taneous unfolding of NC DIS and jet cross sections. It is
schematically illustrated in Fig. 7. The four submatrices E,
J1, J2 and J3 represent the migration matrices for the NC
DIS, the inclusive jet, the dijet and the trijet measurements,
respectively. Hadron-level jets or events which do not fulfil
the reconstruction cuts are filled into the additional vector .
The three submatrices B, B> and B3 connect the jet mea-
surements on detector level with the hadron level of the NC
DIS measurement. They are introduced to account for cases
where a jet or an event is reconstructed, although it is absent
on hadron level. Such detector-level-only contributions are
present due to different jet multiplicities on detector and on
hadron level, caused by limited detector resolution and by
acceptance effects. The unfolding procedure determines the
normalisation of these detector-level-only contributions from
data. Each entry in one of the submatrices B; is compensated
by a negative entry in the efficiency bin (denoted as f; in
Fig. 7), in order to preserve the normalisation of the NC DIS
measurement. The four submatrices, E, J1, J, and J3, are
explained in the following. More details can be found in [53].

e NC DIS (E): For the measurement of the NC DIS cross
sections a two-dimensional unfolding considering migra-
tions in Q2 and y is used. On detector level 14 bins in Q2
times 3 bins in y (0.08 < y < 0.7) are used to determine
8 bins in Q2 times 2 bins in y on hadron level. Out of
these 16 bins, only 6 bins are used for the determination
of the normalised cross sections.

e Inclusive jets (J1): The unfolding of the inclusive jet
measurement is performed as a four-dimensional unfold-
ing, where migrations in the observables Q2, v, P%et
and n{:]g are considered. To model the migrations, jets
found on hadron level are matched to detector-level jets,
employing a closest-pair algorithm with the distance
parameter R = +/A¢? + An? and a requirement of
R < 0.9. Here A¢ and An are the distances between
detector level and hadron level jets in ¢ and 75 in the
laboratory rest frame, respectively. Detector-level-only
jets which are not matched on hadron level are filled
into the submatrix B and are therefore determined from
data. Hadron-level jets which are not matched on detec-
tor level are filled into the vector £]. The bin grid in Q>
and y is defined in the same way as for the NC DIS case.
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Table 6 Double-differential inclusive jet cross sections measured as a

function of Q2 and P%et using the kr jet algorithm. The bin labels are
defined in Table 5. The data points are statistically correlated, and the
bin-to-bin correlations are given in the correlation matrix in Table 26.
The correlation with the dijet measurements as a function of (Pr), and
&, are given in Tables 29 and 36, respectively. The correlations with
the trijet measurements as a function of (Pr)3 and & are shown in
Tables 30 and 37, respectively. The experimental uncertainties quoted
are defined in Sect. 4.2. The total systematic uncertainty, §°¥%, sums all
systematic uncertainties in quadrature, including the uncertainty due to
the LAr noise of 8¥A™°is¢ — (0.5 % and the total normalisation uncer-

tainty of $N°™ = 2.9 %, The contributions to the correlated systematic
uncertainty from a positive variation of one standard deviation of the
model variation ($M°4el), of the jet energy scale (8'FS), of the remaining
cluster energy scale (8RCES) of the scattered electron energy (SEQ), of
the polar electron angle (8%) and of the Electron ID (8'°©®) are also
given. In case of asymmetric uncertainties, the effect due to the positive
variation of the underlying error source is given by the upper value for
the corresponding table entry. The correction factors on the theoretical
cross sections ¢Md and ¢®¥ are listed in the rightmost columns together
with the uncertainties 5"

Inclusive jet cross sections in bins of Q% and P%e' using the k jet algorithm

Binlabel o [pb] 85 [G] 5V [%]  sModel [gp] TS [%]  SRCES [%] 6P [%] 8% [%] PO [%] cMad ghad (g cow

la 7.06 x 10! 2.7 29 +1.0 1% s B Y YA 8 093 22 1.00
18 3.10 x 10! 4.1 44 +2.8 3L 0o %5 et 097 1.7 1.00
ly 8.07 x 10° 6.4 53 +35 B 03 B YRR A o8 096 1.1 1.00
18 9.18 x 107! 153 12.9 +11.7 2 B T 095 0.7 1.00
2 5.48 x 10! 3.0 29 -06 9% L B Y R VI 093 2.1 1.00
28 2.68 x 10! 4.1 4.8 +3.4 T4 04 B R YR N 097 1.7 1.00
2y 7.01 x 10° 6.6 6.4 +48 7 e B TR S o8 097 13 1.00
28 8.52 x 107! 15.2 74 +4.6 T Y oo % 096 1.2 1.00
3 5.22 x 10! 3.0 32 +1.5 0% Lo I R YA 8 093 15 1.00
3B 2.78 x 10! 4.0 4.5 +3.1 5, iy B Y S 097 L1 1.00
3y 6.99 x 10° 6.8 4.7 +19 2 By R v S 097 09 1.00
38 8.69 x 107! 15.1 6.7 -30 T -9 HE N % 095 05 1.00
da 4.88 x 10! 32 33 +15 T o B S 093 12 1.00
4 2.69 x 10! 4.1 33 +1.2 2% iy B Y SR 097 1.0 1.00
4y 7.95 x 10° 6.1 5.6 +35 2 By S SR N 097 05 1.00
48 8.57 x 10! 16.5 10.8 -89 4L o L L 0.96 0.4 1.00
Sa 4.33 x 10! 35 3.5 +22 1O 3, B Y I VR 092 09 1.02
58 2.85 x 10! 4.0 33 +14 L vy Iy Y DS 097 05 1.02
5y 1.07 x 10! 4.9 4.6 +27 % ol By R YR 097 04 1.03
58 2.04 x 10° 8.5 5.7 +2.1 T8 o B Y S C 096 03 1.02
6ar 2.60 x 10° 14.7 4.4 =30 %% 03 B A Y 091 0.6 111
68 1.74 x 10° 16.4 3.5 +1.1 T o B v 0.96 0.6 111
6y 6.71 x 107! 21.6 13.4 —-129 3 5 -5 e 0.99 1.1 111
68 3.09 x 107! 19.7 20.0 —-19.5 3% Y LY Bt 098 0.8 111

Migrations in P%et are described using 16 bins on detec-
tor level and 8 bins on hadron level. Migrations in n{zlg
within —1.0 < n{z{) < 2.5 are described by a 3 times
2 structure. Additional bins (differential in P%et, 0? and
y) are used to describe migrations of jets in r]{itb with
Mab < |
2 bins within the measurement phase space in P%et and

—1.0 or n{j{) > 2.5. The results of the 7 times

n{ZL are finally combined to obtain the 4 bins for the cross
section measurement for each Q2 bin.

e Dijet (J2): Dijet events are unfolded using a three-
dimensional unfolding, where migrations in Q2, y and
(Pr)2 are considered. Also taken into account are migra-
tions at the phase space boundaries in M2, P%etz and
Mey- The bin grid in Q2 and y is identical to the one
used for the NC DIS unfolding. Migrations in (Pr)2
are described using 18 bins on detector level and 11
bins on hadron level, out of which 8 bins are com-
bined to obtain the 4 data points of interest. Migra-
tions in Mjz, P%elz and n{:L are described by addi-
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Table 7 Double-differential dijet cross sections measured as a function
of Q2 and (Pr)5 using the kr jet algorithm. The total systematic uncer-
tainty, §%¥%, sums all systematic uncertainties in quadrature, including
the uncertainty due to the LAr noise of §“A™N°is¢ — (.6 % and the total

normalisation uncertainty of N°™ = 2.9 %. The correlations between
the data points are listed in Table 27. The statistical correlations with the
trijet measurement as a function of ( Pr) are listed in Table 31. Further
details are given in the caption of Table 6

Dijet cross sections in bins of Q2 and (Pr), using the kt jet algorithm

Bin label o [pb] s [gp] 5 [%]  sModel [gp)  §IES [q]  GRCES [gp]  sFe [9%] 8% [%] 5P© [9] chad  ghad [gp)  cow
la 2.34 x 10! 3.6 34 +2.1 L e B R YA 8 0.94 2.0 1.00
18 1.36 x 10! 5.8 4.5 +35 i B PR YR 097 1.4 1.00
ly 3.57 x 10° 6.7 6.1 +4.0 T 5 B Y e 8 096 1.0 1.00
18 4.20 x 107! 16.4 9.6 +7.8 4 o B R 8 096 1.2 1.00
2a 1.81 x 10! 4.1 33 +2.0 %% e B R VAR 8 094 1.7 1.00
28 1.24 x 10! 5.6 3.9 +22 2% e B R YA 8 098 1.6 1.00
2y 2.95 x 10° 7.4 5.8 +40 T, L 5 5 % 097 1.0 1.00
28 3.82x 107! 18.1 13.7 +124 6% - oy L% 095 1.9 1.00
3« 1.83 x 10! 3.9 2.8 +1.0 %, L B Y YR 093 12 1.00
3B 1.13 x 10! 6.1 4.9 +37 3 iy B Y S 098 0.9 1.00
3y 3.80 x 10° 6.0 43 +12 3 oL 4 IR Y 097 0.8 1.00
38 3.44 x 107! 20.5 9.3 -70 T o Iy R Y 0.96 0.4 1.00
da 1.67 x 10! 4.1 2.5 +0.7 G iy B YR oA 092 1.1 1.00
4 1.08 x 10! 6.3 4.7 +35 3, Iy R Y 097 09 1.00
4y 3.65 x 10° 6.2 4.5 +22 P2 oL B R SR A 098 0.5 1.00
45 3.79 x 107! 204 7.1 —37 S 0 IV S B 096 0.3 1.00
Sa 1.49 x 10! 44 2.9 +1.0 %% o Yy S VAR 092 06 1.02
58 1.32 x 10! 5.1 36 +2.1 TS 2 B L R YR 096 0.3 1.02
5y 4.77 x 10° 54 6.1 +50 5% 2 B B Y R 098 0.4 1.03
58 9.57 x 10! 10.3 5.6 +20 B 4 B ST 0.96 0.7 1.01
6o 7.29 x 107! 23.0 4.0 22 L I S 0.89 0.2 111
68 8.45 x 10! 20.1 10.2 +9.5 128 iy LR A Y 095 05 111
6y 3.49 x 107! 19.3 6.0 —48 T 02 oL I Y 097 0.8 111
66 1.47 x 107! 26.9 8.5 -75 L By ey T 098 1.0 L11

tional bins, which are each further binned in (Pr), and
y.

e Trijet (J3): The unfolding of the trijet measurement is
performed similarly to the dijet unfolding, using a three-
dimensional submatrix in 02, y and (Pr)s. Migrations
in Mo, PFJF‘313 and nﬁ) are also considered. Due to the
limited number of trijet events, the number of bins is
slightly reduced compared to the dijet measurement.

Unfolding in the extended analysis phase space increases
the stability of the measurement in the measurement phase
space to a large extent, in particular for the dijet and trijet
data points with (Pr) < 11 GeV. The resulting detector
response matrix M has an overall size of 4562 x 1370 bins,
of which about 3 % have a non-zero content. A finer bin
grid than the actual measurement bin grid ensures a reduced
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model dependence in the unfolding procedure. 148 bins on
hadron level, located in the measurement phase space, and
additional adjacent bins, mostly at low transverse momenta,
are combined to arrive at the final 64 cross section bins [53].

For the dijet and trijet measurements as a function of &
and &3 dedicated new submatrices J» and J3 are set up.

e The unfolding of the dijet measurement as a function of &,
is performed as a four-dimensional unfolding in the vari-
ables Q2, y, & and M5. Including M5 in the unfolding
reduces the model dependence considerably. Additional
bins are further used to account for migrations at the phase
space boundaries in M5, P%etz and r}{:{).

e A four-dimensional unfolding is employed in the variables
Q2, v, & and Mjy3. Additional bins are considered to
describe migrations at the phase space boundaries in M1,

jet3 jet
Py and .



Eur. Phys. J. C (2015) 75:65

Page 19 of 48 65

Table 8 Double-differential dijet cross sections measured as a function
of Q2 and & using the kt jet algorithm. The total systematic uncer-
tainty, 8%, sums all systematic uncertainties in quadrature, including
the uncertainty due to the LAr noise of §“A™N°is¢ — (.6 % and the total

normalisation uncertainty of N°™ = 2.9 %. The correlations between
the data points are listed in Table 32. The statistical correlations with
the trijet measurement as a function of &3 are listed in Table 38. Further
details are given in the caption of Table 6

Dijet cross sections in bins of Q2 and &, using the kr jet algorithm

Binlabel o [pb] S [] VS [%]  sModel [g5]  SIES [gp)  SRCES [gp] 5B [95] 5% [%] §P© [%] chad  ghad [gp) oW
la 2.04 x 101 4.2 7.7 +7.2 o e 3 BV LR 094 2.1 1.00
1b 1.82 x 101 34 4.4 +3.4 s i e Ton s 0.94 1.7 1.00
lc 6.01 x 100 7.0 4.0 +23 = oL 5 BV R 094 1.3 1.00
1d 1.98 x 10° 8.8 7.9 +6.7 =y Y i I e R 092 0.7 1.00
2a 145 x 10" 5.0 4.9 +4.1 o 2 B s 094 18 1.00
2b 1.58 x 10" 3.6 3.9 +2.7 R 9 e BV YRR 094 1.7 1.00
2 6.19x 10° 63 3.4 +0.7 =5 T s s 094 1.1 1.00
2d 171 x 100 9.4 7.0 +5.8 H 5 % YRR 093 0.6 1.00
3a 113 x 100 42 5.5 +4.9 s o PR LY 093 1.4 1.00
3b 1.76 x 10" 3.0 3.9 +2.8 o % iy VYRR 094 12 1.00
3¢ 8.32x 100 4.6 34 +14 =0 3 o s % 094 09 1.00
3d 1.99 x 10° 8.3 53 +3.4 3 Y % YA 094 0.4 1.00
4a 512x 100 7.7 8.6 +8.2 o B 5 s % 092 14 1.00
4b 1.78 x 10" 3.2 52 +4.6 o8 o oL o 093 1.2 1.00
4c 112 x 10" 3.8 3.1 +13 e, 0 o B SR 094 08 1.00
4d 237 x 10 82 6.8 +5.6 3 9 % B 095 0.5 1.00
5b 8.89 x 100 3.7 4.5 +3.6 o 0 -0 % T3 092 0.5 1.01
Sc 171 x 10" 2.9 35 +2.1 0% e O o % 093 05 1.02
5d 112 x 10" 3.0 4.2 +3.1 R 0 -0 B U 094 04 1.03
6d 1.86 x 100 7.2 5.5 +4.6 iy 0z 0% B YRR 093 08 111

3.4 Regularisation strength and condition

The regularisation parameter 7 in Eq. 5 is set to 7 = 1075.
In this region no dependence of the results on the value of t
is observed [53]. When alternatively applying the method
of the L-curve scan [52] for the choice of 7, a value of
T = 7.8 x 1077 is obtained with consistent results for the
cross sections. Studies of different regularisation conditions
L have been performed by approximating first or second
derivatives instead of setting L to the unity matrix. Only small
dependencies of the measured cross sections and their uncer-
tainties on the choice of L or t are observed [53].

3.5 Bias tests

The definition of the migration matrix has been optimised
using bias tests on simulated events. For this purpose unfold-
ing matrices have been constructed using simulations based
on RAPGAP and DJANGOH . When testing the unfolding
procedure with independent pseudo-data of the respective
Monte Carlo generator, the unfolded distributions match the
generated ones within statistical uncertainties and the uncer-

tainties determined in the unfolding have the desired 68 %
coverage. When using pseudo-data of the Monte Carlo gen-
erator different from that used to construct the unfolding
matrix instead, only small differences of about 0.3-0.4 o
are observed between the unfolded and the generated dis-
tributions. These small differences are treated as systematic
uncertainties, as described in Sect. 4.2.

In addition two different data correction methods have
been tested. A matrix inversion method (t = 0in Eq. 5) gives
results consistent with those obtained by the unfolding pro-
cedure. A bin-by-bin correction method yields results with a
significant bias towards the underlying MC distributions [53]
and with improper statistical uncertainties as the correlations
among the measurement bins are not accounted for.

4 Jet cross section measurement
4.1 Observables and phase space

The jet cross sections presented are hadron level cross sec-
tions. For bin i, the cross section o; is defined as
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Table 9 Double-differential trijet cross sections measured as a function
of 0% and (Pr)3 using the kt jet algorithm. The total systematic uncer-
tainty, 8%, sums all systematic uncertainties in quadrature, including
the uncertainty due to the LAr noise of §“A™°is¢ — (.9 % and the total

normalisation uncertainty of N°™ = 2.9 %. The correlations between
the data points are listed in Table 28. Further details are given in the
caption of Table 6

Trijet cross sections in bins of Q% and (Pr)3 using the k jet algorithm

Bin label o [pb] st [gp] 5 [%]  sModel [gp)  §IES []  GRCES [gp]  sFe [9] 8% [%] 5P© [9] chad  ghad [gp)  cow
la 4.86 x 10° 8.9 5.1 +29 %, 3 B L Y 079 53 1.00
18 2.65 x 10° 8.6 4.5 +1.8 o By R YA 8 0.85 43 1.00
ly 4.37 x 107! 18.0 8.4 +6.7 T4 o Y S Y Y 0.89 3.6 1.00
2a 3.28 x 10° 1.1 4.9 -20 % B3 B 2 S VIR 078 5.0 1.00
28 2.06 x 10° 9.2 5.7 +4.0 25, i - % 0.84 44 1.00
2y 4.28 x 107" 17.5 5.5 -12 v s s s 089 2.7 1.00
3 3.46 x 10° 10.5 5.1 -25 '3 = B PR TR 078 4.6 1.00
3p 2.65 x 10° 8.0 6.5 +53 T3 3 s T 0.85 3.7 1.00
3y 5.07 x 107! 16.8 7.2 -38 T2 o By o e 087 23 1.00
4a 3.06 x 10° 11.2 7.6 -65 % B3 B Y YR N 077 4.1 1.00
4 2.83 x 10° 7.4 7.3 +6.4 T3 2 Y I S Y 0.85 3.6 1.00
4y 6.86 x 107! 13.8 7.5 +38 6% Ry B Y SRS 087 2.3 1.00
Sa 3.23 x 10° 9.8 7.1 =59 % 20 R B YRR 077 3.5 1.03
58 2.91 x 10° 7.4 6.2 +53 % TR YR 0.83 2.9 1.03
5y 6.61 x 107! 14.5 14.5 +135  HE o By R v 0.86 2.2 1.03
68 1211071 379 55 42 0 s s G 082 08 112

Table 10 Double-differential trijet cross sections measured as a func-
tion of O and &3 using the k jet algorithm. The total systematic uncer-
tainty, 6%, sums all systematic uncertainties in quadrature, including
the uncertainty due to the LAr noise of 8-A™N0¢ — (.9 9 and the total

normalisation uncertainty of N°™ = 2.9 %. The correlations between
the data points are listed in Table 35. Further details are given in the
captions of the Table 6

Trijet cross sections in bins of Q2 and &; using the kt jet algorithm

Binlabel o [pb] S [%] 8V %] sModel %] §TES (9] SRCES [%] 8B (%] 8% [%] 6P [%] chad ghad o] cow
1A 3.15 x 10° 11.4 18.7 +18.1 %% -y By Y YA 8 081 65 1.00
1B 3.12 x 10° 10.6 3.8 +22 A L B s 081 53 1.00
Ic 1.24 x 10° 132 77 T T s " 081 37 1.00
2A 1.87 x 10° 16.5 12.2 +11.3 5 = Y S YA 8 0.80 5.7 1.00
2B 2.80 x 10° 10.7 217 214 T2 e B S YA 8 0.81 4.9 1.00
2C 9.74 x 107! 15.0 15.6 +15.0 % e, s YRR 0.80 3.5 1.00
3A 1.88 x 10° 14.7 16.0 +154 L A Ly S ORI WA 0.80 5.1 1.00
3B 3.19 x 10° 9.3 9.4 +8.8 105 = A Y S WA 0.81 45 1.00
3C 1.48 x 10° 12.0 13.0 122 iy A Y (A WA 0.80 3.0 1.00
4A 1.55 x 100 160 107 4100 O %Y B L 080 5.1 1.00
4B 2.99 x 10° 10.1 10.9 +104 TG4 = v T 081 45 1.00
4C 1.98 x 10° 9.2 53 -36 3 o L % 0.81 3.1 1.00
5B 2.86 x 10° 9.4 6.3 +55 %% e o Y A 0.80 2.9 1.03
5C 3.26 x 10° 7.6 13.1 +12.8 T 2 A ORI 0.80 2.8 1.04
6C 3.63 x 107! 17.4 35.5 +353 % 2 ey S Y S 079 1.1 111
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Table 11 Double-differential inclusive jet cross sections measured as a function of 0% and P%e[ using the anti-kT jet algorithm. The uncertainties
8had are identical to those in Table 6 and are not repeated here. Further details are given in the caption of Table 6

Inclusive jet cross sections in bins of Q2 and P%Et using the anti-kt jet algorithm

Binlabel o [pb] SSU[g] 5[] sModel [gp)  §IES [gp)  SRCES [ sEe (%] 8% [%]  §P@ [g]  chad  cew
la 6.99 x 10! 23 2.9 +08 T L = = 0 093  1.00
18 3.11 x 10! 3.4 4.6 +3.0 5% 6 e - B 0.94  1.00
ly 7.28 x 10° 6.3 6.2 +4.5 3 Y 5 5 093  1.00
18 8.68 x 10~ 16.2 6.9 +44 T 0 - %o 05 093  1.00
2 5.57 x 10! 25 2.8 +0.5 %%, R = vy 5 093  1.00
28 2.62 x 10! 3.6 4.4 +27 5 i s = 5 095  1.00
2y 6.67 x 10° 6.4 6.9 +56 L o, ey = 0 094  1.00
28 8.85 x 107! 14.2 8.2 +6.0 T2 o 5 - 0 093  1.00
3« 531 x 10! 26 2.8 +09 %% o Y - 0 094  1.00
3B 2.73 x 10! 3.5 4.4 +28 3 o s 5 o 095  1.00
3y 7.53 x 10° 5.7 5.1 +28 2 X6 5 o4 095  1.00
38 9.13 x 107! 14.7 8.4 +57 % o 3 Y iy 093  1.00
4 4.63 x 10! 2.9 3.4 418 2 0 oK S A 094 1.00
48 2.71 x 10! 35 32 12 s o5 o1 o 095  1.00
4y 7.85 x 10° 5.5 5.8 +40 S 0 %5 % 03 0.96  1.00
48 8.30 x 10! 16.3 9.5 73 By =5 By 02 093  1.00
Sa 4.25 x 10! 3.0 3.4 +2.1 108 s, ) s L 092 102
58 2.84 x 10! 3.4 33 +13 T L s % L 097 102
S5y 1.07 x 10! 4.3 4.4 +23  tE oL 5% Y e 096  1.03
58 1.83 x 10° 9.0 6.4 +37 vy %4 - 19 095 101
6o 2.54 % 10° 12.8 3.4 +14 %% 3 -2 - R 090 L1l
68 1.83 x 10° 13.6 38 —-14 T 03, s o L8 095 111
6y 6.12 x 107! 20.9 7.5 -66 3% 03 O s s 098 L1l
66 272 x 107! 20.5 18.1 —-17.6 55 oL o 5 e 098 L1l
oi = x;melded 7 ) space boundaries of the measurements are summarised in
Lt + L Table 2.

The simultaneous unfolding of the NC DIS and the jet

measurements allows also the determination of jet cross sec-

where x!nfolded 5 the unfolded number of jets or events in  tions normalised to the NC DIS cross sections. Normalised

bin i, including QED radiative corrections. The integrated
luminosities are £ = 191 pb~! and £~ = 160 pb~!for
et pand e p scattering,respectively. The observed cross sec-
tions correspond to luminosity weighted averages of e™ p
and e~ p processes (see Sect. 5.3). Double-differential jet
cross sections are presented for the measurement phase space
given in Table 1. Inclusive jet, dijet and trijet cross sec-
tions are measured as a function of Q2 and P%et or (Pr)
or (Pr)3. Dijets and trijets are also measured as a func-
tion of Q2 and & or &. The phase space in P{et allows
measuring the range 0.006 < & < 0.316 for dijets and
0.01 < & < 0.50 for trijets. The trijet phase space is a
subset of the dijet phase space, but the observables (Pr)3
and &3 are calculated using the three leading jets. The phase

jet cross sections are defined as the ratio of the double-
differential absolute jet cross sections to the NC DIS cross
sections onc in the respective Q%-bin, where onc is cal-
culated using Eq. 6. The phase space for the normalised
inclusive jet ojet/onc, normalised dijet ogijer/oNc and nor-
malised trijet oijet /ONC Cross sections is identical to the one
of the corresponding absolute jet cross sections. The covari-
ance matrix of the statistical uncertainties is determined tak-
ing the statistical correlations between the NC DIS and the
jet measurements into account. The systematic experimental
uncertainties are correlated between the NC DIS and the jet
measurements. Consequently, all normalisation uncertainties
cancel, and many other systematic uncertainties are reduced
significantly.
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Table 12 Double-differential dijet cross sections measured as a function of Q2 and (Pr), using the anti-kr jet algorithm. The uncertainties

5had

are identical to those in Table 7 and are not repeated here. Further details are given in the caption of Table 7

Dijet cross sections in bins of Q% and (Pr); using the anti-kt jet algorithm

Binlabel o [pb] SSEU[gp] 5 [%]  sModel g SUES [ SRCES [gp]  §Be (%] 8% (%] 8P [%]  chad oW
la 2.36 x 10! 32 35 +2.4 2 2 5 o 0 095  1.00
18 1.43 x 10! 45 52 +4.1 20 3, = = 0 095  1.00
ly 3.19 x 10° 67 63 +4.5 e e Y Y 0 0.94  1.00
18 3.96 x 107! 171 74 -5.1 3 -5 0 By 05 0.94  1.00
2 1.98 x 10! 33 33 +2.1 02 T e Y o 095  1.00
28 1.15 x 10! 51 39 +2.4 =y 0 e - 5 096  1.00
2y 2.82 x 10° 71 74 +6.1 36 0% =l = 5 095  1.00
28 4.03 x 107! 163 9.4 +6.8 o5 oL o Y 0 094  1.00
3 1.91 x 10 33 29 +1.4 03 L By s iy 0.94  1.00
3p 1.18 x 10! 49 46 +33 20 e % 5 iy 096  1.00
3y 3.68 x 107 56 44 +14 5 < e 5 095  1.00
38 2.87 x 107! 233 6.7 -32 32 oL -2 Y 04 095  1.00
4o 1.68 x 10! 36 26 +1.1 02 5 T e 093 1.00
4 1.12 x 10! 50 45 +3.4 e 0 = e By 096  1.00
4y 3.71 x 10° 56 55 +3.9 3 Y Yy e 0, 096  1.00
48 3.99 x 107! 182 87 -5.9 o, o 5 oL 02 0.94  1.00
Sa 1.54 x 10! 38 28 +1.0 = v 3, Y 2 092 102
58 1.33 x 10! 43 43 +3.2 L 0 o Y L 095 102
5y 4.71 x 10° 51 56 +4.4 s 2 5 Y L 097 103
58 8.80 x 107! 105 7.0 +4.7 v ol By 5% e 096 101
6o 8.32 x 107! 176 42 +2.8 B 0, o s = 091 111
68 7.02 x 107! 199 44 +3.2 il ey By % ) 094 111
6y 4.25 x 107! 150 49 -32 = 2 03, Y e 096 L1l
68 1.24 x 107! 270 8.3 -7.3 2 oL o 4 L8 097 L1l

4.2 Experimental uncertainties

Statistical and other experimental uncertainties are prop-
agated by analytical linear error propagation through the
unfolding process [52].

Systematic uncertainties are estimated by varying the
measurement of a given quantity within the experimental
uncertainties in simulated events. For each ‘up’ and ‘down’
variation, for each source of uncertainty, a new migra-
tion matrix is obtained. The difference of these matrices
with respect to the nominal unfolding matrix is propagated
through the unfolding process [52] to obtain the size of the
uncertainty on the cross sections. To avoid fluctuations of the
systematic uncertainties caused by limited number of data
events, in most cases uncertainties are obtained by unfolding
simulated data.

The following sources of systematic uncertainties are
taken into account:

@ Springer

e The uncertainty of the energy scale of the HES is subdi-
vided into two components related to the two-stage cali-
bration procedure described in Sect. 2.2.

The uncertainties on the cross sections due to the jet
energy scale, 8'FS, are determined by varying the energy
of all HFS objects clustered into jets with P"if,:;ab > 7GeV
by £1 %. This results in 8’8 ranging from 2 to 6 %, with
the larger values for high values of P%et.

The energy of HFS objects which are not part of a jet
in the laboratory system with Pﬁab > 7 GeV is varied
separately by &1 %. This uncertainty is determined using
a dijet calibration sample, requiring jets with P{:iab >
3 GeV. Theresulting uncertainty on the jet cross section is
referred to as remaining cluster energy scale uncertainty,
SRCES The effect of this uncertainty plays a larger role
at low transverse momenta, where jets in the Breit frame
include a larger fraction of HFS objects which are not
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Table 13 Double-differential dijet cross sections measured as a function of Q2 and &, using the anti-kt jet algorithm. The uncertainties §"9 are
identical to those in Table 8 and are not repeated here. Further details are given in the caption of Table 8

Dijet cross sections in bins of Q% and &, using the anti-kt jet algorithm

Binlabel o [pb] S [g] &S (%]  sModel (] STES [g5]  SRCES [gp]  Fe [%] 8% [%]  SP© [%]  cMhd cew
la 2.16 x 101 3.0 9.5 49.0 o e L ) 0 0.96  1.00
1b 1.86 x 10! 3.1 4.3 +3.2 A o 3 ) 03 095  1.00
lc 6.08 x 100 6.5 9.1 -85 23 w2 5 5 0 092  1.00
1d 175 % 10° 89 7.7 +6.5 L =% By = o 090  1.00
2a 146 x 10" 5.3 10.3 +10.0 s 2 55 Y o 096  1.00
2b 1.64 x 10" 33 3.9 +2.6 R 9 T 5 o 095  1.00
2¢ 584 %100 6.0 4.2 +2.6 23 3 ol oy 0 093  1.00
2d 1.63 x 10° 8.8 6.3 +4.9 e By - ) 0 091  1.00
3a 114 x 10" 40 9.2 +8.9 o A 5 5 s 095  1.00
3b 1.84 x 100 2.8 4.3 +33 2 i o s 0 095  1.00
3¢ 7.83x 100 4.6 3.4 ~1.6 e 3 3 5 i 093  1.00
3d 1.96 x 10° 7.8 5.9 -4.3 2 5 By 4 i 092  1.00
4a 521 x10° 75 4.4 +3.7 o o s, b 2 0.94  1.00
4b 1.81 x 100 3.0 4.1 +3.1 L O 3 5 o 095  1.00
4¢ 1.16 x 10! 3.5 7.0 +6.4 pA s s 5N 04 094  1.00
4d 241 x10° 74 14.9 +14.4 B2 oL ey By 0 093  1.00
5b 9.13x 10° 34 4.1 +3.1 o 03 5% ) ey 094 101
5¢ 173 x 100 2.7 8.7 +8.2 ) iy ! s i 094 102
5d Li2x 100 29 10.5 +10.1 R 03 40 e L 093  1.03
6d 1.87 x 100 7.1 8.4 +7.8 B o o = e 093 111

Table 14 Double-differential trijet cross sections measured as a function of Q2 and (Pr)3 using the anti-kr jet algorithm. The uncertainties 5"

are identical to those in Table 9 and are not repeated here. Further details are given in the caption of Table 9

Trijet cross sections in bins of Q2 and (Pr)3 using the anti-kt jet algorithm

Binlabel o [pb] st [gp] S [gp]  gModel [gp)  §IBS [ SRCES [ §Be 9] 8% [%]  sP@ [9]  chad  cew

o 421 x 10° 8.9 7.1 456 0% =y T T % 075 100
18 2.57 x 10° 8.2 6.0 +44  BZ e vy s 0 078  1.00
ly 3.10 x 107! 24.0 19.2 +184 Y 5 s ol 0 081  1.00
2a 3.12 % 10° 10.0 6.1 +43 % e e oy 0 074  1.00
28 1.77 x 10° 9.7 6.2 +48 T LI Y % 0 078  1.00
2y 4.11 x 107! 17.6 9.4 +78 08, By 5% 0 081  1.00
3 3.39 x 10° 9.2 5.1 +30 %% 3 o By s 073  1.00
3B 2.11 x 10° 8.7 9.0 +82 124 i By %5 o 078  1.00
3y 5.36 x 10~ 14.8 6.7 +23 2 vy s o e 0.80  1.00
da 2.56 x 10° 11.0 3.8 -08 Y 2 -3 5 3 073  1.00
4 2.49 x 10° 74 10.0 +93 L =% 0 03, 078  1.00
4y 6.53 x 10! 14.0 12.0 +10.0 B8 s Y ol oL 080  1.00
S 2.62 x 10° 10.2 3.9 -12 75 ey L 5 L 071  1.03
5 2.58 x 10° 7.4 8.8 +82  tLE e b 5 3 077  1.03
S5y 5.64 x 107! 18.6 232 +226 M o ol 5 e 079  1.03
68 1.30 x 107! 33.1 114 +108 T ik 0 s 22 074 112
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Table 15 Double-differential normalised trijet cross sections measured as a function of Q2 and &3 using the anti-kt jet algorithm. The uncertainties
are identical to those in Table 10 and are not repeated here. Further details are given in the caption of Table 10

Shad

Trijet cross sections in bins of Q2 and &3 using the anti-kt jet algorithm

Bin label o [pb] sSatgp] 5 [%]  sModel g SUES [gp]  SRCES (9] §Be (%] 8% [%] 8P [%]  chad oW
1A 2.71 x 10° 11.5 183 +17.7 %% 0 ) e 0 076  1.00
1B 3.04 x 10° 9.0 14.0 +137 e N ) s 0.76  1.00
1C 1.00 x 10° 13.5 16.2 —154 A s s o By 0.74  1.00
2A 1.68 x 10° 16.6 17.8 +172 % 0 B Y 0 075  1.00
2B 2.56 x 10° 9.7 12.5 +121 9% e o = 0 076  1.00
2C 8.13 x 107! 14.7 46.8 —46.6 T4 o Lo s iy 0.74  1.00
3A 1.47 x 10° 16.1 19.5 +19.0 % =y iy % o 075  1.00
3B 3.07 x 10° 8.4 18.2 +17.9 = 2 5 O 0.76  1.00
3C 1.14 x 10° 117 11.0 —-10.1 P o 2 By vy 0.74  1.00
4A 1.28 x 10° 15.9 17.1 +167 % =y LG - 02 073  1.00
4B 2.68 x 10° 9.4 20.0 —-19.7 9 20 05 o e 0.76  1.00
4C 1.66 x 10° 9.1 17.1 ~-16.6 3, i 0 = 3 075  1.00
5B 2.52 x 10° 9.1 9.2 +87 %% 3 o4 %% e 075 102
5C 2.88 x 10° 7.1 51.6 —516 T3 2 e Y 2 075 103
6C 3.04 x 107! 17.8 92.8 —927 6 iy A o 23 073 L1l

part of a calibrated jet in the laboratory rest frame. The
resulting uncertainty on the jet cross sections is about
1 % for the inclusive jet and the dijet cross sections, and
up to 4 % for the trijet cross sections at low transverse
momenta.

The uncertainty gLAmoise g6 to subtraction of the elec-
tronic noise from the LAr electronics, is determined by
adding randomly 20 % of all rejected noise clusters to
the signal. This increases the jet cross sections by 0.5 %
for the inclusive jet data, 0.6 % for the dijet and 0.9 %
for the trijet data.

The energy of the scattered lepton is measured with a
precision of 0.5 % in the central and backward region
(Zimpact < 100 cm) and with 1 % precision in the forward
region of the detector, where Zimpact is the z-coordinate
of the electron’s impact position at the LAr calorimeter.
The corresponding uncertainty on the jet cross sections,
8Eé, lies between 0.5 and 2 %, with the larger value at
high P} or high Q2.

The position of the LAr calorimeter with respect to the
CTD is aligned with a precision of 1mrad [32], resulting
in a corresponding uncertainty of the electron polar angle
measurement . The uncertainty on the jet cross sections,
denoted as 8%, is around 0.5 %. Only in the highest Q>
binitis up to 1.5 %.

The uncertainty on the electron identification is 0.5 %
in the central region (Zimpact < 100 cm) and 2 % in the
forward direction [14] (Zimpact > 100 cm). This leads

@ Springer

to a Q% dependent uncertainty on the jet cross sections,
8P®)  of around 0.5 % for smaller values of Q2 and up
to 2 % in the highest O bin.

The model uncertainty is estimated from the difference
between the nominal result of the unfolding matrix and
results obtained based on the migration matrices of either
RAPGAP or DJANGOH . These differences are calcu-
lated using data, denoted as 8M°del and (SMOdel as well
as using pseudodata, denoted as SMOdCI and SMOdel The
model uncertainty on the cross sectlons is then calculated
for each bin using

1 2 2
sModel _ \/ 5 (max (8(11‘?]‘{‘131, all;{lﬁdel) +max (85""{3‘161, 53[}3@1) )
0

The sign is given by the difference with the largest mod-
ulus. The uncertainty due to the reweighting of the MC
models is found to be negligible compared to the model
uncertainty obtained in this way.

The uncertainty due to the requirement on the z-
coordinate of the primary event vertex is found to be
negligible. This is achieved by a detailed simulation of
the time dependent longitudinal and lateral profiles of the
HERA beams.

The uncertainty of the efficiency of the NC DIS trigger
results in an overall uncertainty of the jet cross sections
of 8T& = 1.0 %.
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Table 16 Double-differential normalised inclusive jet cross sections

measured as a function of Q2 and PJ;’l using the kr jet algorithm.
The total systematic uncertainty, §%°, sums all systematic uncertain-

ties in quadrature, including the uncertainty due to the LAr noise
of stAMoise — (5 9 Further details are given in the caption of
Table 6

Normalised inclusive jet cross sections in bins of Q2 and P%.et using the k jet algorithm

Binlabel  o/onC S [] 8V [%]  sModel (] §IES g  SRCES g sE (%] 8% [%]  chd shad (o5
la 1.63 x 107! 27 1.1 —06 05 03 o oL 093 22
18 7.16 x 1072 4.1 3.0 +20 3% b s 02 097 17
ly 1.87 x 1072 6.4 42 +29 B vy % s 096 1.1
18 2.10 x 1073 153 119 +109 5 e L 0.z 095 07
2a 1.73 x 107! 29 1.7 -12 5 08, By oL 093 2.1
28 8.44 x 1072 4.1 33 +24 130 5 e 2 097 17
2y 2.21 x 1072 6.6 52 +4.1 Y s e 097 13
25 2.70 x 1073 15.2 6.3 +39 7, s - 02 096 12
3a 1.90 x 10! 3.0 1.4 +0.6 L 0 Y oL 093 15
3B 1.01 x 107! 4.0 3.0 +22 % o ) 2 097 1.1
3y 2.54 x 1072 6.8 3.6 +14 20 5 % 03 097 09
38 3.20 x 1073 15.1 6.3 -37 Y o8, 0 095 0S5
da 2.23 x 107! 32 1.6 +0.5 %% 0 L 9 093 12
4 1.23 x 107! 4.1 1.7 +03 T4 5 Y o 097 1.0
4y 3.63 x 1072 6.1 4.1 +25 -5 % iy 097 05
48 3.90 x 1073 16.5 11.2 —9.9 5L - -9 3, 096 04
S 241 % 107! 34 12 +05 X jry %% By 092 09
5B 1.59 x 107! 3.9 1.7 -09 o % - 097 05
Sy 5.96 x 1072 4.8 2.6 +1.0 3% o %5 ol 097 04
58 1.14 x 1072 8.5 43 +09 T3 % s 0 096 03
6ar 3.04 x 107! 14.5 59 -58 102 03 -5 Y 091 06
68 2.04 x 107! 16.3 2.9 -25 O o % s 096 06
6y 7.84 x 1072 215 15.7 —-156  *7, 0.2 e 3 099 1.1
66 3.61 x 1072 19.5 224 -223 124 %% -2 03 098 08

e The efficiency of the requirement of a link between the
primary vertex, the electron track and the electron clus-
ter in the LAr calorimeter is described by the simula-
tion within 1 %, which is assigned as an overall track-
cluster-link uncertainty, STKCL o the jet cross sections
[14].

e The overall normalisation uncertainty due to the lumi-
nosity measurement is §-U™ = 2.5 % [23].

In case of the normalised jet cross sections all systematic
uncertainties are varied simultaneously in the numerator and
denominator. Consequently, all normalisation uncertainties,
glumi  sTikCl 559 §Trig cancel fully. Uncertainties due to the
electron reconstruction, such as 8E¢, §'°© and §% cancel to
a large extent, and uncertainties due to the reconstruction of
the HFS cancel partially.

The relative size of the dominant experimental uncertain-
ties 8%, 8BS and sModel are displayed in Fig. 8 for the abso-
lute jet cross sections. The jet energy scale 8'ES becomes
relevant for the high- P%et region, since these jets tend to go
more in the direction of the incoming proton and are thus
mostly made up from calorimetric information. The model
uncertainty is sizeable mostly in the high- Pft region.

5 Theoretical predictions

Theoretical pQCD predictions in NLO accuracy are com-
pared to the measured cross sections. Hadronisation effects
and effects of Z-exchange are not part of the pQCD pre-
dictions, and are therefore taken into account by correction
factors.
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Table 17 Double-differential normalised dijet cross sections mea-
sured as a function of Q2 and (Pr)» using the kr jet algorithm.
The total systematic uncertainty, §%%, sums all systematic uncertain-

ties in quadrature, including the uncertainty due to the LAr noise of
sLamoise — () 6 9. Further details are given in the caption of Table 7

Normalised dijet cross sections in bins of Q2 and (Pr); using the kr jet algorithm

Binlabel  o/onc sal[g] s [%]  sModel [ §TES [  SRCES (] sEe 9] 8% [%] o shad 197
la 542 %1072 3.6 1.8 +1.5 % 05 s o 094 20
18 3.13x 1072 5.8 3.1 +26 A vy 54 2 097 14
ly 8.30 x 1073 6.6 5.0 +33 L Y 55 3, 096 1.0
18 1.00 x 1073 16.4 8.7 +72 T30 % 05, 03 096 12
2a 571 x 1072 4.0 1.8 +14 5 Y e ol 094 17
28 3.92x 1072 5.5 2.6 +1.6 L% 5 5 2 098 16
2y 9.30 x 1073 74 4.4 +3.0 3 Y A e 097 1.0
28 1.20 x 1073 18.1 12.5 +11.5 B8 By By ol 095 19
3 6.66 x 1072 39 1.4 +0.6 s oy e o 093 12
3p 4.11 x 1072 6.1 34 +28 7T Y oy L 098 09
3y 1.38 x 1072 59 3.1 +0.5 s By 2 097 08
38 1.30 x 1073 20.5 9.5 -8.0 Y Y % oL 096 04
da 7.61 x 1072 4.1 13 -0.7 %% o 5 ol 092 1.1
4 4.95 x 1072 6.3 3.0 +2.5 L s oL 097 09
4y 1.67 x 1072 6.2 3.1 +13 3L b s oL 098 05
48 170 x 1073 20.4 6.6 —-42 T 5 s 2 096 03
Sa 8.27 x 1072 4.4 1.8 -12 %% 0 o oL 092 06
5B 7.37 x 1072 5.1 1.6 +1.0 % oL s 5% 096 03
S5y 2.66 x 1072 54 3.9 +33 25 ol e ol 098 04
58 5.30 x 1073 10.3 43 +09 T3 By s 3, 096 0.7
6ar 8.53 x 1072 229 5.1 49 % oL 3 0% 089 02
68 9.88 x 1072 20.0 7.2 +68 vy %0 2k 095 05
6y 4.08 x 1072 19.2 7.0 -68 08 02 % =% 097 08
66 1.72 x 1072 26.7 9.8 —9.6 25 % e iy 098 1.0
parton

5.1 NLO calculations

The parton level cross section Ul.pmon in each bin i is pre-
dicted in pQCD as a power-series in o (i, ), where w, is the
renormalisation scale. The perturbative coefficients c; 4 , for
a parton of flavour a in order n are convoluted in x with the
parton density functions f, of the proton,

Jipmon = Z a;z (1r, as(Mz)) ¢ia.n (xa Hrs Mf)

a,n

Q falx, my). ®)

The variable s denotes the factorisation scale, and o (Mz)
is the value of the strong coupling constant at the mass of the
Z-boson. The first non-vanishing contribution to aipamn is of
order «; for inclusive jet and dijet cross sections and of order
asz for trijet cross sections. The perturbative coefficients are

currently known only to NLO.

@ Springer

The predictions o; are obtained using the fastNLO
framework [54-56] with perturbative coefficients calculated
by the NLOJet++ program [57,58]. The calculations are per-
formed in NLO in the strong coupling and use the MS-
scheme with five massless quark flavours. The PDFs are
accessed via the LHAPDF routines [59]. The MSTW2008
PDF set [60,61] is used, determined with a value of the
strong coupling constant of ay(Mz) = 0.118 [62]. The
ag-evolution is performed using the evolution routines as
provided together with the PDF sets in LHAPDF. The run-
ning of the electromagnetic coupling oem (Q) is calculated
using a recent determination of the hadronic contribution
Aahad(M%) = 275.7(0.8) x 10~* [63]. The renormalisation
and factorisation scales are chosen to be

M% =(0%+ PT2)/2 and u% = 0% )



Eur. Phys. J. C (2015) 75:65

Page 27 of 48 65

Table 18 Double-differential normalised inclusive dijet cross sections
measured as a function of Q2 and & using the k7 jet algorithm.
The total systematic uncertainty, 8%, sums all systematic uncertain-

ties in quadrature, including the uncertainty due to the LAr noise of
sLamoise — () 6 9. Further details are given in the caption of Table 8

Normalised dijet cross sections in bins of Q2 and £, using the k jet algorithm

Binlabel  o/onc sal[g] s [%]  sModel [ §TES [  SRCES (] sEe 9] 5% [%]  chd shad 197
la 472%x 1072 42 6.7 +6.5 e Lo 2 oL 094 2.1
1b 423x 1072 34 3.1 +2.7 o8 Y 05 3 094 1.7
lc 1.39x 1072 7.0 2.7 +1.7 Tl 5 2 oL 094 13
1d 460 x 1073 8.8 6.9 +6.0 Bl Y i 3 092 07
2a 459 %1072 49 3.7 +3.5 3, % o vy 094 18
2b 499 x 1072 35 2.5 +2.0 05 o e oL 094 1.7
2¢ 1.95x 1072 6.3 2.4 ~1.0 20 5 03, 2 094 1.1
2d 540x 1073 9.4 59 +5.2 = % =i o 093 06
3a 410x 1072 4.1 43 +4.2 O i Y oL 093 14
3b 6.40 x 1072 3.0 2.5 +2.1 iy L 3 o 094 12
3c 3.02x 1072 46 2.1 ~12 s Y iy 2 094 09
3d 720x 1070 83 4.0 +2.7 30 o % %, 094 04
4a 234x 1072 77 73 +7.2 L o 04 -9 092 14
4b 8.14x 1072 32 3.8 +3.6 3 0o L oL 093 12
dc 511% 1072 37 2.0 —14 15 iy g o 094 08
4d 1.08 x 1072 82 5.4 +4.7 ey % vy iy 095 0.5
5b 494 %1072 36 2.1 +1.9 3 Y 5 0O 092 05
5¢ 9.52x 1072 29 1.1 +0.4 0 0 A ! 093 05
5d 6.25x 1072 29 1.9 +1.4 BioyS 03 -5 oL 094 04
6d 217 x 107" 6.7 23 +2.2 0z 03, L - 093 0.8

The choice of u, is motivated by the presence of two hard
scales in the process, whereas ¢ is chosen such that the
same factorisation scale can be used in the calculation of jet
and NC DIS cross sections. When choosing u2 = Q2 or u?
= P% for the jet observables, the resulting changes in the
cross section predictions are well covered by the theoretical
uncertainty obtained from scale variations.

The calculation of the NC DIS cross sections, o[.NC, for the
prediction of the normalised jet cross sections is performed
using the QCDNUM program [64] in NLO in the zero mass
variable flavour number scheme (ZM-VFNS). No contribu-
tion from Z-exchange is included, and both w s and u, are
setto Q.

5.2 Hadronisation corrections

The NLO calculations at parton level have to be corrected
for non-perturbative hadronisation effects. The hadronisation
corrections ¢ account for long-range effects in the cross
section calculation such as the fragmentation of partons into
hadrons. It is given by the ratio of the jet cross section on

hadron level to the jet cross section on parton level, i.e. for
each bin i chad = ghadron /¢ PArton,

The jet cross sections on parton and hadron level are cal-
culated using DJANGOH and RAPGAP. The parton level
is obtained for MC event generators by selecting all par-
tons before they are subjected to the fragmentation process.
Reweighting the MC distributions of jet observables on par-
ton level to those obtained from the NLO calculation has
negligible impact on the hadronisation corrections. Hadro-
nisation corrections are computed for both the kt and the
anti-k jet algorithm. They are very similar for inclusive jets
and dijets, for trijets the corrections for anti-kT tend to be
somewhat smaller than for kt.

The arithmetic average of ¢ is used, obtained from
the weighted DJANGOH and RAPGAP predictions (see
Sect. 3.1). Small differences of the correction factors between
RAPGAP and DJANGOH , which both use the Lund string
fragmentation model, are observed, due to the different mod-
elling of the partonic final state. The values of ¢ range from
0.8 to 1 and are given in the jet cross sections Tables 6, 7, 8,
9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24
and 25.

had
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Table 19 Double-differential normalised trijet cross sections mea- ties in quadrature, including the uncertainty due to the LAr noise of
sured as a function of Q2 and (Pr)3 using the kr jet algorithm. staoise — (0.9 ¢ Further details are given in the caption of Table 9
The total systematic uncertainty, §%%, sums all systematic uncertain-

Normalised trijet cross sections in bins of Q2 and (Pr)3 using the ky jet algorithm

Binlabel  o/onc sl (o] s [%]  sModel [ §TES [  SRCES (] sEe 9] 8% [%] o shad 197
la 112 x 1072 8.9 3.8 +2.1 o5 Y 5 03 079 53

18 6.10 x 1073 8.6 3.1 +1.1 3% 03, A o 085 43

ly 1.00 x 1073 18.0 7.3 +58 L Y %o s 089 36

2a 1.03 x 1072 11.1 4.6 -29 1% 27 5 o 078 50

28 6.50 x 1073 9.2 4.5 +35 % 08 % 03 084 44

2y 1.40 x 1073 17.5 4.9 —22 4 3 el %% 089 27

3 1.26 x 1072 10.5 47 -29 1% 2 Y oL 078 46

3B 9.60 x 1073 8.0 5.5 +48 3% 00 s iy 085 37

3y 1.80 x 1073 16.8 7.0 —-45 4 03, Y o4 087 23

da 1.40 x 1072 11.1 8.2 15 5 e o oL 077 4.1

4 1.29 x 1072 7.4 5.8 +53 & o % Y 085 36

4y 3.10 x 1073 13.8 6.2 +28 4 00, Y 3 087 23

Sa 1.80 x 1072 9.8 7.5 -68 3 2 L vy 077 35

58 1.62 x 1072 7.4 40 +36 Y % Y Y 083 29

% 3.70 x 1073 14.5 12.6 +11.7 3 vy b 3, 086 22

68 1.41 x 1072 37.8 24 +1.9 s il vy o 082 08
Table 20 Double-differential normalised trijet cross sections measured including the uncertainty due to the LAr noise of §-A™oise = (.9 9,
as a function of Q2 and &3 using the kr jet algorithm. The total system- Further details are given in the caption of Table 10

atic uncertainty, %%, sums all systematic uncertainties in quadrature,

Normalised trijet cross sections in bins of Q2 and £3 using the kr jet algorithm

Binlabel  o/onc sl s [%)  sModel [ §TES [g]  SRCES [ §Be (%] 8% [%]  chad ghad o)
1A 7.30 x 1073 114 17.9 +17.4 5% i 3 oL 081 65
1B 7.20 x 1073 10.6 23 +1.5 % B Y 3, 081 53
1C 2.90 x 1073 13.2 7.7 -64 I oL iy oL 081 37
2A 5.90 x 1073 16.5 113 +10.7 4% =Y B oL 080 57
2B 8.80 x 1073 10.6 22.0 -219 107 3 s oL 081 49
2C 3.10 x 1073 15.0 14.9 +145 T 3 o Y 080 35
3A 6.80 x 1073 14.6 15.2 +147 %% e % o 080 5.1
3B 116 x 1072 93 8.4 481 0L % iy iy 081 45
3C 5.40 x 1073 12.0 13.4 —-13.0 B T 8, Y 080 3.0
4A 7.10 x 1073 16.0 9.7 +92  N% 2 T8 -2 080 5.1
4B 1.36 x 1072 10.1 9.7 +9.4 % 20 3 03 081 45
4C 9.10 x 1073 9.2 5.0 S s, oL o 081 3.1
5B 1.59 x 1072 9.4 44 +41 N i Y 55 080 29
s5C 1.81 x 1072 7.6 115 +113 0 2 vy o 080 238
6C 4.23 x 1072 17.1 326 +325 0% s o Y 079 1.1
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Table 21 Double-differential normalised inclusive jet cross sections measured as a function of Q% and P%et using the anti-kt jet algorithm. The
uncertainties 8" are identical to those in Table 16 and are not repeated here. Further details are given in the caption of Table 16

Normalised inclusive jet cross sections in bins of Q% and P%et using the anti-kt jet algorithm

Bin label o /oNC 55t [95] 5% [%] §Model 17 SIES (%] SRCES [97) 5B [%] 8% [%)] chad
la 1.61 x 107! 23 1.2 0.6 o 04 = L 0.93
18 7.17 x 1072 34 33 +2.3 2l % Y 05 0.94
1y 1.68 x 102 63 49 436 P o ok iy 0.93
18 2.00 x 1073 16.2 6.4 —4.4 s s -3 o 0.93
2a 1.75 x 107! 2.5 13 -0.8 0 o By vy 0.93
28 8.24 x 1072 3.6 3.1 +2.1 2 oz 05 oo 0.95
2y 2.10 x 1072 6.4 5.6 +4.6 0 Y vy “on 0.94
28 2.80 x 1073 14.1 7.0 +5.0 a8 Y 5 02 0.93
3 1.93 x 107! 2.5 1.2 —0.1 o4 o Y 0.0 0.94
3p 9.90 x 1072 3.4 2.8 +1.8 e % % 3 0.95
3y 273 x 1072 5.7 3.8 +1.9 L 5 =5 3 0.95
38 3.30 x 1073 14.7 7.5 +5.3 4 oy 0 L 0.93
4a 2.11 x 107! 2.8 1.6 +0.7 e iy - % 0.94
4 1.23 x 10! 3.5 L6 +0.3 3 2 e o 0.95
4y 3.58 x 1072 55 4.2 +2.9 % ol -5 2 0.96
48 3.80 x 1073 16.3 9.6 -8.2 3 oy 5% 3 0.93
S 2.36 x 107! 3.0 1.0 +04 T e %% % 0.92
5B 1.58 x 10! 34 1.6 -0.6 2 ol e Y 0.97
5y 5.96 x 1072 43 25 108 %Y < 0% o 0.96
58 1.02 x 1072 9.0 4.6 +1.9 g Y o e 0.95
6ar 2.96 x 107! 12.6 22 -2.0 =3 03 5 -3 0.90
68 2.13 x 107! 133 4.4 -39 L 2 Tk Y 0.95
6y 7.13 x 1072 20.7 8.5 —8.4 e 03 iy e 0.98
68 3.18 x 1072 203 20.0 ~19.9 T2l oL 5 o 0.98

5.3 Electroweak corrections

Only virtual corrections for y-exchange via the running of
em () are included in the pQCD calculations. The elec-
troweak corrections ¢®" account for the contributions from
y Z-interference and Z-exchange. They are estimated using
the LEPTO event generator, where cross sections can be cal-
culated including these effects (¢7%) and excluding them
(o7). The electroweak correction factor ¢®V is defined for
each bini by ¢™ = oiy’z /ol.y. It is close to unity at low Q>
and becomes relevant for Q% — M%, i.e. mainly in the high-
est 02 bin from 5000 < Q% < 15000 GeV?2. In this bin the
value of ¢®V is around 1.1 for the luminosity-weighted sum of
e’ pand e~ p data corresponding to the full HERA-II dataset.
The electroweak correction has some Pr-dependence, which,
however, turns out to be negligible for the recorded mixture
of eTp and e~ p data. In case of normalised jet cross sec-
tions, the electroweak corrections cancel almost completely

such that they can be neglected. The electroweak corrections
are well-known compared to the statistical precision of those
data points where the corrections deviate from unity, and
therefore no uncertainty on ¢®V is assigned. The values of
c®V are given in the jet cross sections Tables 6, 7, 8, 9, 10,
11,12, 13, 14 and 15.

5.4 QCD predictions on hadron level

Given the parton level cross sections, o'ipmon, and the correc-
tion factors c?ad and c{* in bin i, the hadron level jet cross
sections are calculated as

arton c
Gihadron — Uip c?dd clg:w7

(10)

while the predictions for the normalised jet cross sections are
given by
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Table 22 Double-differential normalised dijet cross sections measured as a function of 0% and (Pr)> using the anti-kt jet algorithm. The uncer-
tainties 8" are identical to those in Table 17 and are not repeated here. Further details are given in the caption of Table 17

Normalised dijet cross sections in bins of @2 and (Pr), using the anti-kt jet algorithm

Bin label o /one 554t (9] 8% [%)] sModel 5] 8BS [%] SRCES [9] 5Fe [%] 8% [%] chad
la 5.45 x 1072 3.1 2.0 +1.8 = e, = ok 0.95
18 331 x 1072 4.5 3.7 +3.2 L 5 = vy 0.95
1y 7.40 x 107 6.7 52 438 =y oy o iy 0.94
18 9.00 x 1074 17.1 7.5 -59 3 vy 5 0% 0.94
20 6.23 x 1072 33 1.8 +1.5 s o 6 o 0.95
28 3.60 x 1072 5.1 2.6 +1.9 e b Y 02 0.96
2y 8.90 x 103 7.1 61 452 2 55 s T 0.95
28 1.30 x 1073 16.3 8.2 +5.8 2 s o 03 0.94
3 6.94 x 1072 3.3 1.4 +0.9 %A o Y o 0.94
3p 4.29 x 1072 49 3.0 +2.4 e oL ey oL 0.96
3y 1.33 x 1072 5.6 32 +0.9 =9 5 e 0z 0.95
38 1.00 x 1073 233 6.2 -3.6 iy oy 3 ok 0.95
da 7.69 x 1072 3.5 1.0 +0.4 e o 5 % 0.93
4 511 x 1072 5.0 2.8 +2.3 T2 e Y ol 0.96
4y 1.69 x 1072 55 38 428 27 vy vy Y 0.96
48 1.80 x 1073 18.2 8.7 6.8 4 54 b 3 0.94
S 8.54 x 1072 3.8 1.4 -0.8 s e oy o 0.92
58 7.38 x 1072 43 19 f14 10 02 oh Y 0.95
S5y 2.62 x 1072 5.0 34 +2.7 20 A s 2 0.97
58 4.90 x 1073 10.5 5.1 +2.9 3 % ey oL 0.96
6o 9.70 x 1072 174 1.2 +0.4 e 0, ) 5 0.91
68 8.19 x 1072 19.7 1.7 +1.5 03, 0 % ol 0.94
6y 4.96 x 102 14.8 53 =50 ) 2 o -3, 0.96
66 1.45 x 1072 26.9 10.1 9.8 23 oL % Ry 0.97
< o )hadmn _ al.parwn clhad (11 In case of normalised jet cross sections, the scales are

one ) ; - UiNC : varied simultaneously in the calculation of the numerator

5.5 Theoretical uncertainties

The following uncertainties on the NLO predictions are con-
sidered:

e The dominant theoretical uncertainty is attributed to the
contribution from missing higher orders in the truncated
perturbative expansion beyond NLO. These contribu-
tions are estimated by a simultaneous variation of the
chosen scales for u, and ;s by the conventional factors
of 0.5 and 2. Typically, the resulting cross section varies
monotonically in this interval. In a few cases when this
does not hold, the minimum and maximum of the cross
section in the interval is chosen to define the scale uncer-
tainty.

@ Springer

and denominator.

The uncertainty on the hadronisation correction §M is
estimated using the SHERPA event generator [65,66].
Processes including parton scattering of 2 — 5 config-
urations are generated on tree level, providing a good
description of jet production up to trijets, while NC DIS
cross sections are not well described. Also the parton
level distributions are in reasonable agreement with the
NLO calculation. The partons are hadronised once with
the Lund string fragmentation model and once with the
cluster fragmentation model [67]. Half the difference
between the two correction factors, derived from the two
different fragmentation models, is taken as uncertainty on
the hadronisation correction 8", It is between 1 to 2 %
for the inclusive jet and dijet measurements and between
0.5 and 5 % for the trijet measurements. These uncertain-
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Table 23 Double-differential normalised inclusive dijet cross sections measured as a function of Q2 and &, using the anti-kt jet algorithm. The
uncertainties 8" are identical to those in Table 18 and are not repeated here. Further details are given in the caption of Table 18

Normalised dijet cross sections in bins of Q2 and £, using the anti-kt jet algorithm

Bin label o /one 554t (9] 8% [%)] sModel ] 8BS [%] SRCES [9] 5Ee [%] 8% [%] chad
la 500x102 30 85 184 TOT o Y e 0.96
1b 4.30 x 1072 3.1 3.0 +2.6 02 i 03, 2 0.95
le 1.41 x 1072 6.5 9.2 -9.0 e 5 oL o 0.92
1d 4.10 x 1073 8.9 6.7 +5.9 =y oy i oL 0.90
2a 4.61 x 1072 52 9.1 +9.0 03 % b ok 0.96
2b 517 x 1072 33 2.5 +2.0 o o 08 ol 0.95
2¢ 1.84 x 1072 6.0 2.6 +1.7 e By ol 02 0.93
2d 5.20 x 1073 8.8 5.2 +4.3 2 s 8 03 0.91
3a 4.14 x 1072 4.0 8.0 +8.0 3 % = 3 0.95
3b 6.69%x1072 28 2.9 +26 4L 7 iy Y 0.95
3¢ 2.84 x 1072 4.6 2.9 2.5 A oL 3 02 0.93
3d 7.10 x 1073 7.8 5.7 —49 s ) v - 0.92
4a 2.38 x 1072 7.5 33 +3.1 3 o 0 ol 0.94
4b 8.26 x 1072 3.0 24 +2.2 e o 3 oL 0.95
4c 5.28 x 1072 34 6.0 +5.8 % A e o 0.94
4d 1.10 x 1072 7.4 13.9 +13.6 28 % Y iy 0.93
5b 5.07 x 1072 33 1.7 +1.4 o4 05 ey -9 0.94
S¢ 9.60 x 1072 2.7 6.8 +6.7 3 0 3 05 0.94
5d 6.24 x 1072 2.8 8.5 +84 108 ) Y Iy 0.93
6d 217x 1070 67 49 a8 02 y ¥ - 0.93

ties are included in the cross section tables. The absolute
predictions from SHERPA , however, are considered to be
unreliable due to mismatches between the parton shower
algorithm and the PDFs [68]. Therefore, only ratios of
SHERPA predictions are used for determining the uncer-
tainty on the hadronisation corrections. The uncertainties
obtained in this way are typically between 30 to 100 %
larger than half the difference between the correction fac-
tors obtained using RAPGAP and DJANGOH.

e The uncertainty on the predictions due to the limited
knowledge of the PDFs is determined at a confidence
level of 68 % from the MSTW?2008 eigenvectors, follow-
ing the formula for asymmetric PDF uncertainties [69].
The PDF uncertainty is found to be almost symmetric
with a size of about 1 % for all data points. Predictions
using other PDF sets do not deviate by more than two
standard deviations of the PDF uncertainty.

6 Experimental results

In the following the absolute and normalised double-
differential jet cross sections are presented for inclusive jet,
dijet, and trijet production using the kt and the anti-kT jet

algorithms. The labelling of the bins in the tables of cross
sections is explained in Table 5.

An overview of the tables of jet cross sections is sum-
marised in Table 3 and of the tables of correlation coeffi-
cients, i.e. point-to-point statistical correlations, is provided
in Table 4. Figure 9 shows the correlation matrix of the
inclusive, dijet and trijet cross sections, corresponding to
Tables 26, 27, 28, 29, 30 and 31. When looking at the inclu-
sive jet, dijet or trijet cross sections alone, negative corre-
lations down to —0.5 are observed between adjacent bins
in Pr, which reflects the moderate jet resolution in Pr. In
adjacent Q2 bins, the negative correlations of about —0.1
are close to zero, due to the better resolution in Q2. Size-
able positive correlations are observed between inclusive jet
and dijet cross sections with the same Q% and similar Pr.
Positive correlations between the trijet and the inclusive jet
and dijet measurements are smaller than those between the
dijet and inclusive jet, because of the smaller statistical over-
lap. Within the accuracy of this measurement, the correla-
tion coefficients are very similar no matter whether the kT or
anti-kt jet algorithm are used. Similarly, the statistical corre-
lations of the normalised and the absolute cross sections are
almost identical.
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Table 24 Double-differential normalised trijet cross sections measured identical to those in Table 19 and are not repeated here. Further details
as a function of Q2 and (Pr)3 using the anti-kt jet algorithm. Further are given in the caption of Table 19
details are given in the caption of Table 19. The uncertainties 8" are

Normalised trijet cross sections in bins of Q2 and ( Pr)3 using the anti-kt jet algorithm

Bin label o/onC 551 [9p] 8% [%)] sModel g7 8BS (%] SRCES [95] B (%] 8% (%) chad
la 9.70 x 1073 8.9 5.8 +4.8 ) =y 5 oL 0.75
18 5.90 x 1073 8.1 4.8 +3.8 8 o vy ol 0.78
1y 7.00 x 104 24.0 18.0 +17.5 T o Soa o 0.81
20 9.80 x 1073 100 48 +33 0 3 o Iy 0.74
28 5.60 x 1073 9.7 5.1 +4.2 20 o =3, 02 0.78
2y 1.30 x 1073 17.6 8.0 +6.9 % 5 % 5 0.81
3 1.23 x 1072 9.2 4.0 +2.0 i 2 4 3 0.73
3p 7.60 x 1073 8.6 7.8 +7.4 20 e s 3 0.78
3y 1.90 x 1073 14.8 5.7 +1.6 Sy ol Y Y 0.80
da 1.17 x 1072 11.0 3.6 -1.9 5 =y -3 =k 0.73
4 1.13 x 1072 74 8.6 +8.2 22 L %% 3 0.78
4y 3.00 x 1073 14.0 10.5 +9.0 2 iy e ol 0.80
Sa 1.46 x 1072 10.2 34 2.0 % L oo 3 0.71
58 1.44 x 1072 74 6.7 +6.4 e ol ) iy 0.77
5y 3.10 x 1073 18.6 21.3 +20.8 B 8 ) 3 0.79
68 1.52 x 1072 33.0 9.1 +9.0 08 iy o 5 0.74

Table 25 Double-differential normalised trijet cross sections measured as a function of Q2 and &3 using the anti-kr jet algorithm. The uncertainties
shad are identical to those in Table 20 and are not repeated here. Further details are given in the caption of Table 20

Normalised trijet cross sections in bins of Q2 and &3 using the anti-k jet algorithm

Bin label o/one 55t [9p) 85 [%)] §Model g7 SES (9] SRCES 9] 8B (%] 8% (%) chad
1A 6.30 x 1073 115 17.5 +17.1 e T i oL 0.76
1B 7.00 x 1073 9.0 132 +13.1 s 2 ey 3 0.76
1C 2.30 x 1073 13.5 16.4 ~15.9 B oL o o 0.74
2A 530 x 1073 16.6 16.7 +16.3 oL 7 L ol 0.75
2B 8.10 x 1073 9.7 113 +11.2 vy R L oL 0.76
2C 2.60 x 1073 14.7 47.6 —47.4 o 04 Lo -0 0.74
3A 5.30 x 1073 16.1 18.4 +18.1 e =3 iy vy 0.75
3B 1.12 x 1072 8.4 17.2 +17.0 e 2 Y % 0.76
3C 4.20 x 1073 117 113 —108 22 gy o =y 0.74
4A 5.80 x 1073 15.9 16.3 +16.1 By 22 Lo =L 0.73
4B 1.22 x 1072 9.4 20.0 ~19.9 o 20 0 vy 0.76
4C 7.60 x 1073 9.1 17.3 ~17.0 = o 0 oL 0.75
5B 1.40 x 1072 9.1 7.7 +7.5 % 3 3 By 0.75
5C 1.60 x 1072 7.0 52.8 —52.8 Lo i vy 3 0.75
6C 3.52x 1072 17.5 94.7 ~94.6 03 L oo, 03, 0.73

The measured cross sections for the kt jet algorithm asa  in Sect. 5.4. A detailed comparison of the predictions to the
function of Pr (Tables 6, 7, 8) are displayed in different Q> measured cross sections is provided by the ratio of data to
bins in Fig. 10, together with the NLO predictions described ~ NLO in Fig. 11. The theory uncertainties from scale varia-
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Table 26 Correlation coefficients between data points of the inclusive jet measurement as a function of Q2 and P%et. Since the matrix is symmetric
only the upper triangle is given. The bin labels are defined in Table 5. All values are multiplied by a factor of 100

Inclusive jet Inclusive jet as function of Q2 and P{‘Et

as function of

Qand P 1« 1p 1y 15 2« 26 2 25 3« 3 3y

368 4o 4B 4y A4S S« 58 S5y 58 6a 68 6y 65

la 100 =20 —-11 -2 -—14 2 1 1
18 100 2 -1 4 —13 2
ly 100 6 1 -13 -1

2a 100 —-21 —-10 -2 —I11 2

3a 100 —23 —12

-2 -8 1 1 -1
-2 2 -8
5 1 1 -8 —1
100 -8
100 =22 —-11 -2 —4 1
100 -1 =2 1 -4
100 5 1 -4
100 =5
100 =24 —-12 -2 -1
100 =2 -1
100 3 -1
100 -2
100 =21 —-15 =3
100 —1
100 -2
100

tions dominate over the sum of the experimental uncertainties
in most bins.

The data are in general well described by the theoreti-
cal predictions. The predictions are slightly above the mea-
sured cross sections for inclusive jet and dijet production,
at medium Q2 and at high Pr. A detailed comparison of
NLO predictions using different PDF sets with the measured
jet cross sections is shown in Fig. 12. Only small differ-
ences are observed between predictions for different choices
of PDF sets compared to the theory uncertainty from scale
variations shown in Fig. 11. Predictions using the CT10 PDF
set [70] are approximately 1 to 2 % below those using the
MSTW2008 PDF set, and predictions using the NNPDF2.3
set [71] are about 2 % above the latter. The calculation using
the HERAPDF1.5 set [72-74] is 2 % above the calculation
using MSTW2008 at low Pr, while at the highest Pt values
it is around 5 % below. The reason for this behaviour is the
softer valence quark density at high x of the HERAPDF1.5
set compared to the other PDF sets. Predictions using the
ABMI11 PDF set [75] show larger differences compared to
the other PDF sets.

The normalised cross sections using the kT jet algorithm
are displayed in Fig. 13 as a function of Pr in different Q>

bins together with the NLO calculations. The ratio of data
to the predictions is shown in Fig. 14. The comparison is
qualitatively similar to the results from the absolute jet cross
sections. Similar to the case of absolute cross sections, the
theory uncertainty from scale variations is significantly larger
than the total experimental uncertainty in almost all bins. For
the normalised jet cross sections PDF dependencies do not
cancel. This is due to the different x-dependencies and par-
ton contributions to NC DIS compared to jet production. The
systematic uncertainties are reduced for normalised cross
sections compared to absolute jet cross section, since all nor-
malisation uncertainties cancel fully, and uncertainties on the
electron reconstruction and the HFS cancel partly. The exper-
imental uncertainty is dominated by the statistical, the model
and the jet energy scale uncertainties. Given the high experi-
mental precision, in comparison to the absolute jet cross sec-
tions, one observes that the normalised dijet cross sections
are below the theory predictions for many data points.

The measurements of absolute dijet and trijet cross sec-
tions are displayed in Fig. 15 as a function of & and &3 in
different Q7 bins, together with NLO predictions. The nor-
malised jet cross sections are shown in Fig. 16. The ratio of
absolute jet cross sections to NLO predictions as a function
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Table 27 Correlation coefficients between data points of the dijet measurement as a function of Q2 and (Pr)s. Since the matrix is symmetric only
the upper triangle is given. The bin labels are defined in Table 5. All values are multiplied by a factor of 100

Dijet as Dijet as function of Q2 and (Py)y

function of
0? and (Pr);

la 18 1y 18 2 28 2y

26

3y

38

da 4B 4y 45 S 58

Sy

568

6o

6

6y

68

100 —44

100

11 3
-36 -9 7
100 6

100 1

100

100

100

100 —46

100

100

—41
100

Table 28 Correlation coefficients between data points of the trijet measurement as a function of Q2 and (Pr)3. Since the matrix is symmetric only
the upper triangle is given. The bin labels are defined in Table 5. All values are multiplied by a factor of 100

Trijet as Trijet as function of Q2 and (Pr)3

function of

Q2 and (Py)3 la 18 1y 2a 2B 2y 3a 3B 3y 4o 48 4y Sa 58 Sy 68
la 100 =37 9 1 2 14 —4 1 12 -3 1 12 -3 1 —
18 100 —26 1 -8 2 -3 7 -2 -3 5 - -3 6 —1 2
1y 100 2 —11 1 -2 5 1 —1 3 —1 3

2 100 =35 8 2 1 11 -3 1 10 -2 —
28 100 —24 1 -5 2 -3 6 - -2 6 - 2
2y 100 2 —8 —1 3 —1 3

3« 100 -37 10 3 1 10 -3 1 —
38 100 —-29 -2 1 -2 7 —1 2
3y 100 1 -5 —1 3

4o 100 =35 9 5 —1 —
48 100 =27 -1 3 2
4y 100 1

Sa 100  -35 9

58 100 —28 2
Sy 100

68 100
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Table 29 Correlation coefficients between data points of the inclusive jet measurement as a function of Q2 and P%et and of the dijet measurement
as a function of Q2 and (Pr)>. The bin labels are defined in Table 5. All values are multiplied by a factor of 100

Inclusive jet Dijet as function of Q2 and (Py)y

as function of

Q%and PI 1o 18 1y 16 2 26 2 2 3« 3

3y

38 4o 4B 4y 45 S¢ 58 S5y 55 6a 68 6y 68

35 =2 =5 1
-1 -1 1
48 1

-6 71

—11

of & in bins of Q2 is shown in Fig. 17. Good overall agree-
ment between predictions and the data is observed. A similar
level of agreement is obtained by using other PDF sets than
the employed MSTW2008 set.

Also the anti-kt cross sections agree well with the theory
predictions. For inclusive jets and dijets the NLO predictions
using the anti-kT or the kt jet algorithm are identical, for
trijets they are not. The hadronisation corrections between
anti-kt and kt jets differ slightly. The anti-kT trijet cross
sections have a tendency of being slightly lower than the kt
measurement.

Of the results presented here, those which can be com-
pared to previous H1 measurements are found to be well
compatible.

7 Determination of the strong coupling constant o (Mz)

The jet cross sections presented are used to determine the
value of the strong coupling constant’ o at the scale of the

3 In this section, the strong coupling constant cs (M) is always quoted
at the mass of the Z-boson, Mz = 91.1876 GeV [62]. For better

mass of the Z-boson, Mz, in the framework of perturbative
QCD. The value of the strong coupling constant ¢ is deter-
mined in an iterative y >-minimisation procedure using NLO
calculations, corrected for hadronisation effects and, if appli-
cable, for electroweak effects. The sensitivity of the theory
prediction to «; arises from the perturbative expansion of the
matrix elements in powers of o () = os(uy, as(Mz)).
For the o-fit, the evolution of «; () is performed solving
this equation numerically, using the renormalisation group
equation in two-loop precision with five massless flavours.

7.1 Fit strategy

The value of «; is determined using a Xz—minimisation,
where «; is a free parameter of the theory calculation. The
agreement between theory and data is estimated using the
¥ 2definition [62,76]

Footnote 3 continued

readability the scale dependence is dropped in the notation and hence-
forth «; is written for ag (M7z); ‘a5 (Mz)’ is only used for explicit high-
lighting.
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Table 30 Correlation coefficients between data points of the inclusive jet measurement as a function of Q2 and Pjet and of the trijet measurement
as a function of Q2 and (Pr)3. The bin labels are defined in Table 5. All values are multiplied by a factor of 100

Inclusive jet Trijet as function of Q2 and (Pr)3
as function of
0? and PJ* la 18 ly 2a 28 2y 3a 3B 3y 4o 48 4y Sa 58 Sy 68
la 11 2 1 -2 -1 -1
18 10 12 1 -3 -2 -1 -1 -2
ly -6 18 12 1 —4 -2 -1 -1 -2
15 2 —4 18 2 -6 1 -2 1 -2 -2
2a -2 10 1 1 -2 -1
28 -3 -2 10 13 -1 -1 -1 -1
2y 1 -3 -2 -6 16 16 1 -3 -2 -1 -1
28 1 -5 2 -7 22 1 -2 -1 -3
3a -2 12 1 2 -1
38 -2 -2 -2 7 12 -1 -1 -1
3y -1 1 -3 -2 -7 15 12 1 -3 -1 -1
38 -1 1 -3 2 -7 23 1 -3 -2
da -1 -1 8 3 2 -1
4 -1 -1 -1 -1 8 11 1 -1 -1
4y -1 -1 1 -2 -1 -6 16 15 -2 -1
48 -1 1 -3 2 =7 23 —4
Sa —1 -1 9 3
58 -1 -1 -1 -1 -1 8 10 2
5y -1 -1 -1 -1 1 -2 -1 -5 14 13 -1
58 -1 -1 -1 1 -3 2 -6 13
6o 3
68 -1 7
6y 14
65 -1 -8
s - Nays 5 have several nuisance parameters, one for each Q2
X=pVIE+) g, (12)  bin,
k The parameters 8 + and 8k denote the relative uncer-
tainty on the measurement mi, due to the ‘up’ and ‘down’
where V! is the inverse of the covariance matrix with rel-  variation of the systematic uncertainty k. Systematic experi-

ative uncertainties. The element i of the vector p stands for
the difference between the logarithm of the measurement m;
and the logarithm of the theory prediction #; = #; (as(Mz)):

Nsys

= logm; — logt; — ZE,,,(. (13)
k

This ansatz is equivalent to assuming that the m; are log-
normal distributed, with E; ; being defined as

k,+ k,— k,+ k,—
skt _ gk st 4k

Eig =[O |5 et e | (14)

The nuisance parameters g; for each source of systematic
uncertainty k are free parameters in the x2-minimisation.
Sources indicated as uncorrelatedbetween Q2 bins in Table 33
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mental uncertainties are treated in the fit as either relative cor-
related or uncorrelated uncertainties or as a mixture of both.
The parameter fC expresses the fraction of the uncertainty
k which is considered as relative correlated uncertainty, and
fY expresses the fraction which is treated as uncorrelated
uncertainty with f© + fU = 1. The symmetrised uncorre-
lated uncertainties squared ka (55{,—; - 5,]:1’;)2 are added to the
diagonal elements of the covariance matrix V. The covari-
ance matrix V thus consists of relative statistical uncertain-
ties, including correlations between the data points of the
measurements, correlated background uncertainties and the
uncorrelated part of the systematic uncertainties.

7.2 Experimental uncertainties on o

The experimental uncertainties are treated in the fit as
described in the following.



Eur. Phys. J. C (2015) 75:65

Page 37 of 48 65

Table 31 Correlation coefficients between data points of the dijet measurement as a function of Q2 and (Pr); and of the trijet measurement as a
function of Q2 and (Pr)3. The bin labels are defined in Table 5. All values are multiplied by a factor of 100

Dijet as Trijet as function of Q2 and (Py)3

function of

02 and (Pr), la 18 ly 2a 28 2y 3a

3B 3y 4a 48 4y Sa 5B Sy 68

la 13 -7 2 -2 1

18 5 16 =5 -2 -3 1 -1
ly —4 12 21 1 -3 -3 1
18 2 =5 15 1 —4

2a -2 1 13 -7 2 -1
2B -2 -2 1 5 17 =5 -1
2y 1 -3 -3 -3 8 22 1
28 1 -3 1 —4 13

3 -1 14
38 -1 -1 -2 1 3
3y 1 -1 1 -2 -3 —4
38 1 -2 3
4a —1
48 —1 —1
4y -1 -1 -1 1
48 -1

Sa

5B -1

5y 1 -1 —1 1 —1 1
58 -1

60

6

6y —1

68

e The statistical uncertainties are accounted for by using the
covariance matrix obtained from the unfolding process.
Itincludes all point-to-point correlations due to statistical
correlations and detector resolutions.

e The uncertainties due to the reconstruction of the
hadronic final state, i.e. 8'E5 and SRCES | are treated as
50 % correlated and uncorrelated, respectively.

e The uncertainty §“A™N°is¢ dye to the LAr noise suppres-
sion algorithm, is considered to be fully correlated.

e All uncertainties due to the reconstruction of the scat-
tered electron (6Eé, 8% and 8'°©) are treated as fully
correlated for data points belonging to the same Q2-bin
and uncorrelated between different Q2-bins.

e The uncertainties on the normalisation (§&™i, §Trg and
8TkCl) are summed in quadrature to form the normalisa-
tion uncertainty 8N°™ = 2.9 % which is treated as fully
correlated.

e The model uncertainties are treated as 75 % uncorrelated,
whereby the correlated fraction is treated as uncorrelated
between different Q2-bins.

The uncorrelated parts of the systematic uncertainties are
expected to account for local variations, while the correlated

parts are introduced to account for procedural uncertainties.
A summary is given in Table 33, showing the treatment of
each experimental uncertainty in the fit.

Table 34 lists the size of the most relevant contributions to
the experimental uncertainty on the «-value obtained. They
are determined using linear error propagation applying an
analogous formula as for the theoretical uncertainties (see
Eq. 15). For «s-values determined from the absolute jet
cross sections, the dominant uncertainty is the normalisation
uncertainty, since it is highly correlated with the value of
a5 (M7z) in the fit. The errors on the fit parameters, g and g,
are determined as the square root of the diagonal elements
of the inverse of the Hessian matrix.

7.3 Theoretical uncertainties on o

Uncertainties on o from uncertainties on the theory predic-
tions are often determined using the offset method.* In this
analysis a different approach is taken. The theory uncertain-
ties are determined for each source separately using linear

4 In this procedure, parameters are changed one at a time, the fit is
repeated and the difference with respect to the central fit result is cal-
culated.
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Table 32 Correlation coefficients between data points of the dijet measurement as a function of Q2 and &. Since the matrix is symmetric only the
upper triangle is given. The bin labels are defined in Table 5. All values are multiplied by a factor of 100

Dijet as Dijet as function of Q2 and &)

function of

0%and &, la 1b lc 1d 2a 2b 2c 2d 3a 3b 3c 3d 4a 4b 4c 4d 5b Sc 5d 6d

la 100 =35 2 =23 -—l14 1 3 3 3 -1

1b 100 -39 14 5 —10 4 -1 4 -1 1 3 1 3 -1 2

Ic 100 =25 5 —10 3 —1 3 -1 1 2 —1 2 —1

1d 100 3 -1 3 —14 -1 2 1 1

2a 100 -22 13 =22 2 —1 1 1 —1 -1 —1
2b 100 —38 8 5 -7 3 —1 1 3 —1 4 -1 1

2¢ 100 26 -2 4 -7 3 1 —1 2 —1

2d 100 -3 -1 3 —10 1 1 1
3a 100 =33 15 -7 —6 2 -2 -2

3b 100 34 9 2 -3 1 6 -1 1 1
3¢ 100 -27 -1 3 -3 1 4 —1 —1
3d 100 -1 2 -5 1

4a 100 —13 12 —17 3 -2 1

4b 100 -29 -9 4 —1

4c 100 —-20 3 6 -2 —1
4d 100 -2 1

5b 100 —16 21

5¢c 100 —24 -3
5d 100 14
6d 100

Table 33 Split-up of systematic uncertainties in the fit of the strong
coupling constant o

Correlated
fraction f€

Source of
uncertainties k

Uncorrelated Uncorrelated
fraction fU  between Q2 bins

Jet energy scale 855 0.5 0.5
Rem. cluster energy 0.5 0.5
scale SRCES
LAr Noise s-A™Noise ]
Electron energy 8% 1 v
Electron polar angle 1 v
8%
Electron ID §P© 1 0 v
Normalisation sNor™ 1 0
Model sModel 0.25 0.75 v

error propagation [53]. Uncertainties on ¢ originating from
a specific source of theory uncertainty are calculated as:

2
(o) = r<( 5,)
Nbins <

2
Uy A) ,
i o0

where 7; is the prediction inbin i, A, is the uncertainty of the
theory in bini and f C( f U are the correlated (uncorrelated)

Nbins aa
s
Z Bt,'

i 0

do

at; (15)
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Table 34 The total experimental uncertainty on o; from fits to different
jetcross sections, and the contributions from the most relevant sources of
uncertainties. These are the normalisation uncertainty, the uncertainties
on the reconstruction of the HFS (AEFES and A({ES) and the model
uncertainty

Experimental uncertainties on oy x 10*

Measurement AGP  ANom  ARCES  AJES - AModel

Ot 22 185 48 55 45

Odijet 234 194 4.4 43 6.4

Oijet 167 112 54 43 46
Ojet

e 89 - 1.7 44 22

ONC

Jdijet 99 - 1.6 33 36
ONC

Turjet 113 - 4.0 35 42
ONC

[Oiet» Tdijet Ojet] 160 9.6 59 32 5.0

[@, Tdijet m] 76 - 2.4 28 18
ONC ONC ONC

fractions of the uncertainty source under investigation. The
partial derivatives are calculated numerically at the as-value,
o, obtained from the fit. The uncertainties on o obtained
this way are found to be of comparable size as the uncer-
tainties obtained with other methods, like the offset method
[11,77]. Because Eq. 15 is linear, the theory uncertainties are
symmetric and can be interpreted as one standard deviation
confidence intervals.
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Table 35 Correlation coefficients between data points of the trijet measurement as a function of Q% and &,. Since the matrix is symmetric only the
upper triangle is given. The bin labels are defined in Table 5. All values are multiplied by a factor of 100

Trijet as Trijet as function of Q2 and &;

function of

Q% and & 1A 1B 1C 2A 2B 2C 3A 3B 3C 4A 4B 4C 5B 5C 6C
1A 100 -35 12 =5 2 —1 11 -3 6 -2 1 -3 2 1
1B 100 —43 3 -8 1 -2 6 -1 -1 6 -1 8 -5 -2
1C 100 4 -8 1 —1 2 —1 3 -2 6 3
2A 100 -33 9 —4 1 5 -2 1 -2 1

2B 100 —43 3 -7 3 -1 6 -1 6 -3 -2
2C 100 -2 5 —6 -1 3 -2 6 3
3A 100 -37 8 —4 1 -1 -2

3B 100 —36 2 8 -2 -2
3C 100 -1 2 -2 5 3
4A 100 -39 11 1
4B 100 -36 6 -3 -2
4C 100 -1 5 4
5B 100 —33 —4
5C 100 10
6C 100

Theoretical uncertainties in the determination of «; arise
from unknown higher order corrections beyond NLO, from
uncertainties on

the hadronisation corrections and from uncertainties on
the PDFs. Three distinct sources of uncertainties from the
PDFs are considered. These are uncertainties due to the lim-
ited precision of the input data in the determination of the
PDFs, the uncertainty of the value of oy (M), which was
used for obtaining the PDFs, and procedural uncertainties in
the PDF fit. Details for all theoretical uncertainties consid-
ered are given below.

e Uncertainties resulting from truncation of the per-
turbative series: The uncertainty due to missing higher
orders is conventionally determined by a variation of
and 1 s. In order to obtain conservative estimates from
Eq. 15, the uncertainty from scale variations on the theory
predictions is defined by [78]

Agy = max (|6 (1 = cuiro) = i (1 = 10)|)g 520, <o -
(16)

using a continuous variation of the scale in the interval
0.5 < ¢, < 2. The uncertainty from scale variations on
oy, Al ,is then given by Eq. 15 using Aﬁf . Possible higher
order contributions may change both the normalisation
and the shape of the cross section predictions. While the
former effect has to be taken as correlated uncertainty,
the latter will result in uncorrelated uncertainties. Since

the size of the effect of these two kinds of uncertain-
ties cannot be estimated the correlated and uncorrelated
fractions of Aﬁf are assumed to be 0.5 each. In case of
normalised jet cross sections, the uncertainty Aff is deter-
mined by a simultaneous variation of the scales in the
numerator and denominator. The scale dependence of
the inclusive NC DIS calculation is small compared to
the scale dependence of the jet cross sections, since it is
in LO of O(ag (ur)). Changing the renormalisation scale
for the jet cross sections to ;t, = Q or 4, = Pr resultsin
changes in s (M z) which are typically of similar size as
the experimental uncertainty and always smaller than the
renormalisation scale uncertainty. The uncertainty from
the variation of the renormalisation scale is by far the
largest uncertainty of all theoretical and experimental
uncertainties considered. Calculations beyond NLO are
therefore mandatory for a more precise determination of
o from jet cross sections in DIS.

Hadronisation uncertainties: The uncertainties of the
hadronisation correction A?ad on the theory predictions
are obtained using half the difference of the hadronisation
corrections calculated with the Lund string model and the
cluster fragmentation model (see Sect. 5.5). The resulting
uncertainties on ¢ are determined using the linear error
propagation described above. The uncertainty is taken to
be half correlated and half uncorrelated.

PDF uncertainty: PDF uncertainties on «j, AE?F are
estimated by propagating the uncertainty eigenvectors of
the MSTW2008 PDF set. Details are described in [53].
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Table 36 Correlation coefficients between data points of the inclusive jet measurement as a function of Q2 and P%et and of the dijet measurement
as a function of Q2 and &. The bin labels are defined in Table 5. All values are multiplied by a factor of 100

Inclusive jet
as function of

Dijet as function of Q2 and &,

Q*amd P  1a b lc 1d 2a 2 2 2 3a

3b 3c 3d 4a 4b 4c 4d 5b Sc 5d 6d

lo
18
ly
18
2a
28
2y
268
3a
3B
3y
38
4o
4p
4y
45
Sa
58
5y
568
6a
68
6y
64

28 7 6 -3 -2 -1 1
4 21 9 3 -2 —1 —1 1
4 13 24 —1 -2 -3
6 -3 28 -1 -4
-3 -1 -1 26 10 7 -3
-3 -1 2 19 12 2 -2
-1 -2 -3 2 4 12 26 1
-2 —4 5 1 -2 31 1
1 1 -2 -1 -1 31
1 -1 -2 -2 6
1 1 -2 -3 -1
-1 1 -1 -3
1 -2

-2 -2
-1 -2 —4
-3

14 9 -1 -1 -1

22 12 1 -2 -1

3 15 30 -1 -3

2 —4 31 -1
-1 -1 21 20 11 -1 -1 -1 -1
-1 -1 -2 16 14 6 -1 -1 -1

—1 —1 11 20 21
—1 10 24 —1
1 —1 2 -2 18
-1 4 34
27
16
-1 8

Uncertainty due to the limited precision of o (M) in
the PDF fit: The PDFs depend on the «o3(Mz) value
used for their determination. This leads to an addi-
tional uncertainty on the PDFs and thus to an additional
uncertainty on the o-value extracted from the jet cross
sections. This uncertainty, AEPF(O‘“), is conventionally
defined as a variation of £0.002 around the nominal value
of ag(Mz) = 0.118 (see e.g. [79]). For the full range of
available MSTW2008 PDF sets with different fixed val-
ues of az(M7z), the resulting values of « from fits to jet
data are displayed in Fig. 18. While some dependence on
the value of o (My) used in the PDF fit is observed for
the o; values obtained from inclusive jet and dijet cross
sections, the «-value obtained from the trijet cross sec-
tions shows only a very weak dependence on o (M7z).
This is due to the high sensitivity of the trijet cross sec-
tions to oz, where the calculation is of O (af) already at
LO. Consequently, due to the inclusion of the trijet cross
sections, the dependence on oy (M) as used in the PDF
fit is reduced for the fit to the multijet dataset.

Procedural and theory uncertainties on the PDFs: In
order to estimate the uncertainty due to the procedure
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used to extract PDFs, all o fits are repeated using PDF
sets from different groups. The «;-values obtained are
displayed in Fig. 19 and are listed in Table 39. Half
the difference between the o-values obtained using the
NNPDF2.3 and CT10 PDF sets is assigned as PDF set
uncertainty, AE?FS“. The values for AEPFS“ are in the
range from 0.0007 to 0.0012. ‘

7.4 Results of the o-fit

The strong coupling constant is determined from each of
the jet measurements, i.e. from the absolute and normalised
inclusive jet, dijet and trijet cross sections as a function of
0? and Pr, as well as from the three absolute and three
normalised jet cross sections simultaneously. The statistical
correlations (Tables 26, 27, 28, 29, 30, 31) are taken into
account. The ay-values obtained from measurements using
the kr jet algorithm are compared to those using the anti-kt
jet algorithm with the corresponding NLO calculations.

The NLO correction to the LO cross section is below 50 %
for all of the data points and below 30 % for 64 % of the data
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Table 37 Correlation coefficients between data points of the inclusive jet measurement as a function of Q% and P%et and the data points of the trijet
measurement as a function of Q2 and &3. The bin labels are defined in Table 5. All values are multiplied by a factor of 100

Inclusive jet Trijet as function of Q2 and &3

as function of

2 jet
0% and P} 1A 1B 1C 2A

3B 3C 4A 4B 4C 5B 5C 6C

17
8

la
18
ly
15 1
2a
28
2y
28
3a
3p
3y
36
4o
4p
4y
45
Sa
58
5y
58
60
68
6y
65

14
14
20
13

-1

-1
—1

-1

—1

—1
—1

-1
-1

-1

17

—1

-1
-1

-1
-1 -1
-1

-1

-1

-1

—1 —1 —1

—1

16
16
11 —1
—1 —1
15 —1
25
—1
—1

-1

11
13

-1
-1
-1

-1
-1
-1

-1
-1
-1
24
18
21
11

points. Itis assumed that the perturbative series is converging
sufficiently fast, such that NLO calculations are applicable,
and that the uncertainty from the variation of the renormal-
isation and factorisation scales accounts for the not yet cal-
culated contributions beyond NLO.

The «; results, determined from fits to the individual
absolute and normalised jet cross sections as well as to
the absolute and normalised multijet cross sections using
either the kt or the anti-kt jet algorithms, are summarised
in Table 40, together with the split-up of the contribu-
tions to the theoretical uncertainty. The largest contribution
is due to the variation of the renormalisation scale. The
fits yield, for the kr-jets taken as an example, the follow-
ing values of %2 /ngof for the absolute (normalised) inclu-
sive jet, dijet and trijet measurements, 24.8/23 (26.8/23),
25.1/23(31.0/23) and 13.6/15 (11.8/15), respectively. For
the absolute (normalised) multijet measurements the value
of 75.2/63 (89.8/63) is obtained. Note that the theoretical
uncertainties on ¢ are not considered in the calculation of
X2 /ndot. The fact that X2 /ndof degrades as more data are

included (multijets as compared to individual data sets) or as
the experimental precision is improved (normalised as com-
pared to absolute cross sections) indicates a problem with
the theory, possibly related to higher order corrections. Sim-
ilarly, the fact that o5 extracted from the dijet data is below
the values obtained from inclusive jet or trijet data may be
due to unknown higher order effects.

All ag-values extracted are compatible within the theoret-
ical uncertainty obtained by the scale variations. The values
of a extracted using kT or anti-kT jet cross sections are quite
consistent. Among the absolute cross sections, not consider-
ing the multijet fit, the trijet data yield values of o; with the
highest experimental precision, because the LO trijet cross
section is proportional to af, whereas the inclusive or dijet
cross section at LO are proportional to oz only.

The best experimental precision on «; is achieved for
normalised jet cross sections, due to the full cancellation
of all normalisation uncertainties, which are highly corre-
lated with the value of ag(My) in the fit. A breakdown of
the individual uncertainties contributing to the total experi-
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Table 38 Correlation coefficients between data points of the dijet measurement as a function of Q2 and & and of the trijet measurement as a
function of Q2 and &3. The bin labels are defined in Table 5. All values are multiplied by a factor of 100

Dijet as Trijet as function of Q2 and &;

function of

0% and &, 1A 1B 1C 2A 2B 2C

3A

3B 3C 4A 4B 4C 5B 5C 6C

16 -2

16

la -3
1b
lc
1d
2a
2b
2¢c
2d
3a
3b
3c
3d
4a
4b
4c
4d
S5b
5c
5d
6d

—1
-1 1
12

-1
-1
-1 -1
-1

1

-1
—1
—1

—1 —1

—1

—1
-1

-1
-1

-1
-1 -1
-1
-1
-1

-1 29

0.13 [~ Fits with MSTW2008 o, sets
| Olnclusive jet
Dijet
Trijet
A Multijet
¥ Normalised multijet
Fits using PDF with 0,,=0.118

H1

O (MZ) from fits to jet data

A—A—A—

0.11

I | | | ‘ | | ‘ | | | ‘ | | I
0.12 0.125 0.13

O (MZ) used in PDF fit

Fig. 18 Values of «;(My) extracted from fits of the NLO QCD pre-
dictions to the jet cross section measurements. Shown are the values of
o5 (Mz) obtained with the inclusive jet, dijet and trijet data separately,
and for fits either to the multijet or to the normalized multijet measure-
ments. Each point stands for a value of oz (Mz) obtained using a PDF
set which has been determined assuming a fixed values of as(Mz) as
indicated
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mental uncertainty is given in Table 34. For the «; extraction
using absolute cross sections, the normalisation uncertainty
is the dominant uncertainty. The jet energy scale, the remain-
ing cluster energy scale and the model uncertainty con-
tribute with similar size to the experimental uncertainty. All
other experimental uncertainties are negligible with respect
to these uncertainties. The uncertainties from scale variations
are somewhat reduced for normalised jet cross sections, due
to the simultaneous variation of the scales in the numera-
tor and the denominator. The uncertainties from PDFs are
of similar size when comparing absolute and normalised jet
cross sections. The residual differences are well understood
[53].

The absolute and normalised dijet cross sections yield a
significantly smaller value of ¢ than the corresponding val-
ues from inclusive jet cross sections, considering the experi-
mental uncertainty only. This is attributed to missing higher
order contributions in the calculations, which may be dif-
ferent in the inclusive jet phase space region which is not
part of the dijet phase space. These are, for instance, the
dijet topologies with M1y < 16 GeV, or events where one
jet is outside the acceptance in niztb. In order to test the
influence of the phase space, an inclusive jet measurement
is performed in the phase space of the dijet measurement,
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Fig. 19 Values of a5 (My)

H1 Collaboration

extracted from fits of NLO QCD
predictions to the absolute and
normalised jet cross sections
using different PDF sets: "
MSTW2008, CT10, NNPDF2.3, Dijet
HERAPDF1.5 and ABM11. For
the MSTW2008 PDF set the
PDF uncertainty on as(Mz) as
determined from the
MSTW2008 eigenvectors is
shown as horizontal error bar

T T 11 | T 17T | T T MSTW2008 e
Inclusive jet miv CT10 v
o NNPDF2.3 A
HA VY
i HERAPDF1.5 n
Trijet Axy ABM11
All PDFs with 0,=0.118
Normalised inclusive jet A @
Normalised dijet A E
Normalised trijet AVE
Multijet -v
Normalised multijet A B
1 | 11 1 1 | 111 1 | 1 1
0.11 0.115 0.12
0l (MZ)

Table 39 Values for o (M7) obtained from fits to absolute and normalized cross sections using different PDF sets

g (Mz) using different PDF sets

Measurement aySTW2008 aSCTIO ai\lNPDFZB ag—{ERAPDFl,S (XSABM“
All PDF sets used were determined with s (Mz) = 0.1180

Ojet 0.1174 0.1180 0.1167 0.1158 0.1136
Odijet 0.1137 0.1142 0.1127 0.1120 0.1101
Oijet 0.1178 0.1178 0.1169 0.1174 0.1176
Ziet 0.1176 0.1185 0.1170 0.1183 0.1186
ONC

Jdlijet 0.1135 0.1143 0.1127 0.1143 0.1150
ONC

Jurijet 0.1182 0.1185 0.1175 0.1191 0.1204
ONC

[Oet, Odijets Tije] 0.1185 0.1187 0.1178 0.1180 0.1176
[@, Jdijet @] 0.1165 0.1172 0.1158 0.1172 0.1177

ONC ONC ONC

i.e. with the requirement of two jets, M» > 16 GeV and
7 < (Pr)2 < 50 GeV. When using the identical scale
u? = Q? for the a,-fit to this inclusive jet and the dijet
measurement, the difference in o is only 0.0003. With the
nominal scales, /L% =(0%+ (P%et)z) /2 for this inclusive jet
measurement and ,uf = (Q%+((Pr)2)?)/2 forthe dijet mea-
surement, the difference in «; increases to 0.0007. Since the
o values obtained are rather similar, this lends some support
to the argument given above.

The best experimental precision on o is obtained from a
fit to normalised multijet cross sections, yielding:

as(Mz)lkr = 0.1165 (8)exp (5)PDF (7)PDFset
X (3)PDF(ay) (8)had (30)y, Sy
= 0.1165 (S)exp (38)pdf,theo- a7

Here, we quote the value obtained for jets reconstructed with
the kT algorithm. As can be seen in Table 40, it is fully con-
sistent with the a;-value found for jets using the anti-kT algo-
rithm.

The uncertainties on oz(Mz) are dominated by the-
ory uncertainties from missing higher orders and allow a
determination of os(Mz) with a precision of 3.4 % only,
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Table 40 Values of o (M7) obtained from fits to absolute and normalised single jet and multijet cross sections employing the kT or the anti-k jet

algorithm. Theoretical uncertainties are quoted for the fits to the kT jet cross sections

Summary of values of «;(M7z) and uncertainties

Measurement s (Mz) iy as(Mz)|anti-ky PDF and theoretical uncertainties
Individual contributions Total
Ojet 0.1174 (22)exp 0.1175 (22)exp (7)PDF (7)PDFset (S)PDF(QS) (10)had (48)u, (6);Lf (So)pdf,theo
Odijet 0.1137 (23)exp  0.1152(23)exp  (DppE (DPDFset  (O)PDF(s)  (Dhad GNp, Oy (40)pdf,theo
Otrijet 0.1178 (17)exp  0.1174(18)exp  (B)pDF  (S)pDEset  (OPDR(@)  (1Dhaa Gy, Bluy  (36)pdr,theo
o
ﬁ 0.1176 (9)exp 0.1172 (S)exp (6)PDF (7)PDFset (4)PDF(015) (8)had (4])/L,- (6),” (44)pdf.lheo
Odij
ﬁtl 0.1135 (10)exp 0.1147 (9)exp (S)PDF (S)PDFset (3)PDF(as) (6)had (32);4.r (6)u_/~ (35)pdf,theo
Pige
o"-:]]: 0.1182 (1 l)exp 0.1177 (12)exp (3)ppF (5)PDFset (O)PDF(aS) (11)haq (34)/Lr (3)11»/‘ (36)pdf,theo
[Ujeta Odijet» Utrijet] 0.1185 (16)exp 0.1181 (17)exp (3)pDF (4)PDFset (Z)PDF(aS) (13)had (38)ur (3)}Lf (40)pdf,the0
Oit  Odiier O
[’—e‘, ==, —“‘Je‘] 0.1165®)exp  0.1165(Mexp  Sepr  Deprset  BppF@y B GOy, Oy B)pat.tneo
ONC ONC ONC ‘
while an experimental precision of 0.7 % is reached. When H1 Collaboration
assuming the theory uncertainties on the cross section pre- o L L
dictions to be fully correlated or when using the offset Inclusive jet . S
method to estimate these uncertainties, the resulting uncer- Dijet L m——
tainty on oz (M7z) is about 30 % larger. Complete next-to- Trijet o
next-to-leading order calculations of jet productioninDIS | ~ TR
are required to reduce this mismatch in precision between
experiment and theory. Normalised inclusive jet . o S
The o-values determined are compatible with the world Normalised dijet ——
average [62,80] value 'of as(Mz) = 0.11.85 (6) w1th.1n .the Normalised tijet ~  —e—
experimental and particularly the theoretical uncertainties.
The ay-values extracted from the kr-jet cross sections are
compared to the world average value in Fig. 20. Muttijet TEE
The value of ay(Mz) with the highest overall precision Normalised multijet —.—
is obtained from fits to a reduced phase space region, in
which the dominant theoretical uncertainty, estimated from
variations of the renormalisation and factorisation scales, are ﬂgﬂgﬂg‘giﬁg%ﬁmm ot s B
reduced at the expense of an increased experimental uncer- '0 |11' — 6 1|15' — '0 1|2' .
tainty. For photon virtualities of Q%> > 400 GeV? a total ’ ’ -oc M)
S

uncertainty of 2.9 % on the «-value is obtained, with a value
of

as(MZ)|kT =0.1160 (ll)exp (32)pdf,theo-

The value of oz (M) is the most precise value ever derived
at NLO from jet data recorded in a single experiment.

The running of « (1) is determined from five fits using
the normalised multijet cross sections, each based on a set
of measurements with comparable values of the renormali-
sation scale w,. The values of os(Mz) and o (14, ) extracted
are listed in Table 41 together with the cross section weighted
average values of ,. The values of « (1t,) are obtained from
the values of a5 (Mz) by applying the 2-loop solution for the
evolution equation of o, (u,). The values of oy(Mz) and

@ Springer

Fig. 20 Comparison of os-values extracted from different jet cross sec-
tion measurements, separately and simultaneously, to the world average
value of a5(Mz). The full line indicates the experimental uncertainty
and the dashed line the theoretical uncertainty. The band indicates the
uncertainty of the world average value of oz (M7z)

o () obtained from the kr-jets are displayed in Fig. 21
together with results from other recent and precise jet data’
[10,82—-86]. Within the small experimental uncertainties the
values of oz (Mz) of the present analysis are consistent and

5 The values o (ur) given in [82-84,86] are evolved to g (M z) for this
comparison, whereas the values of both o (1) and «s(Mz) are given

in [85].
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Table 41 Values of ag(Mz) and (i, ) from five fits to groups of
data points with comparable value of the renormalisation scale from
normalised multijet cross sections. The cross section weighted average

value of the renormalisation scale is also given. Theoretical uncertain-
ties are quoted for the fits to the normalised kt jet cross sections

os(M7z) from data points with comparable u,-values

(ur) [GeV] No. of data points s (Mz) iy a5 (Mz)|anti-ky  PDF and theoretical uncertainties

Individual contributions Total
11.9 9 0.1168 (10)exp 0.1174 (10)exp  (6)pDF  (10)pDEset  (S)PDF(@)  (10had  (43)y,  O)p,  (47)pdf.theo
14.1 6 0.1155(16)exp 0.1159 (14)exp  (O)pDF  (1DpDEset  (3)PDF@)  Dnaa BNy, Gluy  (40)par,theo
174 18 0.1174 (13)exp  0.1163 (13)exp  (S)ppF  (12)pDEset  (DPDF@)  (MDhad Gy, Glpy,  B7)pdf theo
25.6 22 0.1153 (14)exp  0.1150 (14)exp  (MpDE  (IDPDEset  (DPDF@)  (nad 28y, G)uy  BDpdr,theo
59.6 9 0.1169 (66)cxp 0.1185(60)exp (10)ppr  (DpDFset  (DPDF@)  Phad 29y, B)u,  (32)pdr,theo
o, () from data points with comparable p,-values
(ur) [GeV] No. of data points o (1) |k s (tr)|anti-ky ~ PDF and theoretical uncertainties at y,

Individual contributions Total
11.9 9 0.1684 (22)exp  0.1697 2Dexp (13)ppF 2DpDEset  (1DPDF(ay) (2Dhada ODy,  (13)n, (100)pat, theo
14.1 6 0.1600 31)exp 0.1605 (28)exp (12)pDF  (2D)pDEset  (0)PDF(@)  (18)had  (72)p,  (10),  (79)pdf,theo
174 18 0.1567 24)exp  0.1546 (23)exp  (DpDF (22)PDFset  (2)PDF@)  (13had (6D, Dy (67)pdt theo
25.6 22 0.1420 (22)exp 0.14152Dexp (O)pDF  (I7)PDEset  (3)PDF@)  (Bnad (43, B)u,  (47)pdr,theo
59.6 9 0.1248 (76)exp 0.1267 (68)exp (10)ppr  (1)PDFset (l)PDF(aS) (5)had (33)u,- (9)Hf (37)pdf,theo

independent of . Good agreement is found with H1 data
[10] at low scales and other jet data [8§1-86] at medium and
high scales. The prediction for the running of o (t,) using
as(Mz) = 0.1165 (8)exp (38)pdt,theo- as extracted from the
normalised multijet cross sections, is also shown in Fig. 21,
together with its experimental and total uncertainty. The pre-
diction is in good agreement with the measured values of

os ().

8 Summary

Measurements of inclusive jet, dijet and trijet cross sections
in the Breit frame in deep-inelastic electron-proton scatter-
ing in the kinematical range 150 < Q% < 15000 GeV? and
0.2 < y < 0.7 are presented, using H1 data correspond-
ing to an integrated luminosity of 351pb~!. The measure-
ments consist of absolute jet cross sections as well as jet
cross sections normalised to the neutral current DIS cross
sections. Jets are determined using the kT and the anti-kt
jet algorithm. Compared to previous jet measurements by
HI1, this analysis makes use of an improved electron calibra-
tion and further development of the energy flow algorithm,
which combines information from tracking and calorimetric
measurements, by including a better separation of electro-
magnetic and hadronic components of showers. The sum of
these improvements, together with a new method to cali-

brate the hadronic final state, reduces the hadronic energy
scale uncertainty by a factor of two to 1 % for Pﬁab down
to 5 GeV. ’

The jet cross section measurements are performed using a
regularised unfolding procedure to correct the neutral current
DIS, the inclusive jet, the dijet and the trijet measurements
simultaneously for detector effects. It considers up to seven
different observables per measurement for the description
of kinematical migrations due to the limited detector resolu-
tion. This approach provides a reliable treatment of migration
effects and enables the determination of the statistical corre-
lations between the three jet measurements and the neutral
current DIS measurement.

Theoretical QCD calculations at NLO, corrected for
hadronisation and electroweak effects, provide a good
description of the measured double-differential jet cross sec-
tions as a function of the exchanged boson virtuality 02, the
jet transverse momentum Pjet, the mean transverse momen-
tum (Pr)> and (Pr)3 in case of dijets and trijets, as well as
of the longitudinal proton momentum fractions &; and &3. In
general, the precision of the data is considerably better than
that of the NLO calculations.

The measurements of the inclusive, the dijet and the tri-
jet cross section are used separately and also simultaneously
to extract values for the strong coupling constant o (Mz).
The best experimental precision of 0.7 % is obtained when
using the normalised multijet cross sections. The simultane-
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Fig. 21 The upper panel shows the values of the strong coupling
o (ir) as determined from the normalized multijet measurement (open
dots) at different scales p,. The inner error bars indicate the experimen-
tal uncertainty, while the full error bars indicate the total uncertainty,
including the experimental and theoretical contributions. The solid line
shows the NLO QCD prediction calculated using the renormalisation
group equation with ag(Mz) = 0.1165 as determined from the simul-
taneous fit to all normalized multijet measurements. The dark shaded
band around this line indicates the experimental uncertainty on o (i,),
while the light shaded band shows the total uncertainty. Also shown
are the values of oy from multijet measurement at low values of Q>
by H1 (circles), from inclusive jet measurements in photoproduction
by the ZEUS experiment (upper triangles), from the 3-jet rate y3 in
a fit of NNLO calculations to ALEPH data taken at LEP (diamonds),
from the 4-jet rate measured by the JADE experiment at PETRA (stars),
from the jet transition value y>3 measured by OPAL at LEP (squares),
from the ratio of trijet to dijet cross sections R3,> as measured by the
CMS experiment at the LHC (crosses), and from jet angular correla-
tions Ra g by the DO experiment at the Tevatron (lower triangles). In the
lower panel the equivalent values of a;(Mz) for all measurements are
shown

ous extraction of the strong coupling constant o5 (Mz) from
the normalised inclusive jet, the dijet and the trijet samples
using the kT jet algorithm yields:

as(Mz) |y = 0.1165 (8)exp (5)pDE (7)PDEset (3)PDF(as)
X (8)had (36)M, (S)Mf
= 0.1165 (S)exp (38)pdf,theo~ (18)

A very similar result is obtained when using the anti-kT jet
algorithm. The values and uncertainties of «g (M z) obtained
using absolute jet cross sections are consistent with the results
from the corresponding normalised jet cross sections, albeit
with larger experimental uncertainties. A tension is observed
between the value of «g (M7) extracted from the dijet sample
and the similar values obtained from the inclusive jet and the
trijet samples. This may be caused by missing higher orders

@ Springer

in the calculations, which can be different in the inclusive jet
phase space region which is not part of the dijet phase space.
When restricting the measurement to regions of higher
Q2, where the scale uncertainties are reduced, the smallest
total uncertainty on the extracted o (Mz) is found for 0% >
400 GeV?. For this region the loss in experimental precision
is compensated by the reduced theory uncertainty, yielding

ax(MZ)|kT =0.1160 (1 l)exp (32)pdf,theo~

The extracted oz (Mz)-values are compatible within uncer-
tainties with the world average value of os (M 7) =0.1185 (6)
and with ag-values from other jet data. Calculations in NNLO
are needed to benefit from the superior experimental preci-
sion of the DIS jet data.

The running of «; (i, ), determined from the normalised
multijet cross sections, is shown to be consistent with the
expectation from the renormalisation group equation and
with values of «;(1t,) from other jet measurements.
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