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Abstract
Experimental results on heavy flavour production at HERA are reviewed in the
context of their relevance for future measurements at the LHC.

1 Introduction

Measurements of heavy flavour production at HERA can have significant impacts on the preparation
and understanding of heavy flavour measurements at the LHC, and on the understanding of background
processes to new physics discoveries [1]. The purpose of this contribution is to summarize the current
status of heavy flavour measurements at HERA, and provide an outlook on how they might improve in
the near future. The relation of these measurements to measurements at the LHC will be covered in
more detail in subsequent contributions [2—4]. Since the top quark is too heavy to be produced at HERA
with a significant rate, the term “heavy flavour” refers to b and ¢ quarks only. The dominant diagram for
heavy flavour production at HERA is shown in Fig. 1. The theory of heavy quark production at HERA
is covered in the theoretical review section [5].
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Fig. 1: Feynman graph for the production of a heavy quark pair via the leading order boson-gluon-fusion (BGF)
process.

The interest in heavy flavour production arises from several aspects.

— Tagging a heavy flavour particle, e.g. inside a jet, establishes that this jet arises from a quark rather
than a gluon. The number of possible QCD diagrams is thus reduced, and specific QCD final states
can be studied more precisely than in inclusive measurements. This is even more true when both
quarks of a heavy flavour quark pair can be tagged.

— The charm and beauty masses (my, m. > Agcp) provide energy scales which are large enough
to allow perturbative calculations using a “massive” scheme [6,7]. All QCD-processes involving
heavy quarks should thus be reliably calculable. However, these mass scales often compete with
other scales occurring in the same process, such as the transverse momentum (p7) of the heavy
quarks, or the virtuality of the exchanged photon, Q2. Since the perturbative expansion can not be
optimized for all scales at once, additional theoretical uncertainties enter which reduce the reliabil-
ity of the predictions. If one of the competing scales (p7, Q?) is much larger than the quark mass,
approximations in which the heavy quarks are treated as massless [8—14] can improve the relia-
bility. Mixed schemes [15-17] are also possible. Understanding and resolving these difficulties
should contribute to the understanding of multi-scale problems in general.



— Tagging the final state also constrains the initial state. Therefore, heavy flavour measurements can
be used to measure or constrain parton density functions. In particular, Fig. 1 illustrates the direct
sensitivity to the gluon density in the proton. Alternatively, in appropriate kinematic ranges, the
initial state splitting of the gluon or photon into a heavy quark pair can be absorbed into the parton
density definition. If the mass can be neglected, the same diagram (or higher order variants of it)
can be reinterpreted as a way to measure the heavy flavour content of the proton or of the photon.
These can in turn be used to calculate cross sections for other processes, such as Higgs production
at the LHC.

— The production of “hidden” heavy flavour states (quarkonia) yields further insights into the inter-
play of (perturbative) heavy quark production and (non-perturbative) binding effects.

At HERA, the fraction of charm production vs. inclusive QCD processes is of order 10% in
the perturbative QCD regime. Reasonably large samples can therefore be obtained despite the par-
tially rather low tagging efficiency. Beauty production is suppressed with respect to charm produc-
tion by the larger b mass, and by the smaller coupling to the photon. The resulting total cross section
is two orders of magnitude smaller than the one for charm. Beauty studies at HERA are thus often
limited by statistics. Kinematically, beauty production at HERA is similar to top production at LHC

(my/\/SHERA ~ ™t/ /SLrc). On the other hand, in the “interesting” physics region beauty is pro-
duced as copiously at the LHC as charm is at HERA.

2 Open charm production

Charmed mesons are tagged at HERA in different ways. A typical mass distribution for the “golden”
channel D** — D7 D® — K—n% (+c.c.) is shown in Fig. 2 [20]. Despite the low branching ratio,
this channel yields large statistics charm samples of high purity. Fig. 3 [21] shows a corresponding D*
production cross section in photoproduction for different kinematic variables. In general, D* production
is well described by next-to-leading order QCD predictions, although the data often prefer the upper edge
of the theoretical error band. Some deviations are observed in particular regions of phase space. For
instance, there are indications that forward (i.e. in the direction of the proton) charm production might
be slightly larger than theoretical expectations (Fig. 3b). Also, there are regions of phase space which
effectively require four-body final states which are not covered by NLO calculations (see Fig. 5 in [1]).
In order to describe such phase space regions, either NNLO calculations, or parton shower extensions to
NLO calculations such as MC@NLO [18, 19] will be needed.

Other ways to tag charm include the reconstruction of a secondary vertex in a high resolution
Micro-Vertex-Detector (MVD) in addition to the reconstruction of a charmed meson mass (Fig. 4) [22],
or the reconstruction of inclusive multiple impact parameters resulting from the finite charm meson
lifetime. A resulting cross section for DT production is shown in Fig. 5.

Since the charm mass of approximately 1.5 GeV is not very much above the threshold at which
perturbative calculations are believed to produce reliable results, the generally good agreement of per-
turbative QCD predictions with the data is highly nontrivial, and encouraging concerning the validity of
corresponding predictions for the LHC.

3 Open beauty production

Open beauty production is detected at HERA using essentially three different methods, related to the
large b mass or long b lifetime.

— If a jet is built out of the fragmentation and decay products of a b meson/quark, the transverse
momentum of the decay products with respect to the jet axis will be of order half the b mass.
This is significantly larger than for decay products of charm particles, or the transverse momenta
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Fig. 2: Total inclusive D** sample obtained by ZEUS for the HERA I data period in the golden decay channel
D*t — Dz} — (K—nt)rf.

induced by non-perturbative fragmentation effects, which are both of order 1 GeV or less. This
distribution of this transverse momentum, called pT’Tel, can thus be used to measure the beauty

contribution to a given jet sample.

— Due to the CKM-suppressed weak deacy of the b quark, the lifetime of b hadrons is longer than
that of charmed particles. Furthermore, the larger decay angle due to the larger mass results in a
higher significance of the decay signature. Detectors with a resolution in the 100 y region or better
can thus separate the beauty contribution from charm and light flavour contributions.

— Again due to their mass, b hadrons take a larger fraction of the available energy in the fragmentation
process. Furthermore, they produce decay products with sizeable transverse momentum even when
produced close to the kinematic threshold. Simple lower cuts on the transverse momentum of
such decay products therefore enrich the beauty content of a sample. Applying such cuts on two
different decay products (double tagging) often sufficiently enriches the beauty content such that
the remaining background can be eliminated or measured by studying the correlation between
these decay products.

An example for an analysis using the first two methods with muons from semileptonic b decays
is shown in Fig. 6 [23]. Some cross sections resulting from this type of analysis are shown in Fig. 3
of [1]. In general, reasonable agreement is observed between the data and corresponding NLO QCD
predictions, although, as in the charm case, the data tend to prefer the upper edge of the theoretical error
band. In some regions of phase space, e.g. at low pc’; or high n# differences of up to two standard
deviations are observed. More precise measurements (section 8) will be needed to decide whether these
deviations are really significant.

An example for an analysis using the 2nd method only is shown in Fig. 7 [24], while an example
for an analysis using the third method is shown in Fig. 8 [25].
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Fig. 3: D** single differential cross sections in photoproduction as function of the D** transverse momentum and
pseudorapidity. The measurements are compared to NLO calculations in the massive (NLO), massless (NLL) and
mixed (FONLL) scheme.

Figure 9 shows a summary of the data/theory comparison for all HERA beauty results as a function
of Q2. For the measurements sensitive to b quarks with p% ~ my, or lower (black points) there is a trend
that the “massive” NLO QCD predictions [7] tend to underestimate the b production rate at very low Q2.
Depending on the chosen set of structure functions and parameters, a “mixed” prediction (VFNS) [16,17]
might describe the data better. For the higher pr measurements (red/grey points), no clear trend is
observed. Note that theoretical errors, which are typically of order 30%, are not shown. Fig. 10 shows a
similar compilation for all HERA measurements in photoproduction (Q2? < 1 GeV), now as a function of
the b quark pr. A similar trend is observed towards low pr (but note that several measurements appear
in both figures). Again, more precise measurements are needed to determine whether these trends can be
confirmed.

4 Quarkonium production

Inelastic heavy quarkonia, like open charm and beauty production, are produced at HERA via the process
of photon-gluon fusion. The two charm or beauty quarks hadronize to form a charmonium or bottomo-
nium state.
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Fig. 4: DT mass peak in H1 before (left) and after (right) a cut on the decay length significance.
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Fig. 5: Cross sections for DT production in DIS. A leading order + parton shower QCD prediction (AROMA) is
shown for comparison.
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Fig. 9: Ratio of beauty production cross section measurements at HERA to NLO QCD predictions in the massive
scheme as function of the photon virtuality 2. Measurements with low pr cuts are shown in black, while mea-
surements with medium or high pr cuts are shown in red/grey. For more details see Table. The predictions from
the VFNS NLO calculations by MRST and CTEQ for the DIS kinematic regime Q> > 2 GeV? are also shown
(valid for comparison with the black low threshold points). Since theoretical errors are different for each point,
they are not included in this plot.

A number of models have been suggested to describe inelastic quarkonium production in the
framework of perturbative QCD, such as the color-singlet model (CSM) [33, 34], the color-evaporation
model [35, 36] and soft color interactions [37]. Comprehensive reports on the physics of charmonium
production are available [38,39].

Recently the ansatz of non-relativistic quantum chromodynamics (NRQCD) factorization was in-
troduced. In the NRQCD approach non-perturbative effects associated with the binding of a ¢g pair
into a quarkonium are factored into NRQCD matrix elements that scale in a definite manner with the
typical relative velocity v of the heavy quark in the quarkonium. This way, colour octet quark anti-
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Fig. 10: Ratio of beauty production cross section measurements in photoproduction at HERA to NLO QCD
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quark states, carrying different angular momenta and color charges than the quarkonium, can contribute
to the charmonium production cross section. Theoretical calculations based on the NRQCD factoriza-
tion approach [40-42] are available in leading order [43—48]. In the NRQCD factorization approach
the size of the color octet contributions, which are described by long distance matrix elements (LDME),
are additional free parameters and have been determined in fits to the Tevatron data [49]. The NRQCD
factorization approach incorporates the color singlet model i.e. the state ¢g[1,% S1] which is recovered in
the limit in which the long distance matrix elements for other ¢g states tend to zero.

At HERA, cross sections measurements for photoproduction of J/v and (25 and for electro-
production of .J/¢ mesons have been performed [52-55]. Bottomonium data are not available due to
statistical limitations of the data.

For J/v and 1(2S) photoproduction, calculations of the color-singlet contribution are available
to next-to-leading order perturbation theory [50,51]. Calculations which include the color octet contri-
butions as predicted by NRQCD are available in leading order.

Figure 11 shows the measurements of the .J/v photoproduction cross section by the H1 collabo-
ration [52] and the ZEUS collaboration [53] which are in good agreement with each other. The variable
z (left figure) denotes the fraction of the photon energy in the proton rest frame that is transferred to the
J/1. Reasonable agreement is found between the HERA data and the NRQCD factorization ansatz in
leading order (LO, CS+CO). The uncertainty indicated by the open band is due to the uncertainty in the
color-octet NRQCD matrix elements. In contrast, the shaded band shows the calculation of the color-
singlet contribution (NLO, CS) which is performed to next-to-leading order in o5 [50,51]. This NLO,
CS contribution alone describes the data quite well without inclusion of color-octet contributions. Com-
parison between the NLO,CS prediction (shaded band) and the LO,CS prediction (dotted line) shows
that the NLO corrections are crucial for the description of the HERA photoproduction data.
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Fig. 12: Differential Charmonium photoproduction in comparison with a prediction using the color singlet-model
and k; factorization as implemented in the Monte Carlo generator CASCADE.

Charmonium production cross sections have also been calculated in the k; factorization approach
(see Refs. [56-58]). In these calculations the color-singlet model is used to describe the formation of
the charmonium state. Figure 12 shows a comparison of the H1 data with the predictions from the k,
factorization approach as implemented in the Monte Carlo generator CASCADE [59]. Good agreement
is observed between data and predictions for z < 0.8. At high z values, the CASCADE calculation
underestimates the cross section. The CASCADE predictions for the the p%w dependence of the cross
section fit the data considerably better than the LO,CS calculation in the collinear factorization approach
(dotted curve in Fig. 11).

In fig 13 the differential cross sections for electroproduction of J/1) mesons as measured by
H1 [54] and ZEUS [55] are shown as a function of z and compared with predictions from the color
singlet model (shaded band), with the NRQCD calculation [60] (CS+CO, open band), and also with
calculations in the k; factorization approach (dotted line) as provided by [58] and implemented in the
Monte Carlo generator CASCADE (dash-dotted line).
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In the left figure the data are seen to agree well with the predictions using the color singlet model
(shaded band and lines) while the full NRQCD calculation (open band), including color-octet contribu-
tions is wrong in shape and normalization. The agreement deteriorates when the cut pﬁp > 1GeVis
applied (right Fig. 13). This cut is justified, however, as towards small p;"%p perturbation theory becomes
increasingly unreliable due to collinear singularities for the contributions e + g — e + c¢[n| + g with

n=9) and 3P [60].
In conclusion, NRQCD, as presently available in leading order, does not give a satisfactory de-
scription of the HERA data. In contrast, the color singlet model shows a reasonable description of the

HERA data, when implemented in calculations to next-to-leading order perturbation theory or in calcu-
lations in which the k;-factorization approach is used.

5 Charm and Beauty contributions to structure functions

To a good approximation, except at very high Q?, the cross section for inclusive deep inelastic electron
scattering off the proton at HERA can be described in terms of a single proton structure function Fs (for
formula see [1]). This structure function only depends on the photon virtuality, 2, and on the Bjorken
scaling variable z. Assuming that the electron scatters off a single quark in the proton (Oth order QCD,
quark-parton model) = can be reinterpreted as the fraction of the proton momentum carried by the struck
quark. This is a reasonable approximation for the light quark content of the proton.

For heavy quarks, the situation is a bit more complicated. Due to the heavy quark mass, on-shell
heavy quarks can not exist within the proton. Rather, the dominant process for heavy quark production
is the 1st order QCD BGEF process depicted in Fig. 1. However, this process (and other higher order
processes) still contributes to electron scattering, and hence to F». This can be interpreted in two ways.

In the massive approximation, heavy quarks are treated as being produced dynamically in the
scattering process. The heavy quark contribution to F, frequently denoted as Fi5¢ and szb, therefore
indirectly measures the gluon content of the proton. If Q2 is large enough such that the quark mass can
be neglected (Q? > (2mQ)2), the splitting of the gluon into a heavy quark pair can be reinterpreted to
occur within the proton. F5¢ and F2bb then measure the occurrence of virtual heavy quark pairs in the
proton, or the “heavy quark structure” of the proton.
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For charm production, the condition Q2 > (2mg)? is valid for a large part of the HERA phase
space. For beauty, it is only satisfied at very large Q2. This is also the region most interesting for physics
at the LHC.

Similar arguments hold for the heavy quark structure of the photon.

As an example, Fig. 14 [24,31,61-63] shows Fi5¢ as measured by the ZEUS and H1 collaborations.
A different representation of these results is shown in Fig. 6 of [1]. There, also F2bb is shown. Good
agreement is observed with QCD predictions. Parametrizations of heavy quark densities of the proton at
LHC energies should therefore be valid within their respective errors.

6 Charm fragmentation

The large cross section for charm production at HERA allows measurements of charm fragmentation
which are very competitive with eTe™ measurements. As this topic is covered very nicely in [1] and [2]
it is not treated further here.
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7 Quark-antiquark correlations

Heavy quarks are always produced in pairs. An interesting way to check QCD is thus to verify whether
the kinematic correlations between the quark pair are correctly described by QCD.

Figure 15 shows different interpretations of the same higher order beauty production process.
These different interpretations partially manifest themselves in different kinematic regions of beauty
production phase space. If the highest virtuality part of the process occurs in the leading order BGF-like
subprocess (left), the two b quarks will be almost back-to-back in the detector transverse plane. The two
extra gluons can either be reabsorbed into the proton structure, recovering the original BGF graph, or
manifest themselves as visible “parton shower” activity in the direction of the proton. Alternatively, if the
dominant leading order subprocess is gluon exchange with one of the b quarks (right, “flavour excitation
in the photon”), this b quark will recoil against a gluon jet. At sufficiantly large momentum transfer (rare
at HERA), the second b quark can be treated as a “spectator”, and will approximately follow the initial
photon direction. At next-to-leading order, contributions to both processes are described by the same
Feynman graph, but the two extreme kinematic cases (and all variants in between) are still included. If
both heavy quarks are tagged, these different kinematic regions can be distinguished by measuring the
momentum and angular correlations between the two quarks.

Figure 16 [25] shows the angular correlations between the two muons originating from different
b quarks of a bb pair. Reasonable agreement is observed with QCD predictions. The predominantly
back-to-back topology comfirms the dominance of the BGF-like contribution.

8 HERA II prospects

Both the HERA collider and its detectors have been upgraded in 2001/2 to provide more luminosity
with polarized electron beams, and improve heavy flavour detection. This program is called HERA II.
The luminosity accumulated so far already exceeds the HERA I luminosity. An integrated luminosity
up to 700 pb~! is expected at the end of the HERA program in 2007. This enhances the statistics for
many studies by almost an order of magnitude with respect to HERA 1. The improved detectors offer
further handles for improved heavy flavour measurements. H1 has improved the forward coverage of
its Micro-Vertex-Detector [68], and added a Fast Track Trigger [67]. ZEUS has implemented a Micro-
Vertex-Detector (MVD) [65] for the first time for HERA 1I, and has added an upgraded forward tracking
detector [66]. These improvements allow the application of measurement techniques which could not be
used at HERA 1, and can be used to improve the data quality, add additional statistics, and/or cover new
phase space regions.
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Fig. 16: Differential cross section do/dA¢** for dimuon events from bb decays in which each muon originates

from a different b(b) quark. The data (solid dots) are compared to the leading order + parton shower generators
PYTHIA and RAPGAP (histogram) and to massive NLO QCD predictions (shaded band).
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Fig. 17: Differential cross section as function of muon p7 for dimuon + jet events in photoproduction. Preliminary
results from the first 33 pb—! of HERA II data are compared to HERA I results and QCD predictions.

New detectors require time to fully understand their systematics, but first preliminary results have
already been obtained. Figure 17 [64] shows the cross section for beauty production obtained using
the new ZEUS MVD with the first 33 pb~! of HERA II data, compared to the HERA I result. Good
agreement is observed.

The measurements which will profit most from the improved HERA II data sets include double
differential measurements such as the beauty and charm contributions to the proton structure function F'o,
and multi-tag measurements to explicitly study quark-quark correlations. Statistical improvements of at
least one order of magnitude can be expected when the increased luminosity and improved measurement
techniques are combined.

9 Conclusions

Heavy flavour production at HERA is a very active field of research yielding multiple insights into the
applicability of perturbative QCD. The problem of multiple scales complicates the perturbative expan-
sions and limits the achievable theoretical precision. In general, QCD predictions agree well with the
data, although indications for deviations persist in specific regions of phase space. Some of these might
be attributable to missing NNLO or even higher order contributions.



The overall reasonable agreement, as well as the self-consistency of the structure functions tested
by or derived from heavy flavour production at HERA, enhances confidence in corresponding cross-
section predictions at LHC, within their respective theoretical uncertainties.
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