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Abstract

A measurement of jet cross sections in neutral current deep-inelaatierseg normalised
to the neutral current deep-inelastic scattering inclusive cross seétigmesented and

compared to next-to-leading order and novel next-to-next-to-leadidgr grrediction in
perturbative QCD.



1 Resultsand Discussions

Cross sections for jet production in neutral-current deegaisticep scattering (NC DIS) are
measured using data taken with the H1 experiment in the y2306 and 2007 during the
HERA-II running period, corresponding to an integrated ilnosity of 184 pb*. The kinematic
range is defined by the exchanged photon virtuality 6f 5 Q? < 80 Ge\? and inelasticity

0.2 < y < 0.6. Jets are defined in the Breit frame using the inclukiveluster algorithm [1]
with a distance parameter 8 = 1 and are required to exceed a minimum jet transverse mo-
mentum in the Breit framé?Tet, of 4.5 GeV and to have a pseudorapidity in the laboratory frame

in the range-1.0 < 775, < 2.5.

The presented normalised jet cross sections are definec aattb of the double-dierential
absolute jet cross sections to the inclusive NC DIS crossosen the respectiv&)? bin. The
calculation of the statistical uncertainties in this raa&es the statistical correlations between
the numerator and the denominator into account, since theseneasured on detector level
and propagated linearly through the unfolding processcrdsis sections normalised to the NC
DIS cross sections benefit from a full cancellation of noiszion uncertainties and partial
cancellation of other experimental uncertainties. Absojet cross sections, i.e. not normalised
to the inclusive NC DIS cross sections, based on the samsealakeave already been presented
in ref. [2].

Normalised dijet and trijet cross sections, where eventh &t least two or three jets are
counted, are obtained as a function@f and the average transverse momentum of the two
or three leading jets(Pr), and(Pr)s, respectively, in the ranges & (Pt), < 50GeV and

5.5 < (Pr)3 < 40GeV. Normalised inclusive jet cross sections, whereyewatividual jet is
counted, are obtained as a function@fandP¥" in the range 4 < P’ < 50 GeV.

In addition, normalised inclusive jet cross sections arthr presented in the range<5P'Tet <

7 GeV for higher values o)’ in the range 150< Q? < 15000 GeV. These new higQ?
measurements extend the kinematic range of an earliersisalf H1L HERA-II data [3] and
related details on these higd? inclusive jet measurements are found in ref. [3]. The studie
performed within the scope of this analysis improved theausinding of IoWP‘ftjets and also
validated the estimation of the uncertainties. Now theshtimthal data points are given.

Jet cross sections are obtained using regularised ungpjoliocedure as implemented in the
TUnfold [4] package, where cross sections for the NC DISuisige jet, dijet and trijet produc-
tion are unfolded simultaneously and the statistical dati@ns are taken into account in this
procedure. The kinematic migrations are determined wighwo Monte Carlo event generators
Djangoh [5] and Rapgap [6]. The data are corrected for phrothgction background contribu-
tions @Q* < 2 Ge?) using the Pythia event generator [7], and the backgrourfiduisd to be
almost negligible for jet cross sections. The data are ctetefor higher-order QED radiative
effects.

The cross sections are obtained doubl@egéntially as a function 0€Q? and Py, where Py
denotes the transverse momenta of the individual jets fugive jets or the average transverse
momenta of the two or three leading jets with the highégtin case of dijet and trijet cross
sections. The kinematic range of the cross sections is suisedan table 1.

The data are compared in figs. 1/ to 6 to theoretical predistinrperturbative QCD (pQCD).
The predictions are summarised in table 2 and describetlybirethe following:
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Phase space low-Q? Phase space high-Q?

NC DIS phase space 55< Q?<80Ge\? 150< Q? < 15,000 GeV
02<y<0.6 02<y<07

Phase space commgn -1.0 <775 < 2.5 ~10 < <25
for all jets P > 4GeV
Inclusive jet 45 < P < 50 GeV 5< P < 7GeV
Dijet Niet > 2

5 < (P1)2 < 50GeV
Trijet Niet > 3

55 < (Pr)3 <40 GeV

Table 1: Summary of the phase space of the presented noech@iscross sections. Normalised
jet cross sections at high values@f 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

from unified threshold
resummation formalism

Antenna sabtion

NC DIS cross sections

Program QCDNUM APFEL APFEL
Heavy quark scheme ZM-VENS FONLL-C FONLL-C
Order NLO NNLO NNLO

PDF NNPDF3.ONLO NNPDF3.O0NNLO NNPDF3.0NNLO
as(Mz) 0.118 0.118 0.118
Hadronisation corrections Djangoh and Rapgap

Available for

Normalised inclusive jet v v v
Normalised dijet v v
Normalised trijet v

Table 2: Summary of the theory predictions for the normallie¢ cross sections. All predictions
are corrected for hadronisatiorffects with multiplicative corrections factors obtainednfro

Djangoh and Rapgap.



e Predictions in next-to-leading order (NLO) are obtainethgshe program nlojet+ [8]
interfaced to the package fastNLO for jet cross sections.ti@®NC DIS cross sections
in the denominator of the normalised jet cross sectionsthgram QCDNUM [9], using
zero-mass variable-flavor-number scheme (ZM-VFNS), in NE@sed. The PDF set
NNPDF3.0NLO_AS_0118 [10] and a value for the strong coupling consi@&tM;) =
0.118 are used.

e Predictions for inclusive jet cross sections are obtainmedhfthe program JetViP [11]
in approximate next-to-next-to-leading order (aNNLO)][applying the unified thresh-
old resummation formalism. The NC DIS cross sections arainbt from the NNPDF
Collaboration and are done consistently as in the NNPDF30 &ffaction, using the
program APFEL [13] in NNLO and applying the FONLL-C heavy duacheme [14].

It was validated that predictions using QCDNUM and APFEL dentical for the ZM-
VENS. The PDF set NNPDF3.ANLO_AS 0118 and a value for the strong coupling
constantrs(Mz) = 0.118 are used for the jet and the NC DIS cross sections. Thes no
predictions are compared for the first time to inclusive jetss section at the lov@?
kinematic domain.

e Predictions in full next-to-next-to-leading order pQCD (N®) [15] are obtained from
the program NNLOJET [15, 16] for inclusive jet and dijet pumtion, where the infrared
and collinear singularities are cancelled using the argesubtraction method. The NC
DIS predictions are identical to the ones used as for the ablitedictions. The PDF set
NNPDF3.0NNLO_AS_ 0118 and a value for the strong coupling constafi;) = 0.118
are used for the jet and the NC DIS cross sections. This is thefiiesentation and
comparison to data of inclusive jet cross sections in fulllXDN

e The inclusive NC DIS cross sections are very well describyethb theoretical prediction
in NLO within the experimental uncertainties, while in NNLtke predictions undershoot
the data up to 7 % at lowest values@f. Such lowQ? data were however not included
in the determination of the used PDFs.

e The predictions for normalised jet cross sections are ctetefor hadronisationfiects
applying bin-wise multiplicative correction factors. deeare defined as the ratio of cross
sections at hadron level to the parton level, i.e. beforedradation took place and are
determined with the help of the two Monte Carlo event genesat®jangoh [5] and
Rapgap [6]. The applied factors are defined as the averagection factors from the
two models.

e The renormalisation and factorisation scale for the cakioh of the jet cross sections in
the numerator are set as a rulegfo= p? = 3(Q? + P2), wherePr denotesP’', (Pr), or
(P1)3 for inclusive jet, dijet or trijet cross sections respeetﬂ@. The renormalisation and
factorisation scales are chosen to@efor the NC DIS calculations.

e Uncertainties on the theory predictions in NLO and NNLO doeamed from scale vari-
ations, where the renormalisation and factorisation scale varied independently in the

1For the normalised dijet cross sections, and inclusiveresssections fof? values ofQ? > 150 GeV, the
factorisation scale is chosen to bé = Q? for NLO and NNLO, because the NNLO calculations were not yet
performed for the choice qf; = y; at the time of writing this report.
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numerator by factors 0.5, 1 and 2. The uncertainties areebfis the maximum and the
minimum result from the nine possible variations, exclggdihe two variations with the
factor 0.5 for one scale and 2 for the other.

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

The sensitivity of the new normalised jet cross section tlathe strong coupling constant at
theZ-boson mass and to the runningaafy,) is studied in a fit of NLO predictions to data and
shown in fig/ 8. Thee? definition is given in ref. [3] and uncertainties from the PD&nd on
the hadronisation corrections are further consideredisdifinition. The data points for nor-
malised inclusive jet, dijet and trijet production are goved into six groups with comparable
values ofy, and the value ofrs(M;) is obtained from minimising?. The value ofas(y,) is
calculated fromys(Mz) by applying the solution for the evolution equationeQfu;). The scale
uncertainty is obtained by repeating the fits with the stkedéent choices for scale factors of 0.5
and 2. The new data probe the running of the strong couplingteat in the range of approxi-
mately 5< u; < 35GeV. The uncertainties on the NLO predictions dominagiicantly over
the experimental uncertainties.

To improve the sensitivity to the strong coupling, also qatimts from the high@? domain may
be considered in the fit [3]. A fit to all these 196 H1 HERA-II loand high©Q? normalised
jet cross section data points, where experimental coroelatare considered, yields an experi-
mental precision on(M;) of about 4 permille. Relevant theoretical uncertaintiegher than
the experimental uncertainties, are from the PDF uncengsinthe choice of the PDF set, the
input value ofas(Mz) to the PDF fit and the hadronisation corrections. Howevegxdraction
of as(Mz) from NLO predictions is entirely limited through the scalecertainties.

2 Summary

New measurements of jet cross sections in neutral curresg-teelastic scattering in the Breit
frame normalised to the neutral current deep-inelastitugiee scattering cross sections are
presented. The data are compared to next-to-leading oréicgion in perturbative QCD. Also
new predictions in full next-to-next-to-leading order amoproximate 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 gietions improve the description of the

normalised inclusive jet and normalised dijet data comgphaoenext-to-leading order predic-

tions. The approximate next-to-next-to-leading orderdp®ons improve the description of

the normalised inclusive jet data at higher values of thesvarse momentum of the jets. The
sensitivity of the data to the extraction of the strong couplkonstant and to the running of
the strong coupling is studied in a fit to next-to-leadingesrdredictions. The experimental

precision on an extraction afs(Mz) from the H1 HERA-II normalised jet data in the range
55 < Q% < 15000 GeV is about 0.4 %.
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Figure 1: Double-dterential cross sections for normalised inclusive jet paodigun in neutral-
current DIS as function of? and P¥'. The vertical error bars indicate the statistical uncer-
tainties. The shaded areas around the data points show stesrstic uncertainties from the
variation of the jet energy scale, cluster energy scaletee angle and electron energy as well
as the model uncertainty. The data are compared to NLO prexs; approximate NNLO and
full NNLO predictions. The bands on the theory predictiondicate the uncertainties from
the so-called '"asymmetric 6-point’ scale variation. ThHartgles show the measurement from
ref. [3]. The statistical correlation with the dijet andetimeasurements are shown in figure 7.
The data are divided by théft bin size for better visibility.
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function of Q2 and(Pr)s. Other details as in fig. 1.

11

o 11< Q%< 16 GeV?
10'2 3 E
S
10°F [T E
10™*F RREP. 1
10°F 4
10'6 r E
107k \ .
678910 20 30
P ] [GeV]
101f 30<Q< 42GeV?
10-2 r E
F—o—
10°%f  ~—e= 1
10*F = 4
10°F :
10°F AR
107k \ 3
6 78910 20 30
PT [][GeV]

Normalised trijet
$ H1HERA-II (prel)
§ Systematic uncertainty

NLO [ hadr. corr.



ol0o,

ol Oio

Figure 6: Ratio of normalised trijet cross sections to NL@dictions. Other details as in fig. 1.

\%’3 <Q%< 11GeV?

6 78910 20 30 678910 20 30
[P ] [GeV] P ] [GeV]
2 2 2 2F 2 2 4 9
Lof 16<Q’< 22GeV Y 22<Q%< 30GeV i
1.6 o 16f o
1.4 148 :
0.8 0.8 ;
0.6 0.6f ;
0.4 0.4F 3
0.2 , N 0.2k , :
6 78910 20 30 678910 20 30
PY [J[GeV] PY ] [GeV]
o]
. g 42<Q*< 60GeV? 1z 60 < Q%< 80 GeV? 3
5

N

6 78910 20 30

OPY ] [GeV]

678910 20 30

jet

P [Gev]

12

11< Q%< 16 GeV?
N\

oo
N D
T
Lol

6 78910

20 30
jet

P, [J[GeV]
30<Q’< 42GeV*

N
20 30

jet

PY [][GeV]

Normalised trijet

0.2 ,
6 78910

+ H1 HERA-II (prel.)

§ Systematic uncertainty

. NLO O hadr. corr.



Statistical correlations

%231 H1 (prel.) Norm. ! 4 1
17} - -~

Bin norm.trijet

43} - Norm. dijet” 0.6
37F . -~

31t i
o :
25_ ] -..l J _0.4

19 B u ] ...l.... u
13} -
2t o 0.2
- d
43} Norm.incl. jet .
37 B l.... .... ] u n _O
31} s
25}
19¢
13} 2 pi
- Bin
S L -0.4
1 7 131925313743 1 7 131925313743 1591317229
Bin norm. incl. jet Bin norm.dijet Bin norm.trijet

Bin norm.dijet

Correlation coefficient

Bin norm. incl. jet

= N

Figure 7: Correlation cd&cients of the statistical uncertainty of the three unfoldedmalised
cross section measurements. The axis labels denote theiibens of the respective jet mea-
surement. As example, the black box indicates the Rﬁﬁrbins in oneQ? bin of the inclusive
jet data. The correlations between the measurements avenksioce they are measured on
detector-level and propagated through the unfolding mfoce The calculation of the nor-
malised jet cross sections takes the statistical coroglaif the absolute jet cross sections and
the NC DIS cross sections into account.

13



~ 03F [ LA
= - = World average 2016 .
o 3 ® H1 multijets at low Q (prel.) E
S = A H1 multijets at high Q° 3
0.25 =
3 ZEUS inclusive jets in yp E
. ALEPH y_ [NNLO] (Dissertori, et a) 3
0.2 » JADE 4-jet rate [NLO+NLLA] =
= OPAL Y., INNLO] 3
+ CMS 3-jet mass E
0.15 " PO ]
. ’ » E
Phid ::
0.1 - HT"%"“ =
H1 preliminary .
C ] L . 3
014g T =
<"0.13 5
o 0.12 * b ;
S ' MHT!'%
0.11 | {" i T ok |
56 10 20 30 100 200 1000
u, [GeV]

Figure 8: Values ofrs(Mz) extracted from the normalised inclusive jet, dijet angetrcross
sections using NLO predictions compared to values extdaitten other jet data. The upper
panel shows the values of the strong coupliafy:.) and the lower panel the equivalent values
of as(My) for all measurements. The full circles show the extractaldies from the low@?
normalised inclusive jet, dijet and trijet data as outlimethe text. The inner error bars indicate
the experimental uncertainty, while the full error barsigade the total uncertainty, including
the experimental and theoretical contributions. The slolid shows the world average value
of as(Mz) = 0.1181+ 0.0013 [25], and its value evolved jg using the solution of the QCD
renormalisation group equation. Also shown are the valdies ofrom multijet measurement
at high values of)? by H1 [3] (dark triangles), from inclusive jet measuremeintphotopro-
duction by the ZEUS experiment [19] (upper triangles), fribra 3-jet rateys in a fit of NNLO
calculations [20] to ALEPH data taken at LEP (diamonds)yftbe 4-jet rate measured by the
JADE experiment at PETRA [21] (stars), from the jet tramsitvaluey,; measured by OPAL at
LEP [22] (squares), from 3-jet mass cross sections as megsyrthe CMS experiment at the
LHC [23] (crosses). and from jet angular correlatidtg by the DO experiment at the Tevatron
(lower triangles) [24]
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