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were combined to obtain one coherent inclusive HERA data set. This set was used as the sole
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momentum at highQ2 is presented here as well as. A combination of the final H1 and ZEUS
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1. Introduction

Deep inelastic scattering (DIS) of electrons1 on protons at the electron-proton collider HERA
has been central to the exploration of proton structure, quark–gluon dynamics and the theory of
strong interactions as described by perturbative Quantum Chromodynamics (pQCD). HERA was
operated from 1992 to 2007 with an electron beam energy ofEe = 27.5 GeV and proton beam
energy ofEp = 920(820)GeV, corresponding to a centre-of-mass energy of

√
s ≃320 (300) GeV.

At the end of data taking the proton beam energy was reduced toEp = 575 and 460 GeV, corre-
sponding to

√
s ≃251 and 225 GeV. The H1 and ZEUS collaborations at HERA collected total

integrated luminosities of approximately 500 pb−1 each, shared about equally betweene+p and
e−p scattering.

All H1 and ZEUS inclusive neutral (NC) and charged current (CC) deep inelastice±p cross
section measurements were combined [1] with a careful treatment of correlated systematic uncer-
tainties and global normalisations of the data in the combination in order to obtain one coherent
inclusive HERA data set. The dependencies of the combined NC and CC inclusive HERA cross
sections on Bjorkenx and negative four-momentum-transfer squared,Q2, were analysed in the
pQCD framework to determine a new set of quark and gluon momentum distributions in the pro-
ton, denoted as HERAPDF2.0 [1], at leading (LO), next-to-leading (NLO) and next-to-next-to-
leading (NNLO) orders in the strong couplingαs. An inclusion of the HERA data on jet and charm
production to the pQCD analysis allowed a simultaneous determination of the parton distribution
functions (PDFs) andαs.

Recently, the H1 collaboration reported about an extension [2] of earliermeasurements on
inclusive jet, dijet and trijet production in DIS at highQ2 [3] to low values ofQ2 and to low values
of the jet transverse momentum at highQ2. The jet cross section measurements were compared to
NLO, approximate NNLO [4] and to full NNLO [5] QCD calculations.

The final H1 and ZEUS cross sections for inclusiveD∗±-meson production in DIS were com-
bined [6] in the visible phase space as a function ofQ2, inelasticityy, and as a function ofD∗±-
meson variables. The results were compared to perturbative NLO QCD predictions.

Further measurements of the production of isolated photons accompanied byjets in DIS [7]
were accomplished using the ZEUS detector. The measured cross sectionswere compared to Monte
Carlo (MC) simulation and to QCD calculations based on thekT factorisation method.

2. Combination of inclusive NC and CC data at HERA and HERAPDF2.0

In order to combine all inclusive NC and CC deep inelastic cross section measurements pub-
lished by H1 and ZEUS, they were translated onto commonx, Q2 grids and averaged [1]. In total
41 data sets from H1 and ZEUS entered into this combination. The 2927 published cross sections
from these 41 data sets were combined to become 1307 combined cross-section measurements
for values ofQ2 betweenQ2 = 0.045 GeV2 andQ2 = 50000 GeV2, and for values ofx between
x = 6×10−7 andx = 0.65. For the resulting 1620 degrees of freedom, aχ2 = 1687 was obtained,
indicating consistency of the input data. The total uncertainties for NC are below 1.5 % over the
Q2 range of 3≤ Q2 ≤ 500 GeV2 and below 3 % up toQ2 = 3000 GeV2.

1The word “electron" in the paper refers to both electrons and positrons,unless otherwise stated.
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Figure 1: Left: The combined HERA NC and CCe−p and e+p cross sections, dσ/dQ2, together with
predictions from HERAPDF2.0 NLO. Right: The combined HERA data for the inclusive NCe+p ande−p
reduced cross sections together with fixed-target data and the predictions of HERAPDF2.0 NNLO.

The combined NC and CC cross sections fore−p ande+p scattering, integrated to obtain the
single-differential cross sections dσ/dQ2, are shown in Fig. 1 (left). Whereas the NC cross sections
are three orders of magnitude larger at lowQ2 ≈ 100 GeV2, where they are dominated by virtual
photon exchange, the NC and CC cross sections become similar in magnitude atQ2 ≈ 10000GeV2,
i.e. at around the mass-scale squared of the electroweak bosons, demonstrating the success of
electroweak unification in the Standard Model.

The dominant contribution to the NC cross section is due to the proton structurefunction
F2. Therefore, the combined reduced NC cross sections shown in Fig. 1 (right) reveal the main
properties of this proton structure function. Atx ≃ 0.1 they are independent ofQ2 demonstrating
scaling ofF2 in this region. At higher and lower values ofx one observes scaling violations ofF2 due
to emission of gluons from quarks and splitting of gluons into quark-antiquark pairs, respectively.
From the difference of the combinede−p and e+p NC cross sections atQ2 ≥ 1000 GeV2, the
proton structure functionxFγZ

3 was measured as well.

The combined inclusivee±p NC and CC cross section data were used as the sole input in the
pQCD analysis, resulting in the PDF set called HERAPDF2.0 [1]. In this analysis the predictions
obtained by solving the DGLAP evolution equations at LO, NLO and NNLO in theMS scheme
were fitted to the combined inclusive HERA data. The DGLAP equations yield the PDFs at all
scalesµ2

f andx, if they are provided as functions ofx at some starting scale. In variable-flavour-
number schemes, this scale has to be below the charm-quark mass parameter,Mc, squared. It
was chosen to be 1.9GeV2. The renormalisation and factorisation scales were taken to beQ2.
The heavy-quark coefficient functions were calculated in the general-mass variable-flavour-number
scheme called RTOPT [8] for the NC structure functions. For the CC structure functions, the zero-
mass approximation was used, since all HERA CC data haveQ2 ≫ M2

b , whereMb is the beauty-
quark mass parameter in the calculation. The value ofMc andMb were chosen after performing
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Figure 2: The parton distribution functionsxuv, xdv, xS = 2x(Ū + D̄) andxg atµ2
f = 10GeV2. Left: HERA-

PDF2.0 NNLO with the experimental, model and parameterisation uncertainty bands and HERAPDF2.0AG
NNLO represented by the dotted lines;xS andxg are scaled down by a factor of 20. Right: The ratios of the
NNLO PDFs of HERAPDF2.0, MMHT2014, CT10 and NNPDF3.0 with corresponding uncertainty bands
to the central PDF values of HERAPDF2.0 NNLO.

χ2 scans of NLO and NNLO pQCD fits to the combined inclusive data together with the HERA
combined charm data [9] or with data on beauty production from H1 [10] and ZEUS [11]. The
value of the strong coupling constant at the Z-boson mass scale,αs(MZ), was taken to beαs(MZ) =

0.118(0.130) for the fits at NLO and NNLO (LO).
In the approach of HERAPDF, the PDFs of the proton,x f , are generically parameterised at

the starting scale asx f (x) = AxB(1− x)C(1+Dx+Ex2) . The PDFs parameterised are the gluon
distribution, xg, the valence-quark distributions,xuv, xdv, and theu-type andd-type anti-quark
distributions,xŪ , xD̄. The relationsxŪ = xū andxD̄ = xd̄+xs̄ are assumed at the starting scale. In
the gluon distribution,xg, an additional term of the formA′

gxB′
g(1−x)C

′
g was subtracted at NLO and

NNLO to allow more flexibility for the gluon distribution. The fits without this term aremarked
by adding “AG” (alternative gluon) to the fit notation. In total 14 free parameterisation parameters
were determined in the central fits.

To safely remain in the kinematic region where pQCD is expected to be applicable, only
cross sections forQ2 starting fromQ2

min = 3.5 GeV2 were used in the analysis. In this kinematic
region, target-mass corrections and large-x higher-twist corrections are expected to be negligible.
Experimental uncertainties were determined using the Hessian method with the criterion∆χ2 = 1,
justified by the consistency of the input HERA data. In addition to experimentaluncertainties,
model and parameterisation uncertainties were also considered.

Using the settings discussed above, the HERAPDF2.0 sets of PDFs were determined at NNLO,
NLO and LO. A summary of HERAPDF2.0 NNLO is shown in Fig. 2 (left) at the scale µ2

f =

10 GeV2. The experimental, model and parameterisation uncertainties are shown separately. At
NNLO, the gluon distribution of HERAPDF2.0 ceases to rise at lowx in contrast to HERA-
PDF2.0AG NNLO obtained using the alternative, positively defined, gluon parameterisation.
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Figure 3: The normalised double differential cross section measurements for inclusive jets (left) and dijets
(right) divided by the NLO calculations corrected for hadronisation. The aNNLO and NNLO predictions are
shown as well.

The PDFs of HERAPDF2.0 NNLO are compared in Fig. 2 (right) to MMHT2014[12] using
the same heavy-flavour scheme, i.e. RTOPT, to CT10 [13] with a heavy-flavour-scheme based on
ACOT, and to NNPDF3.0 [14] with the FONLL scheme. All PDFs are compatible taking into ac-
count full uncertainties. The variants of the QCD fit, HERAPDF2.0FF3A and HERAPDF2.0FF3B,
were obtained using fixed-flavour-number schemes, which are similar to ABM11 FF(3N) [15] and
NNPDF3.0 FF(3N) [14], respectively. Another variant HERAPDF2.0HiQ2, with a larger value
of Q2

min, Q2
min = 10 GeV2, was obtained. An extension of the analysis by including HERA data

on jet and charm [9] production, denoted as HERAPDF2.0Jets, made a simultaneous determina-
tion of parton distributions and the strong coupling constant at the scaleMZ possible. Theχ2

and the resulting PDFs of the HERAPDF2.0Jets fit are very close to the values for the fit with
fixed αs(MZ) = 0.118. The result,αs(MZ) = 0.1183± 0.0009(exp)± 0.0005(model/param.)±
0.0012(hadron.) +0.0037

−0.0030(scale), is compatible with the world average [16] and competitive with
other determinations at NLO.

3. Multijets in DIS and theory predictions at NNLO

In the QCD fit leading to HERAPDF2.0Jets [1], mentioned in the previous section, the H1
measurements of the inclusive jet, dijet and trijet cross sections at highQ2 [3] were included.
Recently, the H1 collaboration reported an extension [2] of these measurements to lowQ2, 5.5<

Q2 < 80 GeV2, and the transverse momentum 4.5< P jet
T < 50 GeV. Additionally, inclusive jets at

low P jet
T , 5< P jet

T < 7 GeV, and highQ2, 150< Q2 < 15000 GeV2, were measured as well. The jet
cross sections were divided by the inclusive NC DIS cross sections in thecorrespondingQ2-bins
to obtain normalised jet cross sections.

Jets were reconstructed using the inclusivekT algorithm in the Breit frame and were required
to have a minimum transverse momentum of 4 GeV. The precision of the jet crosssection measure-
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ments is in the range of 6% to 20% in the central parts of the phase space. Theresults for inclusive
jet and dijet double differential cross sections as functions ofQ2 andPT or of Q2 and the average
transverse momentum of two jets in the dijets events,< P jet

T >2, are shown in Fig. 3 (left and right)
divided by the pQCD calculations at NLO corrected for hadronisation effects. New theoretical
calculations in the threshold resummation formalism with 2-loop contributions (aNNLO) [4] and
new predictions in full NNLO [5] perturbative QCD are also shown. For the theory calculations the
PDFs of NNPDF3.0 at NLO and NNLO were used. The predictions in NNLO perturbative QCD
improve the descriptions for inclusive jet and dijet cross sections compared to NLO predictions,
and give an overall good description of the data. The sensitivity of the jetdata to the extraction of
the strong coupling constant and to the running ofαs was studied in a fit to NLO predictions. The
αs(MZ) value from the H1 normalised jet data in the range 5.5< Q2 < 15000 GeV2 was found to
beαs(MZ) = 0.1173±0.0004(exp) +0.0053

−0.0045(theory), demonstrating the high experimental precision
of the data.
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Figure 4: Left: The combined HERAD∗±-production cross section as a function ofpT (D∗) together with
the NLO prediction and with a customised NLO calculation. The ratios to the central values of the combined
cross sections are shown in the bottom part. Right: Production cross sections of isolated photons accompa-
nied by jets in DIS as a function ofxγ andxp, compared to the reweighted MC calculations (top) and to the
BLZ theoretical predictions (bottom).

4. Combination of visibleD∗± cross sections in DIS at HERA

Different techniques have been applied at HERA to measure open-charm production in DIS.
After extrapolation from the visible to the full phase space, most of these data have been com-
bined [9] at the level of the reduced cross-sections and have provided a consistent determination of
the charm contribution to the proton structure functions. These data have been used in the HERA-
PDF2.0 analysis to determine the charm-quark mass parameterMc [1]. The extrapolation procedure
required theoretical assumptions and was restricted to inclusive DIS variablesQ2 and inelasticity
y only. Alternatively, the measured cross sections can be combined directly inthe visible phase
space of the measurements. In this case, dependences on the theoreticalinput are minimised and
the charm production mechanism can be explored in terms of other variables.
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The visibleD∗±-production cross sections from H1 and ZEUS at the centre-of-mass energy√
s ≃320 GeV were combined such that one consistent HERA data set is obtained[6]. The com-

bination procedure accounted for all correlations and yields a significant reduction of the overall
uncertainties of the measurements. The combined HERA cross sections weremeasured as a func-
tion of Q2 andy, and of theD∗±-meson’s transverse momentum,pT (D∗), pseudorapidity,η (D∗),
and inelasticity,z(D∗). The combined data were compared to NLO pQCD predictions. The com-
parison forpT (D∗) is shown in Fig. 4 (left). The data reach an overall precision of about 5%over
a large fraction of the measured phase space, while the typical theoreticaluncertainty ranges from
30% at lowQ2 to 10% at highQ2. The predictions describe the data well within their uncertain-
ties. Higher order calculations would be helpful to reduce the theory uncertainty to a level more
comparable with the data precision.

5. Prompt photon production accompanied by jets in DIS

The production cross section of an isolated photon in DIS, accompanied byat least one ad-
ditional jet, was measured [7] with the ZEUS detector at HERA using an integrated luminosity of
326 pb−1. The jets were reconstructed using thekT -clustering algorithm with the R parameter set
to 1.0. An isolated photon was detected exploiting the fine segmentation of the ZEUS uranium-
scintillator calorimeter in the beam direction. The single-differential cross sections were measured
as a function of the fraction of the incoming photon energy,xγ, that is given to the photon and
the jet, the fraction of proton energy,xp, taken by the parton that interacts with the photon, the
azimuthal angle,∆φ, and the pseudorapidity difference,∆η , between the prompt photon and the
jet, and the azimuthal angle,∆φe,γ, and the pseudorapidity difference,∆η e,γ, between the prompt
photon and the scattered electron. The distributions inxγ andxp are shown in Fig. 4 (right). On
top the measurements are compared to the predictions for the sum of the photonemission from the
incoming beam or scattered electron (LL) and from a quark as a part of the hard process (QQ).
The LL contribution was simulated using Djangoh, and the expected QQ contribution from Pythia
was multiplied by a factor of 1.6. This model provides a good description of thedata. On the bot-
tom, the prompt photon data are compared to the theory calculations based on the kT factorisation
method used by BLZ [17]. No hadronic corrections were applied, nevertheless the theory describes
the overall shape of the data adequately, except forxγ and∆φ.

6. Summary

The H1 and ZEUS collaborations measured inclusivee±p scattering cross sections at HERA
from 1994 to 2007, collecting a total integrated luminosity of about 1 fb−1 at four different centre-
of-mass energies, with two different detectors changing and improving over time. All inclusive data
were combined to create one consistent set of NC and CC cross-section measurements fore±p
scattering, spanning six orders of magnitude in both negative four-momentum-transfer squared,
Q2, and Bjorkenx. They are the most precise measurements ever published forep scattering
over such a large kinematic range. The combined inclusive HERA cross sections were used as
input to a QCD analysis. The resulting parton distribution functions are denoted HERAPDF2.0
and are available at LO, NLO and NNLO using a variable-flavour-numberscheme. Fits were also
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performed exploring an alternative, positively defined, gluon parameterisation, different values of
Q2

min and various fixed-flavour-number schemes. A measurement of the strong coupling constant
was performed in a perturbative QCD fit, for which the inclusive cross sections were augmented
with selected jet- and charm-production cross section data at HERA.

The H1 collaboration reported about an extension of earlier measurementson inclusive jet,
dijet and trijet production in DIS at highQ2 to low values ofQ2, 5.5< Q2 < 80 GeV2, and to low
P jet

T , 5< P jet
T < 7 GeV, at 150< Q2 < 15000 GeV2. The jet production cross sections were com-

pared to NLO, approximate NNLO and to full NNLO QCD calculations. The NNLO predictions
improve the descriptions for inclusive jet and dijet cross sections compared to NLO predictions,
and provide an overall good description of the data.

Measurements ofD±-production cross sections in deep inelasticep scattering by the H1 and
ZEUS collaborations were combined at the level of visible cross sections, accounting for their
systematic correlations. The data sets were found to be consistent, and the combined data have
significantly reduced uncertainties. QCD predictions in NLO describe the data well.

The production of isolated photons accompanied by jets has been measuredin deep inelastic
scattering with the ZEUS detector. The present results complement the earlierZEUS results, which
studied different variables of interest. The results are in agreement with Pythia after a re-scaling
has been applied and can be used to make further improvements in the QCD calculations.
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