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Figure 1: Left: Sketch of an exemplary higher order DIS process. Rji&t kinematic plane o? andx
and coverage of various experiments.

1. Introduction

Since more than 40 years one studies in Deep Inelastic 8ogt®IS) simultaneously the
nucleon structure and the strong interactions as repreddmy the theory of Quantum Chromo
Dynamics (QCD). Figure 1 (left) shows a typical DIS processinvestigated e.g. at tiep collider
HERA. A highly virtual gauge boson, either a photory, ar aW boson, is emitted from the lepton
and knocks out a quark of the proton which is destroyed. Ortaemany possible higher order
reactions of the strong interaction takes places: a hamhgkiemitted from the struck quark. The
basic kinematics of the DIS scattering is described by theviing observables:

e Q2 = —@?, the negative of the squared four-momentum vectaf the exchanged gauge
boson.

e the inelasticityy = gqp/kp, with k and p denoting the four-momentum vectors of the incident
lepton and proton, respectively.

e theBjorken x, defined asx = Q?/2pq. In the quark parton modelspecifies the longitudinal
momentum fraction of the proton carried by the quark thatrisck by the gauge boson.

The three variables are constrained by the rela@n= xys, wheres denotes the fixed squared
centre-of-mass energy of the lepton-proton system.

Figure 1 (right) shows the kinematic plane@3 andx, covered by various experiments in the
past, present and future. The DIS region is definedBy> few Ge\?, while the photoproduc-
tion region (exchange of quasi-real photons) is define@by: 1 Ge\?. Decades ago fixed target
experiments started the exploration of the nucleon stradiwm the region of largec and small
Q?. The H1 and ZEUS experiments at the HERA collider extendedptiase space to the region
of smallesix ~ 0.000001 and highesp? ~ 40000 GeV. The coverage of the central detector ex-
periments at th@p collider TEVATRON and thepp collider LHC is also indicated in Figure 1. It
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overlaps with HERA; this makes the proton structure infaiiorafrom HERA so crucial for ob-
taining predictions for many important reactions at the hadron colliders (e.g. Higgs production
at the LHC). For the future a new generation of DIS experiménplanned. Currently proposals
for two complementary facilities are at the center of aitant

e In the US EIC project [1], the idea is to build a very high lumsity electron ion collider
which has a centre of mass-energy some (not large) factomddERA. Polarised electron
and ion beams are a key aspect of the project. One of the ghlyigjblights is the 3D study
of the nucleon structure and another one is the investigaifadhe nucleon spin structure.
For a detailed discussion of the physics prospects seelkhieytd/. Stratmann [2].

e In the european LHeC project [3], electrons from a newly tbaihchine with an energy
of the order of 50-150 GeV are collided with protons (or heawmys) from the LHC. The
high beam energies enable a huge phase space extensionredrftpelERA (see Figure 1)
reaching unprecedented lowalues and higi)? values. With anticipated luminosities of up
to 10**cm2s 1, orders of magnitudes larger than at HERA, the LHeC is thenalie future
high energy frontier DIS machine. Due to the high energy leeteoweak interactions are
extremely enhanced at the LHeC,; this is very beneficial fah llbe clean investigation of
the nucleon structure and for precision tests of the stromythe electroweak interactions.
A project status report is given at this conference by N. Astaé4].

In the following we will discuss some selected highlightsnefv results from the H1 and
ZEUS experiments at HERA, starting with inclusive and mgwio more exclusive reactions. As a
reminder, H1 and ZEUS collected each abo®® 1 of ep collisions; the first quarter was taken
in the HERA | period and the other three in the HERA Il periodiere the lepton beams were
polarised. About half of the data were taken wéthp collisions and the other wite™ p collisions.

2. Inclusive DIS

Inclusive DIS means to count every DIS event in a given regid@? andx. In general the DIS
process is described in collinear factorisation by threenected pieces (see Figure 1 (left)): the
exchange of an electroweak gauge boson, the hard scatmengrbative QCD (pQCD) process
and the non perturbative Parton Distribution FunctionsKIP@f the proton as represented by some
parametrisations at a start sclg and evolved with the DGLAP evolution to the scale of the hard
interaction. Usually one fixes one or two parts in the cakiotheand “tests” the remaining part(s):
fixing the electroweak and perturbative QCD pieces one ctarmée the PDFs, as discussed in the
talk by V. Radescu [5]; fixing the electroweak part one cahpesturbative QCD convoluted with
PDFs — this is the main talk topic, discussed from sectionc2®ards. For the next subsection
we turn the logic around and fix the PDFs and perturbative Q@Dtest the electroweak part.

2.1 Electroweak tests

Recently the H1 and ZEUS experiments completed their in&@u3IS analyses by releasing
the full highQ? data sets taken in the HERA Il period. The H1 publication [#jtains the finalised
inclusive e*p Neutral current(NC) and Charged Current (CC) data. The ZBbjser [7] covers
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Figure 2: Left: Electroweak unification at HERA, as manifested in @ dependence of Neutral and
Charged Currents. Right: Dependence of the total Chargeeaicross section on the lepton beam longi-
tudinal polarisation. The figures are available at [8].

the last missing higi)? data set from ZEUS, thet p NC data. Figure 2 (left) shows the test of
electroweak unification based on the complete data sets ffiatim experiments. At lowQ? the
NC cross sections are much higher than the CC cross sectitere the electromagnetic photon
exchange dominates the NC reaction compared to the excludutige weakZ boson and it is also
much stronger than the CC reaction mediated only by the Wéaboson. However, whe®?
approaches the squar@dandW boson masses, the relative suppressio ahdW exchanges
vanishes and the NC and CC cross section curves “merge”. shioiws that the electromagnetic
and weak force unite and behave as one single force.

Figure 2 (right) shows the H1 and ZEUS inclusive CC crossi@estas a function of the
lepton beam polarisatioR.. According to the Standard Model (SM), the cross sectiomslish
depend linearly on the polarisation and vanish for a purglythanded electron bearRs(= 100%)
and a purely lefthanded positron beafa£ —100%). The data are in excellent agreement with the
SM. As shown e.g. by H1 for their data [6], the results can llde obtain lower limits on masses
of hypotheticalW bosons, mediating charged currents for right handed fersjiof the order of
200 GeV.

2.2 Perturbative QCD and PDF tests

Figure 3 (left) shows the finalised H1 results [6] on incles# p NC DIS data, using a large
fraction of all available data. The reduced cross sectiondasured as a function @F for various
values ofx. The data were obtained from a weighted averaging of the HER#&h Q? inclusive
DIS data, their HERA | counterparts and also the HERA | Qtvdata. An excellent experimental
precision of about 1.5% has been reached for a large ré@ien500 Ge\f. In an Next-To-Leading
Order (NLO) QCD analysis based on the DGLAP evolution equati PDFs were fitted to the data.
The fit function from the resulting PDF set “H1PDF2012", is@atepicted in Figure 3. It provides
a reasonable description of the data in the whole kinematige. It was often hypothesised that
one might find a prominent breakdown of the NLO DGLAP fit dgstioin at lowQ? and lowx due
to uncontrollable higher order QCD effects, but there isast no blatant evidence from this plot.
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Figure 3: Recent Neutral Current reduced cross section measureffnemt$i1 (left) and ZEUS (right).

Figure 3 (right) shows a similar new measurement oféhp NC reduced cross sections by
ZEUS [7], using the HERA Il highQ? data sets. Here the data are plotted as a functionfof
various fixed values of?. A very good experimental precision is reached of aboB¥%din some
lower Q? regions. Also shown is the prediction using the PDF set “HPR#&1.5”, which was
obtained from an NLO DGLAP fit to specific subsets of the H1 aB{UZ inclusive data. As in the
H1 case, the data are described well by the fit.

In the future it is planned to combine the finalised/new h@FhHERA Il inclusive DIS data
from H1 and ZEUS together with the HERA | combined inclusiaadin order to obtain the best
available HERA data set to be used for QCD analyses and P[eFieations.

3. Isolated photon production

Figure 4 shows (left) one of the leading order (LO) diagraorstiie radiation of real photons
at HERA. The photon emission is not affected by hadronisadiad thus provides a direct probe of
the parton dynamics of the hard scattering. Furthermoeeptioton emissions can provide flavour
information on the proton PDFs, since the photon couplemgér tou-type than tad-type quarks.
ZEUS released recently a preliminary measurement [9] opti@oproduction of isolated photons
with and without accompanying jets. The photons were reqguio be isolated and identified by
using a shower shape observable. Figure 4 (middle) predentseasured cross sections for events
with a photon and an additional jet, as a function of the jeup®rapidity. NLO QCD predictions
based on collinear factorisation as well akrafactorisation model calculation were compared to
the data; while the NLO model describes the data well,khealculation predicts a somewhat
flatter shape than is observed in the data. Figure 4 (rigltvstihe cross sections as function of
the transverse energy of the photon. Again, the NLO calicuiadescribes the data well; the
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Figure 4: Left: Exemplary LO diagram for photon production at HERA.ddle/Right: Measured differen-
tial cross sections as functions of the rapidity of the agoanying jet in the event and the photon transverse
energy, compared to two predictions.
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Figure 5: Left: Exemplary leading order diagrams for jet productiontiie y*p frame. Right: Selected
recent measurements af(Mz).

calculation is slightly too low in normalisation. Lookin¢sa at other differential cross sections the
general picture emerges that both predictions provideradaieasonable prediction, but leaving
room for improvement.

4. Jets andasg

Jet production at HERA is a classical tool to investigate gh@on structure as well as to
measure the strong coupling constagt Two exemplary leading order diagrams for jet production
in the y*p frame at HERA are shown in Figure 5 (left). The fact that bdtlog and quark initiated
processes occur, enables to separate the gluon density praton from the determination of.

A compilation [10] of selected recent determinationsogfMy) is presented in Figure 5 (right).
The latest results from HERA are the “H1 normalised mukijat highQ?” [11] and the “ZEUS
inclusive jets in photoproduction” [12]; both measurensemere presented in detail at the previous
DIS conference. The HERA jet based determinationsigdMz) have a very good experimental
precision but suffer from the relatively large theory uriaetties; to date only NLO calculations
are available and the higher order uncertainties estimfateal scale variations are large. Several
jet based measurements from TEVATRON and LHC are also showheiFigure; they also suffer
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from large NLO theory uncertainties. A recent electroweakofiz hadronic decays at LEP, using
completeo(a?) corrections is shown on the top and has the smallest the@srainty. All shown
determinations agree well with a world average result,gamesd at the bottom; among various other
types of measurements also lattice QCD based results hawveuised as input for this average.

5. Heavy quark production

The heavy charm and beauty quarks are produced at HERA miaynboson gluon fusion
(BGF) processeyg — cC or bb. The leading order diagram is the same as the one in Figure 5
(left), but restricting the outgoing quark lines to charmba@auty quarks. Due to the large gluon
density in the proton, the BGF processes gives large caitvitis to DIS; charm production alone
accounts at low and highQ? for up to~ 35% of the inclusive DIS cross section. Furthermore, the
process provides direct sensitivity to the gluon densitthi proton. There are different schemes
to treat the heavy flavour production (for references candd].) At low Q?, that isQ? ~ ¢,
with m. denoting the charm quark mass, there is no doubt thatnssive scheme is correct. The
scheme is rigorous quantum field theory in which the massdéiseofieavy quarks are fully taken
into account in every part of the calculation. In this scheof@arm and beauty quarks can only
be dynamically produced in the hard interaction. The prd@@ts contain only light quarks and
gluons and hence the scheme is also cafiedd-Flavour-Number Scheme (FFNS). However, at
very high virtualitiesQ? > ¢, it might be favourable to treat the charm quark as mass|ésshw
is done in theZero-Mass-Variable-Flavour-Number Scheme (ZMVNFS). In this scheme, the charm
and beauty quarks appear above some kinematic threshaldsaalmassless sea quarks in the
proton. The nice feature of this scheme is that it allows sune to all orders certain logarithmic
terms appearing in the perturbative calculation relatecbtbnear gluon radiation from the heavy
quark lines. TheGeneral-Mass-Variable-Flavour-Number Schemes (GMVFNS) make use of the
best of “both worlds”: at lowQ? the massive scheme is used and at I@jtthe massless scheme,
with a suitable interpolation in the intermediate regiormwéver, what is a suitable interpolation is
debated for a long time as well as many other details of therrent of mass dependent terms in
pQCD; in fact there are numerous GMVFENS variants on the ntakd used by the various PDF
fitter groups in the world.

5.1 Open charm production in DIS

Recently, H1 and ZEUS published the combination of charndyection data in DIS [13].
The data, based on various tagging methods such as fullsgaotion ofD* mesonsP™ mesons,
semileptonic decays, or inclusive secondary vertex tagdiave been combined at the level of
the so called reduced cross sections. This cross sectiaiaited to the total charm production
cross section in a region @? andx. In the combination the correlated systematics is fulyetak
into account. The combined data reach an (for charm praolu@t HERA) unprecedented best
precision of about 5% in certain phase space regions. F§(ieft) shows the obtained combined
reduced cross sections as a functiorxdbr various values of)?. Also shown is the prediction
based on the “HERAPDF1.5” PDF, using the GMVFNS in the “Robéorne standard” scheme
variant (for proper references consult [13]). These PDReweétained from fitting only inclusive
DIS data, without any knowledge of charm production datae prediction describes the charm
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Figure 6: Left: Reduced cross sections for charm production in DIS: HERA combined data are com-
pared to a GMVFNS prediction. Righg? of the PDF plus charm mass fit as a function of the charm mass
parameteM; — for further details see the main text.

data reasonably well which is a triumph for the QCD collinautorisation approach used in the
calculations: the gluon density in HERAPDF1.5, obtainenirfithe scaling violations of inclusive
DIS, is in agreement with the gluon density that is neededesziibe the charm production data.
The not so nice thing is the large theory uncertainty, ascetéd by the error band, which is
dominated by variations of the charm quark mass. Turningahks, a simultaneous fit of PDFs
plus the charm quark pole mass was performed in [13]. BothitBRA combined charm data and
combined HERA | inclusive DIS data were used as input anebuarGMVFNS variants were tried
out. Figure 6 (right) shows g2 scan of this fit as a function of the charm mass paramgerlt
can be seen that the fittdd, values (called optimal masS™” in the plot) differ considerably
between the various GMVFNS variants (e.g. “RT standardAGOT-x"). In fact, when using a
fixed valueM; = 1.4 GeV, some of the schemes fail to describe (not shown heeeg¢dmbined
charm data in the lowe®? regions, while when using the optimal masses most of thensebgive

a good description. What can we learn from this? The variodB/ENS interpolate differently
between the massive and massless schemes and this lead#feoeatdquality of the charm data
description for a fixed charm mass; these deficiencies canrmhpensated by using thaS™ values.
This has even broader ramifications as discussed in the yalk Badescu [5]: Using the specific
Mé’pt value for each scheme stabilises the PDF mixture of the wargark flavours and of the
gluon; in turn this stabilises predictions & andZ production at the LHC which depend crucially
on the flavour mixture.

The massive scheme predictions (not shown here) which aiéable at NLO plus partial
NNLO, provide the best description of the HERA charm combiglata. A simultaneous fit of
PDFs and of the running charm quark mass has been perforntledhis scheme, yielding a value
me(mg) = 1.26+ 0.06; GeV, which is consistent with the world average vatu¢m:) = 1.275+
0.025 GeV [14]. For a detailed discussion of all the interegtiasults from [13] the reader is
referred to the talk by A. Geiser [15].
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Figure 7: Left: Direct- and resolved-photon diagrams for diffraetilijet photoproduction at HERA. Right:
Measured cross sections of VFPS tagged diffractive phothption dijet data as a function of the transverse
energy of the leading jet.

At this conference two further brand new publications onrahproduction in DIS have been
presented by ZEUS, based on the full reconstructioBofmesons [16] oD+ mesons [17]. The
data have good precision and are consistent with the HER/twmd charm data; in the future
they can be used to improve the combination.

Finally a general remark: the existing measurements of abtemm and beauty quarks at
HERA in DIS and also in photoproduction are described oveniimole kinematic phase space,
from smallest to largest transverse moment&éy by the NLO massive scheme calculations, so
one could say thahe massive scheme prevails at HERA.

6. Diffractive dijets in photoproduction

H1 has presented at this conference a new (preliminary) uneaent [18] of diffractive dijet
photoproduction, tagging the elastically scattered pratctheir “Very Forward Proton Spectrom-
eter” (VFPS). Figure 7 (left to middle) shows diagrams of gitecess in the resolved pomeron
model (the scattered outgoing proton is labelled her¥)agOne of the specific interests in pho-
toproduction is the expected presence of resolved photocepses (the second diagram). These
processes resemble hadron-hadron collisions and couttligfi on the mechanism of the strong
suppression of diffractive dijet production that was oledrat the TEVATRON [19] and very re-
cently also at the LHC [20] This suppression is with respeqtredictions based on the resolved
pomeron model in which QCD factorisation is assumed: thiamedhat the densities of partons
from the pomeron entering the hard interaction (in the diewg shown in the Figure it is a gluon)
are assumed to be universal and can be determined e.g. folusiire diffractive DIS. One expla-
nation for the observed suppression is is a rescatteringeoptoton remnant with the elastically
scattered proton. In HERA such rescattering could also jd&ee between the resolved photon
remnant and the escaping proton.

Figure 7 (right) shows the differential cross sections mess by H1 [18] as a function of the
leading jet transverse energy. The data show a relativerssgipn with respect to the factorisation
based NLO prediction by a facter 0.7, however the uncertainties are too large to draw strong
conclusions. In general the obtained picture of factaonsabreaking in diffractive photoproduc-
tion of dijets at HERA remains somewhat inconclusive, intipalar there is no hint for a larger
suppression in resolved photon enhanced samples.
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7. Conclusions

Six years after the end of the HERA data taking there is stlbatinuous flow of new QCD
precision results from the H1 and ZEUS experiments. Regdtih experiments completed (and
published) the analysis of the full higb? data sets taken in the HERA Il period. As a result, DIS
data sets are now available spanning a huge phase spacerfraliest to highes@? andx, with
high precision up t&Q? of a few 1000 GeY. Jet measurements from HERA have also reached a
very high precision, making it possible to determimgMz) with an experimental uncertainty of
1—2%. NNLO calculations are urgently needed to provide an aatgsmall theory uncertainty.
The combination of H1 and ZEUS charm data in DIS provides a dat with best precisions of
~ 5%. These data are a unique testing ground for the treatnidrgayy quark mass dependent
terms in pQCD. H1 presented new results on diffractive dlijgsing their very forward proton
spectrometer, adding information on the question of fagation breaking in photoproduction.
Many more new intriguing HERA results on the production oédgfic final states are available
which could not be covered her& bosons, beauty quarkd/y mesons, charged particles, and
others. The interested reader can find a detailed discusdiali of them in other proceeding
articles of this conference.

In the future the complementary LHeC and EIC projects, if/thee realised, would start a
new era of DIS with unprecedented opportunities for precisests of QCD.
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