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Measurements of charm and beauty production in ep collisions at a center of mass energy
of /s = 318 GeV performed by the ZEUS and H1 experiments at HERA are presented.
Final states containing D mesons are used to identify charm production while events con-
taining muons and jets are used to select beauty enriched data samples. Furthermore, new
measurements are presented for charm and beauty, which are based on inclusive lifetime tag-
ging methods. Measurements cover both the photoproduction (Q? ~ 0) and deep inelastic
scattering (large Q?) kinematic regimes. Experimental results are compared to QCD predic-
tions.

PACS: 13.60.Hb

1 Introduction

The production of heavy flavours in ep collisions is dominated at leading order (LO) by the
boson gluon fusion (BGF) process, Yg — cc or bb, where a vitual photon emitted by the electron
interacts with a gluon in the proton producing a heavy quark pair qgq.

At a given value of the ep center of mass energy +/s, the kinematics of the interaction is spec-
ified by a number of (Lorentz invariant) variables, the four-momentum transfer squared of the
photon ¢? = —Q?, the Bjorken scaling x = Q?/(2P - q) representing the momentum fraction of
the proton constituent, the inelasticity y = (P - q)/(P - k) representing the energy fraction of the
electron taken by the photon and the square center of mass energy of the system proton-photon
ng. Here P and k£ are the four-momentum of the proton and scattered electron, respectively.
When the exchanged photon is quasi-real (Q? ~ 0) the kinematic regime is called photoproduc-
tion (~yp) whereas large values of Q? corresponds to deep inelastic scattering (DIS).

Heavy flavour production is dominated by photoproduction : the total cross section for heavy
quark production behaves like o(ep — €qgX) ~ 1/Q?2, which means that a large fraction of
the statistics is found at low values of Q2. The production of heavy quarks is also dominated
by charm production. Due to the large mass m; and the charge of the b quark, the cross section
o(ep — ebbX) is expected to be roughly two orders of magnitude smaller than o(ep — eceX).
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Fig. 1. LO diagrams for heavy flavour production in ep collisions: direct BGF, resolved BGF, two diagrams
with flavour excitation from the photon.

However, the large scale my should, in principle, make the QCD predictions for beauty produc-
tion more reliable than the predictions for charm.

In these pages we will try to give an overview of heavy flavour physics at HERA presenting
measurements done by the ZEUS and H1 experiments.

2 Heavy Flavour Production

In leading order perturbative QCD (pQCD), heavy flavour production is dominated by direct
processes, vg — qq, in which the photon couples to the gluon as a point-like particle to produce
the pair c¢ or bb. In ~yp, resolved processes where the photon exhibit a partonic structure, are
expected to play a significant role. Heavy quarks can then be produced by the coupling of one
parton arising from a fluctuation of the photon to a gluon in the proton, i.e. g7¢g” — qq and

q7g? — gq (Fig 1).

2.1 NLO Calculations for Heavy Flavour Production

NLO calculations are performed in several schemes. All of them assume the existence of a scale
sufficiently hard to apply pQCD and the validity of the factorisation theorem.

The massive approach is a fixed order calculation in a; which takes into account the non-
zero mass of the heavy quark when calculating matrix elements. Therefore only three active light
flavours are needed in the description of the proton, so the heavy quark is nor considered as a
part of the structure functions. Within this approach, heavy quarks can, in leading order, only be
produced dynamically [1,2] via BGF proccess. Calculations are expected to be more reliable in
the kinematic regime of p7 not much larger than the mass of the heavy quark m,, when loga-
rithmic terms log(p3./ mﬁ) in the perturbative series become small. Numerical implementations
of these calculations are the Monte Carlo programs HVQDIS [3] and FMNR [4], which provide
the four-momenta of the outgoing partons in the DIS and ~p regime, respectively. Visible differ-
ential cross sections of heavy mesons production are calculated after fragmentation of the heavy
quarks via the Peterson model [5]

The massless approach [6,7] is a calculation that neglects the mass of the heavy quark and re-
sums the leading logaritms in py/mg using perturbative fragmentation functions. Heavy quarks
are treated as active flavours in the proton and in the photon, i.e. part of the structure functions.
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Fig. 2. Differential cross sections do(ep — eD*iX)/dW (left) and do(ep — eD*iX)/dn (right)
compared to NLO QCD massive and massles calculations.

The process of flavour excitation (Fig. 1) give rise to new mechanisms of heavy quark production.
Calculations performed in this scheme are supposed to be more reliable for pr > m,.

3 Inclusive D** Meson Production in p

Two different ways are used to select yp events at HERA. The ZEUS experiment selects events
where the outgoing electron is not detected [8]. The HI1 experiment selects events in which
the outgoing electron is detected in the electron tagger located 33 meter down stream from the
interaction point. In the analysis from the HI experiment [9] D** mesons are identified by the
decay chain D** — D%z*, DO — K¥x*. Photoproduction events are selected by detecting
the scattered electron at small angles. The cross sections are determined in the kinematic region
171 < W < 256 GeV, Q? < 0.01 GeV?, pr(D*) > 2.5 GeV and n(D*) < 1.5 as a function
of pr(D*), n(D*) and W. They have been compared to NLO QCD calculation in the “3-flavour
massive” and in the “4-flavour massles” schemes. None of the calculations is able to predict the
shape of the do /dn, but the shape of do/dW is described by all, as shown in Fig. 2

4 D** ~p Inclusive Jet Cross Sections

The study of jet events in D** photoproduction is an efficient tool for the investigation of the
details of the charm production mechanism. [10] Inclusive jet cross sections with a D* in the
final state have been measured by ZEUS [11] as a function of 7" and 77¢* in the kinematic
region Q2 < 1 GeV2, 130 < W < 280 GeV, pr(D*) > 3 GeV, n(D*) < 1.5, Ei*' > 6 GeV
and —1.5 < 17" < 2.4. The use of jets as an approximation to a parton is expected to reduce the
dependence of the cross section on uncertainties due to hadronisation effects. The cross sections
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Fig. 3. Differential cross sections do(ep — eD** + jet + X)/dE}" for the jet associated to the D*
and for other jets. Comparison to pQCD predictions both in the “massive’” and “massless” schemes is also
shown.

for the jet associated to the D* are compared to the “massive” pQCD predictions. The cross
sections for other jets (not associated to the D*) are compared to both “massive” and “massless”
calculations (Fig. 3) The pQCD predictions generally reproduce the shape of all distributions.
However, the central pQCD predictions underestimate the data over the whole range in EJTGlt and
n?¢t. In Fig. 3 we see how at high values of E%et predictions from the “massless” scheme are

closer to the data, as expected.

5 Inclusive D** Meson Production in DIS

The production of D* mesons has been measured in DIS at HERA in the kinematic region
1.5 < Q? < 1000 GeV?, 0.02 < y < 0.7, 1.5 < pr(D*) < 15 GeV and |n(D*)| < 1.5 [12].
Predictions from NLO QCD are in reasonable agreement with the measured differential distri-
butions, which show sensitivity to the choice of the PDF and hence to the gluon distribution in
the proton. The ZEUS NLO PDF [13], which was fit to the recent inclusive DIS data, gives the
best description of the D* data. In particular, this is seen in do /dn(D*), as shown in Fig. 4. The
double differential cross section in y and Q% has been measured to extract the open-charm contri-
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Fig. 4. Differential cross section do /dn(D*) for Q* > 1 GeV? and do /dQ? down to low Q? (left). The

charm contribution F5¢ to the proton structure function F5 is also shown (right).

bution to F», by using the NLO QCD calculation to extrapolate outside the measured p(D*) and
n(D*) region (Fig. 4). The production of D* in DIS has been reacently measured with the ZEUS
detector at low values of Q% using the special beam pipe calorimeter (BPC), in the kinematic
region 0.05 < Q% < 0.7 GeV?, probing the transition region to yp regime [14]. The theoretical
NLO QCD calculation of BGF charm production is consistent with the measured cross sections
at low @2, as can be seen in Fig. 4.

6 Fragmentation of Charm Quark

Experimentally heavy quarks are not observed directly, but heavy flavoured hadrons are mea-
sured instead. This fragmentation process is non-perturbative and can only be described by
phenomenological models. These models are implemented into theoretical cross sections as-
suming fragmentation to be independent of the production mechanism of the heavy quark. This
universality can be tested by measuring the charm fragmentation properties in ep collisions and
comparing to ete™ data.

At HERA the inclusive production cross sections of the charm ground states DY, D%, D,
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Fig. 5. The fragmentation parameters R, 4, vs and Py measured at HERA compared to eTe™ annihilation
results.

D* and A, have been measured in the yp [15] and in the DIS [14,16] regime. The analysis of H1
includes new tagging methods for D mesons identification based on the reconstruction of sec-
ondary vertex, as well as measurements of differential distributions for the charm spectrum [16].

The ratio R, /q = cu/ cd measures the rate of the neutral to charged D meson production.
Due to the smallness of the u and d quark masses compared to their dressed masses, a value
close to 1 is expected. The measurements of R, /4 are shown in Fig. 5 for vp, DIS and ete”
annihilation data. They agree well with the naive expectation.

Due to the higher s quark mass, D¢ mesons are expected to be less frequently produced than
D? and D* mesons. This is quantified by the strangeness supression factor v, = 2-¢5/(cti+cd).
Results from p, DIS and ete™ data are summarised in Fig. 5, where a significant strangeness
supression is observed.

The ratio Py = V/(V + P) of the fraction of D mesons produced in a vector state is also
shown in Fig. 5, where average value is significant below the expected value, 3/4, from naive
spin counting.

The fragmentation fractions of the ¢ quarks hadronizing as particular charmed hadrons,
fle — D, A.), canbe calculated as the ratio of the production cross section of a specific charmed
hadron to the sum of all charmed ground state hadrons. No measurement of the strange-charmed
baryons =, Z0 and Q0 exists at HERA, but their contribution is expected to be small. Tab.1
summarizes the branching fractions as observed in p and DIS at HERA in comparison with
combined values from e*e™ data [17]. The comparison of the results show that the process of
hadronisation is independent of the quark production mechanism.

| | HIDIS | ZEUSprel. PHP | combinedete™ |

f(c— D7) ]0.20340.026 | 0.249 4+ 0.01475055 | 0.23240.018
f ) | 0.560 +0.046 | 0.557 £0.01970 5% | 0.549 +0.026
f( ) | 0.151+0.055 | 0.107 +0.009750% | 0.101 +0.027
f(c— D*) ] 0.263+0.032 | 0.223 +0.00975052 | 0.235+0.010
f ) 0.076 & 0.02079-007 | 0.076 & 0.007

Tab. 1. Ratios of measured cross sections and comparison to corresponding charm fragmentation fractions
from e e~ data and photoproduction e®p collisions.
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Fig. 6. Estimation of beauty component using the p5' (left) and impact parameter (right) methods.

7 Beauty Tagging Methods

The standard method of selecting a beauty enriched sample is based on semi-leptonic decays of
b-hadrons. The observation of muons is used to tag beauty events. As a consequence of the large
mass mp, the decay products from b-hadrons, in particular the muon candidate, are expected to
have large opening angles with respect the jet direction. Distributions of the transverse momen-
tum of the muon relative to the jet axis, prTel, are then used to estimate the b fraction in the sample
by fitting to the pi¢! shape of b and background component. At high values of p4¢!, the sample is
dominated by beauty. Typical b fractions are found to be of the order of 30% in a jet plus muon
sample.

Another approach is also used for selecting beauty samples. The impact parameter, 6, is
defined as the minimum distance in the transverse plane from the muon candidate track to the
primary vertex position. The sign of § is taken as positive if the muon track intercepts the jet
associated to the muon downstream of the primary vertex, and negative otherwise. According
to the definition, muons coming from b hadrons decays are expected to have positive and large
values of §, due to the large lifetime of the b hadron. Muons coming from ¢ hadrons should
exhibit the same behaviour, but typically with smaller values of §. Finally, contributions from
light flavours should have values § ~ 0, due to the short lifetime of the hadron. The beauty
component of a given sample is obtained by fitting MC to the measured § distribution.

Examples of beauty extraction using both methods are shown in Fig. 6. With the p%¢! method
(left, taken from [20]) the dominance of the b component is clearly seen at high values of p7¢..
With the impact parameter method (right, taken from [19]), the symmetry features of each of the
component is also clear.

8 Beauty in Photoproduction and DIS

The production of beauty in «p has been measured at HERA [18,19] in the region Q2 < 1 GeV?
with inelasticity 0.2 < y < 0.8. The events are selected by requiring one muon candidate and
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Fig. 7. Differential cross sections do /dn" in photoproduction and overview of beauty cross sections.

at least two jets with pJ; £ 7(6) GeV. The data is compared to the QCD NLO predictions

given by FMNR, with hadronisation corrections. Fig. 7 (left) shows the differential cross sections
do(ep — bb — epJ JX)/dn*. The central values of the calculations are in agreement with the
data when accounting for the errors and theoretical uncertainties.

The production of beauty in DIS regime has been also measured at HERA [20,21]. Final
states are selected by requiring one candidate to muon and the presence of least one hard jet in
the Breit frame. The cross section o(ep — eJuX) is measured for photon virtualities Q2 > 2
GeV?. The differential cross sections are in general consistent with the NLO QCD predictions.
However, at low values of Q2, Bjorken z and muon transverse momentum, and high values of
jet transverse energy and muon pseudorapidity, the prediction is about two standard deviations
below the data, as measured by the ZEUS experiment.

Fig. 7 (right) shows the ratio of the measured to NLO cross sections for photoproduction and
DIS as a function of (2.

9 Extraction of F5° and F’ at high 2

For the first time at HERA, the production of ¢ and b quarks have been studied using an inclu-
sive method exploiting the precise tracking information from the H1 vertex detector [22]. The
inclusive ¢ and b cross sections have been measured using a technique based on the lifetime of
the heavy quark hadrons. The significance (impact parameter over its error) is calculated for all
the tracks in a given event, without muon tagging. The sample is divided in two subsamples, one
with only one track and the other with at least two tracks. In the latter subsample, the second
highest significance track is used. Simultaneous fit of the Monte Carlo simulation to both dis-
tributions allows the extraction of the ¢ and b components. Extrapolation to the full phase space
is used to get F5° and F2° for the first time. Fig. 8 shows the results of the measurements and
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Fig. 9. Dramatic improvement in reconstruction of D¥ signal by secondary vertex techniques

the comparison to the theoretical predictions. In the case of F$°, results from the H1 experi-
ment agree with those of the ZEUS experiment, based on D* meson tagging. In general, data
agree with expectation. At high values of Q2 extrapolation factors are small, which makes the
measurement in this region to be model independent.

10 Summary

Measured charm cross sections at HERA are generally well described by NLO QCD calculations.
New measurements extend the kinematic range in Q? and pr or require the presence of jets. In
particular, measurements of charm photoproduction with jets in the final state show the need
for improvements of theoretical calculations. Studies of charm fragmentation have shown the
universal character of the fragmentation process after comparison of the measurements at HERA
in ep collisions with those of eTe™ annihilations.
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Regarding beauty physics, measurements are found to be in agreement with the QCD NLO
calculations, except in some particular cases, where the data exceed the prediction. New methods
and techniques are being used in b physics, giving, for the first time at HERA, a measurement of
FUb.

11 Outlook: HERA II

The upgrade of the HERA accelerator, which provides an increased luminosity, together with the
use of an improved instrumentation in the detectors makes attractive the study of heavy flavour
physics and will provide much more precise measurements in the near future. As an example,
Fig. 9 shows the dramatic improvement in the reconstruction of the D signal when secondary
vertex techniques are used to select candidates [23].

References

[1] E. Leanen et al.: Nucl. Phys. B 392 (162) 229 ; : Nucl. Phys. B 291 (1992) 325 ; S. Riemersma, J.
Smith, W.L. van Neerven: Phys. Lett. B 347 (1995) 142

[2] S.Frixione et al.: Phys. Lett. B 348 (1995) 663
[3] B.W. Harris, J. Smith et al.: Phys. Rev. D 57 (1998) 2806

[4] M.L. Mangano, P. Nason, G. Ridolfi: Nucl. Phys. B 373 (1992) 295 ; S. Frixione et al.: Nucl. Phys. B
412 (1994) 225

[5] C. Peterson et al.: Phys. Rev. D 27 (1983) 105

[6] B.A. Kniehl et al.: Z. Phys. C76 (1997) 689 ; M. Cacciari, M. Greco: Phys. Rev. D 55 (1997) 7134 ;
J. Binnewies et al.: Z. Phys. C 76 (1997) 677

[7] J. Binnewies et al.: Phys. Rev. D 58 (1998) 014014

[8] ZEUS Collab., contributed paper to the XXXI** International Conference on High Energy Physics,
Amsterdam, Abstract 786 (2002).

[9] HI Collab., contributed paper to the XXXII™® International Conference on High Energy Physics, Bei-
jing, Abstract 5-0162 (2004).

[10] ZEUS Collab., S. Chekanov et al.: Phys. Lett. B 565 (2003) 87-101

[11] ZEUS Collab., contributed paper to the XXXII™* International Conference on High Energy Physics,
Beijing, Abstract 5-0349 (2004).

[12] ZEUS Collab., S. Chekanov et al.: Phys. Rev. D 69 (2004) 120004
[13] ZEUS Collab., S. Chekanov et al.: Phys. Rev. D 67 (2003) 012007

[14] ZEUS Collab., contributed paper to the XXXII™? International Conference on High Energy Physics,
Beijing, Abstract 5-0344, 11-0345 (2004).

[15] ZEUS Collab., contributed paper to the International Europhysics Conference on High Energy
Physics, Aachen, Germany, Abstract 564 (2003).

[16] HI Collab., A. Aktas et al.,, submitted to Eur. Phys. J. 08/04.
[17] L. Gladilin, “Charm Hadron Production Fractions”, Preprint hep-ex/9912064 (1999).
[18] ZEUS Collab., S. Chekanov et al.: Phys. Rev. D 70 (2004) 012008

[19] H1 Collab., contributed paper to the XXXII"™® International Conference on High Energy Physics, Bei-
jing, Abstract 5-0164 (2004).

[20] ZEUS Collab., S. Chekanov et al., accepted by Phys. Lett. B-DS 2083.



Heavy Flavours at HERA 139

[21] HI Collab., contributed paper to the XXXII™? International Conference on High Energy Physics, Bei-
jing, Abstract 5-0165 (2004).

[22] HI Collab., contributed paper to the XXXII™? International Conference on High Energy Physics, Bei-
jing, Abstract 5-0167 (2004).

[23] ZEUS Collab., contributed paper to the XXXII™* International Conference on High Energy Physics,
Beijing, Abstract 5-0347, 11-0348 (2004).



