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Abstract

A measurement of jet cross sections in neutral current deep-inelastic scattering normalised
to the neutral current deep-inelastic scattering inclusive cross sectionsis presented and
compared to next-to-leading order and novel next-to-next-to-leading order prediction in
perturbative QCD.



1 Results and Discussions

Cross sections for jet production in neutral-current deep-inelasticep scattering (NC DIS) are
measured using data taken with the H1 experiment in the years2006 and 2007 during the
HERA-II running period, corresponding to an integrated luminosity of 184 pb−1. The kinematic
range is defined by the exchanged photon virtuality of 5.5 < Q2

< 80 GeV2 and inelasticity
0.2 < y < 0.6. Jets are defined in the Breit frame using the inclusivekT cluster algorithm [1]
with a distance parameter ofR = 1 and are required to exceed a minimum jet transverse mo-
mentum in the Breit frame,Pjet

T , of 4.5 GeV and to have a pseudorapidity in the laboratory frame
in the range−1.0 < ηjet

lab < 2.5.

The presented normalised jet cross sections are defined as the ratio of the double-differential
absolute jet cross sections to the inclusive NC DIS cross section in the respectiveQ2 bin. The
calculation of the statistical uncertainties in this ratiotakes the statistical correlations between
the numerator and the denominator into account, since theseare measured on detector level
and propagated linearly through the unfolding process. Jetcross sections normalised to the NC
DIS cross sections benefit from a full cancellation of normalisation uncertainties and partial
cancellation of other experimental uncertainties. Absolute jet cross sections, i.e. not normalised
to the inclusive NC DIS cross sections, based on the same dataset, have already been presented
in ref. [2].

Normalised dijet and trijet cross sections, where events with at least two or three jets are
counted, are obtained as a function ofQ2 and the average transverse momentum of the two
or three leading jets,〈PT〉2 and 〈PT〉3, respectively, in the ranges 5< 〈PT〉2 < 50 GeV and
5.5 < 〈PT〉3 < 40 GeV. Normalised inclusive jet cross sections, where every individual jet is
counted, are obtained as a function ofQ2 andPjet

T in the range 4.5 < Pjet
T < 50 GeV.

In addition, normalised inclusive jet cross sections are further presented in the range 5< Pjet
T <

7 GeV for higher values ofQ2 in the range 150< Q2
< 15 000 GeV. These new high-Q2

measurements extend the kinematic range of an earlier analysis of H1 HERA-II data [3] and
related details on these high-Q2 inclusive jet measurements are found in ref. [3]. The studies
performed within the scope of this analysis improved the understanding of low-Pjet

T jets and also
validated the estimation of the uncertainties. Now these additional data points are given.

Jet cross sections are obtained using regularised unfolding procedure as implemented in the
TUnfold [4] package, where cross sections for the NC DIS, inclusive jet, dijet and trijet produc-
tion are unfolded simultaneously and the statistical correlations are taken into account in this
procedure. The kinematic migrations are determined with the two Monte Carlo event generators
Djangoh [5] and Rapgap [6]. The data are corrected for photoproduction background contribu-
tions (Q2

< 2 GeV2) using the Pythia event generator [7], and the background isfound to be
almost negligible for jet cross sections. The data are corrected for higher-order QED radiative
effects.

The cross sections are obtained double-differentially as a function ofQ2 and PT, wherePT

denotes the transverse momenta of the individual jets for inclusive jets or the average transverse
momenta of the two or three leading jets with the highestPjet

T in case of dijet and trijet cross
sections. The kinematic range of the cross sections is summarised in table 1.

The data are compared in figs. 1 to 6 to theoretical predictions in perturbative QCD (pQCD).
The predictions are summarised in table 2 and described briefly in the following:
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Phase space low-Q2 Phase space high-Q2

NC DIS phase space 5.5 < Q2
< 80 GeV2 150< Q2

< 15,000 GeV2

0.2 < y < 0.6 0.2 < y < 0.7

Phase space common −1.0 < ηjet
lab < 2.5 −1.0 < ηjet

lab < 2.5

for all jets Pjet
T > 4 GeV

Inclusive jet 4.5 < Pjet
T < 50 GeV 5< Pjet

T < 7 GeV

Dijet Njet ≥ 2

5 < 〈PT〉2 < 50 GeV

Trijet Njet ≥ 3

5.5 < 〈PT〉3 < 40 GeV

Table 1: Summary of the phase space of the presented normalised jet cross sections. Normalised
jet cross sections at high values ofQ2 are further presented in ref. [3].

Predictions NLO aNNLO NNLO

Jet cross sections

Program nlojet++ JetViP NNLOJET

pQCD order NLO [8] approximate NNLO [12] NNLO [15]

Calculation detail Dipole subtraction NLO plus NNLO contributions Antenna subtraction

from unified threshold

resummation formalism

NC DIS cross sections

Program QCDNUM APFEL APFEL

Heavy quark scheme ZM-VFNS FONLL-C FONLL-C

Order NLO NNLO NNLO

PDF NNPDF3.0NLO NNPDF3.0NNLO NNPDF3.0NNLO

αs(MZ) 0.118 0.118 0.118

Hadronisation corrections Djangoh and Rapgap

Available for

Normalised inclusive jet X X X

Normalised dijet X X

Normalised trijet X

Table 2: Summary of the theory predictions for the normalised jet cross sections. All predictions
are corrected for hadronisation effects with multiplicative corrections factors obtained from
Djangoh and Rapgap.
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• Predictions in next-to-leading order (NLO) are obtained using the program nlojet++ [8]
interfaced to the package fastNLO for jet cross sections. For the NC DIS cross sections
in the denominator of the normalised jet cross sections the program QCDNUM [9], using
zero-mass variable-flavor-number scheme (ZM-VFNS), in NLOis used. The PDF set
NNPDF3.0NLO AS 0118 [10] and a value for the strong coupling constantαs(MZ) =
0.118 are used.

• Predictions for inclusive jet cross sections are obtained from the program JetViP [11]
in approximate next-to-next-to-leading order (aNNLO) [12] applying the unified thresh-
old resummation formalism. The NC DIS cross sections are obtained from the NNPDF
Collaboration and are done consistently as in the NNPDF30 PDFextraction, using the
program APFEL [13] in NNLO and applying the FONLL-C heavy quark scheme [14].
It was validated that predictions using QCDNUM and APFEL are identical for the ZM-
VFNS. The PDF set NNPDF3.0NNLO AS 0118 and a value for the strong coupling
constantαs(MZ) = 0.118 are used for the jet and the NC DIS cross sections. These novel
predictions are compared for the first time to inclusive jet cross section at the low-Q2

kinematic domain.

• Predictions in full next-to-next-to-leading order pQCD (NNLO) [15] are obtained from
the program NNLOJET [15, 16] for inclusive jet and dijet production, where the infrared
and collinear singularities are cancelled using the antenna subtraction method. The NC
DIS predictions are identical to the ones used as for the aNNLO predictions. The PDF set
NNPDF3.0NNLO AS 0118 and a value for the strong coupling constantαs(MZ) = 0.118
are used for the jet and the NC DIS cross sections. This is the first presentation and
comparison to data of inclusive jet cross sections in full NNLO.

• The inclusive NC DIS cross sections are very well described by the theoretical prediction
in NLO within the experimental uncertainties, while in NNLOthe predictions undershoot
the data up to 7 % at lowest values ofQ2. Such lowQ2 data were however not included
in the determination of the used PDFs.

• The predictions for normalised jet cross sections are corrected for hadronisation effects
applying bin-wise multiplicative correction factors. These are defined as the ratio of cross
sections at hadron level to the parton level, i.e. before hadronisation took place and are
determined with the help of the two Monte Carlo event generators: Djangoh [5] and
Rapgap [6]. The applied factors are defined as the average correction factors from the
two models.

• The renormalisation and factorisation scale for the calculation of the jet cross sections in
the numerator are set as a rule toµ2

r = µ
2
f =

1
2(Q2 + P2

T), wherePT denotesPjet
T , 〈PT〉2 or

〈PT〉3 for inclusive jet, dijet or trijet cross sections respectively1. The renormalisation and
factorisation scales are chosen to beQ2 for the NC DIS calculations.

• Uncertainties on the theory predictions in NLO and NNLO are obtained from scale vari-
ations, where the renormalisation and factorisation scales are varied independently in the

1For the normalised dijet cross sections, and inclusive jet cross sections forQ2 values ofQ2
> 150 GeV, the

factorisation scale is chosen to beµ2
f = Q2 for NLO and NNLO, because the NNLO calculations were not yet

performed for the choice ofµ f = µr at the time of writing this report.

3



numerator by factors 0.5, 1 and 2. The uncertainties are defined as the maximum and the
minimum result from the nine possible variations, excluding the two variations with the
factor 0.5 for one scale and 2 for the other.

• The running of the fine-structure constantαem is identically defined for the jet and the NC
DIS calculations, using the implementation of EPRC [17] in xFitter [18], such that this
term cancels in the ratio.

The sensitivity of the new normalised jet cross section datato the strong coupling constant at
theZ-boson mass and to the running ofαs(µr) is studied in a fit of NLO predictions to data and
shown in fig. 8. Theχ2 definition is given in ref. [3] and uncertainties from the PDFs and on
the hadronisation corrections are further considered in this definition. The data points for nor-
malised inclusive jet, dijet and trijet production are grouped into six groups with comparable
values ofµr and the value ofαs(MZ) is obtained from minimisingχ2. The value ofαs(µr) is
calculated fromαs(MZ) by applying the solution for the evolution equation ofαs(µr). The scale
uncertainty is obtained by repeating the fits with the six different choices for scale factors of 0.5
and 2. The new data probe the running of the strong coupling constant in the range of approxi-
mately 5< µr < 35 GeV. The uncertainties on the NLO predictions dominate significantly over
the experimental uncertainties.

To improve the sensitivity to the strong coupling, also datapoints from the high-Q2 domain may
be considered in the fit [3]. A fit to all these 196 H1 HERA-II low- and high-Q2 normalised
jet cross section data points, where experimental correlations are considered, yields an experi-
mental precision onαs(MZ) of about 4 permille. Relevant theoretical uncertainties,higher than
the experimental uncertainties, are from the PDF uncertainties, the choice of the PDF set, the
input value ofαs(MZ) to the PDF fit and the hadronisation corrections. However, an extraction
of αs(MZ) from NLO predictions is entirely limited through the scaleuncertainties.

2 Summary

New measurements of jet cross sections in neutral current deep-inelastic scattering in the Breit
frame normalised to the neutral current deep-inelastic inclusive scattering cross sections are
presented. The data are compared to next-to-leading order prediction in perturbative QCD. Also
new predictions in full next-to-next-to-leading order andapproximate next-to-next-to-leading
order are shown for the first time and compared to data.

It is found that the full next-to-next-to-leading order predictions improve the description of the
normalised inclusive jet and normalised dijet data compared to next-to-leading order predic-
tions. The approximate next-to-next-to-leading order predictions improve the description of
the normalised inclusive jet data at higher values of the transverse momentum of the jets. The
sensitivity of the data to the extraction of the strong coupling constant and to the running of
the strong coupling is studied in a fit to next-to-leading order predictions. The experimental
precision on an extraction ofαs(MZ) from the H1 HERA-II normalised jet data in the range
5.5 < Q2

< 15 000 GeV is about 0.4 %.
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Figure 1: Double-differential cross sections for normalised inclusive jet production in neutral-
current DIS as function ofQ2 and Pjet

T . The vertical error bars indicate the statistical uncer-
tainties. The shaded areas around the data points show the systematic uncertainties from the
variation of the jet energy scale, cluster energy scale, electron angle and electron energy as well
as the model uncertainty. The data are compared to NLO predictions, approximate NNLO and
full NNLO predictions. The bands on the theory predictions indicate the uncertainties from
the so-called ’asymmetric 6-point’ scale variation. The triangles show the measurement from
ref. [3]. The statistical correlation with the dijet and trijet measurements are shown in figure 7.
The data are divided by thePjet

T bin size for better visibility.
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Figure 2: Ratio of normalised inclusive jet cross sections,NNLO and aNNLO predictions to
the NLO predictions. Other details as in fig. 1.
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Figure 3: Double-differential cross sections for normalised dijet production inNC DIS as a
function ofQ2 and〈PT〉2. Other details as in fig. 1.
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Figure 4: Ratio of normalised dijet cross sections and NNLO predictions to NLO predictions.
Other details as in fig. 1.
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Figure 5: Double-differential cross sections for normalised trijet production in NC DIS as a
function ofQ2 and〈PT〉3. Other details as in fig. 1.

11



 [GeV]
3

〉 
jet

T
 P〈

6 7 8 910 20 30

N
LO

σ
 / σ

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2 2  8 GeV < 
2Q < 5.5

 [GeV]
3

〉 
jet

T
 P〈

6 7 8 910 20 30

N
LO

σ
 / σ

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2 2GeV  22 < 
2Q <  16

 [GeV]
3

〉 jet

T
 P〈

6 7 8 910 20 30

N
LO

σ
 / σ

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2 2GeV  60 < 
2Q <  42

 [GeV]
3

〉 
jet

T
 P〈

6 7 8 910 20 30

N
LO

σ
 / σ

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2 2GeV  11 < 
2Q <   8

 [GeV]
3

〉 
jet

T
 P〈

6 7 8 910 20 30

N
LO

σ
 / σ

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2 2GeV  30 < 
2Q <  22

 [GeV]
3

〉 
jet

T
 P〈

6 7 8 910 20 30

N
LO

σ
 / σ

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2 2GeV  80 < 
2Q <  60

 [GeV]
3

〉 
jet

T
 P〈

6 7 8 910 20 30

N
LO

σ
 / σ

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2 2GeV  16 < 
2Q <  11

 [GeV]
3

〉 
jet

T
 P〈

6 7 8 910 20 30

N
LO

σ
 / σ

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2 2GeV  42 < 
2Q <  30

Normalised trijet

H1 HERA-II (prel.)

Systematic uncertainty

 hadr. corr.⊗NLO 

Figure 6: Ratio of normalised trijet cross sections to NLO predictions. Other details as in fig. 1.
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Figure 7: Correlation coefficients of the statistical uncertainty of the three unfoldednormalised
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jet data. The correlations between the measurements are known since they are measured on
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Figure 8: Values ofαs(MZ) extracted from the normalised inclusive jet, dijet and trijet cross
sections using NLO predictions compared to values extracted from other jet data. The upper
panel shows the values of the strong couplingαs(µr) and the lower panel the equivalent values
of αs(MZ) for all measurements. The full circles show the extracted values from the low-Q2

normalised inclusive jet, dijet and trijet data as outlinedin the text. The inner error bars indicate
the experimental uncertainty, while the full error bars indicate the total uncertainty, including
the experimental and theoretical contributions. The solidline shows the world average value
of αs(MZ) = 0.1181± 0.0013 [25], and its value evolved toµr using the solution of the QCD
renormalisation group equation. Also shown are the values of αs from multijet measurement
at high values ofQ2 by H1 [3] (dark triangles), from inclusive jet measurementsin photopro-
duction by the ZEUS experiment [19] (upper triangles), fromthe 3-jet ratey3 in a fit of NNLO
calculations [20] to ALEPH data taken at LEP (diamonds), from the 4-jet rate measured by the
JADE experiment at PETRA [21] (stars), from the jet transition valuey23 measured by OPAL at
LEP [22] (squares), from 3-jet mass cross sections as measured by the CMS experiment at the
LHC [23] (crosses). and from jet angular correlationsR∆R by the D0 experiment at the Tevatron
(lower triangles) [24]
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