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The H1 and ZEUS collaborations at the electron-protond@elHERA have measured inclusive
neutral and charged current deep inelastic scattering)(@t3s sections over six orders of mag-
nitude in negative four-momentum-transfer squaf@j,and Bjorkerx. All these measurements
were combined to obtain one coherent inclusive HERA data Beis set was used as the sole
input to the QCD analysis resulting in the HERAPDF2.0 setartgn distribution functions. An
inclusion of HERA data on jet and charm production to the QG@Blfdowed a simultaneous deter-
mination of parton distributions and the strong coupling.ektension of earlier measurements on
multijet production in DIS at higl@)? to low values 0fQ? and to low values of the jet transverse
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1. Introduction

Deep inelastic scattering (DIS) of electrérm protons at the electron-proton collider HERA
has been central to the exploration of proton structure, quark—glueantigs and the theory of
strong interactions as described by perturbative Quantum Chromodyg€D). HERA was
operated from 1992 to 2007 with an electron beam energy.6f 27.5 GeV and proton beam
energy ofE, = 920(820) GeV, corresponding to a centre-of-mass energy/sf- 320 (300) GeV.
At the end of data taking the proton beam energy was reduckg 0 575 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 Pbeach, shared about equally betwessp and
€ p scattering.

All H1 and ZEUS inclusive neutral (NC) and charged current (C@pdiaelastice™ p cross
section measurements were combined [1] with a careful treatment of ¢ced algstematic uncer-
tainties and global normalisations of the data in the combination in order to obtainabrerent
inclusive HERA data set. The dependencies of the combined NC and CGiugcHHERA cross
sections on Bjorkerx and negative four-momentum-transfer squai@8é, were analysed in the
pQCD framework to determine a new set of quark and gluon momentum distributiadhe pro-
ton, denoted as HERAPDF2.0 [1], at leading (LO), next-to-leading (Nal next-to-next-to-
leading (NNLO) orders in the strong coupling. An inclusion of the HERA data on jet and charm
production to the pQCD analysis allowed a simultaneous determination of the plistabution
functions (PDFs) ands.

Recently, the H1 collaboration reported about an extension [2] of ean&surements on
inclusive jet, dijet and trijet production in DIS at higd? [3] to low values ofQ? and to low values
of the jet transverse momentum at high. 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 inclusivé -meson production in DIS were com-
bined [6] in the visible phase space as a functioéf inelasticityy, and as a function ab**-
meson variables. The results were compared to perturbative NLO QCiZ{ines.

Further measurements of the production of isolated photons accompanijeid oy DIS [7]
were accomplished using the ZEUS detector. The measured cross seeiert®ompared to Monte
Carlo (MC) simulation and to QCD calculations based onkthé&actorisation method.

2. Combination of inclusive NC and CC data at HERA and HERAPDF20

In order to combine all inclusive NC and CC deep inelastic cross sectiorunegasnts pub-
lished by H1 and ZEUS, they were translated onto comm@¥ grids and averaged [1]. In total
41 data sets from H1 and ZEUS entered into this combination. The 2927 mblisbss sections
from these 41 data sets were combined to become 1307 combined crides-seEasurements
for values ofQ? betweenQ? = 0.045 Ge\* and Q? = 50000 Ge\?, and for values ok between
X =6x 107 andx = 0.65. For the resulting 1620 degrees of freedorg?a= 1687 was obtained,
indicating consistency of the input data. The total uncertainties for NCelosvil.5 % over the
Q? range of 3< Q? < 500 GeV and below 3 % up t@? = 3000 Ge\,.

1The word “electron" in the paper refers to both electrons and positunitess otherwise stated.
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Figure 1: Left: The combined HERA NC and C€ p ande' p cross sections, al/dQ?, together with
predictions from HERAPDF2.0 NLO. Right: The combined HER&alfor the inclusive N&" p ande™ p
reduced cross sections together with fixed-target datatengredictions of HERAPDF2.0 NNLO.

The combined NC and CC cross sectionsdop ande’ p scattering, integrated to obtain the
single-differential cross sectiongddQ?, are shown in Fig. 1 (left). Whereas the NC cross sections
are three orders of magnitude larger at IQf/~ 100 Ge\?, where they are dominated by virtual
photon exchange, the NC and CC cross sections become similar in magni@fdee 40000 Ge\?,

i.e. at around the mass-scale squared of the electroweak bosons, ttatimanshe success of
electroweak unification in the Standard Model.

The dominant contribution to the NC cross section is due to the proton strifaturgon
F,. Therefore, the combined reduced NC cross sections shown in Figyht) (reveal the main
properties of this proton structure function. Xt 0.1 they are independent @ demonstrating
scaling off in this region. At higher and lower valuesxbne observes scaling violationskfdue
to emission of gluons from quarks and splitting of gluons into quark-anticairs, respectively.
From the difference of the combinex p ande™p NC cross sections aD? > 1000 GeVt, the
proton structure functiowF3VZ was measured as well.

The combined inclusive™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 aisalje predictions
obtained by solving the DGLAP evolution equations at LO, NLO and NNLO inMi&scheme
were fitted to the combined inclusive HERA data. The DGLAP equations yield Eies Rt all
scalesuf2 andx, if they are provided as functions @fat some starting scale. In variable-flavour-
number schemes, this scale has to be below the charm-quark mass parbfunesguared. It
was chosen to be.2Ge\2. The renormalisation and factorisation scales were taken @%be
The heavy-quark coefficient functions were calculated in the genemak variable-flavour-number
scheme called RTOPT [8] for the NC structure functions. For the CC stauftinctions, the zero-
mass approximation was used, since all HERA CC data R&ve- M2, whereM, is the beauty-
guark mass parameter in the calculation. The valu®loandM, were chosen after performing
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Figure 2: The parton distribution functionss,, xdy, XS= 2x(U_+ 5) andxg atuf2 =10Ge\2. Left: HERA-
PDF2.0 NNLO with the experimental, model and parameteasatncertainty bands and HERAPDF2.0AG
NNLO represented by the dotted line§andxg are scaled down by a factor of 20. Right: The ratios of the
NNLO PDFs of HERAPDF2.0, MMHT2014, CT10 and NNPDF3.0 withresponding uncertainty bands
to the central PDF values of HERAPDF2.0 NNLO.

X2 scans of NLO and NNLO pQCD fits to the combined inclusive data together wetiHERA
combined charm data [9] or with data on beauty production from H1 [18]ZBUS [11]. The
value of the strong coupling constant at the Z-boson mass sGéMy ), was taken to bes(Mz) =
0.118(0.130) for the fits at NLO and NNLO (LO).

In the approach of HERAPDF, the PDFs of the proteh, are generically parameterised at
the starting scale asf (x) = AxB(1—x)(1+ Dx+ Ex?) . The PDFs parameterised are the gluon
distribution, xg, the valence-quark distributiongyy,, xd,, and theu-type andd-type anti-quark
distributionsxU, xD. The relationsdJ = xirandxD = xd + xSare assumed at the starting scale. In
the gluon distributionxg, an additional term of the form{JxBé(l— x)cé was subtracted at NLO and
NNLO to allow more flexibility for the gluon distribution. The fits without this term amarked
by adding “AG” (alternative gluon) to the fit notation. In total 14 free paeserisation parameters
were determined in the central fits.

To safely remain in the kinematic region where pQCD is expected to be applicailie
cross sections foR? starting fromQ2,,, = 3.5 Ge\? were used in the analysis. In this kinematic
region, target-mass corrections and laxgagher-twist corrections are expected to be negligible.
Experimental uncertainties were determined using the Hessian method witlt¢hiecAx? = 1,
justified by the consistency of the input HERA data. In addition to experimemizértainties,
model and parameterisation uncertainties were also considered.

Using the settings discussed above, the HERAPDF2.0 sets of PDFs wenraided at NNLO,
NLO and LO. A summary of HERAPDF2.0 NNLO is shown in Fig. 2 (left) at thalecyf2 =
10 Ge\2. The experimental, model and parameterisation uncertainties are shoamtsgp At
NNLO, the gluon distribution of HERAPDF2.0 ceases to rise at joim contrast to HERA-
PDF2.0AG NNLO obtained using the alternative, positively defined, gl@varpeterisation.
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Figure 3: The normalised double differential cross section measengsfor inclusive jets (left) and dijets
(right) divided by the NLO calculations corrected for hagisation. The aNNLO and NNLO predictions are
shown as well.

The PDFs of HERAPDF2.0 NNLO are compared in Fig. 2 (right) to MMHT 20112} using
the same heavy-flavour scheme, i.e. RTOPT, to CT10 [13] with a heawguftcheme based on
ACOQOT, and to NNPDF3.0 [14] with the FONLL scheme. All PDFs are compatildegginto ac-
count full uncertainties. The variants of the QCD fit, HERAPDF2.0FF3&ldERAPDF2.0FF3B,
were obtained using fixed-flavour-number schemes, which are similar MIAB-F(3N) [15] and
NNPDF3.0 FF(3N) [14], respectively. Another variant HERAPDF2@® with a larger value
of Q2. @, = 10Ge\?, was obtained. An extension of the analysis by including HERA data
on jet and charm [9] production, denoted as HERAPDF2.0Jets, made Hasigous determina-
tion of parton distributions and the strong coupling constant at the $¢alpossible. They?
and the resulting PDFs of the HERAPDF2.0Jets fit are very close to thesvidughe fit with
fixed as(Mz) = 0.118. The resultps(Mz) = 0.1183+ 0.0009 exp) + 0.0005 mode)/param) +
0.0012hadron) *5:353/(scalg, 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 sedtie H1
measurements of the inclusive jet, dijet and trijet cross sections at@AgB] were included.
Recently, the H1 collaboration reported an extension [2] of these measnte to lowQ?, 5.5 <
Q? < 80Ge\?, and the transverse momentuns 4 PTjet < 50 GeV. Additionally, inclusive jets at
low PI*, 5 < PI* < 7 GeV, and highQ?, 150< Q2 < 15000 GeV, were measured as well. The jet
cross sections were divided by the inclusive NC DIS cross sections itotihespondingd?-bins
to obtain normalised jet cross sections.

Jets were reconstructed using the inclusivealgorithm in the Breit frame and were required
to have a minimum transverse momentum of 4 GeV. The precision of the jetsgrctisn measure-
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ments is in the range of 6% to 20% in the central parts of the phase spacesiilis for inclusive
jet and dijet double differential cross sections as fun_ctior@QOandPr or of Q% and the average
transverse momentum of two jets in the dijets event@}et >, are shown in Fig. 3 (left and right)
divided by the pQCD calculations at NLO corrected for hadronisatioectff New theoretical
calculations in the threshold resummation formalism with 2-loop contributions (&y§4] and
new predictions in full NNLO [5] perturbative QCD are also shown. Ferttieory calculations the
PDFs of NNPDF3.0 at NLO and NNLO were used. The predictions in NNe@upbative QCD
improve the descriptions for inclusive jet and dijet cross sections comparsLO predictions,
and give an overall good description of the data. The sensitivity of ttaajetto the extraction of
the strong coupling constant and to the runningrgfvas studied in a fit to NLO predictions. The
as(Mz) value from the H1 normalised jet data in the range 5 Q? < 15000 Ge\? was found to
beas(Mz) = 0.1173+0.0004 exp) F3955(theory), demonstrating the high experimental precision
of the data.
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Figure 4: Left: The combined HERA**-production cross section as a functionpgf(D*) together with

the NLO prediction and with a customised NLO calculatione Tatios to the central values of the combined
cross sections are shown in the bottom part. Right: Progluctioss sections of isolated photons accompa-
nied by jets in DIS as a function of, andx,, compared to the reweighted MC calculations (top) and to the
BLZ theoretical predictions (bottom).

4. Combination of visible D** cross sections in DIS at HERA

Different techniques have been applied at HERA to measure opemgraduction in DIS.
After extrapolation from the visible to the full phase space, most of theseldave been com-
bined [9] at the level of the reduced cross-sections and have pobaidensistent determination of
the charm contribution to the proton structure functions. These data kaveused in the HERA-
PDF2.0 analysis to determine the charm-quark mass paraglg}. The extrapolation procedure
required theoretical assumptions and was restricted to inclusive DIDle®? and inelasticity
y only. Alternatively, the measured cross sections can be combined diredhg wisible phase
space of the measurements. In this case, dependences on the theiopaiicate 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-masgyen
/S~ 320 GeV were combined such that one consistent HERA data set is obféjnd&dhe com-
bination procedure accounted for all correlations and yields a sigrifiednction of the overall
uncertainties of the measurements. The combined HERA cross sectionsyeasared as a func-
tion of Q2 andy, and of theD**-meson’s transverse momentupy,(D*), pseudorapidityn (D*),
and inelasticityz(D*). The combined data were compared to NLO pQCD predictions. The com-
parison forpr (D*) is shown in Fig. 4 (left). The data reach an overall precision of aboub®&6
a large fraction of the measured phase space, while the typical theotgttzatainty ranges from
30% at lowQ? to 10% at highQ?. The predictions describe the data well within their uncertain-
ties. Higher order calculations would be helpful to reduce the theoryrtaicty 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, accompaniadlbgst one ad-
ditional jet, was measured [7] with the ZEUS detector at HERA using an irteahhaminosity of
326 pbl. The jets were reconstructed using tgeclustering algorithm with the R parameter set
to 1.0. An isolated photon was detected exploiting the fine segmentation of th8 AEdium-
scintillator calorimeter in the beam direction. The single-differential crostsoses were measured
as a function of the fraction of the incoming photon enesgy,that is given to the photon and
the jet, the fraction of proton energyp, taken by the parton that interacts with the photon, the
azimuthal angleAg, and the pseudorapidity differena®r), between the prompt photon and the
jet, and the azimuthal anglag®Y, and the pseudorapidity differena®n®Y, between the prompt
photon and the scattered electron. The distributions, iandx, are shown in Fig. 4 (right). On
top the measurements are compared to the predictions for the sum of the phmission from the
incoming beam or scattered electron (LL) and from a quark as a parediatd process (QQ).
The LL contribution was simulated using Djangoh, and the expected QQ agtitridrom Pythia
was multiplied by a factor of 1.6. This model provides a good description addkee On the bot-
tom, the prompt photon data are compared to the theory calculations basexkeridhtorisation
method used by BLZ [17]. No hadronic corrections were applied, tiesess the theory describes
the overall shape of the data adequately, except,fandAg.

6. Summary

The H1 and ZEUS collaborations measured inclusivp scattering cross sections at HERA
from 1994 to 2007, collecting a total integrated luminosity of about1 #t four different centre-
of-mass energies, with two different detectors changing and improvieitiove. All inclusive data
were combined to create one consistent set of NC and CC cross-sectisunem@ents foe™ p
scattering, spanning six orders of magnitude in both negative four-momeramsfer squared,
Q?, and Bjorkenx. They are the most precise measurements ever publishegbfscattering
over such a large kinematic range. The combined inclusive HERA cra$isrse were used as
input to a QCD analysis. The resulting parton distribution functions aretddridERAPDF2.0
and are available at LO, NLO and NNLO using a variable-flavour-nurableeme. Fits were also
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performed exploring an alternative, positively defined, gluon paramatem, different values of
Q?,, and various fixed-flavour-number schemes. A measurement of they stooipling constant
was performed in a perturbative QCD fit, for which the inclusive crosti@es were augmented
with selected jet- and charm-production cross section data at HERA.

The H1 collaboration reported about an extension of earlier measureoremtslusive jet,
dijet and trijet production in DIS at higl? to low values 0fQ?, 5.5 < Q? < 80 Ge\?, and to low
PTja, 5< PTjet < 7GeV, at 150< Q% < 15000 Ge. The jet production cross sections were com-
pared to NLO, approximate NNLO and to full NNLO QCD calculations. The KNbredictions
improve the descriptions for inclusive jet and dijet cross sections comparsLO predictions,
and provide an overall good description of the data.

Measurements dd*-production cross sections in deep inelasficscattering by the H1 and
ZEUS collaborations were combined at the level of visible cross sectiaasuating for their
systematic correlations. The data sets were found to be consistent, arehthimed data have
significantly reduced uncertainties. QCD predictions in NLO describe ttzevekl.

The production of isolated photons accompanied by jets has been messdesg inelastic
scattering with the ZEUS detector. The present results complement the 2&li& results, which
studied different variables of interest. The results are in agreement witiaRafter a re-scaling
has been applied and can be used to make further improvements in the QGRteais.
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