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Abstract
A variety of possible future analyses of HERA data in the context of the
HERA data preservation programme is collected, motivated, and commented.
The focus is placed on possible future analyses of the existing ep collider data
and their physics scope. Comparisons to the original scope of the HERA programme are made, and cross references to topics also covered by other participants of the workshop are given. This includes topics on QCD, proton structure, diffraction, jets, hadronic final states, heavy flavours, electroweak physics,
and the application of related theory and phenomenology topics like NNLO
QCD calculations, low-x related models, nonperturbative QCD aspects, and
electroweak radiative corrections. Synergies with other collider programmes
are also addressed. In summary, the range of physics topics which can still
be uniquely covered using the existing data is very broad and of considerable
physics interest, often matching the interest of results from colliders currently
in operation. Due to well-established data and MC sets, calibrations, and analysis procedures the manpower and expertise needed for a particular analysis is
often very much smaller than that needed for an ongoing experiment. Since centrally funded manpower to carry out such analyses is not available any longer,
this contribution not only targets experienced self-funded experimentalists, but
also theorists and master-level students who might wish to carry out such an
analysis.
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Introduction

HERA data taking has ended in 2007, and the primary funding for data analysis
has gradually phased out in the period 2012-2014. Nevertheless, data analysis is
continuing in the context of the established DPHEP data preservation programme
[1]. From the very beginning the HERA data sets have been unique [2], and they will
remain unique until a new higher energy electron-positron collider such as LHeC will
come into operation. This is expected to happen by the mid 2020s (after LHC LS3)
at the very earliest [3]. Despite major efforts, many interesting physics topics which
can be achieved with the HERA data have not been finalised with full statistics, or in
some cases not even been started. Synergies with LHC results [4] have already been
intensively exploited. Further synergy with the ongoing LHC programme and with
the upcoming lower energy EIC programme [5] is expected and will be addressed.
This brief review1 offers a subjective personal collection of such topics, ranging
from topics which have arisen since HERA started operations in 1991, all the way
up to topics which freshly became of interest recently. Emphasis is placed on their
physics motivation and future feasability. Hopefully, this will motivate interested people (which do not need to be members of one of the HERA collaborations) to pick up
some of them and bring them to successful completion within the next decade. This
might include theorists wishing to compare their predictions to data, experimentalists preparing future programmes who would like to test their analysis ideas on real
data, and phenomenologists from both theory and experiment which would like to
complement results achieved at hadron colliders, e.g. at LHC, with results from the
cleaner ep initial state.
A description of kinematic variables, structure function definitions and other
theory-related terminology as used in this document and an explicit comparison of
the HERA collider and LHC kinematic and detector acceptance ranges can e.g. be
found in [7]. The topics of this contribution will be roughly grouped by the scope
of their physics impact, and some of the topics already discussed in the Physics at
HERA workshop of 1991 [2] will serve as a partial guideline.
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Searches for new physics

Even though a few of the HERA search limits [8, 9] have not yet been superseded,
and a few last ones are currently in preparation [10], due to the limited center-of-mass
reach the high energy frontier is clearly not the main scope of the future programme.
Also on the intensity frontier HERA can not compete with dedicated projects. However, in order to find new physics, both the fundamental and many phenomenological
parameters of the Standard Model need to be known to the best possible precision.
1

A summary will also be reported elsewhere [6].
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This includes (but is not limited to) proton structure, quark masses, coupling constants, and many phenomenological nonperturbative QCD parameters occurring in
fragmentation and hadronisation.
The HERA data offer a relatively clean environment to measure such quantities,
and are by now almost garanteed to be free of biases from new physics. HERA results
can thus serve as Standard Candles [11, 12] against which parameters relevant in new
physics searches can be calibrated. Several such effects will be addressed among the
Standard Model topics in the next sections.
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QCD

√
The HERA data of ep collisions at s = 5 − 320 GeV still offer one of the best opportunities to test and improve our understanding of the theory of Quantum Chromo
Dynamics (QCD).
QCD can be probed in high-energy electron-proton collisions in several different
ways. Studies of the structure of the proton yield direct measurements of the parton
density functions at low (HERMES) and high (H1 and ZEUS) energies. Collider jet
measurements yield complementary insights into higher-order QCD corrections, and
both taken together allow the (experimentally) most precise determinations of the
strong coupling constant, αs . The study of semi-inclusive final states such as heavyflavour production and diffraction yield further complementary information about
both perturbative and non-perturbative QCD.

3.1

Proton structure

Understanding the structure of the proton in terms of its gluon and quark constituents
has a threefold physics interest:
• to understand the properties of the proton in its own right.
• to understand the details of the underlying theory of QCD.
• to provide a detailed description of this structure in terms of parton densities,
which are an essential input to the physics at hadron colliders such as the
Tevatron and the LHC.
One of the core goals [2, 13] and results of HERA, the measurement of inclusive
cross sections for Deep Inelastic Scattering (DIS), has recently been completed [14, 11].
However, much remains to be done to integrate these data into all global PDF fits,
fully understand their impact on our knowldege of QCD [9, 15], and to complement
them with measurements of other final states which have not all been completed.
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The topics of the HERMES fixed target spin programme are well covered in separate contributions [16] and are therefore not detailed here. Collider topics of future
interest include
• Completion of high x studies [17, 18].
• The extraction of improved transverse momentum dependent PDFs [19].
• A final extraction of F2 and FL from the measured [14] final reduced cross
sections, which depends on theoretical input and thus evolves with improved
understanding and precision of QCD theory. A dedicated combined analysis of
data allowing an ‘almost theory independent’ extraction of FL [20] also remains
to be done. This will allow improved checks of, and possibly some discrimination
between, different theoretical models concerning the treatment of higher order
and/or nonperturbative corrections.
• In particular, a more detailed study of the low x part of the data in the context
of the resummation of higher order corrections, saturation models, and other
low x effects. This interest has been pointed out from the very early days of
HERA [13, 21, 22], and is still as vibrant as ever [11, 23, 24, 25]. Questions that
can and should be addressed further include:
Are we starting to hit the nonperturbative limit?
Can we make further decisive measurements from existing data?
Can we achieve improved theoretical interpretations from existing results?
Can statements about new physics at high scales be made from the low energy
data? [26]

3.2

Diffraction

Diffraction is a partially nonperturbative effect which can be particularly well studied
at HERA, as was known from very early on [27]. To almost everyone’s surprise, the
diffractive part of the inclusive HERA ep cross sections turned out to be even larger
than anticipated [28], and this phenomenon is not really fully understood up to today,
in particular in comparison to diffractive cross sections in hadronic collisions. The
study of the elastic production of various meson states is a subtopic of great interest
up to today. Known future topics of interest are
• Finalisation of measurements of inclusive diffractive cross sections (most have
not been done with full statistics, nor combined), and performance of more
differential measurements than done so far [23, 25, 29].

4

• Finalisation of measurements of the elastic production of ρ, φ, J/ψ and other
vector mesons [29], and comparison to improved theory models and to other
experiments [30].
• Measurements of (or limits on) the elastic production of scalar mesons to test
the odderon hypothesis. This has been suggested very early on e.g. for the
measurement of η, η ′ or ηc final states [31], but was never done up to today,
even though the statistics of the full HERA sample should be sufficient to do
so [32].
• The collider DVCS measurements [33] have not yet been updated to the full
HERA statistics.

3.3

Jets

The interest of inclusive and multi-differential jet measurements was again pointed
out very early on [34], including the possibility to use these for measurements of
the strong coupling constant αs [35]. To reduce the dominance of the theoretical
uncertainty in such measurements, full NNLO QCD calculations are urgently needed.
This topic was well covered in several contributions to this workshop [9, 29, 36, 37].
A precise knowledge of the strong coupling constant and its evolution with energy
scale is one one of the ingredients to test the potential unification of coupling constants
in so-called grand unification theories. The precision of the knowledge of αs is actually
one of the biggest uncertainties in such tests.
Especially on the ZEUS side, inclusive jet measurements have not yet been fully
completed, and H1 and ZEUS jet measurements have not yet been combined, but
have been used successfully in a combined analysis [14].
Multijet final states [38] and Jet related event shapes such as thrust can also be
exploited further [37].

3.4

Hadronic final states

Potential measurements of hadronic final states and corresponding perturbative and
nonperturbative QCD parameters include
• Studies of multi-parton-interactions and other nonperturbative effects [39].
• Studies of the structure of the photon were originally declared a “central theme
of low Q2 studies at HERA” [40]. Such measurements have so far been carried
out only with fractions of the available data sets. The renewed interest in photon
structure e.g. in the context of new e+ e− colliders warrants a rich programme of
corresponding measurements and theory developments. A direct measurement
5

of gluons in the photon could for instance be made from multi-tagged heavy
flavour final states [41].
• QCD instantons are an integral part of standard QCD and therefore must exist
if the Standard Model is correct. The search for QCD instantons at HERA
from high multiplicity final states has so far resulted in inconclusive or negative
results [42], but could and should be expanded further [43]. A new analysis
method looking for instanton-induced heavy flavour final states [44] has not yet
been fully exploited.
• Searches for pentaquarks and/or other exotic resonances [45].
• The total γp cross section was obviously also a topic of early interest [46]. The
corresponding measurements [47] have not yet been fully completed.

3.5

Heavy Flavours

A recent review of all HERA collider results on open heavy flavour production can
be found in [48]. Many of these, like the high charm cross section and its potential
use to constrain the gluon distribution, were anticipated [49], while others, like the
measurement of the charm and beauty quark masses [48], were not. Out of these,
several topics of interest for future measurements remain not fully covered (see also
separate contributions [18, 9]).
• The question of the existence of intrinsic charm inside the proton, i.e. a charm
contribution not described by perturbatively calculable processes, and its potential measurement at HERA, was hotly debated from early on [50]. At HERA
collider energies, there is so far no evidence for intrinsic charm, and upper limits
have been set. The corresponding measurements are mainly limited by the detector tracking acceptance in the forward region. A combined analysis of ZEUS
and H1 forward muon data using charm semileptonic decays could potentially
increase the sensitivity of such analyses.
• The charm- and beauty-quark masses have already been measured from HERA
data [48], mainly relying on deep inelastic scattering final states. Such measurements could be improved further by including the latest available data sets,
and by completing the NNLO part of the corresponding QCD calculations [51].
• Many of the inclusive, differential and multi-differential heavy-flavour cross sections [48] have not yet been measured using the full HERA statistics. Some
multi-differential and/or multi-tagging measuremnts, which could for instance
discriminate better between quark-quark (boson-gluon-fusion-like) and quarkgluon (compton-like) final states, have not even been started.
6

• Measurements of the charm fragmentation fractions are well advanced [48] and
very competitive [52], while measurements of charm fragmentation functions
have so far only been obtained from HERA I data and have a great potential
for further improvement.

4

Electroweak physics

Although the most important impact of the HERA data occurs in the subfield of QCD,
they are obviously also sensitive to electroweak effects. There are two main lines of
interest: Leading order (0 loop) electroweak effects from W and Z exchange which
allow the investigation or exploitation of the quark couplings to heavy electroweak
bosons. These are particularly interesting in the context of the polarised electron data
taking during the HERA II running [54, 55]. And higher order radiative corrections
to all processes, including QED and electroweak loop corrections.
The issue of radiative corrections was discussed early on [53], and contributed
about 10% to the 1991 HERA workshop. In practice, QED (or in general electroweak) radiative corrections are often ‘unfolded’ from the measurements such that
the cross sections are reported at QED ‘Born level’. This is very convenient for QCD
predictions, which then do not have to deal with non-QCD higher order corrections.
However, the ‘unfolding’ was often done at Monte Carlo level using leading order
corrections only. This has been OK for the precision aimed for in past measurements,
but will probably not be adequate for future precsison measurements, in particular
if they are to be integrated with LHC measurements in which NLO electroweak corrections are partially large. Furthermore, recent advances in including photons into
the proton PDF also require a consistent treatment of electroweak effects at next-toleading order. In order to allow such corrections to be applied consistently within a
given renormalisation scheme, the previously applied leading order corrections must
first be undone. This might open a completely new era of PDF fitting, in which
documentation of exactly which corrections have already been applied to the data
sets used, and/or undoing such corrections, might be of major importance.
Topics of future interest include the following.
• The quark weak couplings have been measured from earlier unpolarised data
[56], but the corresponding measurements using the HERA II polarised data
still need to be completed [10].
• Including the photon structure of the proton, or more generally including NLO
electroweak effects into PDF fits to match NNLO QCD precision, might need
a change of paradigm concerning the treatment of radiative corrections, as outlined above.
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• The measurement of higher order QED corrections from double photon exchange, e.g. the difference of the Bethe-Heitler dimuon cross section between
e+ p and e− p collisions, could potentially yield insights into QED/QCD interference of similar interest as the measurements of the two-photon exchange process
in ep elastic scattering by the Olympus collaboration [57].
• The study of prompt photon production in ep collisions has recently become a
very active field [58] with many future opportunities.
• Measurements of strangeness in the proton from measurements of charm production in charged current events are within experimental reach of the full HERA
data sets, in particular using the secondary vertexing technique, but have not
yet been completed.
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New theory developments

New theory developments might trigger the need for a reanalysis of the data. Upcoming full NNLO QCD calculations [36, 51], can, in a first instance, probably be
compared to existing data sets. Full NLO electroweak radiative corrections, which
might be needed to match the QCD NNLO precision, might need a data reanalysis
if the already applied leading order unfolding to Born level, which is part of many
‘measurements’, can not be undone reliably (see previous section). The same might
be true for analyses trying to exploit new PDF sets including photons in the proton. New theoretical developments on the topic of exotic Standard Model resonances
might trigger new dedicated searches for particular predicted final states.

6

Synergies with other experimental programmes

A combined analysis of data from HERA and other sources such as the LHC, the
Tevatron, LEP, and fixed target experiments offers great opportunities for further
improvements. This is already standard for global PDF fits, and increasingly for dedicated aspects of particular PDF studies such as the strangeness contribution [59] or
the gluon distribution at low x [60]. A combined analysis of other HERA and LHCb
data is also very promising [30]. Such measurements will continue to be of interest.
But also on other topics like the measurement of αs from jet data and the measurement of the heavy quark masses from heavy quark data, combined measurements
from several experimental sources will offer synergy effects. Such synergy effects are
e.g. within the scope of the PROSA collaboration [60]. Many of the corresponding
analyses can be done using existing cross-section measurements, but as outlined in
the previous section a combination with new theory developments might require a
8

partial data reanalysis. As an example from the past (which can unfortunately not
be done), the possibility of reanalysis of the BCDMS and SLAC fixed target data to
resolve some apparent discrepancies in PDF fits would have been very helpful.
In addition, there could also be synergy with future experimental ep programmes:
Physicsts and students working e.g. on future measurements at EIC [5] or LHeC [3]
might want to gain experience through related measurements with existing data.

7

Conclusions

HERA is currently still one of the best QCD laboratories, and also has a scope for important electroweak measurements. Measurements at HERA (at the “HERA-scale”)
are generally in good agreement with predictions from Standard Model calculations,
and provide, in addition to valuable results in their own right, relevant information
for measurements at the LHC (the Terascale), such as precise parametrisations of the
parton density functions, precise determinations of the strong coupling constant, and
insights into the treatment of QCD at low x, the treatment of quark masses, and
the treatment of diffractive processes. Progress with electroweak effects, in particular
with radiative corrections, is also still to be made. In many cases, some of which
have been collected above, the most precise final results with the full HERA statistics
are still to come. The participation also of non-members of the HERA collaborations to achieve these results and the use of synergies with other experimental and
phenomenological projects is encouraged.
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[31] A. Schäfer, L. Mankiewicz, O. Nachtmann, Diffractive ηc , η, η ′ , J/ψ and ψ ′
production in electron-proton collisions at HERA energies, Proceedings: Physics
at HERA, p 243, Hamburg, October 29-30, 1991, Ed. W. Buchmüller and G.
Ingelman.
[32] M. Sauter et al., Photoproduction of π + π − pairs in a model with tensor-pomeron
and vector-odderon exchange, in workshop proceedings, to be published.
11

[33] ZEUS Collaboration, S. Chekanov et al., JHEP 0905 (2009) 108
[arXiv:0812.2517].
H1 Collaboration, F.D. Aaron et al., Phys. Lett. B 659 (2008) 796
[arXiv:0709.4114].
[34] D. Graudenz, N. Magnussen, Jet cross sections in deeply inelastic scattering at
HERA, Proceedings: Physics at HERA, p 261, Hamburg, October 29-30, 1991,
Ed. W. Buchmüller and G. Ingelman.
[35] M. Crombie, A. Wegner, Jet ratios: towards the extraction of the strong coupling,
Proceedings: Physics at HERA, p 321, Hamburg, October 29-30, 1991, Ed. W.
Buchmüller and G. Ingelman.
[36] T. Gehrmann, contribution to this workshop.
[37] D. Kang, C. Lee, I.W. Stewart, Precision jet physics in deep inelastic scattering,
in workshop proceedings, to be published.
[38] S. Plaetzer, Herwig++ for ep and Rivet for ep, in workshop proceedings, to be
published.
[39] F. Hautmann, H. Jung, Parton shower Monte-Carlo generators beyond collinear
approximation, in workshop proceedings, to be published.
[40] G.A. Schuler, Theoretical aspects of low-Q2 physics at HERA, Proceedings:
Physics at HERA, p 461, Hamburg, October 29-30, 1991, Ed. W. Buchmüller
and G. Ingelman.
[41] D. Gladkov, PhD thesis, Hamburg University 2007, DESY-THESIS-2007-025.
[42] H1 Collaboration, P. Sopicki for the collaboration, PoS DIS2014 (2014) 157.
ZEUS Collaboration, S. Chekanov et al., Eur. Phys. J. C 34 (2004) 255.
H1 Collaboration, C. Adloff et al., Eur. Phys. J. C 25 (2002) 495.
[43] E. Lohrmann, A new search for instantons, in workshop proceedings, to be published.
[44] D. Bot, PhD thesis, Hamburg University 2011, DESY-THESIS-2011-032.
[45] U. Karshon Why and how to search for charm pentaquarks with the HERA data,
in workshop proceedings, to be published.
[46] E. Lohrmann, Measurement of the total γp cross sectiuon, Proceedings: Physics
at HERA, p 519, Hamburg, October 29-30, 1991, Ed. W. Buchmüller and G.
Ingelman.
12

[47] ZEUS collaboration, H. Abramowicz et al., Phys. Lett. B 697 (2011) 184
[arXiv:1011.1652].
ZEUS collaboration, S. Chekanov et al., Nucl. Phys. B 627 (2002) 3.
H1 collaboration, S. Aid et al., Z. Phys. C 69 (1995) 27.
ZEUS collaboration, M. Derrick et al., Z. Phys. C 63 (1994) 391.
H1 collaboration, T. Ahmed et al., Phys. Lett. B 229 (1993) 374.
[48] O. Behnke, A. Geiser and M. Lisovyi, Prog. Part. Nucl. Phys. 84 (2015) 1
[arXiv:1506.07519].
[49] A. Ali, D. Wyler, Heavy Quark Physics at HERA: introduction and overview,
Proceedings: Physics at HERA, p 379, Hamburg, October 29-30, 1991, Ed. W.
Buchmüller and G. Ingelman.
[50] G. Ingelman, L. Jönsson, M. Nyberg, Probing intrinsic charm quarks in the
proton, Proceedings: Physics at HERA, p 353, Hamburg, October 29-30, 1991,
Ed. W. Buchmüller and G. Ingelman.
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