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Abstract

A review is provided of open charm and beauty production at HERA and its description by perturbative QCD
(pQCD). Four years after the end of the data taking there is still a steady flow of new charm and beauty results from
HERA. Among the results reported here are the first combined H1 and ZEUS measurements on the contribution
from charm production to deep inelastic scattering (DIS), represented by the structure function F5° , as well as new

precise results on the corresponding structure function for beauty production, F gz} . Furthermore the situation of charm
and beauty production in the photoproduction kinematic regime is reviewed. Since it is a related field also the first
hadroproduction results from LHC are presented. A brief outlook is given on open heavy flavour prospects at possible

future ep colliders, with a focus on the LHeC.
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1. Introduction

Heavy quark production at HERA provides an excit-
ing testing ground for perturbative QCD (pQCD). In
leading order, heavy quarks are produced in ep colli-
sions via the Boson Gluon Fusion (BGF) process shown
in Fig. 1 on the left. This process provides direct ac-

Figure 1: Left: Leading order Boson Gluon Fusion (BGF) diagram
for charm and beauty production in ep-collisions. Middle and right:
Sketch of the leading order processes in the massless approach, where
charm and beauty quarks are treated as massless sea quarks in the
proton and in the resolved photon, respectively.

cess to the gluon density in the proton. BGF type
processes dominate DIS scattering towards lower val-

ues of the Bjorken scaling variable x, due to the large
gluon density. In the limit of large photon virtualities
Q?, the events with charm and beauty quarks are ex-
pected to account for ~ 36% and ~ 9% of the BGF
processes and hence contribute significantly to inclu-
sive DIS. On the theoretical side, the description of
heavy quark production in the framework of perturba-
tive QCD is complicated due to the presence of several
large scales like the heavy quark masses, the transverse
momentum py of the produced quarks and Q. Differ-
ent calculation schemes have been developed to obtain
predictions from pQCD. At low scales pr (or 0?) the
fixed-flavour number scheme (FFNS) [1] is expected to
be most appropriate where the quark masses are fully
accounted for. Calculation programs [2, 3] are avail-
able to Next-to-Leading Order (NLO), which is order
O(a?) for the cross sections. An exemplary NLO dia-
gram is shown in Fig. 2 on the left. Complete Next-to-
Next-to-Leading Order (NNLO) predictions are not yet
available due to difficulties to determine two loop dia-
grams with heavy quark lines (see Fig. 2 right). How-
ever, some important steps have been already under-
taken towards an NNLO calculation, including thresh-
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old resummation of soft gluon radiation, as discussed in
the talk by S. Alekhin [4]. At very high scales the NLO

Figure 2: Exemplary diagrams for heavy quark production at higher
orders: left at Next to Leading Order (NLO) and right at Next to Next
to Leading Order (NNLO). The two loop NNLO diagram has not yet
been calculated.

FFNS scheme predictions are expected to break down
since large logarithms ln(pzT /m?) are neglected that rep-
resent collinear gluon radiations from the heavy quark
lines. These logarithms can be resummed to all orders
in the alternative Zero-Mass Variable Flavour Number
schemes (ZM-VENS) [5]. Here the charm and beauty
quarks are treated above kinematic threshold as mass-
less and appear also as active sea quarks in the pro-
ton and in the resolved photon, as depicted in figure 1
middle and right. Most widespreadly used are nowa-
days the so-called Generalised Variable Flavour Num-
ber Schemes (GM-VFENS) [6]. These mixed schemes
converge to the massive and massless schemes at low
and high kinematical scales, respectively, and apply a
suitable interpolation in the intermediate region. How-
ever, the exact modelling of the interpolation and in
general the treatment of mass dependent terms in the
perturbation series are still a highly controversial issue
among the various theory groups. The different treat-
ments have profound implications for global Parton Dis-
tribution Function (PDF) fits and influence the fitted
densities of gluons and other quark flavours in the pro-
ton. This topic is discussed extensively in the talk by K.
Lipka [7] as well as the implications for predictions of
many important processes at the LHC, for instance for
Z and W production. As it turns out the HERA inclu-
sive charm production data in DIS allow to determine
the charm quark mass parameter in the different scheme
calculations and this helps to stabilise the PDF fits and
predictions for the LHC.

In the review presented here the focus is on compar-
ing the HERA open charm and beauty production data
with pQCD calculations in the various schemes, to see
how well they are doing. A systematic “tour through
the hard scales” is taken, as indicated in Fig. 3, start-
ing with the smallest quark mass and photon virtuality

scales, charm in photoproduction and ending with the
largest scales, beauty production in DIS. In the outlook
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Figure 3: Ordering scheme of topics in this review, according to the
hard scales of quark mass and photon virtuality Q?.

also some prospects for heavy quark production at pos-
sible future ep colliders are briefly given.

2. Results

2.1. Charm photoproduction

One of the most precise measurements of charm
photoproduction to date are provided by the ZEUS
D* meson analysis [8] based on the HERA I data
set. The D* mesons are identified via full reconstruc-
tion of the decay D** — DOn* with subsequent decay
D - K-t or D — K- n*n*n~. Throughout this re-
view the charge conjugated states and decay chains are
implicitly included. Figure 4 shows the obtained dif-
ferential production cross sections as a function of the
transverse momentum of the D* meson. A vast region
from 1.9 GeV to 20 GeV is covered, where the data are
falling over four orders of magnitude. The ZEUS data
are compared to the FMNR [2] massive scheme NLO
calculations and to the FONLL [9] predictions which
are based on the massive scheme at NLO plus a next-
to-leading log resummation of terms of collinear ori-
gin. The FMNR prediction describes the data better than
FONLL towards the high transverse momenta. This is a
surprise since this is the region where one might expect
that the massive scheme starts to fail. At the starting
point of the spectrum, where the transverse momenta
are not much above the charm quark mass, both calcu-
lations are slightly below the data, however still within
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Figure 4: Differential D* photoproduction cross sections as a func-
tion of the transverse momentum of the meson. The ZEUS mea-
surement [8] is compared to two massive scheme NLO predictions:
the FMNR [2] (labelled NLO QCD) and the FONLL [9] calculation
which includes additional collinear gluon radiation terms.

reasonable agreement considering the estimated predic-
tion uncertainties. These uncertainties have been ob-
tained by varying the renormalisation and factorisation
scales simultaneously by the factors two up and down

from the nominal scale y, ; = /m2 + p?. They reach a
level of about 50% at small transverse momenta. This
is no surprise, since @, which enters the cross section
prediction already at leading order (see Fig. 1 left), is
large for the relatively small hard scales available in
this kinematic domain. Thus the predictive power of
the NLO calculations remains limited in the kinematic
threshold region. The situation will only change when
NNLO predictions will become available, which unfor-
tunately cannot be expected for the near future.

Figure 5 shows the results of a similar but more re-
cent D* meson measurement [10] from H1, in this case
as a function of the D* pseudorapidity. The data are rea-
sonably well described by a generalised variable flavour
number scheme calculation. In this Figure, due to the
linear scale, the large uncertainties of the prediction are
very clearly visible.

Recently the LHC entered the game of heavy flavour
production. The dominant production mechanism at
LHC is gluon gluon fusion into a heavy quark-antiquark
pair. Figure 6 shows the first ATLAS results [11]
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Figure 5: Differential D* photoproduction cross sections as a function
of the pseudorapidity of the meson. The HI measurement [10] is com-
pared to the generalised variable flavour number scheme calculation
(labelled GMVENS), for more details of the calculation see [10].

on D* meson differential production cross sections
as a function of the meson transverse momentum.
The data are compared to different massive NLO plus
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Figure 6: Differential D* hadroproduction cross sections as a func-
tion of the transverse momentum of the meson. The ATLAS measure-
ment [11] is compared to various massive scheme calculations (for
further details and references see also [11].

matched parton shower calculations, MC@NLO [12]
and POWHEG [13]. The spectrum itself and the qual-
ity of the description by the calculations bears a strik-
ing resemblance to the ZEUS photoproduction results
shown in Fig. 4. Also for pp collisions the predictions
tend to undershoot the data, but are still in reasonable
agreement considering the theory uncertainties. These
uncertainties are considerably larger compared to those
at HERA, which demonstrates the virtue of having at
HERA an electromagnetic photon probe at hand. In the
future one can expect the LHC experiments to extend
the phase space of charm production to much higher
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transverse momenta than those covered in Fig. 6. It will
be interesting to see how well the various theory models
can describe this large momentum domain.

The dominant production mechanism for charm in
photoproduction at HERA is the BGF process (Fig. 1
left), where the photon enters directly the hard interac-
tion. However, it is known since long that there is a
sizeable production component which can be explained
by resolved photon processes. A leading order diagram
for such a process is shown in Fig. 1 right. Here the
photon emitted by the electron fluctuates hadronically
before the hard interaction, and a parton from this fluc-
tuation enters the hard process. In the depicted reac-
tion, which is called ’charm excitation’, this parton is a
charm quark. The charm excitation process exists only
in the massless picture since in the massive scheme only
light partons can be constituents of the resolved pho-
ton structure, and the charm quarks can only be pro-
duced in the hard interaction. However, in the massive
calculation, excitation like processes (but with massive
charm quarks) can appear at NLO. The main experimen-
tal hints on contributions from excitation like processes
were obtained by analyses selecting events containing
a reconstructed D* meson and at least two jets. The
kinematic information from the two leading jets allows
to reconstruct (in the leading order picture) the fraction
x, of the photon energy which is carried into the hard
interaction. Recent H1 results [14] on this observable
are shown in Fig. 7 and are compared with predictions
by the MC@NLO massive scheme programme. The

D*+2 jets inyp

i 20 ;'H1 Preliminary 4 3
% 1 5 :_ —4— Data (H1Prel) T =
_B E DMC@NLO 1
T qof 1
5 E * E

0 02 04 06 08 1

Xy

Figure 7: Differential cross sections for D* meson plus dijet produc-
tion in photoproduction as a function of the observable x, . The H1
data [14] are compared with the MC@NLO [12] massive scheme pre-
dictions.

calculation provides a good description of the data for
values of x, close to unity, where direct processes are
dominating, but undershoots the data by far in the small
x, region. This demonstrates that the aforementioned
massive NLO contribution to excitation like processes
cannot account for the charm event yields in this re-

gion. A better description of the data in this region (not
shown) is obtained by the PYTHIA [15] Monte Carlo
model containing a massless charm excitation compo-
nent. Also, as has been reported in previous Ringberg
workshops, numerous other HERA measurements in-
volving D* mesons and jets have added evidence for
the presence of a seizable excitation like component at
small x, , for instance in the analysis [16], where the
dijet angular distributions were investigated.

2.2. Beauty photoproduction

The relatively large beauty quark mass makes one be-
lieve that the pQCD predictions for beauty quark pro-
duction should be very reliable. Thus it was a sur-
prise when the very first results on beauty production
in photoproduction at HERA and also in pp collisions
at TEVATRON, about fifteen years ago, indicated some
excesses of the data over the NLO calculations. How-
ever, since then the situation has improved. Nowadays
one can state that there is in general a reasonable agree-
ment of data and NLO predictions, both for HERA and
TEVATRON. The main reasons for the situation change
is that much more precise data have become available
and simultaneously the theory models have advanced.
Figure 8 shows a compilation of all the available beauty
photoproduction results at HERA as a function of the
transverse momentum of the beauty quark.
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Figure 8: Summary plot of beauty photoproduction results at HERA
as a function of the transverse momentum of the beauty quark. The
H1 and ZEUS data points, based on various beauty hadron tagging
techniques, are compared to the FMNR [2] massive NLO predictions,
for more details of the calculation see [17].
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The plot contains measurements based on various
experimental techniques. The latest two additions are
the ZEUS measurement labelled “ZEUS 133 pb™! b
jet” [17] and the H1 analysis labelled “H1 (prel) b —
ee” [18]. In the new ZEUS measurement the events
containing beauty quarks are tagged by exploiting the
signatures of long lifetime and large mass of the beauty
hadrons. Tracks associated to the beauty jet candidate
are fitted to a secondary vertex. The significance of the
decay length from primary to secondary vertex and the
secondary vertex mass are used as observables to sep-
arate the beauty, charm and light flavour contributions
to the event yields. With this technique an almost back-
ground free subsample of more than thousand beauty
quark events is obtained. The measurement delivers the
highest py data point in Fig. 8 plus four other points.
The new H1 measurement [18] is complementary, it is
based on tagging events where both beauty quarks decay
semileptonically with electrons in the final state. This
double tagging technique allows to select events with
very small beauty quark transverse momenta down to
threshold. All the measurements shown in Fig. 8 are
compared to the FMNR massive scheme NLO calcula-
tion. Both the new ZEUS and H1 measurements are rea-
sonably well described by the calculation as is the large
majority of the other measurements. The calculation
is also shown (dashed line) with a factor two smaller
renormalisation and factorisation scale u. It should be
noted that this smaller scale was for many years the
standard choice and using it gave the impression that
there might be some trend of theory undershooting data.
However, since the scale choice is arbitrary such a con-
clusion is not warranted.

Figure 9 shows from the same ZEUS analysis [17]
as discussed above the measured cross sections as a
function of the pseudorapidity of the beauty tagged jet.
Again a good description is observed by the FMNR
massive NLO calculation, for both PDF sets tested.

As for charm also for beauty production the very first
results from LHC have become recently available. Fig-
ure 10 shows the cross sections for b-jet production as
measured [19] by CMS, using an inclusive secondary
vertex tag method. The results are presented double dif-
ferentially as function of the transverse momentum and
the rapidity of the tagged jet. In the covered region of
transverse momenta from 20 GeV to about 350 GeV the
cross sections fall over seven orders of magnitude. The
MC@NLO calculation, which is also shown, provides
a good description over most of the phase space, with
the exception at highest p7 in the not so central rapidity
bins where it exceeds the data.
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Figure 9: Differential cross sections for beauty jet production in pho-
toproduction at HERA as a function of the pseudorapidity of the jet.
The ZEUS data [17] are compared to the FMNR [2] massive scheme
calculations.
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Figure 10: Double differential Beauty-jet hadroproduction cross sec-
tions as function of the transverse momentum and the rapidity of the
tagged jet. The CMS data [19] are compared with the massive scheme
MC@NLO [12] predictions.
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2.3. Charm production in DIS

For charm production in deep inelastic scattering at
HERA, in general a good description of the data by the
massive NLO scheme predictions has been observed.
Figure 11 shows the recent Hl measurements [20] of
D* meson production as a function of Q?. Over the
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Figure 11: Differential cross sections for D* meson production in
DIS as a function of the photon virtuality Q?>. The HI measure-
ments [20] are compared to the HVQDIS [3] massive NLO calcu-
lations performed with two different PDF sets.

whole kinematic range, 5 GeV? < 0% < 1000 GeV?,
the data are well described by the HVQDIS [3] massive
NLO calculation, for both sets of proton PDFs tested.
Figure 12 presents for the same H1 analysis the obtained
cross sections as a function of z(D*), which denotes the
fraction of the photon energy transferred in the proton
rest frame to the D* meson. At low z the HVQDIS pre-
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Figure 12: Differential cross sections for D* meson production in
DIS as a function of the observable z (for explanation see main text).
The H1 measurements [20] are compared to the HVQDIS [3] massive
NLO calculations performed with two different PDF sets.

diction clearly undershoots the data. This deficiency is
the most significant one observed for charm production
in DIS and has been observed in many analyses. The in-
terpretation of this effect is involved since the z observ-
able is sensitive to both higher order perturbative correc-
tions and to the hardness of the fragmentation process.
Figure 13 shows results from the same H1 analysis as
a function of the event inelasticity y. Additional cuts
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Figure 13: Differential cross sections for D* meson production in DIS
as a function of the event inelasticity y. The H1 measurements [20]
are compared to the HVQDIS [3] massive NLO calculation and also
to a zero mass variable flavour number scheme prediction [21].

have been applied here on the D* transverse momen-
tum in the yp centre-of-mass frame p7.(D*) > 2.0 GeV.
This facilitates a comparison of the data also to a predic-
tion [21] based on the zero mass variable flavour number
scheme. As one can see this calculation predicts signif-
icantly too high cross sections at low values of y, cor-
responding to the threshold region. The massive NLO
scheme calculation provides a much better description
of the data. Further interesting new measurements [22]
of charm and beauty jets in deep inelastic scattering us-
ing a secondary vertex tag are available from H1. They
show that the massive scheme NLO QCD predictions
(and testing several PDF sets used for the calculation)
describe the data also in the presence of an additional
hard scale provided by the jet.

From all charm analyses at HERA, the determination
of the contribution of charm production to the total DIS
rates is the one which is most in the focus of interest.
This contribution is usually represented by the struc-
ture function F 55, which is defined as the part of F, due
to events with charm quarks in the final state. Experi-
mentally one can measure charm production only in the
acceptance range of the detectors, which is limited to
rather central rapidities and usually to some minimum
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transverse momentum of the tagged charmed hadron.
Thus, in order to determine F' 55, the measurements are
extrapolated from the visible to the total phase space.
The extrapolation causes inevitably a further systematic
uncertainty. The extrapolation factors are determined
using the NLO theory calculations and are typically of
order 1.5 or larger. Recently, the H1 and ZEUS collabo-
rations combined [23] their available F' gz‘ measurements
based on various tagging techniques (using fully recon-
structed charm mesons, muons from semileptonic de-
cays or inclusive secondary vertex tags). For the com-
bination a method of weighted averaging was applied,
where parameters representing experimental systematic
uncertainties (e.g. calorimeter energy scales) are also
fitted. This leads to an effective cross calibration of the
two experiments and thus to greatly reduced uncertain-
ties. Figure 14 shows the F5° input data and also the
combined results, as a function of the Bjorken scaling
variable x for various Q? values. The improvement of
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Figure 14: The structure function Fg‘ as a function of x for various Q?
values. The HERA combined results are shown as well as the various
separate input data from H1 and ZEUS used for the combination. For
better visual clarity the different input data sets are offset horizontally
from each other by small amounts.

the uncertainties for the combined points is evident, and
a precision of about 5% is obtained over a large part of
the phase space. In Fig. 15 the combined F§* points
are compared to various theory models, using different
schemes and orders in perturbation theory. It is obvi-
ous that the data have some power to discriminate be-
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Figure 15: The structure function FgE as a function of x for various

0? values. The HERA combined results [23] are compared to vari-
ous pQCD based predictions (for further details and references for the
predictions see also [23]).

tween the various predictions. A dominant source of
uncertainty for the calculations is the value of the charm
quark mass parameter, which affects the F5° predictions
especially at low Q®. As discussed in the talk [7] and
documented in [24], the combined F ;E data can be
used to determine for the various schemes their optimal
charm quark mass parameter values. This turns out to be
helpful to stabilise the PDF fits to the HERA inclusive
neutral and charged current data such that the different
scheme predictions for important LHC processes, e.g.
W production, become much more consistent with each
other.

In Fig. 16 further recent F’ ;E measurements [25] by
ZEUS are shown, which have not yet been used in the
combination with Hl. The data are compared to the
predictions based on the HERAPDF1.0 [26] PDF set.
This set was obtained from fitting the flavour inclusive
neutral and charged current data from the HERA I pe-
riod, i.e. without using any F5° measurements. Within
the theory uncertainties, dominated by the charm quark
mass value, the prediction describes the F. 55 data very
well. In the first place this demonstrates the universal-
ity of the gluon density obtained from the scaling vio-
lations of F, with the one that drives charm production.
This universality is expected from the QCD factorisa-
tion theorem. From the new F 55 results one can ex-
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Figure 16: The structure function Fg‘ as a function of x for various
Q7 values. The new preliminary ZEUS data [25], based on D* and
D" meson tags are shown together with the HERA combined results
presented already in Fig. 15. Also shown are the pQCD predictions
based on the HERAPDF1.0 [26] set.

pect another significant improvement towards the final
HERA combined F§° data which will provide one of
the most important legacies from HERA in the domain
of heavy flavour physics.

2.4. Beauty production in DIS

The domain of beauty production in DIS concludes
our survey of open heavy flavour production at HERA.
Figure 17 shows new ZEUS results [27] on beauty jet
production, as a function of the jet transverse momen-
tum. The analysis is based on the same inclusive sec-
ondary vertex tagging method as used in the photopro-
duction measurement (see Fig. 9). The resulting mea-
surements are the most precise ones so far. As shown
in Fig. 17 the massive scheme HVQDIS calculation de-
scribes the data adequately over the large momentum
range covered.

Also for beauty production the contribution to the to-
tal DIS cross section, represented by the structure func-
tion F’ é”’ , is at the centre of attention. Of particular in-
terest are high values of Q? where one can measure with
F lz’b an effective beauty sea quark density in the proton.
This can be used for predictions of many interesting pro-
cesses at LHC with beauty quarks in the initial state. For
instance, as discussed in [29], in the minimal supersym-
metric extension of the standard model the production

ZEUS
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Figure 17: Differential cross sections for beauty production in DIS
as a function of the transverse energy of the beauty hadron jet. The
ZEUS data [27] are compared to the HVQDIS [3] massive NLO cal-
culations as well as to scaled RAPGAP [28] MC predictions.

of the neutral Higgs boson A is driven by bb — A and
for the calculation of this process the PDF uncertainties
dominate over the theoretical uncertainties of the pertur-
bative calculation. Figure 18 shows a compilation [30]
of the HERA F' é’b results, based on semileptonic and/or
inclusive secondary vertex tags of beauty hadrons in the
final state. The data are described by the various model
predictions. It is a most important task, to be yet per-
formed, to combine the various F4* data from H1 and
ZEUS. This will allow to achieve the best precision and
thus to test the theory predictions at a new level of qual-

ity.
3. Conclusion and outlook
In this review it was shown that open charm and

beauty production provide a most intriguing testing
ground for perturbative QCD. The extra hard scale pro-
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Figure 18: The structure function F 2” as a function of Q? for various x
values. The measurements [30] from H1 and ZEUS, based on various
beauty hadron tagging techniques, are compared to different pQCD
predictions (for references see also [30]).

vided by the heavy quark masses complicates the the-
ory calculations since it leads to mixed terms in the per-
turbation series such as (a,ln(Q”/m?))" which appear
at all orders n. At HERA it was possible to study this
“battle of the scales” over a wide range, from the thresh-
old region, where the kinematic scales Q and/or the
transverse momenta pr of the produced heavy quarks
are close to zero GeV, up to the region of about 35
GeV, much above the charm and beauty quark masses.
Across the full kinematic range, the massive scheme
NLO calculations provide a reasonable description of
the charm and beauty production data with exceptions
in some phase space corners. That the massive calcula-
tions have not yet been observed to break down in the
HERA kinematic region was anticipated by many the-

orists, see for instance the discussion in [31]. Unfortu-
nately, to this day, NLO programs are available (FMNR
and HVQDIS) only for the massive scheme, which can
calculate differential cross sections for any kinematical
configuration of the outgoing hard partons (up to three
partons at NLO). The predictions based on these par-
ton level calculations have one weakness that should be
mentioned here. So far the hadronisation process for
these calculations has been modelled by rather simple
models, such as the Peterson [32] fragmentation func-
tion with fixed parameters independent of the hard scale.
The present calculations in the massless or generalised
variable flavour number schemes can either provide pre-
dictions for total DIS cross sections (see next paragraph)
or for single inclusive particle spectra. Where applica-
ble, such NLO or NNLO predictions did in most cases
not lead to an improvement but provided a similar or
sometimes even worse description of the HERA data.

The measurements of the charm and beauty quark
production contributions to the total DIS cross sections,
represented by the structure functions F5° and F lz’b , pro-
vide the most important legacy of all heavy flavour mea-
surements at HERA. They contain most valuable infor-
mation for the PDF fits at HERA, for instance F’ ;E is im-
portant for determining values of the charm quark mass
parameters used in the fits.

After the very successful physics program at HERA
there are ideas for future electron-proton colliders. One
of them is the Electron-Ion Collider (EIC) [33] which
is at present under discussion in the US. The EIC is
planned to be operated with a factor 3 or lower centre-
of-mass energy compared to HERA, but with 100 times
larger luminosity and with polarised protons and nu-
clei. Heavy flavour production at the EIC will be help-
ful as a specific hard probe that can be used to test
parton saturation effects that are expected at low x, in
particular in heavier nuclei. Another intriguing project
is the LHeC [34] collider. Here the idea is to collide
the LHC protons with electron beams of energies be-
tween 50 and 150 GeV, depending on the accelerator
design. The LHeC would be a worthy successor of
HERA with a factor 3-5 higher centre-of-mass energy
and also much larger integrated luminosity. On top of
this the heavy flavour measurements will greatly ben-
efit from the advanced detector design at LHeC with
high precision (Silicon or similar) trackers all over the
place. At HERA, the tagging of heavy flavours was re-
stricted to central rapidities and effective efficiencies! of

IThe effective efficiency takes the background pollution into ac-
count. It is defined as the efficiency of an equivalent background free
sample with the same signal precision as that obtained in the data.
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only 0.1% (few%) for charm (beauty) were reached. At
LHeC much higher efficiencies can be expected. Fig-
ure 19 shows the LHeC expected results for the struc-
ture function F;E , obtained with the RAPGAP [28]
Monte Carlo program. The projected LHeC data are

LHeC F, (RAPGAPMC, 7 TeV x 100 GeV, 10fb™, £.=0.1)
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Figure 19: F5¢ projections for LHeC compared to a subset of the com-
bined HERA data [23], as a function of x for various Q? values. The
expected LHeC results obtained with the RAPGAP MC simulation are
shown as points with error bars representing the statistical uncertain-
ties. The dashed lines are interpolating curves between the points. For
the open points the detector acceptance is assumed to cover the whole
polar angular range. For the grey shaded and black points, events are
only accepted if at least one charm quark is found with polar angles
6. > 29 and 6. > 100, respectively. The combined HERA results from
H1 and ZEUS are shown as triangles with error bars representing their
total uncertainty.

presented as points with error bars which (where visi-
ble) indicate the estimated statistical uncertainties. For
the open points the detector acceptance is assumed to
cover the whole polar angle range. For the grey shaded
and black points events are only accepted if at least one
charm quark is found with polar angles 6, > 2° and
6. > 10°, respectively. Also shown in the Figure is a
large subset of the combined HERA F 55 results [23],
which were already presented above (see Fig. 15). As
one can see, the LheC will allow easily a large exten-
sion in phase space towards much smaller x values. The
statistical uncertainties are in a large region smaller than
1%. The reach towards large x depends crucially on the
capability to detect charm quarks in the very forward
region. Similar phase space increases are expected for
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the measurement of F é’l_’ as shown in Fig. 20. Here the
projected LHeC data are compared to the Hl measure-
ments [35].

LHeC F,% (RAPGAPMC,7 TeV x 100 GeV, 10fb™, £,=0.5)

Figure 20: F gb projections for LHeC compared to H1 data [35], as
a function of x for various Q7 values. The expected LHeC results
obtained with the RAPGAP MC simulation are shown as points with
error bars representing the statistical uncertainties. The H1 results are
shown as triangles with error bars representing their total uncertainty.
For further details see the caption of Fig. 19.

LHeC will be also the first ep-collider where the pro-
duction of top quarks can be studied. For more physics
study results see the web pages [34].
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