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Abstract

Measurements of heavy quark production in ep collisions at HERA are reviewed. The experi-

mental results collected so far provide key insights in the behaviour of the strong interactions,

described by quantum chromodynamics, as well as in the structure of the proton, the photon and

in heavy quark fragmentation mechanisms. The experimental methods for the study of heavy

quark processes are presented. Based on the existing measurements, the program for future

analyses is discussed.

Kurzfassung

Messungen der Produktion schwerer Quarks in ep-Kollisionen am Elektron-Proton Speicher-

ring HERA werden dargestellt. Die bisher erzielten experimentellen Ergebnisse liefern wichtige

Informationen über die durch die Quantenchromodynamik beschriebene starke Wechselwirkung,

über die Struktur des Protons, des Photons und über Fragmentationsmechanismen. Die exper-

imentellen Methoden zur Untersuchung der Prozesse mit schweren Quarks werden dargestellt.

Ausgehend von den bisherigen Ergebnissen wird ein mögliches Programm für zukünftige Mes-

sungen entwickelt.
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1 Introduction

Heavy quark production is a key process for the study of the theory of strong interactions,

quantum chromodynamics (QCD). At the HERA storage ring at DESY, electrons of 27.6 GeV of

energy are collided with 920 GeV protons, providing an ep center-of-mass energy of 318 GeV.

HERA offers ample opportunities to study the production mechanisms of heavy quarks and

to test all aspects of QCD, in both perturbative and non-perturbative regimes. In perturbative

approaches the mass of the heavy quarkmq defines a ’hard’ scale at which the strong interaction

coupling constant αS is evaluated and the condition mq ≫ ΛQCD implies that calculations in

the framework of perturbative QCD should give reliable results. However, the steep energy

dependence of the strength of the coupling constant (running of αs) makes precise predictions

difficult and leads to relatively large scale uncertainties. Processes in which no hard scale is

present and αS is large, e.g. the hadronization of heavy quarks into hadrons, are often described

in phenomenological non-perturbative approaches.

The understanding of QCD, as one of the four fundamental forces of nature, is not only of

principal interest in itself, it is also crucial for the search for physics beyond the Standard Model

(SM). At many experiments the interpretation of the data depends on the precise knowledge of

the rate of QCD processes, which are expected to form the most significant background at

hadron colliders. The importance of a precise understanding of QCD is apparent when consid-

ering current and future accelerators, e.g. the Large Hadron Collider (LHC) which is anticipated

to start in 2007. Many of these accelerators will have protons or photons as colliding particles

with hadronic properties to be described in QCD.

Measurements of inclusive cross sections and exclusive final states have been performed

both for electroproduction, often called Deep Inelastic Scattering (DIS), where the photon vir-

tuality Q2 ≫ Λ2
QCD, and for photoproduction (Q2 ∼ 0). The cross section in electron proton

collisions is strongly dependent on Q2. It is largest in photoproduction where the virtuality of

the photon exchanged between the electron and the proton is very small, and the electron beam

serves as a source of quasi-real photons with a wide energy distribution spanning the range

between close to zero and the electron beam energy of 27.6 GeV. The photoproduction mech-

anism was previously studied extensively in fixed-target experiments using photon and lepton

beams [1]. At HERA, the available center-of-mass energy is about one order of magnitude

larger than at fixed-target facilities.

In the regime of deep inelastic scattering, the photon virtuality is large,Q2 ≫ Λ2
QCD. Exper-

imentally, the value of Q2 is directly measurable at HERA at values larger than Q2 > 0.1 GeV2

up to values as large as 50000 GeV2, the kinematic limit of Q2 being the ep center of mass

energy squared s ≈ 100000 GeV2. Heavy quark analyses have reached values of Q2 as large

as 1000 GeV2. In the DIS regime, the photon virtuality Q2 can be used as an energy scale for

perturbative calculations and the validity of theoretical predictions as a function of the photon

virtuality can be studied. Although the total rates are much smaller than those in photopro-

duction, the hadronic component of the photon is suppressed and more reliable theoretical and

experimental results can be obtained.

Different theoretical approaches exist to describe the HERA data which are based on the

factorization of the cross section into a hard scattering process, described by perturbative QCD,
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and a non-perturbative part, given by the input distributions for the initial state partons in the

proton and the exchanged photon and the hadronization of the final state particles.

Measurements of heavy quark production processes give access to a large number of the-

oretical and phenomenological issues and help to discriminate between the various models.

Specifically, at HERA, heavy quark production processes can be used as a probe of the struc-

ture of the proton, and also the photon. The production of heavy quarks is directly sensitive to

the gluon density in the colliding hadron which is most precisely determined from the scaling

violations of inclusive structure function measurements. Measurements of heavy quark produc-

tion, and also of other processes with exclusive final states, thus allow to test the universality

of the parton density distributions. Furthermore, the fragmentation of the heavy quarks into the

final state hadrons can be investigated and compared to existing results from other experiments.

In particular charm quarks are produced copiously at HERA. At sufficiently high photon

virtualities,Q2, the production of charm quarks constitutes up to 30% of the total cross section.

In contrast, the inclusive beauty cross section is suppressed by the largeness of the b-quark

mass and only becomes sizable (∼ 10%) at Q2 & 100 GeV2 where Q2 ∼ (2mb)
2 or at large

transverse momenta of the final state particles.

Heavy quark processes have been identified primarily using the ’golden channels’ of res-

onance decays, D∗± → D0π± → K∓π±π± [2–26] and J/ψ → ℓ+ℓ− [27–34]. Other reso-

nances, such as D+, Ds and Λc have also been reconstructed [6, 20, 26, 35]. More recently,

charm and beauty analyses have been published using semi-leptonic decay channels [36–42]

and/or lifetime tags using inclusive data samples [43–46]. Furthermore, first measurements in

which both heavy quarks are identified [42, 47, 48] have been performed, the results of which

provide sensitivity to further details of the heavy quark production process. Finally, the HERA

experiments have been able to perform a number of spectroscopic analyses in which the wealth

of charm events is exploited to perform searches for higher excitation resonances, such as D1,

D2, [49, 50] and exotic bound states, such as pentaquarks [51–54]. D∗± mesons have also been

used to measure the production of charm in diffractive processes [55–58]. A discussion of the

physics of open charm production in diffraction is however not included in this report.

Experimentally, the measurements of heavy quark production at HERA require extensive

use of precision information from many parts of the detector. While the total cross section

for heavy flavour production is relatively large, the small branching ratios for specific decay

channels and limited detector acceptances usually lead to a substantial reduction of the size

of the event samples useful for the heavy quark analyses. Various experimental techniques to

identify heavy quark processes and to measure specific properties have been established and are

discussed in this report.

This report is structured as follows: An overview of the theory of heavy quark production

is given in section 2. Event generator programs for the simulation of heavy quark events and

the calculation of cross sections are presented in section 3. The H1 and ZEUS detectors are

described in section 4 and the experimental techniques are discussed in section 5. The experi-

mental results obtained so far are presented and confronted with theory calculations (section 6).

Finally, in section 7, future opportunities for further studies with heavy quarks at HERA are

discussed.
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2 Theory

The dominant production process of heavy quarks at HERA has been seen to be the boson-

gluon fusion process (BGF) which is depicted in fig. 1. Theory calculations use a factorization

γ

p

e

c

c

Figure 1: Diagram of the process of Boson-Gluon Fusion in ep-scattering.

ansatz in order to arrive at cross section predictions which can be compared with experimental

data. In these factorization approaches, the cross section is composed of a non-perturbative

part, which is given by the parton distributions of the initial state particles f pj , the perturbative

evolution according to the evolution equation and a perturbative hard scattering process, i.e. the

photon-parton cross section σ̂γj , which is calculable in perturbative QCD:

σγpdir(Pγ, Pp) =
∑

i

∫

dx f pj (x, µF ) σ̂γj(Pγ, xPp, αs(µR), µR, µF , µγ). (1)

In addition, to predict production cross sections for heavy hadrons and/or other exclusive final

states, the fragmentation of the heavy quark into a hadron and additional final state particles are

considered. Based on the assumption of universality, the non-calculable non-perturbative parts,

i.e. usually the parton distributions and fragmentation functions are taken from measurements

of other processes at HERA or other experiments. A number of conditions apply to HERA:

• Heavy quark processes are particularly well measurable at HERA in the region of Bjorken-

x between 10−4 and 10−2. In this region, gluons are the dominant partons in the proton.

The heavy quark cross section is thus directly sensitive to the gluon density distribution

in the proton. The kinematic range probed by HERA is relevant for the calculations of

cross sections at future experiments, e.g. at the LHC.

• In photoproduction the incoming almost real photon may fluctuate into a hadronic state

before undergoing a hard collision. The corresponding contribution to the cross section is

referred to as resolved, in contrast to the case where the photon directly interacts with the

hadron (direct or point-like). Separation of a cross section into a direct and resolved

component is ambiguous beyond leading order: different choices of the factorization

schemes lead to different definitions of the two components.
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• For heavy quark processes the calculation of the ’hard’ matrix element using perturbative

QCD is facilitated by the heaviness of the quarks. Already the charm quark mass pro-

vides an energy scale, which allows perturbative expansion. Other possible scales are the

photon virtuality Q2 (for DIS) or the transverse momentum pt of the final state particles

(jets). Calculations for multi-scale processes, such as the production of charmed jets in

DIS, have become available recently. Different approaches for the choice of the scale

exist and are discussed below.

• The fragmentation of the heavy quark into a hadron and additional final state particles

is usually described by phenomenological parameters as determined from experimental

data. Fragmentation functions describing the longitudinal momentum transfered from

the quark to the heavy hadron, and fragmentation fractions, describing the probability

of a quark to hadronize into a particular hadron, have been measured primarily at e+e−

colliders (such as LEP). Recent results at HERA have shown that the uncertainty by the

use of parameters as determined at LEP is reasonably small.

2.1 Perturbative Calculations

Perturbative QCD calculations can be performed in the formalism of collinear factorization in

which the DGLAP evolution equations [59] are used to describe the radiation of partons from

the initial parton distribution in the proton and in the photon. In the collinear factorization

ansatz the parton distributions in the proton (and the photon) are assumed to depend only on

the scaling variable x and an energy scale µ, usually the photon virtuality Q2. In particular, the

initial partons in the proton are assumed to carry no transverse momentum. In the evolution,

the partons are treated as massless on-shell particles. Factorization and renormalization scale

parameters are used to absorb divergent parts of the perturbation series into parton distributions

and αS . In the DGLAP scheme, calculations up to next-to-next-to-leading order (NNLO) have

become available recently, e.g. for inclusive cross sections [60].

In other approaches, such as the BFKL evolution equation [61–64], and later the CCFM

evolution equation [65], the so-called kt factorization formalism is used which is described in

section 2.5.

Heavy Quark production poses a particular theoretical challenge as the presence of the heavy

quark mass mc or mb introduces a new scale into the perturbative calculations. Quantitative

calculations for heavy quark production at HERA have been performed by a number of authors,

providing detailed results up to next-to-leading order in perturbation theory. Predictions for

inclusive heavy quark distributions, as derived from fits to inclusive data from HERA and fixed

target experiments [66–69], are available as a function of Q2 and x. In global fits also other

data, such as dijet data have been used [70–76]. Predictions for exclusive processes in which

the topologies of the two quarks are explicitly taken into account, are available as a function of

a number of variables, such as the transverse momenta pt and/or pseudo-rapidity η for one or

both of the heavy quarks and/or jets (see section 2.1).

Different schemes to calculate heavy quark production processes have been developed in

the framework of collinear factorization which are expected to be valid in different kinematic

regions:
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a cb d

Figure 2: Leading diagrams for heavy quark production in the massless scheme at leading order

(a) and next-to-leading order (b-d).

• In calculations for processes with light quarks, the mass of the light quarks is assumed to

be zero. The quarks are treated as active partons in the proton, i.e. a density distribution

for the quarks in the proton is used to describe the non-perturbative part of the calculation.

The perturbative series is expanded using a scale-parameter µ as given by the photon

virtuality Q2 or the jet momentum pt. Perturbative calculations are expected to converge

for µ & ΛQCD. Due to the heaviness of the quark mass mq , this approach does not

work for heavy quarks except in the extreme limit µ ≫ mq, in which the heavy quarks

can be treated as massless. In this ‘massless’ scheme, at leading order (LO), the quark

parton model (QPM) process (γq → q, fig. 2a) is the dominant contribution. At next-

to-leading order (NLO), virtual corrections are included (fig. 2b) and the QCD Compton

(γq → qg, fig. 2c) and photon gluon fusion (γg → qq̄, fig. 2d) processes also contribute.

The massless approach is often referred to as the zero mass variable flavor number scheme

(ZM-VFNS) [70, 71]. In this approach the heavy quarks are treated as infinitely massive

below some scale µ ∼ mq and massless above this threshold.

• At values of µ2 ∼ M2, the ‘massive’ scheme [77–79], in which the heavy flavor partons

are treated as massive quarks is more appropriate. In the massive scheme the dominant

LO process is photon gluon fusion (PGF, fig. 3a) and the NLO diagrams are of order α2
s

(figs. 3b-c). The scheme is often referred to as the fixed flavor number scheme (FFNS).

As µ2 becomes large compared to M 2, the FFNS approach is unreliable due to large

logarithms in ln(µ2/M2) in the perturbative series. Generator programs in this scheme

which are applicable to HERA physics are available to next-to-leading order (FMNR [80],

HVQDIS [81]). The fixed order massive scheme is also used in various Monte Carlo event

generator programs which implement leading order matrix elements and parton showers

to simulate higher order effects. A description of these programs is given in section 3.

• In order to provide reliable pQCD predictions for the description of heavy flavor produc-

tion over the whole range in µ2, composite schemes which provide a smooth transition

from the massive description at µ2 ∼ M2 to the massless behavior at µ2 ≫ M2 have

been developed. These composite schemes are commonly referred to as variable flavor

number schemes (VFNS). The VFNS approach has been incorporated in various different

forms to order αs [75, 82–88] and to order α2
s [89, 90].

In resummed or ‘matched’ next-to-leading-order QCD predictions the divergent loga-

rithms are controlled by resummation techniques. Here, matched means that measures
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a cb

Figure 3: Leading diagrams for heavy quark production in the massive scheme at leading order

(a) and next-to-leading order (b-d).

are taken to avoid double-counting of contributions which are contained in both the per-

turbative and the resummed part of the calculation, i.e.

FONLL = FO + (RS − FOM0) ×G(m, pt), (2)

where FONLL stands for fixed-order plus next to leading logarithms, and FO is the fixed

order, O(αemα
2
s) result. RS is the resummed result, which includes all terms of the form

αemαs(αs log pt/m)i and αemα
2
s(αs log pt/m)i and neglects all terms suppressed by pow-

ers of the heavy quark mass m. FOM0 is the massless limit of FO, in the sense that all

terms suppressed by powers of m are dropped, while logarithms of the mass are retained;

thus FOM0 is the truncation of RS to order αemα
2
s. G(m, pt) is an arbitrary dumping

function, that must be regular in pt, and at large pt, it must approach unity up to terms

suppressed by powers of m/pt. In the matched calculation FONLL [87, 88, 91–93] dif-

ferential cross sections are calculated to next-to-leading-log precision using perturbative

fragmentation functions [94]. A similar approach is pursued in [95–100]. Here, the ZM-

VFNS is used as a starting point, adjusting the factorization scales such that the massive

calculation is reached for m→ 0.

2.2 Proton Structure

The process of heavy quark production is directly sensitive to the distributions of heavy quarks

(massless approach, fig. 2) and/or gluons (massive approach, fig. 3) in the proton. In global

fits to inclusive data, the gluon distribution g(x,Q2) is extracted by analysis of the scaling

violations of the proton structure function assuming a certain functional form for xg(x,Q2).
In contrast, heavy quark processes can be used to determine the gluon distribution directly,

i.e. by reconstruction of the kinematics of the interacting partons from the measurement of the

hadronic final state. Such direct measurements are complementary to the indirect analyses and

– although still limited in statistics – they are in principle more sensitive to local variations. In

fig. 4 a comparison is shown of the gluon distribution as extracted from global fits and from

two sets of charmed D∗±-meson data collected at H1 in DIS and in photoproduction [4]. The

gluon density is extracted from the D∗ cross section using an unfolding procedure in which

effects from gluon radiation and fragmentation are removed. The relative contribution from D∗

production via quarks from the proton is subtracted. For the different bins of the measurement

the gluon densities are obtained at different factorization scales as given by the phase space of

the particular bin and evolved to a scale µ2 = 25 GeV2.
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Figure 4: Gluon distributions xg(x,Q2) as extracted from D∗ data [4]. The systematic error is a

quadratic sum of all contributions and is dominated by the theoretical uncertainty on the charm

quark mass (DIS sample) and the renormalization and factorization scale (photoproduction).

2.3 Photon Structure

In deep inelastic scattering the finite photon virtuality ensures that the timescale at which the

process takes place is short and the photon acts like a point-like exchange boson. Towards

smaller photon virtualities the photon becomes quasi-real and in photoproduction it can fluctu-

ate into a hadronic final state. In resolved-photon processes (figs. 5b to d), the photon fluctuates

into a hadronic state before the hard interaction and acts as a source of partons, one of which

takes part in the hard interaction. Like for protons, the structure of resolved photons can be

described by a photon structure function.

The size of these photon structure functions depends both on the approach in which the

parton evolution is described (DGLAP, BFKL or CCFM equations) and on the order of the

perturbative expansion. In the DGLAP approach, at next-to-leading order, most of the photon-

structure is included in the hard matrix elements and the contributions from processes with

resolved photons becomes small (. 5%). Calculations using kt factorization are able to give a

reasonable description of the contributions from resolved photons already at leading order.

Parton density distributions for the photon have been extracted from measurements e.g. in

γγ∗ collisions at LEP [101]. In so-called Hadron-like processes a gluon from the photon inter-

acts with a gluon from the proton (gluon-gluon-fusion, fig. 5b) to form a quark anti-quark final

state. In contrast, in excitation processes (figs. 5c and d) the heavy quark is a constituent of

the resolved photon. These contributions are relevant in the massless scheme where the heavy

quarks are active partons in the photon. The two excitation diagrams differ mainly in the prop-

agators of the hard matrix element. While the quark (i.e. fermion) propagator should cause the

cross section to follow a (1 − cos θ∗)−1 behavior the gluon (i.e. boson) propagator defines a

(1 − | cos θ∗|)−2 behavior, as in Rutherford scattering. Here, θ∗ is the polar angle between the

final state charm quark and the proton direction in the center-of-mass frame of the incoming

hard partons.

Experimentally, the signature for resolved photon processes is the presence of a photon

remnant, i.e. a low momentum hadronic final state which carries away part of the initial photon
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Figure 5: Dominant diagrams in leading order pQCD for heavy quark photoproduction at

HERA. The c in the diagrams stands for both charm and beauty. Note that the distinction

between resolved and direct processes becomes ambiguous at next-to-leading order as the next-

to-leading order diagrams contain contributions in which a gluon is one of the two leading final

state partons.

energy which is not transfered to the parton participating in the hard process. In dijet events,

the two leading jets provide a measure of the two hard final state partons and the fraction of the

photon energy, in the proton rest frame, entering the hard interaction can be estimated using the

observable

xobsγ =

∑

Jet1
(E − pz) +

∑

Jet2
(E − pz)

∑

h(E − pz)
, (3)

where the sums in the numerator run over the particles associated with the two jets and that in

the denominator over all detected hadronic final state particles. The measured jet kinematics

are used to approximate the kinematics of the partons before the hadronization.

For the direct process (fig. 5a), xobsγ approaches unity, as the hadronic final state consists of

only the two hard jets and the proton remnant in the forward region which contributes little to
∑

h(E − pz).

Detailed studies of the heavy quark final states separately for resolved-type (xobsγ . 0.75)

and direct-type (xobsγ & 0.75) events allow to gain quantitative understanding of the size of the

different contributions and allow to test the assumption of universality of the photon structure

function. Data analyses in which jets from gluons and quarks can be distinguished and different

final state topologies can be separated, may be able to provide further tests of the validity of

these concepts1.

The contribution from resolved-photon processes is expected to vanish towards larger pho-

ton virtualities. First measurements however, indicate that the suppression of resolved-type

events towards larger photon virtualities occurs much more slowly for charm than for light

quark events [102]. This is shown in fig. 6 where only a small or no suppression of the resolved-

type contribution as a function of Q2 is seen. The data tend to disprove the expectation from

the AROMA Monte Carlo generator [103] which implements only the direct matrix element,

in the massive scheme. In contrast, the CASCADE Monte Carlo program [104] describes the

1For a more detailed discussion see section 6.1.3.
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Figure 6: Ratio of resolved-like to direct-like cross sections of dijet events containing a

D∗ meson as measured by ZEUS (preliminary) as a function of photon virtuality Q2 (taken

from [102]). Also shown are the expectations from the Monte Carlo generator AROMA [103]

and CASCADE [104].

data rather well. In CASCADE, certain resolved-like contributions to the cross section are ef-

fectively implemented by use of the kt factorization ansatz, as mentioned above. AROMA and

CASCADE, as well as other Monte Carlo generator programs commonly used at HERA, are

described in detail in section 3. Measurements based on larger statistics are necessary to de-

termine the contribution from resolved processes as a function of Q2 more precisely, and to

improve the understanding of the interplay between the various hard scales and the hadronic

contributions from the photon.

2.4 Fragmentation

In order to compare the calculations performed at parton level with measurements of final states

the fragmentation and hadronization of the partons into hadrons have to be taken into account.

While the parton interactions are treated in perturbation theory, the subsequent hadronization

into measurable hadrons is usually described by phenomenological models. The transition from

the heavy quark to a heavy hadron is usually divided into two aspects:

• Fragmentation functions describe the transfer of the quark’s energy to a given hadron.

Many forms of fragmentation functions exist, the most prominent being the Lund string

model [105, 106], as implemented in the JETSET [107] and PYTHIA [108] Monte Carlo

event generators, and the Peterson fragmentation function [109] which has the form

f(z) ∝ 1

z(1 − 1/z − ǫ/(1 − z))2
(4)

where ǫ is a free parameter. The size of the parameter depends on the order of the per-

turbative calculation. In leading order calculations it absorbs effects that are contained in

next-to-leading order calculations. A number of alternative parameterizations are avail-

able [110–112], some of which have been seen to be successful in describing the LEP

data. In the parameterization by Kartvelishvili et al. [113],

f(z) ∝ zα(1 − z) (5)
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and α is an adjustable parameter. The most precise measurements of the fragmentation

parameters come from experiments at e+e− colliders where the knowledge of the initial

state kinematics provides powerful constraint for these measurements and effects from

interactions between the final state and the beam (’beam drag’ [114]) are absent.

• Fragmentation ratios are used to describe the probability f(h → H) with which a heavy

quark h hadronizes to form a heavy hadron H . For charm hadrons the fragmentation

ratios have been measured to great accuracy at LEP [115, 116] and these measurements

have generally been used in measurements at HERA to determine the charm quark cross

sections from the measured rates of produced charmed hadrons. Many of the Monte Carlo

simulations (as described in section 3) have been tuned to the measured values. Fragmen-

tation ratios for higher excited states of hadrons (such as D∗∗ and Ds) have only poorly

been measured. Recent measurements indicate that excited heavy hadron states which

subsequently decay via the strong interactions into ground state hadrons are more copi-

ously produced than previously assumed [117]. The fragmentation function parameters

obviously depend on the assumed fragmentation ratio for these decays. Consequently,

analyses of these parameters need to take these correlations into account.

2.5 kt Factorization

In the kt factorization approach [118–121], to be used with the BFKL [61–64] or CCFM [65]

evolution equations, parameters additional to x and Q2 are used to describe the distribution

of the partons in the proton. The unintegrated gluon density as a function of x, Q2 and kt,
folded with off-shell matrix elements, is determined through fits to proton structure function

data as measured at HERA [66,67], where kt denotes the transverse parton momentum emitted

along the cascade. In unintegrated parton distributions, the dependence on the transverse parton

momentum kt emitted along the cascade is not integrated out. This is in contrast to the DGLAP

approach in which, usually, the gluon density is integrated in that it only depends on the energy

fraction x and on the squared transverse momentum transfer Q2.

The partons entering the hard scattering matrix element are free to be off-shell, in contrast

to the collinear approach (DGLAP) which treats all partons entering the hard subprocess as

massless. Off-shell matrix elements of heavy flavor lepto- and hadroproduction processes have

been calculated in [122,123]. The CCFM evolution equations can be used with kt factorization

and they apply angular ordering which is a consequence of color coherence, i.e. due to the inter-

ference properties of the radiated gluons. As a result in the appropriate limit they reproduce the

DGLAP [59] and the BFKL [61–64] approximation. At small values of the parton momentum

fractions z, a random walk of the transverse parton momenta kt is obtained.

10



3 Event Generators

3.1 Leading Order Parton Shower Calculations

Monte Carlo generator programs are commonly used to model physics processes. They provide

samples of single events with their full set of initial state, intermediate and final state particles

which follow distributions as predicted by the underlying QCD calculation. The fact that single

physics events can be analyzed gives particular strength to Monte Carlo simulations: Both

parton and hadron-level are accessible and detector effects, which lead to finite resolutions for

the measurement of the particles, can be simulated by feeding the generated list of particles

through detector simulation programs.

At HERA, the most commonly used Monte Carlo programs for the modeling of heavy quark

physics are: PYTHIA [108], RAPGAP [124], AROMA [103] and HERWIG [125]. These pro-

grams are based on the DGLAP evolution equations [59] and provide leading order calculations

of the cross sections. Recently, the Monte Carlo program CASCADE [104] was introduced

which contains an implementation of the kt factorization approach using the CCFM evolution

equation [65], described in section 2.5.

In most Monte Carlo programs, and also in CASCADE, the formation of hadrons is sim-

ulated using the LUND string model [108] as implemented in JETSET [107]. Optionally, for

heavy quarks, the Peterson fragmentation function [109] can be used. In HERWIG, a clus-

ter algorithm is used to form hadrons from clusters of quark-antiquark states in a color-singlet

configuration.

3.1.1 Monte Carlo Event Generators Using Collinear Factorization

In the Monte Carlo simulations based on the DGLAP evolution, collinear factorization of the

parton density distributions and the hard matrix elements is assumed. In the DGLAP approxi-

mation the evolution from the partons density distributions leads to a strong ordering of radiated

partons in transverse momentum kt. The matrix elements are evaluated at leading order and ef-

fects from higher orders are mimicked using parton showers (PS) which are radiated from the

initial and final state partons using a soft collinear approximation. The acronym LO+PS is

generally used to indicate programs that implement the combination of leading order matrix

elements with parton showers.

• The PYTHIA Monte Carlo generator [108] implements a number of different approaches

to calculate ee, ep and pp cross sections and distributions. For the simulation of heavy

quark production in ep scattering, most commonly, PYTHIA is used in the massive mode

in which c and b quarks are generated dynamically using the boson-gluon fusion process.

Alternatively, PYTHIA can be used in an inclusive mode in which direct and resolved

events are generated using massless matrix elements for all quark flavours. Many analysis

have confirmed that PYTHIA describes the shapes of event distributions in photoproduc-

tion impressively well. In contrast, the Q2 distribution in electroproduction is, for most

parameter choices, poorly described.
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• The RAPGAP Monte Carlo generator [124] produces events using the massive approach.

In contrast to older event generators, such as DJANGO [126] or AROMA [103], it pro-

vides a correct treatment of the diffractive contribution of inclusive scattering which

makes up about 10% of the cross section. RAPGAP is interfaced with the program HER-

ACLES [127] which simulates QED initial and final state radiation.

• AROMA [103] is a program to simulate the production of heavy quarks in the direct

photon-gluon fusion process in ep scattering. AROMA does not include the generation

of cross section contributions from resolved photon processes, and is thus of limited use

for the photoproduction, and possibly the low-Q2 regime, at HERA.

• HERWIG [125] is a general purpose physics event generator which includes the simula-

tion of hard lepton-lepton, lepton-hadron and hadron-hadron scattering and soft hadron-

hadron collisions in one package. HERWIG implements the cluster hadronization ap-

proach to describe the fragmentation of quarks into hadrons via non-perturbative gluon

splitting. The colored objects in the final state are combined to color-singlet clusters

which are subsequently fragmented into hadrons.

3.1.2 Monte Carlo Simulations Using kt Factorization

The Monte Carlo generator CASCADE [104] contains an implementation of the kt factorization

approach (see section 2.5) using the CCFM evolution equation [65]. In CASCADE the direct

heavy quark production processes γg → cc̄ and bb̄ are implemented using off-shell matrix

elements convoluted with kt-unintegrated parton distributions in the proton. In CASCADE,

higher order parton emissions based on the CCFM [65] evolution equations are matched to

O(αs) matrix elements in which the incoming parton can be off-shell. This implies that the

parton kinematics are treated correctly. For the final state parton showers PYTHIA [108] is

used. The unintegrated gluon density in the proton has been determined in fits to the inclusive

structure function data, in the range x < 10−2 and Q2 > 5 GeV2. With this input CASCADE

has been able to correctly reproduce the b quark production cross-sections in pp̄-collisions at

the Tevatron [128].

3.2 Next-to-Leading Order Calculations

Calculations to next-to-leading order are expected to provide more reliable estimates of the total

rates as they account for the presence of hard parton emissions. Furthermore, next-to-leading

order calculations are necessary for the determination of fundamental parameters such as αS
and the parton density distributions. At next-to-leading order, the different diagrams produce

both positive and negative contributions to the cross section. The negative contributions make it

difficult to implement next-to-leading order calculations in full hadron level Monte Carlo event

generators.
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3.2.1 Fixed Order Parton Level Calculations

ep and γp event generators to next-to-leading order are available at the parton level. The pro-

gram FMNR [80] implements cross section calculations for the photoproduction regime and

the program HVQDIS [81] for the DIS case. Both programs are based on calculations in the

massive scheme and provide weighted parton level events with two or three outgoing partons,

i.e. a b quark, a b̄-quark and possibly an additional light parton.

For calculations of ’visible’ cross sections, such as D∗ cross sections the programs can be

extended to include the fragmentation of the heavy quarks into hadrons and optionally decays

of the hadrons into final states e.g. with leptons. In a simple approach, the heavy quarks are

‘hadronized’ into a heavy hadrons by rescaling the three momentum of the quark according

to the distribution as given by a fragmentation function. Usually, the Peterson fragmentation

function [109] is used with parameter choices, e.g. as those determined in [129].

For the calculation of cross sections involving jets, a jet algorithm, e.g. the inclusive kt
algorithm (see section 5.4), is used on the final state partons, yielding parton level jets. For

the comparison with experimental measurements – which are usually given at the hadron level,

i.e. including fragmentation and hadronization effects – parton-to-hadron level corrections are

applied to the parton level results. These corrections should in principle be performed in the

same scheme (NLO) as the parton level calculations. However, for lack of more appropriate

choices LO+PS Monte Carlo event generators (such as PYTHIA, HERWIG, RAPGAP or CAS-

CADE described above) are commonly used to calculate the parton-to-hadron level corrections.

The corrections range typically from −30% to +5% in both photoproduction and DIS, decreas-

ing towards larger values of Q2 and/or jet transverse momentum.

The theoretical uncertainties of the NLO calculations are estimated in the following way:

For the heavy quark mass mq, typically, central values of mc = 1.5 and mb = 4.75 GeV are

used. The renormalization scales are set to the transverse masses mT =
√

m2
q + p2

t,qq̄, where

p2
t,qq̄ is the average of the squared transverse momenta of the quark and anti-quark. For beauty,

the factorization scale µf is set to mT while for charm µf =
√

4(m2
c + p2

t,cc̄). Here, ptbb̄ is the

average of the transverse momenta of the two b quarks. In DIS, the scale
√

m2
q +Q2 is used.

The theoretical uncertainties of the NLO calculation are usually estimated by variations of

the renormalization and factorization scale parameters up and down by a factor of two and the

c (b) mass between 1.3 and 1.7 (4.5 and 5.0) GeV. These variations, when combined, typically

lead to a change in the cross section predictions of 30–35% for charm photoproduction and

20–30% for beauty photoproduction (FMNR). In DIS (HVQDIS) the uncertainties are typically

between 10 and 20%.

The cross section variations when using different proton structure functions are less than

10% for most measurements. Further uncertainties (of order 10%) have been seen to arise from

the implementation of muon decay spectra and fragmentation functions. These are usually

taken from the spectra as implemented in the Monte Carlo simulations. The uncertainty due to

variations of the fragmentation parameter ǫ by 25% is usually small (∼ 3%).

It should be noted that the parameter choices and variations as described above are conven-

tions which are mainly justified by the fact that the normalization of the cross sections and size
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of the total systematic error obtained when following this procedure is plausible. A combined

analysis using several data sets and measurements could be useful in order to determine the

appropriate parameters more precisely, thus reducing the uncertainties due to the quark masses,

the scales and the fragmentation functions and parameters for future predictions.

3.2.2 MC@NLO

Since recently the Monte Carlo generator program MC@NLO exists [130–132]. It provides

a calculation of DGLAP evolution equations with NLO Matrix Elements which is matched

with the generation of parton showers to describe higher orders which are not contained in the

NLO calculations. It has been shown (see fig. 7) to successfully describe the beauty production

measurements in pp̄ collisions with data collected in Run-II at the Tevatron [133] but is yet to

be adapted for the processes in ep collisions at HERA.

Figure 7: CDF J/ψ spectrum from B decays. Two MC@NLO predictions are shown as his-

tograms (see [132] for details). The theory bands represent the FONLL prediction and system-

atic uncertainties [91].
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4 The Experiments H1 and ZEUS at HERA

The electron proton storage ring HERA (fig. 8) at the DESY laboratory in Hamburg collides

27.5 GeV electrons or positrons with 920 GeV protons2. The storage ring has a circumference

of 6.4 km and consists of two separate accelerators. The beams are segmented into 180 colliding

bunches each, providing a bunch crossing rate of 10 MHz. Four experiments are situated at

HERA. The two collider experiments H1 and ZEUS have been in operation since 1992. In

1995 the HERMES experiment started data taking using the polarized electron beam on a fixed

polarized gas target [134]. The HERA-B proton-proton fixed target experiment was operated

between 1998 and 2003. HERA-B makes use of the proton beam halo using a wire target [135].

Figure 8: The HERA collider with the four experiments H1, ZEUS, HERMES and HERA–B

on the left and its pre-accelerators on the right.

The H1 and ZEUS detectors are typical multi-purpose collider experiments. A schematic

view of the ZEUS detector is shown in fig. 9. The physics programs comprise the full spectrum

of QCD studies, measurements of the proton structure functions and exclusive hadronic final

states, as well as electroweak physics and searches for new physics phenomena [136]. With an

ep center-of-mass energy of 320 GeV the HERA collider experiments H1 and ZEUS are close

to the present energy frontier for accelerator based experiments. Only the Tevatron experiments

CDF and D0 [137, 138] have access to higher center-of-mass energies. Events in deep inelastic

ep scattering have been measured down to values of x as low as ∼ 10−6 and up to values of

Q2 of ∼ 50, 000 GeV2. In QCD, measurements of exclusive final states comprise jet physics,

heavy flavour production, processes in hard and soft diffraction and hadron spectroscopy.

In the years between 1992 and 2000 the collider experiments H1 and ZEUS collected an

integrated luminosity of 100 pb−1 each. The bulk data were taken in the years 1996 through

2000. In the years 2001/2 a major luminosity upgrade of HERA was put in place accompanied

by a number of upgrades of the H1 and ZEUS detectors, as described in section 7. The interac-

tion points were equipped with new focusing magnets which allow for substantially increased

2Until 1998 the proton energy was 820 GeV.
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Figure 9: Schematic view of the ZEUS Detector.

specific luminosities. Since 2003/4 the HERA collider is running again and peak luminosities

of larger than 4 · 1031 cm−2 s−1 have been reached, to be compared with the design luminosity

of ∼ 7 · 1031 cm−2 s−1. By the year 2007, an integrated luminosity of 500 pb−1, useful for

physics analyses, is expected to be produced for each of the two collider experiments.

The designs of the H1 and ZEUS detectors were chosen to be somewhat complementary,

with emphasis on the reconstruction of the scattered electron in the case of H1 and on the precise

calorimetric measurement of the hadronic final states in the case of ZEUS. Both experiments are

capable of the triggering and reconstruction of events with heavy quark contents down to very

low transverse momenta pt & 1 GeV. Charmonium is measured using the decays into leptons

down to pt ∼ 0. A heavy quark candidate event in the H1 experiment is displayed in fig. 10.

In the following the experiments H1 and ZEUS are described3, emphasizing those compo-

nents that are most relevant for the triggering and reconstruction of heavy quark events, i.e. the

tracking and vertexing detectors and the detectors used for lepton identification.

4.1 The H1 Experiment

The design of the 2800 ton H1 detector [139], schematically shown in fig. 10, emphasizes

charged particle tracking in the central region as well as high calorimetric resolution for elec-

tromagnetic energy depositions.

The primary components of the H1 tracking system are two coaxial cylindrical jet–type

drift chambers (CJC) covering the polar angle region between 15◦ and 165◦. The two chambers

consist of 30 (60) drift cells respectively with 24 (32) sense wires each strung parallel to the

beam axis. The sense wires are read out at both ends, and the z-coordinate is measured by

3In this section, the detector configurations of the HERA-I running period are given. The HERA-II configura-

tions are generally similar. Substantial upgrades to the HERA-I detector configurations are described in the context

of the HERA-II physics program in section 7.
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Figure 10: Display of a candidate for an event containing beauty quarks in the H1 Detector.

The event is a candidate for the beauty production process process ep→ ebb̄X (as explained in

section 6.3). One of the b̄ quark decays into a positively charged muon which is detected as a

track in the instrumented iron return yoke, the b quark forms a B hadron which decays into a

D∗+ meson. The D∗+ meson candidate is reconstructed in the decay channel D∗+ → D0π+ →
K−π+π+ from tracks measured in the inner tracking chambers.

charge division with a mean z-resolution of σz = 55 mm. The spatial resolution of the CJC

in the rϕ plane is σrϕ = 130µm. The momentum resolution in the plane transverse to the 1.2

Tesla solenoidal field is σ(pt)/pt = 0.006 pt[GeV] ⊕ 0.015. The magnetic field is produced

by a 5 m long superconducting solenoid of 5.8 m in diameter which encloses the calorimeter.

Two further inner drift chambers and two multiwire proportional chambers (MWPC) serve to

measure the longitudinal track coordinates and to provide trigger information.

A Central Silicon Track detector (CST) [140] is situated around the beam pipe, consisting

of two 36 cm long concentric cylindrical layers of double-sided silicon strip detectors, at radii

of 57.5 mm and 97 mm from the beam axis. The CST covers a pseudo-rapidity range of 30◦ <
θ < 150◦ for tracks passing through both layers. The double-sided silicon detectors provide

resolutions of 12 µm in r-φ and 25 µm in z. Average hit efficiencies are 97% (92%) in r-φ (z).

For a central track with CST r-φ hits in both layers, the transverse distance of closest approach

dca of the track to the nominal vertex in x-y can be measured with a resolution of σdca ≈
33 µm ⊕ 90 µm/pt[GeV], where the first term represents the intrinsic resolution (including

alignment uncertainties) and the second term is the contribution from multiple scattering in the

beam pipe and the CST; pt is the transverse momentum of the track.

The Forward Tracking Detectors cover a polar angular range between 5◦ and 30◦. The sys-

tem consists of three supermodules composed of three planar drift chambers, a multiwire pro-

portional chamber, a transition radiator and a radial drift chamber. The MWPCs serve for trigger

purposes and complement the polar angular coverage of the central proportional chambers. The

H1 main calorimeter employs a fine-grain liquid argon (LAr) sandwich structure in the barrel
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and forward (proton-beam) region (with angular range from 4◦ to 155◦ in polar angle). In the

backward region (with angular range from 155◦ to 177.5◦) a lead/scintillating–fiber calorime-

ter [141] provides an excellent energy resolution of σ(E)/E = 0.07/
√

E[GeV] ⊕ 0.01, and

a time resolution better than 1 ns. The electromagnetic section of the liquid argon calorime-

ter uses lead plates as absorber material. In the hadronic section (which provides a depth

of ∼ 5 nuclear interaction lengths) steel plates are used. In total there are 31,000 electro-

magnetic and 14,000 hadronic readout channels, segmented longitudinally and tranverse to

the shower direction. The electromagnetic LAr calorimeter achieves an energy resolution of

σ(E)/E = 0.12/
√

E[GeV] ⊕ 0.01. The high degree of segmentation allows for a distinction

between hadronic and electromagnetic energy depositions in the offline reconstruction, result-

ing in a hadronic energy resolution of σ(E)/E = 0.55/
√

E[GeV] ⊕ 0.01.

Muons are identified as minimum ionizing particles in both the calorimeters and in the iron

magnetic field return yoke surrounding the magnetic coil. The iron system is instrumented with

16 layers of limited–streamer tubes of 1 cm2 cell size. Altogether the muon system consists of

∼ 100, 000 channels. Up to five out of 16 layers are used for triggering. In order to provide

a two-dimensional track measurement five of the 16 layers are equipped in addition with strip

electrodes glued perpendicular to the sense wire direction.

The H1 trigger and readout system consists of four levels of hardware and software filtering.

Three of these layers, the first (L1) and second (L2) level trigger and the asynchronous online

filtering (L4) - were operated in HERA-I. The third level is prepared to be used by the H1 Fast

Track Trigger system (described in section 7.1.5). The L1 system is phase-locked to the HERA

accelerator clock signal of 10.4 MHz and provides a trigger decision for each bunch crossing

after 2.3 µs. The subdetector systems feed data into front-end pipelines and generate fast infor-

mation (trigger elements) about general properties of the event. The trigger elements are sent

to the central trigger logic which makes decisions on the basis of 128 logical combinations of

these trigger elements. The L1 decisions are then validated by the second level trigger allowing

20 µs for the decision. The L2 trigger system implements conditions on topological properties

of the events. Neural nets are used to combine information from several detector components.

The subdetector data are read out asynchronously by the central data acquisition electronics and

fed into the software filter (L4). The reading of events from the front-end buffers takes about

1.2 ms, during which no new events can be recorded. This dead-time is inherent to the archi-

tecture of the read-out electronics. At a typical L4-input rate of 50 Hz the dead-time is about

∼ 8%. In the L4 software filter the events are fully reconstructed and classified in different

physics categories and monitoring channels. The reconstruction of a physics event typically

requires 200 ms. Events classified as physics as well as monitor events are permanently stored

at a typical rate of 5 to 10 events per second.

4.2 The ZEUS Experiment

The ZEUS detector [142,143] makes use of a 700–ton compensating uranium sampling calorime-

ter, with equal sampling fractions for electromagnetic and hadronic shower components. The

calorimeter is made up of layers of 2.6 mm SCSN–38 scintillator and 3.3 mm stainless–steel–

clad depleted-uranium plates. One layer corresponds to 1.0 radiation length (X0) and 0.04
interaction lengths. This choice of layer thicknesses results in a sampling fraction of 4%
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for electromagnetic and hadronic shower components, and hence compensation, and 7% for

minimum–ionizing particles. The compensation results in a very good hadronic energy re-

solution of σ(E)/E = 0.35/
√

E[GeV] ⊕ 0.02. The resolution for electromagnetic showers

is σ(E)/E = 0.18/
√

E[GeV] ⊕ 0.01.

The ZEUS solenoidal coil of diameter 1.9 m and length 2.6 m provides a 1.43 T magnetic

field for the charged–particle tracking volume. The tracking system consists of a central wire

chamber covering the polar angular region from 15◦ to 164◦ , a forward planar tracking detector

from 8◦ to 28◦ and a second planar tracking chamber in the backward direction, covering the

region from 158◦ to 170◦. The momentum resolution attained is σ(pt)/pt = 0.005 pt ⊕ 0.015
and a track is extrapolated to the calorimeter face with a transverse resolution of about 3 mm.

Ionization measurements from the central tracking chamber also serve to identify electron–

positron pairs from J/ψ decays. The muon system is constructed of limited streamer tubes

inside and outside of the magnetic return yoke, covering the region in polar angle from 10◦ to

171◦. Hits in the inner chambers provide muon triggers for J/ψ decays.

The ZEUS trigger system consists of three layers. The first level trigger accepts events at a

rate of about 300 Hz. The read out data are stored in digital or analog pipelines with a depth

of 4.4µs until a global first level trigger decision is received. At the second level commercially

available microprocessors analyze the digitized data of the components. The second level trig-

ger processor functions as an asynchronous pipeline, i.e. a series of parallel processors. Beam

gas background is rejected on the basis of calorimeter timing information which is available at

this stage. The second level trigger is able to perform iterative calculations on large fractions

of the full event information which are not possible in the pipelined structure of the first level

trigger. These features enable the second level trigger to achieve a reduction of the first level

trigger rate from ∼ 300 Hz to ∼ 100 Hz. The third level trigger provides a software filter in

which the event rate is further reduced to the level of 15 Hz.
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5 Experimental Methods

Heavy quark physics requires a precise experimental determination of the fraction of produced

events containing heavy quarks. A number of methods has been established and those most

widely used at the HERA experiments are discussed below. The identification algorithms are

generally similar among the different high energy physics experiments in that characteristic

signatures of the decay processes of heavy hadrons are exploited. Experimentally, the different

techniques are somewhat complementary and range from the full reconstruction of the invariant

mass using all decay particles to the measurement of the lifetime distribution of the hadrons by

means of displaced vertices or track parameters. The methods, which are described in detail

in the following, are often combined to enhance the significance of the heavy quark signal

separation from the light-quark background.

5.1 Resonance Reconstruction

In most analyses signals for charm quarks have been obtained by full reconstruction of the decay

particles of the charmed hadrons into which the quarks fragment. From the decay particles the

invariant mass is reconstructed, such that the number of signal events can be determined from

the resonance spectrum, above a non-resonant combinatorial background. The reconstruction

of the invariant mass works particularly well in hadronic decays in which all final state particles

are measured as charged particles in the tracking detectors. Calorimeter energy deposits are

sometimes used for decay channels containing π0 or γ.

The most widely used method to identify events containing charm is the reconstruction of

events in the so-called ’golden decay’ channel, in which the invariant mass of the D∗± meson is

reconstructed in the decay D∗± → D0π± → K∓π±π±. In fig. 11 the difference ∆M between

the measured masses of the Kππ system and of the D0 meson decaying into Kπ is shown.

The number of signal events and the amount of non-resonant background in the mass window

is usually determined by a fit to the signal and the side bands. The width of the ∆M peak

is governed by the experimental resolution of the pion track from the D∗ decay, as resolution

effects from the measurement of the two D0 decay particles largely cancel in the subtraction.

The ∆M distribution is therefore the preferred way to determine the number of D∗ mesons in

the sample.

The advantage of the full resonance reconstruction method is that all details about the

heavy quark resonance and decay kinematics are known and the number of events can be deter-

mined precisely. The disadvantage comes from small branching ratios, BR(D∗± → D0π± →
K∓π±π±) ≃ 2.6% [144] and limited detector capabilities such as finite detector acceptances

and/or poor resolution. At small Q2 the detector acceptance constrains measurements in which

samples of fully reconstructed D∗ mesons are used to about one third of the total phase space

for charm production [5]. Limited detector resolution leads to the need for wide mass windows

or large combinatorial background. Bad resolution is a particular issue for the identification

and measurement of neutral particles at low energies as neither experiment, H1 nor ZEUS, have

been designed for this purpose.
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Figure 11: D∗ signal from ZEUS in the decay channel D∗± → (D0 → K∓π±)π±. Events are

selected in which the invariant mass of the Kπ system is consistent with the mass of the D0

(taken from [19]).
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5.2 Particle Identification

Particle identification is often used in order to enhance the contribution from heavy hadrons

and/or to reduce the combinatorial backgrounds. For the reconstruction of invariant mass spec-

tra it is useful to identify charged pions, kaons and protons, such that particles that are clearly

identified as not coming from the heavy hadron decay can be removed from the list of particles

used for the mass reconstruction. Although not optimized for this purpose, the central drift

chambers can be used to determine the specific energy loss dE/dx for a given particle. This

energy loss depends on the velocity of the particle. The measurement of the summed charge

of the hits of a drift chamber track, together with the measurement of the particle momentum

thus allows to discriminate between π, K and p (see fig. 12). The H1 and ZEUS drift chambers

provide a relative uncertainty for the charge measurement of typically 8%, leading to a K-p
separation of ∼ 1σ at 2 GeV.

The identification of leptons originating from semi-leptonic decays of heavy hadrons is a

very useful means for the selection of heavy quark event candidates. Furthermore, in char-

monium decays into leptons, the lepton identification allows to remove the largest part of the

combinatorial background for the reconstruction of the charmonium invariant mass.

The µ-identification is particularly simple as the instrumented iron return yokes are avail-

able for the reconstruction of muon tracks. The HERA experiments have full acceptance for the

muons to be measured in the instrumented iron at transverse energies of 2.0 GeV and above. The

muon identification can be enhanced by reconstruction of isolated energy deposits in calorime-

ter cells close to the extrapolated muon track, which are consistent with the amount of energy

deposited by a minimally ionizing particle. The longitudinal segmentation of the H1 and ZEUS

calorimeters allows to reconstruct quantities, such as the length of the track inside the calorime-

ter or the energy deposited in a narrow cone along the projected muon track, which provide for

a muon fake probability of 1-2% at muon momenta of 1-2 GeV [145].

The separation between π and e in the calorimeter is important to suppress fake background

in samples of semi-electronic decays. A detailed study of electron identification in the calorime-

ter in a dense hadronic environment has been given e.g. in [146].

5.3 Track-Cluster Matching

The energy of particles can be measured using the tracks (for charged particles) and the calorime-

ter (for all particles). Optimal experimental resolution for particle momenta and kinematic

variables is obtained by combination of the information from the tracking detectors and the

calorimeter, using a track-cluster matching algorithm.

Tracks measured in the tracking chambers are associated with energy depositions in the

calorimeters in a way that avoids double-counting (of charged particle energies) and/or the

omission of energy contributions (from neutral particles). In the usual approach well measured

tracks are used for the measurement of the charged particles while neutral particles and particles

at large energy scales (E & 20 GeV) where the calorimeter resolution is superior to that of

tracks, are measured using the calorimeter. For non-compensating calorimeters (such as the

LAr-calorimeter of the H1 experiment) the treatment of calorimeter energy deposits requires the
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classification as hadronic or electromagnetic shower in order to define the energy scale at which

the calorimeter signals are evaluated and combined with the tracks. The classification, often

called ‘software compensation’, is based on the compactness of the shower in the calorimeter.

Fluctuations of the shower development and limited cell granularity make the classification

ambiguous to a certain extent.

In the matching algorithm the tracks are extrapolated to the calorimeter and energy deposi-

tions behind the tracks in the calorimeter are masked out to avoid double-counting. The masking

leads to the loss of neutral particles which are close to the charged particles, resulting in a sys-

tematically reduced experimental response by up to 10%. To minimize these losses matching

and distance parameters are tuned in a detector specific way, taking resolutions, granularities

and average particle multiplicities in physics processes into account. Remaining effects are

generally well described by the Monte Carlo simulations and can in this way be removed from

the results of the measurements.

The combined track-cluster objects are then used to calculate global kinematic event vari-

ables and to reconstruct jets and other components of the hadronic final state.

5.4 Jet Reconstruction

In recent analyses jets are usually reconstructed using the inclusive kt algorithm [147, 148].

Different schemes are available [149] which define the merging of two objects into a single

object based on distance parameters, and the calculation of the 4-vector of the resulting jet. The

distance parameters dkl are usually defined as momentum weighted distances in the η-φ plane,

dkl = min(p2
t,k, p

2
t,l)((∆η)

2 +(∆φ)2). In the E recombination scheme the 4 vectors of the input

objects are added to obtain the 4-vector of the massive jet. In the pt recombination scheme only

the 3-vector components of the input objects are taken into account and the obtained jets are

made massless by setting their energy equal to the magnitude of their 3-momentum.

There are no theoretical arguments to prefer one or the other recombination scheme. For

final states with beauty quarks the results of the different recombination schemes have been

seen to give the same quantitative results to better than 10%.

5.5 Lifetime Tag

Vertex detectors can be used to detect vertices displaced from the primary interaction point. For

charm mesons with lifetimes between 0.4 and 1 ps the typical spatial separation between their

production vertex and the decay vertex is given by their cτ of 120 to 315 µm.

In a recent analysis at HERA, a complete reconstruction of charmed mesons was performed

in combination with a lifetime tag to reduce the combinatorial backgrounds [6]. A sketch of

the reconstruction procedure for the reconstruction of the long-lived D± meson candidates is

shown in fig. 13. The main difficulty in the 3-body decays of the D± into K∓π±π± is the

combinatorial background which is large due to the large number of combinations of tracks

that can wrongly be assigned to one of the decay particles. The signal-to-background ratio can

drastically be improved by use of a lifetime tag in which it is required that the tracks originate
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Figure 13: Reconstruction of aD+ meson candidate by reconstruction the vertex from the decay

particles K∓π±π±. The displacement of the secondary vertex is used to enhance the fraction of

signal events in the sample (see fig. 14).
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Figure 14: Invariant mass distribution m(Kππ) for D± → K∓π±π± decay candidates, a)

before and b) after a cut on the decay length significance Sl > 8 [6].

from a common displaced vertex. The vertex displacement is measured in the r-φ plane. In

fig. 14 the mass spectrum is shown without and with the cut Sl > 8 on the vertex displacement.

Here, Sl is the significance of the displacement, i.e. the distance between the primary and

secondary vertices divided by the uncertainty of the distance measurement.

5.5.1 Single Impact Parameter Method

In many analyses, a complete reconstruction of the heavy hadron invariant mass and/or dis-

placed vertex is not possible – nor is it necessary, as the partial reconstruction and identification

of event characteristics that signify the presence of heavy quarks, e.g. the presence of a leading

lepton or decay lifetime distributions, is often sufficient for the measurement of heavy quark

production cross sections and event distributions. The main advantage of those measurements
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closest approach of the track. The two cases for a) a positive sign and b) a negative sign are

shown.

in which heavy hadrons are only partially reconstructed, is that they can be performed on sam-

ples of much larger statistics. For example, in more recent measurements, the measured lifetime

distributions have been used to determine the fraction of events containing charm and beauty

(see section 5.5.2). For these measurements it is sufficient to measure at least one charged decay

particle track in the silicon detectors from which the lifetime information is extracted.

The reconstruction of secondary detached vertices is experimentally demanding. An un-

ambiguous association of all tracks to the secondary vertex can only be achieved if the spatial

precision of the track measurement is of the same order as the distance between the primary and

the secondary vertex, i.e.O(100µm). Harsh track selection cuts are necessary to ensure that the

tracks fulfill this criterion, leading to a significant loss of statistics. For quantitative analyses of

heavy quark production rates, e.g. cross section measurements, the loss of signal events due to

lifetime-based selection cuts needs to be precisely estimated. This would require to precisely

describe the track reconstruction efficiencies and the spatial resolutions of all tracks used for

the reconstruction of the heavy hadron.

In recent analyses of the H1 Collaboration, a simpler method has been successfully used,

which is based on the measurement of the impact parameters of one or several tracks, and thus

allows to maintain a larger number of signal event candidates than the secondary vertex method.

In the impact parameter method, only a subset of the tracks originating from the displaced vertex

is used to perform a lifetime tag. The impact parameter of a track is defined as the transverse

distance of closest approach (DCA) of the track to the primary vertex point. The signed impact

parameter δ (fig. 15) of the charged particle track with respect to the primary event vertex reflects

the lifetime of the particle from which the charged particle decays. The signed impact parameter

is defined by reference to the direction of the reconstructed particle or the jet to which the track

is associated. Usually, the direction is reconstructed using a jet algorithm (see above). The

signed impact parameter of a track is defined as positive if the angle between the jet direction

and the line joining the primary vertex to the point of DCA is less than 90◦, and it is defined as

negative otherwise (see fig. 15). The sign allows to statistically disentangle detector resolution

effects and effects from the decay lifetime of the heavy hadron. Tracks from the decays of long

lived particles will have positive impact parameters, if resolution effects are neglected. Tracks

produced at the primary vertex result in a symmetric distribution around 0, i.e. negative impact
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Figure 16: Distribution of the signed impact parameter of the muon track for a sample of pho-

toproduction events with two jets and an identified muon. The solid line shows the distribution

of the PYTHIA Monte Carlo simulation after a fit of the normalization of light quark, charm

and beauty quark events [44].

parameters predominantly result from detector resolution effects.

Figure 16 shows the distribution of the impact parameter of an identified muon track for a

sample of photoproduction events with two or more jets and a muon [44]. In this sample the

contribution from heavy quarks is enhanced by the requirement that a muon with transverse

momentum pt > 2.5 GeV be present. The lifetime effects are apparent in the asymmetric distri-

butions of the estimated charm and beauty contributions. The normalization of the contributions

has been determined by a fit to the data. Details of this analysis are described in section 6.2.1.

5.5.2 Negative Subtraction Method

From the signed impact parameter a signed significance can be derived by dividing the mea-

sured signed impact parameter by the estimate of its resolution. Well measured tracks with

large impact parameters lead to large values for the significance while badly measured tracks

with large resolution remain in the core of the distribution. In fig. 17 the significance distribu-

tions of tracks is shown for a sample of events at large photon virtualities Q2 [43]. A detailed

description of the analysis based on such signatures is given in section 6.2.2. The selected

tracks are required to have transverse momenta of larger than 500 MeV. No lepton or jet criteria

are explicity imposed. Consequently, the relative contribution from charm and beauty events is

significantly smaller than in fig. 16.

Only those tracks with an impact parameter of less than 0.1 cm enter the significance dis-

tributions S1 and S2 (fig. 17a and c). This selection suppresses contributions from decays of

long lived particles containing strangeness and allows to achieve a reasonable discrimination of
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Figure 17: Significance distributions S1 (a,b) and S2 (c,d) before subtraction (a,c) and after

subtraction (b,d) [43] (see text).

the charm and beauty components. Studies show that the significance distribution from strange

particle decays is almost symmetric at small impact parameters. The distribution S1 (fig. 17a)

denotes the significance of the track with the highest significance in the event. Only those events

are used in which there is only one selected track. The significance S2 (fig. 17c) is defined for

events with two or more selected tracks and where the track has the second highest significance

of all selected tracks. In addition, it is required that the significance S2 has the same sign as S1

in the same event. The distributions are dominated by light quark events and exhibit large tails

to both negative and positive values of significance with only a small asymmetry due to the long

lived charm and beauty decays.

In the ’negative subtraction method’ the negative bins in the significance distributions are

mirrored at S = 0 and subtracted from the positive. This way, effects that lead to significance

distributions which are symmetric around zero are removed. In particular, the uncertainties due

to the impact parameter resolution and the light quark normalization are substantially reduced.

The subtracted distributions are shown in figs. 17b and d. The contributions from charm and

beauty are determined by a fit which is performed simultaneously to both the subtracted S1 and

S2 distributions and the total number of inclusive events before track selection. The shapes for

the c, b and uds distributions are taken from Monte Carlo simulations and their normalization

is fitted to the data. Only the statistical errors of the data and Monte Carlo simulation are

considered in the fit. The Monte Carlo c, b and uds contributions in each x–Q2 interval are

allowed to be scaled by factors Pc, Pb and Pl, respectively. The fit to the S1 and S2 distributions

mainly constrains Pc and Pb, whereas the overall normalization constrains Pl. The c and b quark

fractions are distinguished in the fit by their different shapes in the S1 and S2 distributions.
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Figure 18: Distribution of the negative logarithm of the multi impact parameter probability. The

decomposition of the simulation into b (shaded histogram), c (dotted line), uds (dashed line) is

taken from the fit [45] (see text).

The precise simulation of the simulated shapes is crucial for inclusive lifetime tag analy-

ses. In particular, the size of the b-fraction obtained from the fits is directly dependent on the

decomposition of the simulated charm sample into events with short-lived and with long-lived

charmed hadrons (e.g.D±), since the long-lived charmed hadrons have lifetime distributions and

track multiplicities which are similar to those of beauty hadrons. In existing H1 analyses charm

fragmentation universality is assumed and the fragmentation fractions as described in [159] are

used which are based on measurements at LEP, CLEO and ARGUS. Measurements of charm

fragmentation at HERA are discussed in detail in section 6.1.6.

Results consistent with the negative subtraction method have been found using alternative

methods, such as the multi-impact parameter method (MIP) and the method of deterministic

annealing.

5.5.3 Multi-Impact Parameter Method

In this method, the impact parameters of all well measured, i.e. selected, tracks in a given jet

are used to form a probability that the tracks come from the primary interaction point and not

from the decay of a long lived particle. The quantity

P (Si) =
1√
2π

∫ ∞

S2

i

e−t
2

dt,

can be interpreted as the probability that a track originates from the primary vertex. The prob-

abilities for tracks with negative significances are set to unity. A multi impact parameter (MIP)

probability PMIP is then constructed by combining the probabilities of the N selected tracks

within each jet:

PMIP = Π

N−1
∑

j=0

(− ln Π)j/j!,
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Figure 19: The transverse distance between the primary and secondary vertex (Lxy) for events

with two, three and four tracks associated with the secondary vertex. Superimposed on the data

points are c, b and light quark contributions that have been scaled by the results of the fit to the

distributions S1 and S2 using the negative subtraction method as described in section 5.5.2 [43].

where j runs over all selected tracks and

Π =

N
∏

i=1

P (Si).

The distribution of the negative logarithm − log(PMIP ) for both jets is shown in fig. 18. The

contributions from events containing b, c and uds quarks are determined by a fit [150,151] to the

− log(PMIP ) distribution, using the Monte Carlo expectations for the shapes of each of these

quark flavours.

5.5.4 Deterministic Annealing

Another method to separate the quark flavours is based on the explicit reconstruction of decay

vertices in the transverse plane. In the method of deterministic annealing [152], there is no

definite assignment of tracks to vertices, but each track is assigned a weight with a range 0 to 1
for each vertex candidate, using the weight function of [153]. The larger the distance of the track

to a vertex candidate, the smaller the weight. A simultaneous fit to a primary and a secondary

vertex is made, with all tracks of the event considered for the primary vertex, whereas only

tracks associated to the jet axis contribute to the secondary vertex. The vertex configuration that

minimizes the global fit χ2 is found iteratively.

In fig. 19 the decay length distributions are shown for events at large Q2 with secondary

vertices made up of two, three and four tracks, respectively. The decomposition into uds, c
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Figure 20: Distribution of the transverse momentum of the decay muon track candidate for a

sample of photoproduction events with two jets and an identified muon. The solid line shows

the distribution of the PYTHIA Monte Carlo simulation after a fit of the normalization of light

quark (dash-dotted), charm quark (dotted) and beauty quark (dashed) events (see text).

and b is indicated using the results from the fit of the negative subtraction method as described

above in section 5.5.2. The fig. 19 shows that the two methods give consistent results.

5.6 Relative Transverse Momentum Distribution prel

t

Events with heavy quarks are often identified using semi-leptonic decays of heavy hadrons. In

these events the decay lepton is typically one of the leading particles in the event. While a

fraction of the decay particles, e.g. the neutrino escape detection such that the mass of the heavy

hadrons can not precisely be measured, it is nevertheless possible to reconstruct distributions

which reflect the mass of the heavy hadron. These distributions are significantly different for

charm and for beauty and therefore allow the determination of the relative contributions from

charm and from beauty in a given event sample. The observable prelt , i.e. the transverse

momentum of the decay lepton relative to the direction of the parent quark, as estimated by the

jet axis, provides a clear signature for beauty. Due to their larger mass, events with decays ofB-

hadrons populate higher values of prelt as shown in fig. 20. The transverse momentum prelt of the

muon with respect to the axis of the associated jet exhibits a much harder spectrum for muons

from b decays than for the other sources. At HERA, several analyses of beauty production have

made use of the prelt distribution and are described in section 6.2.1.

5.7 Triggering

Like most modern colliders, HERA produces a large total interaction rate which exceeds the

readout rate and data storage capabilities of the H1 and ZEUS detectors and necessitates the use

30



of a sophisticated trigger system to select the physics events of interest. The trigger systems,

as described in section 4 are complex multi-channel and multi-layer trigger and filter systems,

which are optimized to maximize the statistics of selected physics processes, while suppress-

ing beam backgrounds and downscaling the high-rate inclusive ep-scattering processes with no

particular final state signatures.

The majority of heavy quark events is produced in the kinematic region of small transverse

momenta pt and small photon virtualities Q2. This kinematic region is of particular interest

as the various scale variables Q2, pt and mc or mb are of small and/or similar size. The to-

tal cross section in this region is dominated by processes with light quarks. Experimentally,

particle identification is difficult and beam backgrounds are abundant. Triggering events with

heavy quarks is particularly challenging as the effective rate of events with identifiable final

state signatures is suppressed by the relatively small heavy quark production cross sections, the

subsequent branching ratios, and the experimental acceptance limitations.

Typical trigger conditions used to collect events with heavy quarks implement a number of

conditions in order to achieve reasonable purity of the triggered data samples and acceptably

low rates. The efficiencies for heavy flavour triggers strongly depend on the physics channel

(i.e. event selection) and range from ∼ 50% for low-multiplicity events (e.g. J/ψ) in photopro-

duction to ∼ 90% in electroproduction.

In both experiments H1 and ZEUS, triggering relies heavily on the evaluation of information

from the tracking and calorimeter devices. The ZEUS trigger algorithms are more calorimeter–

based, exploiting the excellent time resolution of the calorimeter, while that of H1 emphasizes

tracking algorithms for reconstruction of the interaction vertex. Several detector components

are used for the suppression of backgrounds from cosmic rays or beam gas interactions and for

the identification of events with particular final states:

• The fast calorimeters (those with time resolution ∼ 1 ns) are used to select ep events based

on the arrival time of the scattered electron signal (H1) or all final state particles (ZEUS).

Out-of-time backgrounds are further suppressed by veto-conditions using coincidences

of signals in scintillator counters situated along the beam pipe. At ZEUS, the shaping,

sampling, and pipelining algorithms permit the reconstruction of shower times with re-

spect to the bunch crossings with a resolution of better than 1 ns. The timing information

provides essential rejection against upstream beam–gas interactions.

• The H1 first level track trigger makes use of proportional chambers and drift chambers

to determine the number of tracks, the event vertex position and the time. The central

proportional chambers are used for fast reconstruction of the position of the interaction

vertex in z and of the time of the interaction. The main purpose of this trigger is the

suppression of proton beam backgrounds which produce tracks from vertices outside the

interaction region. Furthermore, the trigger is used to estimate the event multiplicities.

The trigger information is based on combinations of pad signals of the proportional cham-

bers from which track directions are inferred using look-up tables. 16 histograms (one for

each φ sector) containing the z-positions of the tracks extrapolated to the beam axis are

combined in a z-vertex histogram which is used to determine the position of the vertex

in z. The z-vertex trigger provides trigger elements to the L1 system, encoding signif-

icances and multiplicities of the vertex information, and more detailed information to
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the L2 system. The H1 drift chamber trigger finds charged tracks in the r-φ projection.

Drift time patterns from digitized hits in several layers (with wires parallel to the beam

axis) are compared to predefined masks to determine kinematic properties of the tracks.

The charge of the tracks can be measured and several transverse momentum thresholds,

configurable in value, are used to classify tracks and to count track multiplicities. The

system is optimized for the measurement of tracks from the interaction region and thus

suppresses backgrounds due to beam-wall interactions or cosmic ray particles.

At ZEUS, the drift chamber trigger alone determines the number of tracks and whether

they originate from the interaction region. This is done by applying lookup tables to two

dimensional projections of the r and z coordinates of the hits in the central and forward

track detectors. The rate reduction is obtained by the rejection of beam backgrounds

and the downscaling of inclusive electron-proton scattering events with no particular final

state signature for events with Q2 < 20 GeV2.

• The muon triggers use signals from the inner drift chambers and signals in the instru-

mented iron of the central muon detector. The H1 muon detector trigger is segmented

into several modules. Coincidence of hits in several layers of the same module lead to a

positive trigger signal from the muon systems. At ZEUS a muon track candidate in the

central drift chamber with one or more hits in the muon chambers can be validated by

energy in the calorimeter above a threshold of 460 MeV.
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6 Experimental Results from HERA-I

In this section an overview of the results and measurements obtained with HERA-I data is

given. In general, due to acceptance limitations of the experimental apparatus, the measure-

ments are performed in restricted kinematic regions, which differ between different analyses,

depending on the analysis technique and data sample. The tables 1, 2, 3 give an overview of the

measurements of charm and beauty processes at HERA.

In order to allow for comparisons of measurements with results from other experiments

or with theory predictions most analyses perform extrapolations of their data into unmeasured

regions. The size of the corrections are often as small as a few percent but can reach a factor of

order 10 in rare cases. In analyses using D∗-mesons the momentum and angular distributions

of the decay particles (Kππ) are usually assumed to be known and are extrapolated, such that

the quoted cross sections are independent of the detector-specific cuts on the decay particles.

These corrections are typically of order 25% reaching up to 50% at small values of pt(D
∗).

In analyses with jets, detector effects are removed by correcting the measured distributions to

the hadron-level. Depending on the analysis the hadron-level may be differently defined, e.g.

using the heavy hadrons before before or after the decay and including or excluding neutrinos.

In some analyses, the results are extrapolated to a larger phase space using model assumptions

(as taken from next-to-leading order (NLO) calculations or LO+PS Monte Carlo models) of the

angular and momentum spectra of the particles and jets. In these cases the extrapolation factors

can become fairly large leading to corrections of the cross sections of up to a factor of 5. The

uncertainties arising from these extrapolations are therefore often difficult to determine and the

extrapolated results should be treated with caution.

6.1 Open Charm Production

Charm production has been measured in a number of analyses, the first observations at HERA

dating back to the year 1995 [2, 11]. Since then, with increasing statistics and continuously

upgraded detectors the measurements have become increasingly precise and detailed in their

scope. Inclusive charm production has been measured in both photoproduction [2, 7, 12, 19]

and electroproduction [3–5,8,13,15,16,43]. Reconstructed D∗ mesons have also been used for

measurements of open charm in diffraction [55–58], a process which is not addressed in this

report.

6.1.1 Photoproduction of Charm

Recent measurements of inclusive photoproduction of D∗ mesons were performed by H1 [7]

and by ZEUS [19] using the decay channel D∗ → D0πs with D0 → K−π+(+c.c). The D∗

signal used for the ZEUS analysis is shown in fig. 11 in section 5. In fig. 21 the ZEUS data

are compared with predictions from two next-to-leading order calculations, namely the fixed

order massive calculation FMNR [80] and the matched calculation FONLL [92] (sections 2.1

and 3.2.1). For the calculations the scale parameters are chosen to be µR = µF = mT =
√

m2
c + p2

c,T , where µR is the renormalization scale parameter and µF is the factorization scale
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Analysis Data Kinematic Region

Q2 y pDt ηD Other cuts

[GeV2] [GeV]

[2] D∗ in γp 1994 < 0.01 > 2.5 −1.5...1.0 159 < Wγp < 242 GeV

< 4 > 2.5 −1.5...1.0 95 < Wγp < 268 GeV

[3] D∗, D0 in DIS 1994 10...100 0.01...0.7

[4] D∗ DIS 94-96 2...100 0.05 ... 0.7 > 1.5 −1.5...1.5
D∗ γp < 0.01 0.29...0.62 > 2.5 GeV |ŷ(D∗)| < 1.5

< 0.009 0.02...0.32 > 2.0 GeV |ŷ(D∗)| < 1.5
[5] D∗ DIS 96-97 1...100 0.05...0.7 > 1.5 −1.5...1.5

F c2 1...100 0.05...0.7
[6] D DIS 99-00 2...100 0.05...0.7 > 2.5 −1.5...1.5 Et,jet1(2) > 4(3) GeV

−1 < ηjets < 2.5
[8] D∗ DIS + jets 99-00 2...100 0.05...0.7 1.5...15 −1.5...1.5
[7] D∗ in γp 99-00 < 0.01 > 2 −1.5...1.5 171 < Wγp < 256 GeV

[9] D∗ + jet in γp 99-00 < 0.01 > 2 −1.5...1.5 171 < Wγp < 256 GeV

pjett > 3.0 GeV

[47] D∗µ γp 97-00 < 1 0.05...0.75 > 1.5 −1.5...1.5 pµ > 2.0 GeV

|ηµ| < 1.735
[43] F c2 high Q2 99-00 > 150 0.1...0.7
[46] F c2 low Q2 99-00 2...120 0.1...0.7

[45] Charm jets γp 99-00 < 1 0.15...0.8 p
jet1(2)
t > 11(8) GeV

−0.8 < ηjets < 1.3

[10] D∗ in DIS 2000 2...100 0.05...0.7 > 1.5 −1.5...1.5 pD
∗

t,jet > 3 GeV

Table 1: Overview of the measurements of open charm production at H1.

parameter, and mc = 1.5 GeV. The uncertainties are estimated by variation of µR from 0.5mT

to 2mT and mc from 1.3 GeV to 1.7 GeV. Good general agreement is seen with relatively large

theoretical uncertainties as estimated by simultaneous variation of the renormalization scale

and the mass of the charm quark. The central values of the NLO predictions reproduce the

shape of the dσ/dW distribution and general trends of the dσ/dpt distributions. However, the

central NLO predictions significantly underestimate the data over almost the whole kinematic

range. The FONLL predictions do not provide a better description of the data than does the

NLO calculation. For large pt(D
∗), the FONLL predictions lie further below the data than does

the NLO calculation.

In fig. 22D∗ photoproduction data from H1 are shown [7]. In this data sample the low angle

scattered electron is detected in an electron detector situated 33 m away from the interaction

point close to the beam pipe in electron direction. This requirement, necessary for trigger

purposes, leads to a constraint on the range inWγp of the data sample to 171 < Wγp < 256 GeV

and restricts the statistical precision. The range in Q2 is restricted to < 0.01 GeV2. The data

are compared with the fixed order massive calculation from [80] and the massless calculation

from [96]. For the massive calculation the renormalization and factorization scales were chosen

as 2µR = µF = 2
√

m2
c + p2

t,c, different from the choice of ZEUS (see above). For calculation

in the 4-flavour massless scheme the BKK fragmentation function has been applied [96, 98]

and the renormalization and factorization scales have been chosen as µR = µF = 2
√

m2
c + p2

t,c

for the central prediction. The theories agree in general with the data. However, the massive

34



Analysis Data Kinematic Region

Q2 y pDt ηD Other cuts

[GeV2] [GeV]

[11] D∗ γp 1993 < 4 0.15...0.84 > 1.7 −1.5...1.5
[12] D∗ in γp 1994 < 4 0.15...0.87 > 3.0 −1.5...1.0
[13] D∗ in DIS 1994 5...100 < 0.7 1.3...9.0 −1.5...1.5
[14] D∗ in γp 96-97 < 1 0.19...0.87 > 2.0 −1.5...1.5
[38] c→ eX in DIS 95 2.5...170 −4.1 < log(x) < −2.2

(dE/dx) 1.2 < ptrack < 5.0
0.65 < θtrack < 2.5 rad

Eem/Etot > 0.9
[37] c→ eX in DIS 96-97 1...1000 0.03...0.7 1.2 < ptrack < 5.0

(dE/dx) 0.65 < θtrack < 2.5 rad

[15] D∗ DIS, K2π 96-97 1...600 0.02...0.7 1.5...15 −1.5...1.5
D∗ DIS, K4π 1...600 0.02...0.7 2.5...15 −1.5...1.5

[17] D∗ dijets in γp 96-00 < 1 > 3.0 −1.5...1.5 Et,jets > 5 GeV

|ηjets| < 2.4
130 < Wγp < 280 GeV

Mjj > 18 GeV

|η̄| < 0.7
[16] D∗ in DIS 98-00 1.5...1000 0.02...0.7 1.5...15 −1.5...1.5
[23] D in DIS 98-00 0.05...0.7 0.02...0.85 1.5...9 −1.5...1.5

1.5...1000 0.02...0.7 > 3.0 −1.6...1.6
[24] D± in DIS 2004 > 4 > 2.0 −1.5...1.5
[22] D∗+jets in γp 98-00 < 1 > 3 −1.5...1.5 130 < Wγp < 280 GeV

Ejett > 6 GeV

−1.5 < ηjet < 2.4
[21] D∗+jets in γp 98-00 < 1 > 2 −1.5...1.5 130 < Wγp < 280 GeV

(frag. funct.) Ejett > 9 GeV

−2.4 < ηjet < 2.4
[19] D∗ in γp 98-00 < 1 1.9...20 −1.6...1.6 130 < Wγp < 285 GeV

pt(D
∗)/Eθ>10◦

t > 0.15
[20] D in γp 98-00 < 1 > 3.8 −1.6...1.6 130 < Wγp < 300 GeV

[49] D∗∗ 95-00 > 2 −1.5...1.5 pt(D
∗)/Eθ>10◦

t > 0.15

[50] D±

s1 95-00 > 2 −1.5...1.5 pt(D
∗)/Eθ>10◦

t > 0.15

[25] D∗+dijets in γp 98-00 < 1 Ejett > 7(6) GeV

−1.5 < ηjet < 2.4
130 < Wγp < 280 GeV

[26] D DIS 98-00 1.5...1000 0.02...0.7 > 3 −1.6...1.6

Table 2: Overview of the measurements of open charm production at ZEUS.

calculation appears to produce somewhat too hard a pt spectrum while the massless calculation

fits the data better both in shape and in normalization.

6.1.2 Inclusive Charm Production in DIS

Recent measurements of inclusive D∗ meson production cross sections in DIS are presented in

fig. 23 [8, 16]. The two data sets agree with each other within the large experimental errors of

the preliminary H1 data and are described by the NLO QCD prediction HVQDIS [81].
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Figure 21: Differential cross sections for inclusive D∗ photoproduction in the process ep →
D∗X :a) dσ/dpt, b) dσ/dη, c) dσ/dW and d) dσ/dz [19]. The predictions of NLO calculations

with the central choice of parameters are given by the solid histograms [80]. The dashed his-

tograms show the scale uncertainties of the fixed order NLO prediction (see text). The FONLL

predictions [92], are shown as dotted curves and their uncertainties are given by the shaded

bands.
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ZEUS and H1 have measured the open-charm contribution F cc̄
2 to the proton structure func-

tion F2. In fig. 24 the structure function F cc̄
2 (x,Q2) is shown as a function of x in different bins

of Q2. The data from H1 [5,43,46] and ZEUS [15,16] are found to be in good agreement with

each other and with the prediction in next-to-leading order as taken from a recent ZEUS NLO

fit [68]. The data rise with increasing Q2, the rise becoming steeper at lower x, demonstrating

the property of scaling violations in charm production. The uncertainty on the theoretical pre-

diction comes from the uncertainty of the PDF fit to the inclusive data from which the charm

component is calculated dynamically, i.e. in the massive scheme. At small and moderate Q2,

the uncertainty in the data is comparable to the PDF uncertainty shown. This implies that the

double-differential cross sections could be used as an additional constraint on the gluon density

in the proton. At moderate Q2 the most precise measurement of F cc̄
2 [46] is achieved by evalu-

ation of the charm lifetime distribution in an inclusive event sample using the H1 silicon vertex

detector. Details of the analysis method and results are given in sections 5.5.2 and 6.2.2.

6.1.3 Charm Jet Cross Sections

The measurement of D∗ mesons in events with dijets enhances the sensitivity to higher or-

der effects. Figure 25 shows the H1 cross sections in the DIS regime for the production of

dijets in association with a D∗ meson versus the D∗ meson production cross section [8]. A

transverse momentum of at least 4(3) GeV is required for the highest (second highest) pt jet,

respectively. The Monte Carlo simulations RAPGAP, AROMA, CASCADE all reproduce the

inclusive cross section but do not describe the cross section of dijets in association with a D∗

meson. While RAPGAP and AROMA (based on the DGLAP evolution equations) are too low

in normalization, the CASCADE Monte Carlo generator (based on the CCFM equation) is too

high. HERWIG fails to describe the data for both the inclusive and the dijet selection.

In dijet processes the contribution from resolved processes can be measured. The variable

xobs
γ gives the energy fraction in the proton rest frame, of the parton from the photon entering
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Figure 24: Measurements of the contribution F cc̄
2 from charm to the proton structure function

F2(x,Q
2). The H1 and ZEUS data are presented as functions of x in different bins of Q2 and

compared with a prediction at next-to-leading order.

the hard subprocess. It is reconstructed using the two highest transverse energy jets as

xobs
γ =

∑

jet1,2(E − pz)

2yEe
(6)

where Ee is the electron beam energy and y is the photon inelasticity, i.e. the fractional elec-

tron energy carried by the exchanged photon. For the direct process (fig 5a in section 2.3), xobsγ
approaches unity, as the hadronic final state consists of only the two hard jets and the proton

remnant in the forward region. Energy depositions of the proton remnant in the forward direc-

tion contribute little to xobsγ since
∑

h(E−pz) ≈
∑

hE(1−cosθ) and θp−remnant is close to 0. In

resolved processes (fig. 5b-d in section 2.3) xobsγ can be small. Other effects that lead to values

of xobsγ smaller than unity are jet splitting, i.e. when two jets are reconstructed which originate

from the same mother parton, and higher order effects, e.g. when hard gluons are radiated off

the quarks.

The ZEUS dijet photoproduction cross section [17] as a function of xobs
γ is shown in the

figures 26a and b compared with predictions from PYTHIA [108], HERWIG [125] and CAS-

CADE [104], as well as a fixed order massive calculation [80] in NLO QCD. A significant part

of the cross section is situated at low values of xobs
γ . In the approach of collinear factorization

at leading order this is consistent with the presence of resolved photon processes.
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various models [8]. The dijet cross sections as a function of Et of the leading jet are shown in

fig. 60.

6.1.4 Dijet Angular Distributions

Angular distribution of jets are measured to study the distributions of the outgoing partons and

to gain understanding of the parton dynamics of the underlying sub-processes. As described

in section 2.3 different types of resolved processes are expected to contribute. In the case of

excitation diagrams (fig. 5c-d) both quark and gluon propagators are possible. In g−exchange

(fig. 5d in section 2.3), the spin−1 propagator of the gluon leads to a steeper angular dependence

(σ ∼ (1 − | cos θ∗|)−2) than for quark exchange (σ ∼ (1 − | cos θ∗|)).

Figures 26c-f show the differential cross-section dσ/d cos θ∗ for both direct (xobs
γ > 0.75)

and resolved enriched (xobs
γ < 0.75) samples [17]. Here, θ∗ is the angle between the charm-jet

axis and the p-beam direction in the dijet rest frame. The charm jet is identified by association

of the D∗ meson with the jet using a criterion R =
√

(ηjet − ηD∗)2 + (φjet − φD∗)2 < 0.6.

Positive (negative) values of cos θ∗ correspond to cases in which the identified charm jet, which

is associated to the reconstructed D∗ meson, is oriented in the direction of the incoming proton

(photon). The shaded areas for xobs
γ < 0.75 and xobs

γ > 0.75 are, respectively, the contam-

ination of the genuine direct and resolved PYTHIA contributions. The measured differential

cross sections dσ/d cos θ∗ for both samples are significantly different. For xobs
γ < 0.75 a par-

ticular enhancement of the cross section for charm jets is seen in the photon direction (negative

cos θ∗). In contrast, in the region xobs
γ > 0.75 the angular distributions reveal a much shallower

behaviour. The differences provide an indication that a sizable fraction of the resolved photon

events proceeds via gluon exchange for which a steep angular distribution is expected.

New preliminary results are available for the angular correlations in azimuth in charmed

photoproduction events containing jets. In leading order the ∆φ distribution is expected to

show a sharp peak at 180◦. Contributions from higher orders, i.e. hard gluon radiation, as

well as fragmentation and detector resolution effects smear the distributions out. The ZEUS

experiment uses a dijet sample to measure the difference ∆φ of the two jets [25] while H1
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Figure 26: Differential D∗ dijet photoproduction cross sections from ZEUS [17], a) dσ/dxobsγ
in comparison with Monte Carlo generators CASCADE, PYTHIA and HERWIG, b) dσ/dxobsγ
in comparison with NLO FO predictions after hadronization correction (full lines) and at par-

ton level (dashed lines). c-f) dσ/d cos θ∗ as a function of cos θ∗ for the region of xobs
γ < 0.75

(resolved-enhanced, c and e) and xobs
γ > 0.75 (direct-enhanced, d and f) (see text). Also shown

are predictions from Monte Carlo generators (c and d) which are individually scaled in normal-

ization and from a NLO fixed order QCD calculation (e and f). The dashed-dotted lines show

the jet-energy-scale uncertainty of the data.

measures the difference between the reconstructed D∗ meson and the leading jet which does

not belong to the D∗ meson [9]. In fig 27 the two measurements are shown, revealing similar

features. The data have a shallower behaviour in ∆φ than the theories, indicating that the

theories, at next-to-leading order, can not fully account for the amount of gluon radiation seen

in the data.

6.1.5 Charm Fragmentation Functions

Samples of charmed dijet events, where charm is identified by the presence of aD∗-meson have

been used to perform measurements of the fragmentation functions [10, 21]. The distributions

are parameterized by fragmentation functions which describe the transfer of the quark’s energy

to a given hadron (see section 2.4). Comparisons of the HERA measurements with data from

experiments at e+e− colliders provide tests of the universality of charm fragmentation.

40



]°(D*, jet) [φ ∆
0 20 40 60 80 100 120 140 160 180

]°
(D

*,
 j

e
t)

  
[n

b
/

φ 
∆

 /
 d

σ
d

0

0.02

0.04

0.06

0.08

0.1

H1 99/00 (prel.)

 Had⊗FMNR 

FMNR

 Had⊗ZMVFNS 

H1(prel.)

calculations with

CTEQ5M

H1 99/00 (prel.)

 Had⊗FMNR 

FMNR

 Had⊗ZMVFNS 

ZEUS (prel.)

a) b)

Figure 27: Differential cross sections as a function of ∆φ for a) a charmed dijet sample from

ZEUS [25] in comparison with a massive NLO calculation, b) a D∗-jet sample from H1 [9] in

comparison with massive (FMNR) and massless (ZMVFNS) NLO calculations.

    

z

A
rb

it
ra

ry
 u

n
it

s

OPAL  √s = 91.2 GeV, z ≡ 2E
D*

/√s

ARGUS √s = 10.6 GeV, z ≡ p
D*

/(E
2

        beam      - m
2

   D*   )
1/2

ZEUS (prel.) 1996-2000: E
T

    jet    > 9 GeV, z ≡ (E + p
||
)
D*

/2E
jet

0

0.5

1

1.5

2

2.5

3

3.5

0 0.2 0.4 0.6 0.8 1

a) b)
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At HERA, in contrast to e+e− colliders, the kinematics of the initial boson-gluon state are

not constrained such that the relative hadron momentum must be determined solely from the

measured final state observables. Figure 28 shows the acceptance corrected distributions of the

ZEUS and H1 charm dijet events as a function of the fragmentation variable z, which describes

momentum fraction carried by the D∗ meson relative to the initial charm quark.

In the case of ZEUS [21] (fig. 28a) photoproduction data with two jets of high transverse

energy, Et > 9 GeV, are used and the observable z is reconstructed as

zjet =
(E + p‖)

D∗

2Ejet
, (7)

where p‖ is the longitudinal momentum of the D∗ meson relative to the axis of the associated

jet of energy Ejet.

The H1 collaboration [10] (fig. 28b) uses an inclusive sample of D∗ mesons in DIS, 2 <
Q2 < 100 GeV2, with jets of at least 3 GeV in transverse momentum, and also an alternative

method to reconstruct the observable z. In the hemisphere method, the projections of the particle

momenta perpendicular to the γ∗p axis are calculated and a thrust axis is found. The projected

event is divided into two hemispheres, one of them containing theD∗ meson and other hadrons.

z is then defined as

zhem =
(E + p‖)

D∗

∑

hem(E + p)
, (8)

where in the denominator the energies and three-momenta of all particles with momentum pro-

jections in the D∗ hemisphere are summed. In contrast to the jet method used for the ZEUS

measurement, the hemisphere method includes contributions from hard gluons in analogy with

the method used in e+e− experiments.

The ZEUS and H1 data show similar features as those from OPAL [154], ALEPH [115],

ARGUS [155] and CLEO [156] and reach a compatible precision. The CLEO and ARGUS

data are situated at a similar center-of-mass energy of the cc̄-pair as those of H1, i.e. at
√
s ≈

10 GeV, while the OPAL and ALEPH data are significantly higher (
√
s = 91.2 GeV). The

OPAL data show a large contribution from gluon splitting at small values of z due to the large

jet energy available at LEP. The result supports the assumption of universality of the charm

fragmentation functions made in earlier measurements and allows to improve the uncertainties

due to fragmentation effects for future measurements. A fit of the ZEUS photoproduction data

to the Peterson fragmentation function [109] using the PYTHIA leading order parton shower

Monte Carlo generator and the Lund string fragmentation model for lighter flavours [108] yields

a value for the Peterson fragmentation parameter ǫ = 0.064 ± 0.006+0.011
−0.008 [21]. The H1 DIS

data [10] show a somewhat harder z-spectrum and the corresponding Peterson fragmentation

parameter is found to be ǫjet = 0.030+0.006
−0.005, using the same reconstruction of zjet as ZEUS,

which is based on reconstructed jets, as given in equation (7). For the hemisphere method, as

given in equation (8), a somewhat smaller value ǫhem = 0.018+0.004
−0.003 is found. For both analysis

from ZEUS and H1, the determination of the fragmentation functions in the framework of a

next-to-leading order calculation is not yet available.
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Figure 29: The charm fragmentation tree into D and D∗ mesons. The numbers indicate the

world average values for the fragmentation fractions [144]. The table to the right sums the

contributions of the directly and indirectly produced pseudo scalar D mesons to the f(c → D)
factors.

6.1.6 Charm Fragmentation Fractions

The probability of a c quark to hadronize as a particular charm hadron, D+, D0, Ds, D
∗ or

Λc is described by the charm fragmentation fractions f(c → D or Λc). Like the fragmenta-

tion functions, the fractions are assumed to be universal and previous measurements of charm

cross sections have used the values in [144] which are dominated by results from e+e− experi-

ments [115, 116, 129, 154, 155, 157–159].

The fragmentation fractions for charm at HERA are determined by separate measurements

of the production cross sections for four D mesons and the Λc baryon, in both photoproduction

(ZEUS [20]) and in DIS (H14 [6] and ZEUS [26]). The following channels and their correspond-

ing charge conjugates are used: D+ → K−π+π+, D0 → K−π+, D+
s → φπ+ → (K+K−)π+,

D∗+ → D0π+
s → (K−π+)π+

s , Λc → K−pπ+.

In fig. 29 the various charmed D mesons are shown, grouped in scalar and vector mesons.

The experimentally determined fragmentation factors f(c → D,Λc) include all possible decay

chains that result in that particular charmed hadron, in addition to the direct production. The

measured pseudoscalar D+, D0 and Ds mesons contain a large fraction of mesons produced in

D∗
(s) decays and the Λc contains small fractions from decays of the strange-charm baryons Ξ±,

Ξ0 and Ω0
c .

The differential production cross sections for all four D mesons measured by the H1 col-

laboration [6] in the same kinematic region are shown in fig. 30. The measured visible cross

sections are scaled by the fragmentation fractions as determined from the integrated cross sec-

tions. The similarity of the distributions implies that the fragmentation fractions are independent

of kinematics and can be measured from the integrated D meson cross sections.

4In the H1 analysis the Λc baryon resonance was not reconstructed and the fragmentation fraction for the Λc
was taken from [144].
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divided by their respective measured fragmentation factors [6]. a) D meson transverse momen-

tum pt(D), b) pseudo-rapidity η(D), c) photon virtuality Q2. An overall common systematic

error of 15% is not shown.
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ZEUS and e+e− experiments.

Constraints can be explicitly imposed on the measurements, which improve the experimen-

tal accuracy. The constraint 1 = f(c→ D+) + f(c→ D0) + f(c→ Ds) + f(c→ Λc,Ξc,Ωc)
introduces contributions to charm fragmentation processes which are not determined in the

analyses. World average values [144] are taken instead.

Figure 31a shows the results for fragmentation fractions as determined at HERA and at e+e−

colliders. The values in different kinematic regimes and at the different colliders are in good

agreement, so the assumption that charm fragmentation fractions are universal is confirmed.

Ratios of the total production rates are used to perform further tests of the universality of

charm fragmentation. The fraction PV of D mesons produced in a vector state is consistent

among the various experiments (fig. 31b). The expected isospin invariance of the fragmentation

process, as quantified by the observableRu/d which gives the probabilities for a charm quark to

hadronize together with a u or a d quark, is seen to be fulfilled (fig. 31c). The strangeness sup-

pression factor γs (fig. 31d) is found to be of order 30%. These results support the universality

assumptions for charm fragmentation.

6.2 Beauty Production

For beauty production, theoretical calculations in perturbative quantum chromodynamics are

expected to give predictions that are more reliable than for charm, as the mass mb of the b quark
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Analysis Data Kinematic Region

Q2 y Other cuts

[GeV2]

H1

[36] b→ µX in γp 1996 < 1 0.1...0.8 35◦ < θµ < 130◦ pµt > 2.0 GeV

[44] bb̄→ µjj in γp 99-00 < 1 0.2...0.8 p
jet 1 (2)
t > 7 (6) GeV |ηjet| < 2.5
−0.55 < ηµ < 1.1 pµt > 2.5 GeV

b→ µj in DIS 99-00 2...100 0.1...0.7 pBreitT,jet > 6 GeV |ηjet| < 2.5

−0.75 < ηµ < 1.15 pµt > 2.5 GeV

[47] bb̄→ D∗µ in γp 96-00 < 1 0.05...0.75 pt(D
∗) > 1.5 GeV |η(D∗)| < 1.5
pµ > 2.0 GeV |ηµ| < 1.735

[43] F b2 at high Q2 99-00 > 150 0.07...0.7

[46] F b2 at low Q2 99-00 2...120 0.07...0.7

[45] dijets in γp 99-00 < 1 0.15...0.8 p
jet1(2)
t > 11(8) GeV −0.8 < ηjets < 1.3

ZEUS

[39] bb̄→ ejj in γp 96-97 < 1 0.2...0.8 E
jet 1 (2)
t > 7 (6) GeV |ηjet| < 2.4

|ηe
−

| < 1.1 pe
−

t > 1.6 GeV

[40] bb̄→ µjj in γp 96-00 < 1 0.2...0.8 p
jet 1 (2)
t > 7 (6) GeV |ηjet| < 2.5
−1.6 < ηµ < 1.3 pµ > 2.5 GeV

or: 1.48 < ηµ < 2.3 pµ > 1(4) GeV

[41] bb̄→ µj in DIS 99-00 > 2 0.05...0.7 EBreitT, jet > 6 GeV −2 < ηlabjet < 2.5

(−0.9 < ηµ < 1.3 pµt > 2.0 GeV)

or: (−1.6 < ηµ < −0.9 pµ > 2.0 GeV)

[48] bb̄→ D∗µ 96-00 < 1 0.05...0.85 pD
∗

t > 1.9 |ηD∗ | < 1.5
> 2 0.05...0.7 pµt > 1.4 GeV −1.75 < ηµ < 1.3

[42] bb̄→ µµ 96-00 −2.2 < ηµ < 2.5 pµ1

t > 1.5 GeV

pµ2

t > 1.8 GeV for η < 0.6
pµ2 > 2.5 GeV or pµ2

t > 1.5 GeV for η > 0.6

Table 3: Overview of the measurements of open beauty production at H1 and ZEUS.

(mb ∼ 5 GeV) provides an energy scale in a region in which perturbative approaches have been

successful in describing the data.

Experimentally, measurements of beauty production are somewhat more challenging than

measurements of charm production because the beauty cross sections and branching ratios are

significantly smaller than those of charm. Consequently, the explicit reconstruction of hadronic

resonances containing beauty is not viable at HERA, due to lack of statistics. The measure-

ments preformed at the HERA experiments H1 and ZEUS make use of semi-leptonic decays

of beauty hadrons and, in more recent analyses, lifetime distributions have been used to distin-

guish beauty from charm and light quark events (see also section 5.5). In table 3 an overview

of the measurements of beauty production performed at HERA is given.

The first measurements of the beauty cross section at HERA [36,39] were higher than pQCD

predictions, calculated at next-to-leading order. Similar observations were made in hadron-

hadron collisions [160] and also in two-photon interactions [161].
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Figure 32: Differential beauty photoproduction cross sections from H1 [44] and ZEUS [40] as

a function of a) the pseudo-rapidity and b) the transverse momentum of the muon. The shaded

bands reflect the predictions from FMNR as calculated for the ZEUS data (dark shaded) and H1

data (light shaded).

6.2.1 Jet-Muon Analyses

Both H1 and ZEUS have presented measurements in which the events containing beauty are

identified using high pt muons from semileptonic b decays [36–41, 44]. The beauty signal

events are distinguished from the charm and light quark background by means of observables

which exploit the large mass (H1 and ZEUS, see section 5.6) and the long lifetime of the b
quarks (H1, see section 5.5).

Figure 32 shows the differential photoproduction cross-sections as a function of the muon

pseudo-rapidity for the process ep → ebb̄X → e jet jetµ . The H1 [44] and ZEUS [40]

data, which are in reasonable agreement, are compared to NLO calculations in the massive

scheme [80]. The same scales and parton density distributions are used in both analyses. While

the ZEUS data are well described by the theory, the H1 data at low transverse momenta are

observed to be somewhat higher than the expectations. The errors of the theory prediction are

dominated by the uncertainties of the renormalization scale and the b quark mass. In the calcu-

lations different parameter choices, e.g. for the modeling of the hadronization and decay of the

B hadron, lead to variations of the prediction of up to ∼ 12%.

ZEUS [41] and H1 [44] have also measured the jet-muon beauty cross section in DIS events

with at least one hard jet in the Breit frame, pjett,Breit > 6 GeV, together with a muon for photon

virtualities Q2 > 2 GeV2. The measurements from H1 and ZEUS are performed in slightly

different kinematic regions (see table 3). Comparisons of the data with the NLO QCD calcu-

lation in the massive scheme [81] show that the data are higher than the predictions by about 2

standard deviations.
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Figure 33: Ratio of beauty production cross section measurements at HERA [40, 41, 43, 44] to

the NLO QCD predictions FMNR (photoproduction) and HVQDIS (DIS).

The results of the beauty measurements with jets and muons at HERA are summarized in

fig. 33 where the ratios between the measured beauty production cross sections and the cor-

responding next-to-leading order predictions in the massive scheme [80, 81] are shown as a

function of the photon virtuality Q2. The data tend to be somewhat higher than the predictions

but still in agreement.

In earlier measurements [36, 39] NLO QCD predictions were used to extrapolate the mea-

sured visible cross sections for dijet events with a lepton to more inclusive µ or b-quark pro-

duction cross sections. In these measurements softer jet and muon cuts were used in order to

overcome statistical limitations. In [40] ZEUS extracted the b quark differential cross section

as a function of the quark transverse momentum for a b quark pseudo-rapidity range in the lab-

oratory frame |ηb| < 2 and the result was found to be consistent with the previous ZEUS result

from semi-leptonic B decays into electrons [39], translated into the b quark cross section for

pbt > 5 GeV and |η| < 2 and also with the most recent results. In a previous measurement by

H1 [36] the inclusive b → µX cross section was found to be 2.3 standard deviations higher

than the new measurement [44] when extrapolated into the same kinematic range using the

same model assumptions. In this early measurement the cuts on the jet and muon transverse

momenta were comparably loose (see table 3). It can be concluded that the difference between

this measurement and the later measurements is not due to extrapolation effects, as suggested

e.g. in [162,163], but mainly results from experimental effects which may occur when going to

small values of pt of the b-quark. Similar excesses of the cross section above expectation appear

to be visible in other measurements of the beauty cross sections which probe the region of small

pt of the beauty quark (see sections 6.3.1 and 6.3.2).
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Figure 34: Differential beauty photoproduction cross section as a function of the jet transverse

momentum as determined from lifetime distributions [45]. Also shown are the NLO QCD

expectation in the massive scheme [80] as well as the Monte Carlo calculations PYTHIA [108]

and CASCADE [104].

6.2.2 Inclusive Lifetime Tag Analyses

The H1 Experiment has reported new beauty and charm measurements [43,45,46] in which the

impact parameters of selected tracks coming from secondary decay vertices are used to identify

beauty and charm events (see section5.5.2). The track selection requires full silicon vertex

detector information and imposes a transverse momentum cut pt > 500 MeV.

The dijet beauty photoproduction cross section is measured for events with two jets with

pt > 11(8) GeV [45] in the central region of pseudo-rapidity. In fig. 34 the differential cross

section is presented as a function of the jet transverse momentum pt. The data are found to

be higher than predictions from the NLO QCD calculation in the massive scheme FMNR [80]

and from the Monte Carlo programs PYTHIA [108] and CASCADE [104] by about a factor of

1.8. The result for the charm dijet cross section as obtained in the same analysis shows good

agreement of the theory with the data.

The beauty and charm structure functions have been determined by the H1 collaboration in

the range 12 < Q2 < 650 GeV and 0.07 < y < 0.7 (see fig. 35). In this kinematic range,

more than 80% of the charm events and more than 96% of the beauty events have a track within

the detector acceptance. The extrapolation from the measured sample to the full phase space

is therefore small, leading to small uncertainties due to model assumptions. This is the first

measurement of F bb̄
2 .

The measurements of F bb̄
2 are shown in fig. 35. The results for F cc̄

2 from this and other

analyses are shown in fig. 24. Scaling violations are visible which increase towards lower values

of x, indicating that towards low x charm and beauty production is dominated by the boson-

gluon fusion process. The beauty data are compared with a NLO QCD predictions from NLO

QCD [164] and with a recent prediction in NNLO [60]. Both calculations are performed in the

variable flavour number scheme. The predictions of the QCD calculations are compatible with

the data.
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Figure 35: a) The measured structure function F bb̄
2 shown as a function of Q2 for different

values of x. The inner error bars show the statistical error, the outer error bars represent the

statistical and systematic errors added in quadrature. The data are compared with a NLO QCD

prediction [164] and with a NNLO QCD prediction [60]. b) The contributions to the total cross

section f cc̄ and f bb̄ (see text) shown as a function ofQ2 for different bins of x. The lines indicate

the prediction from the NLO QCD fit in the variable flavour number scheme [164].

In fig. 35b the measurements are presented in the form of the fractional contribution to the

total ep cross section

f cc̄ =
d2σcc̄

dxdQ2
/

d2σ

dxdQ2
. (9)

The b fraction f bb̄ is defined in the same manner. NLO QCD is found to give a good description

of the data, as shown by comparison with the ZM-VFNS prediction from the H1 PDF 2000 fit.

6.3 Quark-Antiquark Tag Analyses

Events in which both heavy quarks are identified are of particular interest for the study of final

state configurations. These ‘two-quark tag’ events provide access to new tests of higher order

QCD effects. For instance, in the photon-gluon rest frame the angle between the heavy quarks

is 180◦ in the leading order picture, but in next-to-leading order it can deviate significantly due

to hard gluon radiation. In the kt factorization approach. the qq̄ pair is expected to be sensitive

to possible transverse momenta kt of the gluons entering the quark pair production process.
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Cross section [pb]

H1 Charm Data 250 ± 57 ± 40
PYTHIA (direct) 242(142)
CASCADE 253
FMNR 286+159

−59

H1 Beauty Data 206 ± 53 ± 35
PYTHIA (direct) 57(44)
CASCADE 56
FMNR 52+14

−9

ZEUS Beauty Data 214 ± 52(stat.)+96
−84(syst.)

PYTHIA (direct) 80
HERWIG 38

Table 4: Measured D∗µ cross sections for charm and beauty production in comparison with

results from theory predictions.

Furthermore, in semileptonic decays the charge of the final state lepton in combination with

the relative angle to the reconstructed charm hadron can be used to separate charm and beauty

contributions to the heavy quark cross section.

6.3.1 D∗µ Correlations

ZEUS and H1 have performed analyses of D∗µ correlations [47, 48] in which the D∗ is re-

constructed in the decay D∗± → D0π± → (K∓π±)π±. The separation of charm and beauty

production exploits the charge and azimuthal angle correlations of the D∗ meson and the muon.

Four different correlation regions are defined which are populated differently by charm and

beauty events (see fig. 36), thus allowing to separate the cross section contributions from charm

and beauty quark pairs.

In the approximation in which the directions of the D∗ meson and the muon are identified

with those of the quark and antiquark, only one correlation is possible for cc̄ pairs, and the

events populate region IV. In contrast, beauty events populate regions II,III, and IV depending

on whether the muon originates from the same b quark as the D∗ or from the opposite b̄. The

correlations for the D∗ and the muon are smeared out by the leptonic decay spectrum and by

fragmentation effects. Higher order QCD effects like gluon radiation and/or an initial transverse

momentum of the gluon should also be visible. Possible physics backgrounds come from B0B̄0

mixing and Cabibbo suppressed decays b → cW−, W− → c̄s. Experimentally, background

contributions originate from events with fake D∗ mesons, i.e. from combinatorial background,

or from fake muons.

Monte Carlo simulations are used to account for smearing effects and backgrounds. The

normalization of the combinatorial background is fitted using right and wrong charge combina-

tions of the D0 decays in each region separately. Here, wrong charge combinations are given

by D∗± → (K±π∓)π±. The relative fractions of beauty and charm are then extracted from a fit

to the four correlation regions.
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Figure 38: Normalized differential D∗µ cross sections for the azimuthal angle difference ∆Φ
between the muon and the D∗ meson. The data are compared with predictions from a) the

LO+PS Monte Carlo generators Pythia and Cascade and b) with LO and NLO predictions from

the FMNR program.

The analysis does not depend on the reconstruction of jets and is thus capable of accessing a

kinematic region of lower invariant masses M(QQ̄) than the measurements of the beauty cross

section for events with jets in the final state (see fig. 37).

The normalized differential cross section of the D∗µ sample is compared with LO+PS pre-

dictions from Pythia and Cascade (fig. 38a) and with predictions from FMNR at LO and at NLO

(fig. 38b). The data show the expected deviations from the LO calculations due to higher order

effects: the observed ∆Φ peak around 180◦ is broader than the LO computation. The data are

in good agreement with the NLO calculation and also with PYTHIA and CASCADE. Although

different approaches are used in PYTHIA and CASCADE to compute the evolution of the par-

tons from the proton and the hard interaction, the differences between the two simulations are

smaller than the experimental errors.

The visible beauty and charm cross sections as measured usingD∗µ correlations by H1 [47]

and by ZEUS [48] are compared with theory predictions. The results are listed in table 4 and

are also shown in fig. 40. Comparison of the measurement with the theory predictions shows

that the beauty cross sections extracted from the D∗µ data are consistently higher by roughly

a factor 3 to 4 than the expectations from theory. In contrast, the corresponding charm cross

sections are generally well described by theory.

6.3.2 µµ Correlations

The ZEUS experiment has measured the beauty cross section, using a sample of events in which

the two muons are identified in the pseudo-rapidity range −2.2 < η < 2.5 [42]. The analysis

provides almost full rapidity coverage and thus gives access to a direct measurement of the total

beauty cross section. The beauty cross section is extracted from the like-sign and unlike-sign

subsamples by adjusting the beauty contribution in the Monte Carlo simulation such that the

normalization of the data is recovered. The normalization of the unlike-sign charm background
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Figure 39: Candidate of an event with beauty quarks which both decay into muons in the ZEUS

detector.

is fixed to the results from the corresponding measurements. It is assumed that the background

from light-quark events is the same in the like-sign and unlike-sign samples.

The results of the various measurements of beauty production at HERA are shown in fig. 40.

In this figure the ratios between the measured cross section and the predictions from the fixed

order massive calculations in perturbative QCD are depicted. All the measurements are in

reasonable agreement within the errors. Note that the kinematic region of the various measure-

ments can differ drastically.

6.4 Charmonium Production

A special case of charm fragmentation is charmonium production where the two charm quarks

combine to form a colorless hadron. Like open charm production, charmonium production at

HERA occurs dominantly through photon-gluon fusion: a photon emitted from the incoming

electron or positron interacts with a gluon from the proton to produce a cc̄ pair that subsequently

forms a charmonium state. Comprehensive reports on the physics of charmonium production

are available [165, 166].

In this section the measurements of the production rates and polarization states of J/ψ and

ψ(2S) mesons from H1 and ZEUS (see table 5) are described.

6.4.1 Inelastic Photoproduction of Charmonium

Many models have been suggested to describe inelastic charmonium production in the frame-

work of perturbative QCD, such as the color-singlet model (CSM) [167–170], the color-eva-
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Figure 40: Summary of beauty measurements at HERA. The ratio of the cross sections to the

predictions from the programs FMNR (HVQDIS) is shown. The open points and squares refer

to the measurements with jets and muons (see fig. 33), the stars correspond to the measure-

ments using D∗µ correlations. The horizontal position of the photoproduction measurements,

at Q2 < 1 GeV2, is chosen arbitrarily for better visibility.

Analysis Data Kinematic Region

Q2 Wγp p2
t,ψ zJ/ψ Yψ,lab

[GeV2] [GeV] (Rapidity)

H1

[27] J/ψ in γp 1994 < 4 50...150 0.45...0.9

[28] J/ψ in DIS 95-97 2...80 40...180 0.2...1.0

[29] J/ψ in γp 96-00 < 1 60...260 1...60 0.05...0.9

[30] J/ψ in DIS 97-00 2...100 50...225 > 1 0.3...0.9

ZEUS

[31] J/ψ in γp 1994 < 4 50 − 180 > 1 0.4...0.9
[32] J/ψ and ψ(2S) in γp 96-97 < 1 50...180 0.1...0.9
[33] J/ψ in DIS 96-00 2...80 50...250 0.2...0.9 −1.6...1.3
[34] J/ψ in γp polarization 96-00 < 1 50...180 > 1 0.1...0.9

Table 5: Overview of the measurements of inelastic charmonium production at H1 and ZEUS.
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Figure 41: Differential cross sections for the production of direct J/ψ at the Tevatron as a

function of pt. The data points are CDF measurements from Run I [191, 192]. The dotted

curves are the CSM contributions. The solid curves are the NRQCD factorization fits, and the

other curves are individual color-octet contributions to the fits (taken from [165]).

poration model [171, 172] and soft color interactions [173]. Most recently the ansatz of non-

relativistic quantum chromodynamics (NRQCD) factorization was introduced in which colour

octet cc̄ states contribute to the charmonium production cross section.

Theoretical calculations based on the NRQCD factorization approach [174–176] are avail-

able in leading order [177–182]. In the NRQCD factorization approach the size of the color

octet contributions, which are described by long distance matrix elements (LDME), are addi-

tional free parameters and have been determined in fits to the Tevatron data [183]. The NRQCD

factorization approach contains the color singlet model which is recovered in the limit in which

the long distance matrix elements tend to zero.

For J/ψ and ψ(2S) photoproduction, the CSM calculations are available including next-to-

leading order contributions [184, 185]. Alternatively, using the CSM, inelastic J/ψ production

can be modeled in the kt factorization approach (see section 2.5) using an unintegrated (kt
dependent) gluon density in the proton [186, 187, 190].

Figure 41 shows data from CDF [191,192] together with CSM calculations to leading order

and fitted color octet contributions. It can be seen that the color octet contributions are large,

leading to a good description of the data. Unfortunately those long distance matrix elements

which are most important in J/ψ and ψ(2S) photoproduction at HERA, are not well constrained

by the Tevatron data and thus contain large uncertainties [165]. The new charmonium results

from the Tevatron Run-II (see e.g. fig. 7) which provide much more statistics and extend to lower

values of pt,ψ could help to reduce the uncertainties of the LDME significantly.

It should be noted that next-to-leading-order corrections might change the size of the color

octet contributions substantially. Although the NLO terms have not been calculated in the

NRQCD approach, effects that are similar to those in the CSM may be expected, in which the
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Figure 42: The rate for inelastic J/ψ photoproduction at HERA as a function of a) z and b)

pt,ψ. The open band represents the LO NRQCD factorization prediction [165]. The shaded band

represents the NLO color-singlet contribution [165, 185]. The dotted line in b) denotes the LO

color-singlet contribution. The data points are from the H1 [29] and ZEUS [32] measurements.

NLO terms lead to an increase in the cross section of typically a factor two, with a strong pt,ψ
dependence.

Figure 42 shows the measurements of the J/ψ cross section by the H1 collaboration [29] and

the ZEUS collaboration [32], compared with the theoretical predictions given in Ref. [165]. The

variable z denotes the fraction of the photon energy in the proton rest frame that is transferred

to the J/ψ and is defined as

z =
(E − pz)J/ψ

(E − pz)hadrons

, (10)

where E and pz in the numerator are the energy and z-component of the momentum of the J/ψ
andE and pz in the denominator are the sums of the energies and z-components of the momenta

of all the hadrons in the final state.

The J/ψ data are not corrected for feeddown processes from diffractive and inelastic pro-

duction of ψ(2S) mesons (≈ 15%), the production of b hadrons with subsequent decays to

J/ψ mesons, or feeddown from the production of χc states. The latter two contributions are

estimated to contribute between 5% at medium z and 30% at the lowest values of z.

The open band in fig. 42 represents the sum of the color-singlet and color-octet contributions,

calculated in leading order NRQCD. The uncertainty is due to the uncertainty in the color-octet

NRQCD matrix elements. The shaded band shows the calculation of the color-singlet contri-

bution to next-to-leading order in αs [184, 185] which describes the data quite well without the

inclusion of a color-octet contribution. The next-to-leading-order QCD corrections are crucial

in describing the shape of the transverse-momentum distribution of the J/ψ.
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Figure 43: Inelastic J/ψ production in the region 60 < Wγp < 240 GeV, 0.3 < z < 0.9, and

p2
t,ψ > 1 GeV2, in comparison with a kt factorization model implemented in the Monte Carlo

generator CASCADE [188, 189]. In a) the differential cross section dσ/dz is shown and in b)

dσ/dp2
t,ψ in the range 0.3 < z < 0.9.

The kt factorization approach [187–190] has been applied for J/ψ production [186]. Fig-

ure 43 shows a comparison of the data with the predictions from the kt factorization approach as

implemented in the Monte Carlo generator CASCADE. 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 p2
t,ψ dependence of the cross section

(fig. 43c) fit the data considerably better than the collinear LO calculations (dotted curve in

fig. 42b). This improved fit is attributed to the transverse momentum of the gluons from the

proton, which contribute to the transverse momentum of the J/ψ meson.

The polarization of the J/ψ meson is expected to differ in the various theoretical approaches

discussed here and could in principle be used to distinguish between them, independently of

normalization uncertainties. The general decay angular distribution can be parameterized as

dΓ(J/ψ → ℓ+ℓ−)

dΩ
∝ 1 + λ cos2 θ + µ sin 2θ cosφ+

ν

2
sin2 θ cos 2φ, (11)

where θ and φ refer to the polar and azimuthal angle of the three-momentum of the positive

lepton with respect to a coordinate system that is defined in the J/ψ rest frame [178]. The

parameters λ, µ, ν can be calculated within NRQCD or the CSM as a function of the kinematic

variables, such as z and pt,ψ.

In fig. 44, the data are shown, together with the results from two LO calculations: the

NRQCD prediction, including color-octet and color-singlet contributions [178], and the color-

singlet contribution alone. In contrast to the predictions shown in fig. 44, in which λ is zero

or positive, the prediction of the kt factorization approach is that λ should become increas-

ingly negative toward larger values of pt,J/ψ, reaching λ ∼ −0.5 at pt,ψ = 6 GeV. However, at

present, the errors in the data preclude any firm conclusions. In order to distinguish between full

NRQCD and the color-singlet contribution alone, measurements at larger pt,ψ are required. The
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Figure 44: Polarization parameters λ (left panels) and ν (right panels) in the target rest frame

as functions of z (top panels) and pt,ψ (bottom panels). The error bars on the data points corre-

spond to the total experimental error. The theoretical calculations shown are from the NRQCD

approach [178] (shaded bands) with color-octet and color-singlet contributions, while the curves

show the result from the color-singlet contribution separately.
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Figure 45: Differential cross sections a) dσ/dQ2 and c) dσ/dp∗2t,ψ and the corresponding ratios

of data to theory (b and d). The data from H1 [30] are compared with the NRQCD calcula-

tion [193] (CO+CS, dark band) and the color-singlet contribution [193] (CS, light band).

measured values of ν, for which no prediction is available from the kt factorization approach,

slightly favor the full NRQCD prediction.

In conclusion, it should be noted that calculations to next-to-leading order, which are not yet

available in the framework of NRQCD factorization, could be an essential ingredient in a full

quantitative understanding of charmonium production at HERA, and also at other experiments,

such as those at the Tevatron.

6.4.2 Inelastic Electroproduction of Charmonium

The analysis of leptoproduction at finite Q2 has experimental and theoretical advantages in

comparison with the analysis of photoproduction. At high Q2, theoretical uncertainties in the

models decrease and resolved-photon processes are expected to be negligible. Furthermore, the

distinct signature of the scattered lepton makes the inelastic process easier to detect. However,

due to the steeply falling Q2 dependence the data are more limited statistically.

The cross section for J/ψ production in deep-inelastic ep scattering at HERA was calculated

in the NRQCD factorization approach at leading order in αs taking into account diagrams of the

type “2 → 2” [193] using the matrix elements as determined in [183] and the MRST98LO [73]
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(b)

Figure 46: Differential cross section dσ/dz a) without and b) with a cut on p∗2t,ψ > 1 GeV. The

data from ZEUS [33] and in b) also H1 [30] are compared with the NRQCD calculation [193]

(CS+CO, open band), the color-singlet contribution (CS, shaded band), with a prediction in

the kt factorization approach assuming the CSM [190] (dotted line) and with the Monte Carlo

generator CASCADE (dash-dotted line).

and CTEQ5L [72] parton distributions. In fig. 45, the results of this calculation are plotted as

a function of Q2 and p∗2t,ψ, along with the H1 data [30]. The NRQCD results that are shown

in fig. 45 include the contributions from the color-octet channels 3S1, 3PJ=0,1,2, 1S0, as well as

from the color-singlet channel 3S1. The contribution of the color-singlet channel is also shown

separately. The values of the NRQCD matrix elements were determined from the distribution

of transverse momenta of J/ψ mesons produced in pp̄ collisions [183]. The bands include

theoretical uncertainties, which originate from the uncertainty in the charm-quark mass mc =
1.5±0.1 GeV, the variation of renormalization and factorization scales by factors 1/2 and 2, and

the uncertainties in the NRQCD matrix elements, all of which result mainly in normalization

uncertainties that do not affect the shapes of the distributions.

Figure 46 shows the differential electroproduction cross sections for J/ψ mesons from

ZEUS [33] and H1 [30] as function of z. The data are compared with predictions in the frame-

work of NRQCD (NRQCD) [193] and also with predictions in the kt factorization approach in

which only the color-singlet contribution (CS) is included [104, 190]. The uncertainties in the

NRQCD calculations are indicated in fig. 46 as bands. The agreement with the color singlet

model (CS), seen in fig. 46a, deteriorates when the cut p∗2t,ψ > 1 GeV is applied (fig. 46b). This

cut is justified, however, as towards small p∗2t,ψ, perturbation theory becomes increasingly unre-

liable due to collinear singularities for the contributions e+ g → e+ cc̄[n] + g with n=1S
(8)
0 and

3P
(8)
J [193].

6.4.3 Diffractive Charmonium Production

At HERA, the dominant production channel for quarkonia with quantum numbers of real pho-

tons (i.e. JPC = 1−−) is through diffractive processes. In perturbative QCD, the diffractive
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Figure 47: Diagram for diffractive charmonium production via exchange of two gluons in a

color-singlet state.

production of vector mesons can be modeled in the proton rest frame by a process in which

the photon fluctuates into a qq̄ pair at a long distance from the proton target. The qq̄ sub-

sequently interacts with the proton via a color-singlet exchange, i.e. in lowest order QCD via

the exchange of a pair of gluons with opposite color (see fig. 47) [194–200]. At small |t|,
where t is the momentum-transfer-squared at the proton vertex, the elastic process dominates,

in which the proton stays intact. Toward larger values of |t|, the dissociation of the proton

into a small-invariant-mass baryonic state becomes dominant. Measurements of diffractive

vector-meson production cross sections and helicity structure from the H1 [28, 201–208] and

ZEUS [209–217] collaborations are available for ρ0, ω, φ, J/ψ, ψ′, and Υ production, spanning

the ranges of 0 ≃ Q2 < 100 GeV2, 0 ≃ |t| < 20 GeV2, and 20 < Wγp < 290 GeV. (Wγp is the

γp center-of-mass energy.) In Figure 48, the elastic photoproduction cross sections are shown.

Perturbative calculations in QCD are available for the kinematic regions in which at least one

of the energy scales µ2 (i.e. Q2, M2
V or |t|) is large and the strong-coupling constant αs(µ

2) is

small [218–224].

In the presence of such a ‘hard’ scale, QCD predicts a steep rise of the cross section with

Wγp. At smallQ2, |t| and meson massesMV , vector-meson production is known to show a non-

perturbative ‘soft’ behavior that is described, for example, by Regge-type models [225–229].

Toward larger values of |t|, in the leading logarithmic approximation, diffractive J/ψ produc-

tion can be described by the effective exchange of a gluonic ladder. At sufficiently low values

of Bjorken-x (i.e. large values of Wγp), the gluon ladder is expected to include contributions

from BFKL evolution [61–64, 230], as well as from DGLAP evolution [59, 231].

The elasticity variable z defined in equation (10) is often used to demark the boundary

between the elastic and inelastic regions, with a typical demarcation for J/ψ production being

z > 0.95 for the diffractive region and z < 0.95 for the inelastic region. However, at large

z, there is actually no clear distinction between inelastic J/ψ production and diffractive J/ψ
production in which the proton dissociates into a final state with large invariant mass, owing

to the fact that the two processes can produce the same final-state particles. In the region

of large z, both inelastic (section 6.4.1) and diffractive production processes are expected to

contribute to the cross section. At the same time, calculations in perturbative QCD that assume

a diffractive color-singlet exchange are capable of describing the production cross sections at

large z [207, 214, 215]. A unified description in QCD of the large z region, taking into account

both inelastic and diffractive contributions, is yet to be developed.
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Figure 48: Total cross section and cross sections for production of various vector mesons in γp
collisions as a function of Wγp, as measured at HERA and in fixed-target experiments.
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have been studied so far at HERA.

6.5 Spectroscopy

The large sample of fully reconstructed charm events at HERA (as illustrated e.g. in the size of

the D∗ signal shown in fig. 11) opens opportunities for the study of excited charm states and

also for searches for as yet unmeasured states.

6.5.1 Studies of Charm Decays

In fig. 49 the various D-meson states are shown. ZEUS has reconstructed the resonances D0
1

and D∗0
2 in the decays into D∗±π∓ (fig. 50a) [49]. The fraction of D∗± mesons produced in

decays from D0
1 and D∗0

2 was determined to be at the level of 3.4 and 1.4%, respectively. In the

same analysis, the production rate of D∗′± mesons in charm fragmentation was determined to

be less than 0.7% (95%C.L.). ZEUS also measured the production of the excited charm-strange

meson D±
s1(2536) using its decays into the final state D∗±K0

S [50]. In fig. 50b the invariant

mass distribution of D∗±K0
S candidates is shown. The fraction of c quarks hadronizing as D±

s1

mesons was determined to be f(c→ D+
s1) = 1.24 ± 0.18(stat.)+0.08

−0.06(syst.) ± 0.14(BR).

6.5.2 Searches for New States

Since the year 2003 several experiments have reported the observation of a narrow resonance

in the K+n channel at mass values around 1540 MeV [232]. The minimal constituent quark

content of such a state is uudds̄. These measurements, supported by similar observations in

the K0
Sp channel [233], were interpreted as evidence for a pentaquark state. ZEUS performed

searches for resonances decaying into K0
Sp [53] and found a signal of around 1520 MeV which

has a probability of being a statistical fluctuation of the background of 6 · 10−6. No signal was
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found for the final state Ξπ [54]. In analogy a charmed pentaquark state, with minimal quark

contents uuddc̄ as predicted in [234] might lead to an observable signal in the D∗p invariant

mass combination. H1 [51] and ZEUS [52] have investigated their data for signals and found

different results.

H1 reports evidence for a resonance observed when studying the invariant mass combina-

tions of D∗− (dc̄) with protons (uud) and the anti-matter equivalent, D∗+ mesons with anti-

protons. A strong signal is observed at a mass of 3099 +/- 6 MeV, containing roughly equal

contributions from D∗−p and D∗+p̄ combinations above a moderate background (fig. 51). The

resonance, corresponding to a minimal quark composition uuddc̄ is produced along with other

particles in DIS events. The fraction of events in the resonance peak compared to the number

of D∗ events is about 1%. The probability that a background of Nb = 51.7 events fluctuates to

produce at least the number of events in the signal is 4 · 10−8, assuming Poisson statistics. This

number corresponds to 5.4 σ when expressed as an equivalent number of Gaussian standard

deviations.

ZEUS has performed a similar analysis and found no indication for a signal [52]. An up-

per limit on the fraction of D∗± mesons originating from a resonance decay in the mass region

around 3.1 GeV was calculated to be around 0.25%. There is hope that the apparent contradic-

tion between the two experiments will be resolved with improved statistics and a more detailed

analysis of the properties of the observed signal.
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7 Measurements with HERA-II Data

The analysis of the HERA-I data has led to a tremendous increase in the understanding of

the mechanisms of heavy quark production in ep and γp scattering. In general, perturbative

QCD has been proven to give reliable predictions. Experimentally, the HERA-I data are well

understood and a large number of the important analyses have been performed and published or

are in the process of being finished.

With HERA-II, the instantaneous luminosity has been increased by roughly a factor of 3 and

the size and statistical precision of the data samples will be significantly improved. Furthermore

a number of detector upgrades have been performed which open opportunities for new measure-

ments in yet unexplored kinematic regions and will help reduce the systematic uncertainties. It

is expected that the HERA-II data sample for heavy quark physics will be of order 500 pb−1.

The main physics goals of Heavy Quark physics at HERA-II are

• to complete the picture of heavy quark production to large values of pt andQ2, i.e. to gain

statistics in regions in which both the charm and beauty masses are small in comparison

to pt or Q2 and massless models are expected to hold.

• to perform double differential measurements, allowing to study the differences between

data and theory in detail.

• to cross check the results obtained with charm with precision measurements of beauty

production.

• to extend the kinematic reach into the forward region. This is the kinematic region in

which the largest differences between the data and the theory have been found. New and

upgraded forward detectors will allow for measurements up to larger values of rapidity.

• to exploit more decay channels, e.g. by use of the new silicon detectors and larger statis-

tics.

• to search for new states and to verify the findings of possible new states of HERA-I.

In the following the new detector components most relevant to heavy quark physics are

described and possible future measurements are discussed.

7.1 New Instrumentation and Trigger Electronics

Both H1 and ZEUS have been equipped with new tracking devices in the forward direction and

with additional silicon detectors, providing refined possibilities for lifetime tagging. In addition

the triggering capabilities have been improved in order to cope with the increased rates of signal

and background events. Furthermore a number of new software tools have been put in place

which are designed to allow for a faster turn-around for physics analyses.
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XY View ZR View

Figure 52: Display of the barrel of the ZEUS Microvertex Detector (MVD) in the r-φ and r-z
view (taken from [235]).

7.1.1 The ZEUS Micro-Vertex Detector

The ZEUS experiment has installed a silicon detector for the HERA-II running period. In fig. 52

a sketch of the barrel region of the ZEUS micro vertex detector (MVD) is shown [235]. The

barrel detector is made up of three layers each consisting of two single sided silicon strip wavers

glued together back-to-back with perpendicular strip orientation. It provides a hit resolution of

7.5 µm and a hit efficiency of larger than 95%. The barrel detector is complemented with a

forward micro-vertex detector which consists of 4 planes (wheels) perpendicular to the beam

axis. The MVD system provides a polar angular coverage for charged tracks coming from the

ep interaction point between 10◦ and 150◦.

Figure 53 shows the impact parameter distribution of muon tracks in a dijet event sample

recorded in the years 2003 and 2004. The solid line indicates the number of entries in the

corresponding bin for negative values on the negative side of the δ distribution. The difference

between the points and the solid line shows the lifetime effect. The corresponding distribution

based on HERA-I data from the H1 experiment was shown in fig. 15 in section 5.5.1.

7.1.2 The H1 Forward Silicon Tracker

The new H1 Forward Silicon Tracker (FST) extends the central silicon tracker (CST), which

was already used in HERA-I, into the forward direction (see fig. 54a). The FST consists of five

layers of two silicon strip planes each providing u-v coordinates and two r-planes. It covers a

range of polar angles between 8◦ and 16◦. The additional angular acceptance of the FST leads

to an increase of the reach for charm physics in Bjorken-x as illustrated in fig. 54.

In the 2004 data, the FST was shown to have a signal hit efficiency of close to 100% and a

track efficiency of larger than 95% [236]. The alignment of the device and the optimization of

the reconstruction algorithms are not fully completed yet. For the analysis of charm production

optimal transverse momentum resolution and impact parameter resolution are required. These
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Figure 53: Impact parameter distribution of muon tracks in µ+dijet events as measured by

ZEUS using data recorded in 2003 and 2004.

are limited by significant multiple scattering effects. At the end of the 2004 running period the

FST was damaged by a water leak. It is planned to reimplement a reassembled FST detector,

equipped with radition hard electronics, in the shutdown 2005/06.

7.1.3 Forward Track Detectors

Two new modules of Straw Tube Trackers have been implemented in the forward region of

the ZEUS detector which are interleaved with the existing three sets of planar drift chamber

modules. Each of the modules consists of four superlayers of straws as shown in fig. 55.

In the case of H1 five new planar drift chambers were installed each with eight wires strung

perpendicular to the beam axis. Including the existing planar drift chambers up to 76 hits can

be obtained for tracks going in the forward direction.

7.1.4 The ZEUS Global Trigger

ZEUS has implemented a new second level trigger based on 12 dual-CPU PCs which use track-

ing information from the new microvertex detector (MVD, see above), the central track detector

and the new forward straw tube tracker. The mean processing time is 10 – 15 µs at an input rate

of about 300 Hz, as determined by the first level trigger.

7.1.5 New H1 Track Triggers

The H1 Collaboration has upgraded the trigger electronics (described in section 5.7) in order

to be able to improve the signal to background ratio and to collect useful physics events while

suppressing the triggering of events that are not of interest or are beam-related background.
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Figure 54: a) Side view of the interaction region of the H1 detector. The three silicon strip

detectors FST, CST and BST are indicated. b) Acceptance for charm events (ep → D∗X →
D0πsX → KππsX) for Q2 < 100 GeV2 using the central tracker and the CST (open points)

and adding the FST (and the backward silicon tracker BST) with different assumptions on the

acceptance range η of the D∗ (full points).
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Figure 55: The two new ZEUS Straw Tube Tracker modules with four superlayers each.
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Figure 56: r-φ view of a charged particle track from the interaction point traversing the cen-

tral drift chambers of the H1 experiment. The sense and cathode wires of the chambers are

indicated.

The H1 Fast Track Trigger (FTT) [237] implements charged track finder and mass recon-

struction algorithms in the first three levels of the H1 trigger scheme. For the charged particle

track reconstruction at the first trigger level 1 (2.3 µs) and level 2 (23 µs), the FTT makes use of

Field Programmable Gate Arrays (FPGA) and their embedded Content Addressable Memories

(CAM). The track parameters are determined by comparing hit-patterns with predefined masks

implemented in digital signal processors (DSP). The FTT can reconstruct up to 48 tracks which

is sufficient for about 98% of the events of interest.

The FTT functionality is based on hit information in the central jet chambers CJC. In fig. 56,

the geometrical cell structure of both chambers is sketched. In the first step track segments are

formed separately in four groups of three layers of wires each. A fast track segment linking,

based on matches of track segments in κ(∝ 1/pt) and φ is completed within 2 µs to provide

level 1 trigger decisions based on charged track multiplicities and charged particle topologies for

coarse pt cuts. The result is used by the second level FTT where the track segments are linked

and re-fitted to better precision within 20 µs including the determination of event quantities like

a refined track multiplicity, momentum sums and invariant masses for low multiplicity events.

Figure 57 shows the measured precision for FTT tracks at level 2. The resolutions are given

here with respect to the full off-line reconstruction. The resolution in 1/pt is approximately 2%,

approximately 2 mrad in φ and 75 mrad in θ.

The track parameters of the fitted tracks are sent to FTT L3 where a farm of commercial

processor boards is used to perform a full search for particle resonances within 100 µs. The L3

track information is either used directly or in combination with information from other trigger

subsystems to generate a final L3 decision.

In addition to upgrading the drift chamber trigger, the H1 experiment has improved the

robustness against severe background conditions by replacing its double layer central inner

multi-wire proportional chamber by a chamber with five layers of pads with geometry projective

to the z-position of the ep interactions. The new detector has ten times more channels and, like
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a) b)

Figure 57: Measured resolution of the FTT algorithm at second trigger level relative to the full

off-line CJC reconstruction for a) 1/pt for tracks with pt > 500 MeV and b) φ for tracks with

pt > 100 MeV.

the old proportional chamber, provides trigger decisions, based on a z-vertex histogramming

technique, at level 1, within a latency of 2.3 µs.

7.1.6 Software Upgrades

During the shutdown between HERA-I and HERA-II, ZEUS and H1 launched a number of

software upgrade projects. In this section the most prominent among these projects are briefly

described.

• The H1 Collaboration has upgraded its analysis software. The new integrated object-

oriented physics analysis environment is based on the RooT framework and comprises

a new data storage scheme, a data access front-end, and a new event display [238].

The analysis data is stored in three layers of separate files. The upper most event sum-

mary layer (HAT) facilitates a fast selection via event classification and kinematic event

quantities. At the particle level (second layer, µODS) a custom-built pointer relation

(H1Pointer) allows for direct access from the particle 4-vectors to the corresponding track

and cluster information which is stored at reconstruction level (ODS). The user access to

the data files is encapsulated using extensions to the RooT tree classes. The framework

contains information, software tools and calibrations for most of the H1 physics analysis

topics, thus allowing efficient exchange of results between different analysis groups.

• ZEUS has developed a new event display program ’ZeVis’ which is a distributed applica-

tion and based on client-server technology [239]. On the client side, requests to the server

are handled by classes embedded in RooT [240] with extensions allowing for the pass-

ing of parameters and version qualifiers. The display provides various views (2d and 3d)

which can be displayed simultaneously and for collections of selected detector compo-

nents. It encompasses a GUI toolkit, object inspection, and histogramming and statistics
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functionality. The average response time between request of an event from the server and

display on the client is less than 2s.

• In preparation of the LHC the resources of computing hardware available for high energy

physics experiments are being restructured. The GRID infrastructure already contains

large amounts of CPU and storage capacity which are accessible through the GRID mid-

dleware. Both H1 and ZEUS have started to use the GRID software framework for the

mass production of Monte Carlo simulation event samples. The experiments have devel-

oped toolkits which contain general interfaces to the GRID services and book keeping

facilities. Particular emphasis is put on the fault tolerance of the custom software as the

GRID software is not yet perfect. Incomplete or corrupt jobs can be recognized by au-

tomatic job submission monitoring and output analysis tools which are able to recover

most errors without human intervention. ZEUS started production running in 2004 and

between November 2004 and February 2005 in excess of 60 million events were pro-

duced. H1 is in the process of launching mass production in spring 2005.

7.2 Future Measurements

7.2.1 Heavy Quark Structure Functions

The most prominent measurement of heavy quark production is the measurement of the struc-

ture functions F cc̄
2 and F bb̄

2 . The HERA-I results were presented in section 6.1.2 and 6.2.2.

Towards large values of Q2 and low values of x the charm results are largely limited by statisti-

cal uncertainties while the beauty results are statistically limited everywhere. With the expected

increase of integrated luminosity to a value of 500 pb −1 obtained in HERA-II the experimental

errors are expected to shrink significantly, such that the data can provide useful constraints for

global fits. In fig. 58 the expectation for the measurement of F cc̄
2 using an integrated luminosity

of 200 pb−1 is shown. The central values of the expectation are based on an H1 measurement

of the gluon density from Q2 evolution studies of the inclusive proton structure function F2

in next-to-leading order QCD, such as reported in [66]. The overall average precision is 10%

and is systematically limited at low Q2 and statistically limited at high Q2. Different methods

for charm and beauty tagging have been established in HERA-I which are explained in sec-

tion 5, i.e. the use of reconstructed D∗ mesons [2–5, 7–9, 11–19, 21, 23–26, 55–58], the use of

semi-leptonic decays [36–42] and the use of lifetime tags made possible by the use of silicon

vertex detectors [6,43–46], providing superior spatial resolution close to the interaction region.

For HERA-II a combination of these methods will help to further reduce the systematic and

theoretical uncertainties to the level of few percent.

7.2.2 Open Charm Production

With the HERA-II luminosity and new detector components enhanced systematic precision and

increased kinematic reach will be provided by both increased statistics and also by the use of the

upgraded detector components described in section 7.1. The statistics can be used to reduce the

statistical errors or to increase the number of measured cross section points. Figure 59 illustrates

73



Figure 58: Result of a simulated measurement of the charm contribution F cc̄
2 to the proton

structure function F2 using 200 pb−1 of ep data (see text). The inner error bars are statistical,

the outer error bars show the statistical and the systematical error added in quadrature. The

curves refer to GRV-HO [241] and MRSH [242] predictions. The existing measurements for

F cc̄
2 using HERA-I data are shown in fig.24 in section 6.1.2.

the kinematic reach for reconstructed D∗ events as a function of the transverse momentum pt
of the charm quark. Double and triple-differential cross section measurements, e.g. as functions

of Q2, pt and η, allow to probe the theoretical predictions at a deeper level and better accuracy

and characteristic effects in specific regions of the phase space can be isolated.

In HERA-I, differential measurements of exclusive final states with charm (e.g. identified

by the reconstruction of D-meson) were performed in the central rapidity regions (|η(D∗) <
1.5|) up to transverse momenta of the D∗ of 20 GeV (see section 6.1.1). While the data are

generally described by pQCD calculations, discrepancies of order 20% are seen among different

theory predictions and with the data in particular at large transverse momenta and in the forward

direction.

This is illustrated in fig. 60 in which the H1 data are compared to predictions from different

models as a function of the pseudo-rapidity of D∗ mesons and of the transverse energy Et

of jets in charm events. In general, the cross section predictions from CASCADE are higher

towards large values of η and pt of the charm quark than those from calculations in the collinear

factorization scheme using the DGLAP evolution equations. The HERA-II data are expected to

provide sufficient precision to unambiguously discriminate between the different models. The

upgraded forward detectors of H1 and ZEUS and more luminosity will make the forward region,

i.e. regions of pseudo-rapidity larger than 1.5, more accessible than it has been so far.

Measurements of exclusive final states with jets give access to a number of aspects of heavy

quark production and fragmentation as the jets contain information about the kinematics and

type of the hard partonic interaction. In photoproduction and at small values ofQ2,Q2 . m2
c or b

the measurement of jet correlations gives access to the hadronic structure of resolved photons.

As explained in section 2.3 the particular role of heavy quarks in resolved photon processes

is yet to be clarified. The measurement of the shape of the xOBSγ distribution and of dijet
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Figure 60: a) Comparison of the cross section predictions for the inclusive charm cross section

as a function of pseudo-rapidity, from NLO calculation HVQDIS in the collinear factorization

approach using the DGLAP evolution equation (light shaded) and from CASCADE using the

kt factorization approach and the CCFM evolution equation (dark shaded). b) Charm dijet

cross sections as a function of Et of the leading jet in the event as predicted by the RAPGAP

Monte Carlo generator (solid line) and by CASCADE (dashed line). In both figures the theory

predictions are shown together with the H1 data [8] (see also fig. 23 in section 6.1.2 and fig. 25

in section 6.1.3).
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angular distributions of charm jets in different regions of xOBSγ have given first insights into the

relative fractions of the processes of gluon-gluon fusion and charm-excitation. High statistics

measurements will allow to obtain details at better precision and to determine the dependence

on the external scales Q2 and pt, where pt is the transverse momentum of the final state jets.

The measurement of dijet correlations gives access to the distribution of gluons from the

proton in the initial state. In the kt factorization scheme, the kt of the gluon can be determined.

Predictions in the kt factorization scheme (CCFM-evolution equation) differ from those using

the DGLAP evolution equation in particular in the forward region, i.e. at large values of pseudo-

rapidity. Measurements in the forward direction will provide for valuable tests of the different

approaches.

The HERA-I data have already provided precise input to the issue of fragmentation. Com-

parisons of the HERA-data with results from LEP have shown that the assumption of univer-

sality is justified. This is all the more interesting as the typical jet energies at HERA are around

10 GeV, and thus significantly lower than those at LEP. One useful question to be addressed

with high statistics HERA-II data is to confirm the finding that the fragmentation is indepen-

dent of the energy by measuring the fragmentation for different processes and at different en-

ergies within the same experiment. Furthermore, a fit of the fragmentation distributions could

help to discriminate between different fragmentation models, e.g. Lund, [108], Peterson [109],

Kartvelishvili [113]. These studies should be performed for both fragmentation fractions and

fragmentation functions of charm. For beauty, the production cross sections and branching ra-

tios are too small to allow a full reconstruction of a sufficiently large sample of B-hadrons with

the statistics expected at HERA.

The analysis of charm and beauty events in which both quark and anti-quark are explicitly

identified is particularly useful for the study of heavy quark production at small transverse mo-

menta. Due to the double-tag the background from uds events is strongly suppressed. This al-

lows to perform measurements at small transverse momenta and small invariant massesM(QQ̄)
where present results indicate an excess of the data over the expectations. These data samples

allow to make measurements to very small transverse momenta of the quark and anti-quarks,

such that the total cross section can be measured with few or no model assumptions.

7.2.3 Beauty Production

The beauty measurements performed with HERA-I data were drastically limited by statistics. It

can be estimated that the structure function F bb̄
2 can be measured at a four times better accuracy

than with HERA-I, i.e. at an experimental uncertainty of better than 10% in the range of Q2 <
1000 GeV2. At this precision the data can help to constrain the theoretical predictions for the

charm and beauty components to the inclusive cross section which is presently most precisely

measured from scaling violations of the inclusive structure function F2. Beauty production

in channels with exclusive final states, such as ep → ebb̄X → ej(j)µX need to be repeated

at higher precision and in a larger kinematic range. Double differential measurements might

help to isolate those regions in which the description of the data possibly breaks down. It can

be expected that the measurement of the process ep → ebb̄X → eBX → eJ/ψX becomes

statistically feasible. With the silicon vertex detectors the lifetime distribution can be used to

separate contributions from the process of prompt J/ψ production ep→ ecc̄X → eJ/ψX .
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7.2.4 Charm and Beauty in Charged Current events

In charged current processes, e±p →(−)
ν X , the charge of the exchanged W -boson provides

sensitivity to the charges of the quarks and anti-quarks in the proton. Charm final states in

charged current events are dominantly produced from the strange-quark distribution in the

proton, sW+ → c, as the contribution from dW+ → c processes is Cabibbo-suppressed:

d2σ(e+p→ cX)/dxdQ2 ∝ (1 − y)2(d(x)|Vcd|2 + s(x)|Vcs|2).

The production of charm in charged current processes has been used at fixed target experi-

ments [243]. At HERA-I, first attempts to measure charm final states in charged current events

have been made, but the statistical precision is yet too limited for the measurement to be per-

formed. With the HERA-II statistics and refined methods of charm tagging, the measurement

of charm production in charged current processes should become possible.

7.2.5 Charmonium Production

Future analyses of quarkonium production at HERA offer unique possibilities to test the theo-

retical framework of NRQCD factorization. The existing J/ψ and ψ(2S) measurements can be

improved and extended into new kinematic regions, and other quarkonium final states, such as

χc, may become accessible.

The measurement of inelastic χc photoproduction is a particularly powerful way to dis-

criminate between NRQCD and the color-evaporation model. The assumption of a single, uni-

versal long-distance factor in the color-evaporation model implies a universal σ[χc]/σ[J/ψ]
ratio. A large χc cross section is predicted for photon-proton collisions. The ratio of χc
production to J/ψ production is expected to be similar to that at hadron colliders, for which

σ[χc]/σ[J/ψ] ≈ 0.5 [192]. In NRQCD, on the other hand, the σ[χc]/σ[J/ψ] ratio is process-

dependent and strongly suppressed in photoproduction. A search for χc production at HERA

that results in a cross section measurement or an upper limit on the cross section would probe

directly the color-octet matrix element 〈OχJ

8 (3S1)〉 and would test the assumption of a single,

universal long-distance factor that is implicit in the color-evaporation model.

The inclusion of color-octet processes is crucial in describing the photoproduction of the

spin-singlet states ηc(1S), ηc(2S), and hc(1P ). With regard to the P -wave state hc, the color-

octet contribution is required to cancel the infrared divergence that is present in the color-singlet

cross section [244]. The production of the ηc, on the other hand, is dominated by color-octet

processes, since the color-singlet cross section vanishes at leading-order, owing to charge-

conjugation invariance [245, 246], as is the case for χc photoproduction. The cross sections

for ηc(1S), ηc(2S), and hc(1P ) photoproduction are sizable [244,245], but it is not obvious that

these particles can be detected experimentally, even with high-statistics data.

The energy spectrum of J/ψ’s produced in association with a photon via the process γp→
J/ψ+γ X is a distinctive probe of color-octet processes [247–250]. In the color-singlet channel

and at leading-order in αs, J/ψ+γ can be produced only through resolved-photon interactions.

The corresponding energy distribution is therefore peaked at low values of z. The intermediate-

z and large-z regions of the energy spectrum are expected to be dominated by the color-octet

77



process γg → cc̄8(
3S1) γ. Observation of a substantial fraction of J/ψ + γ events at z ∼> 0.5

would provide clear evidence for the presence of color-octet processes in quarkonium photopro-

duction. Experimentally, this measurement is very difficult due to the large background from

photons from π0 decays which are produced in the final state.

With the significant increase in statistics at the upgraded HERA collider, it might be possi-

ble to study inelastic photoproduction of bottomonium states for the first time. The large value

of the b quark mass makes the perturbative QCD predictions more reliable than for charm pro-

duction, and the application of NRQCD should be on safer ground for the bottomonium system,

in which v2 ≈ 0.1. However, the production rates for Υ states are suppressed compared with

those for J/ψ by more than two orders of magnitude at HERA – a consequence of the smaller b
quark electric charge and the phase-space reduction that follows from the larger b quark mass.

Precision measurements of heavy vector mesons remain an important part of the HERA

physics program. The systematic errors of the HERA-I measurements of diffractive J/ψ pro-

duction are mostly limited by the statistics available for systematic studies, and HERA-II data

will allow for even more precise results. An important goal for HERA-II will be the investiga-

tion of Υ production. The existing measurements of Υ production cross section in diffraction at

HERA-I [203, 210] indicate that a luminosity of 500 pb−1 might yield about 150 events in the

detector acceptance. With this statistics a coarse measurement of the energy dependence will

be possible.

7.2.6 Charm Spectroscopy

Spectroscopy studies are directly dependent on the size of the data sample. Already in HERA-I

sample of charm events, larger than that at the LEP experiments, was collected. While the sam-

ples of the new dedicated experiments, such as CLEO-c, FOCUS, Selex, BaBar and Belle, as

well as those of the Tevatron experiments are already now significantly larger than the charm

samples expected at HERA-II, it will still be interesting to investigate the HERA-data for higher

charm resonances. The production process in ep-collisions might provide opportunities to mea-

sure particles the production of which is suppressed at other colliders. In this context the ques-

tion of the existence or non-existence of charmed (and strange) pentaquarks must be resolved.
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8 Conclusions

The production of heavy quarks in electron proton collisions at HERA has proven to be a com-

plex and fascinating field of experimental, phenomenological and theoretical challenges. The

measurements performed by the H1 and ZEUS collaborations at the HERA collider at DESY

have made strong contributions to the quantitative understanding of quantum chromodynamics,

the theory of the strong interactions. Since the first measurements of charm at HERA in 1995,

new theoretical approaches have been developed and new experimental opportunities have been

opened up which allow for detailed tests of the theoretical predictions.

Experimentally, the measurement of heavy quarks poses specific difficulties as the heavy

quark cross sections and heavy hadron branching ratios are small compared to the inclusive ep
event rates. To cope with the challenge of measuring charm and also beauty, the experiments H1

and ZEUS have continuously refined both the online and offline selection criteria and analysis

techniques for heavy quark events. Special purpose detectors, such as the silicon vertex detec-

tors, and dedicated trigger electronics have been implemented in the H1 and ZEUS detectors in

order to enhance the efficiencies for identifying and recording events with heavy quarks. Novel

analysis methods have been introduced to determine the rates and distributions of events with

heavy quarks down to very low transverse momenta and photon virtualities.

Several theoretical calculations are available and are commonly used to describe heavy

quark production. In Monte Carlo generators, the matrix element is usually calculated at leading

order and parton showers are used to simulate the presence of parton radiations, thus approx-

imating higher order contributions. Calculations at next-to-leading order perturbation theory

are available in the collinear factorization approach. These calculations are complemented by

predictions using the kt factorization ansatz. The complexity of the perturbative calculations

increases when the one or both of the scales Q2 and/or pt are of similar size as the quark mass.

The most recent theoretical calculations have been seen to be successful in dealing with this

multi-scale problem of heavy quark production.

In particular for charm production, the theories provide predictions that are in reasonable

agreement with the H1 and ZEUS measurements. In these calculations the charm mass is typi-

cally set to 1.5 GeV or lower, thus allowing the predictions to match with the normalization of

the data. In general, the achieved overall precision of the data and the general agreement of the

theory suggest the use of the charm data for constraints in global fits of the parton distributions

of the proton.

Measurements of charm with jets in photoproduction, when compared to predictions from

event generators with leading order matrix elements in the collinear factorization approach,

show large contributions from processes with resolved photons, described by photon structure

functions. Next-to-leading order calculations in the collinear factorization approach, as well as

calculations using kt factorization are able to give a reasonable description of the contributions

from resolved photons already at leading order. The contribution from processes with resolved

virtual photons, i.e. in electroproduction, has not yet been precisely determined.

HERA has also provided results on charm fragmentation fractions and momentum distri-

butions which show general agreement with the results from e+e− experiments. The measure-

ments of fragmentation, together with the cross section measurements should be used for a
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(model-dependent) determination of the parameter choices for the charm mass, the renormal-

ization and factorization scales and the fragmentation functions and parameters.

In more exclusive measurements, some deviations between data and predictions, and among

the predictions, have been observed which are situated in distinct areas of phase space. Most

prominently, in the region of forward rapidity, the data tend to be higher than the predictions

in the collinear factorization approach. New instrumentation of the experiments in the forward

region will provide access to this problem in the HERA-II data.

Over the last few years, differential measurements of beauty production have become avail-

able. The measurements using events with jets and muons are reasonably reproduced by QCD

calculations at next-to-leading order perturbation theory, with a slight excess (∼ 2σ) of the data

in normalization. The analyses make use of new techniques in order to enhance the fraction of

b-events in the data samples. In particular the long lifetime of the B-hadrons is exploited using

the silicon vertex detectors to determine the beauty production cross sections. H1 measurements

using inclusive lifetime tagging have led to the first measurement of the structure function F bb̄
2

which describes the contribution of events with b-quarks to the inclusive ep cross section. The

results are in good agreement with the predictions based on global fits to inclusive data.

First measurements in which both heavy quarks are identified have been performed. These

events allow the simultaneous extraction of the charm and beauty cross sections from angular

and charge correlations, and provide access to new tests of higher order QCD effects. Although

the available statistics are still poor, there is a general trend for the measured beauty cross

sections to be higher than the expectations while the charm results agree with the predictions.

The HERA collider experiments have also contributed to the study of the process of inelastic

charmonium production. The description of the data by leading order calculations based on

non-relativistic QCD (NRQCD) is yet to be clarified.

While the picture of heavy quark production in ep collisions is taking on shape, it is clear

that many more measurements are needed to reach a precision which allows to discriminate

between the existing theories and to establish precision predictions. At HERA-II, increased

luminosity and new detectors will allow for the data to match or exceed the precision of the

theory calculations. The goals for HERA-II are to complete the picture of charm production to-

wards the highest possible photon virtualitiesQ2, transverse momenta pt, and pseudo-rapidities

η and to verify the models using beauty production. With increased luminosity, ample statis-

tics of charmed mesons will be produced allowing to answer the open questions in the field

of spectroscopy, the most prominent of which is the apparent contradiction between H1 who

have reported evidence for an exotic resonance with charm contents and ZEUS who have not

confirmed this observation.

In summary, the understanding of heavy-quark production is currently one of the many

intriguing issues in ep collision physics. During HERA-I the field has been outlined and many

questions have been raised and provisionally answered. The HERA-II data will be instrumental

in bringing many of the still open questions to a conclusion.
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