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1. Introduction

In HERA, electrons or positrons with energy ofEe = 27.5 GeV collide with protons ofEp =

920GeV resulting in a center of mass energy,
√

s = 318GeV . In what follows the word electrons
is used generically and includes also positrons where not specifically distiguished between them.
HERA operated from 1992 to 2000 in a first running period, called HERAI, and has then been
upgraded to higher instantaneous luminosity in the years 2000 to 2002. The HERAII running period
ended in July 2007. The integrated luminosity for HERAI is about 120pb−1 and for HERAII about
380 pb−1. Towards the end of the HERAII running period, data have beentaken with lower proton
energies with an integrated luminosity of about 65pb−1.
The ZEUS detector at HERA is a hermetic multipurpose detector consisting, from the inside out, of
a tracking system, a solenoidal superconducting coil, and auranium-scintillator sampling calorime-
ter. An iron yoke surrounds the calorimter. It is instrumented with muon chambers in front and
behind the iron and proportional chambers inside the yoke which is made from iron slabs. A dedi-
cated muon spectrometer is placed behind the iron yoke in thedirection of the proton beam. During
the shutdown from 2000 to 2002, the ZEUS detector has been equipped with a silicon strip micro
vertex-detector (MVD). The higher integrated luminosity from the HERAII running allowed to im-
prove the precision of results from HERAI and made possible new analyses. The MVD enabled the
detection of secondary vertices and opened a new method to study heavy quark production using
the measured decay lenghts of charm and beauty particles. After the end of the HERA running, one
of the major tasks left is to combine results from the H1 and the ZEUS experiments to common
HERA results.

2. Combination of H1 and ZEUS results on charm production

Charm production in DIS at HERA occurs in leading order through boson-glun fusion. The corre-
sponding diagram for the process at HERA is shown in figure 1.

Figure 1: Charm production through boson-
gluon fusion at HERA.

The kinematic of the reaction is described
by:

s = (p+ k)2; Q2 = −q2 = (k− k′)2

x =
q2

2p ·q ; y =
p ·q
p · k ; zD =

p · pD

p ·q
The ep center of mass energy squared iss,
k andk′ are the four momenta of incoming
and outgoing electrons, p is the four momen-
tum of the incoming proton.x is the Björken
variable, y is the inelasticity, andzD is the
fraction of the virtual photon energy trans-
fered to the charmed meson.
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Charm production contributes up to 30% of the total cross-section. It is a very good testing ground
for perturbative QCD: it tests directly the gluon content ofthe proton, it involves multiple hard
scales, Q2, mcharm and pT of the produced charm particles. In addition it implies the problem
of a perturbative procedure when Q2 or another hard scale crosses the threshold for charm quark
production.
The double differential charm cross-section is given by twostructure functions:

d2σ cc

dxdQ2 =
2πα2

em

xQ4 ([1+(1− y)2]Fcc
2 (x,Q2)− y2Fcc

L (x,Q2)).

Often, the reduced charm cross-section is used:

σ cc
red =

d2σ cc

dxdQ2 ·
xQ4

2πα2
em(1+(1− y)2)

= Fcc
2 − y2

1+(1− y)2Fcc
L .

The H1 and ZEUS measurements ofσ cc
red have been projected onto a common(x,Q2) grid and

have then been combined [1]. For systematic errors the correlations have been taken into account.
Figure 2 shows the combined data, labeled HERA, as functionsof x for different Q2 bins from
2.5GeV 2 to 2000GeV 2 together with HERAPDF1.5 NLO predictions [2] which have been derived
from inclusive DIS data. To demonstrate the gain in precision by the combination the original
measurements and the combined results are displayed in figure 3 forQ2 = 18 GeV 2.
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Figure 2: Combined H1 and ZEUS results for
σcc

red and comparison to HERAPDF1.5 NLO pre-
dictions.
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Figure 3: Individual measurements ofσcc
red by

H1 and ZEUS in comparison with the combined
result forQ2= 18GeV 2.

In pQCD fits, like the fitting of PDFs, the question comes up howto treat the crossing of the thresh-
old for the production of charmed particles. For HERAPDF1.5NLO the RT standard scheme [3]
with mc = 1.4 GeV 2 has been used. The error band of the HERAPDF1.5 predictions are dominated
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by the variation 1.35≤ mc ≤ 1.65 GeV 2.

Various heavy quark mass schemes exist:

• Fixed flavour number scheme (FFNS): only light quarks exist in the proton, heavy quarks are
massive and are produced only in the hard process;

• Zero mass variable flavour number scheme (ZM-VFNS): below the threshold atQ2 ≈ m2
c

the charm cross section is zero and only three active flavoursexist in the proton, above the
threshold, charm is a massless active parton;

• General mass variable flavour number scheme (GM-VFNS): at low Q2 it is like FFNS, at
high Q2 like ZM-VFNS, at intermediate scales several interpolation procedures exist.

The HERAI inclusive and charm data have been used to perform pQCD fits in various heavy flavour
schemes with the charm mass as a free parameter and to determine the optimal charm mass for each
scheme. Figure 4 shows theχ2 distributions and the positions of the optimal valuesmopt

c for the
schemes: RT standard, RT optimised [4], ACOT-full and S-ACOT-χ [5], and ZM-VFNS [6].
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Figure 4: Determination of optimal charm masses for various heavy flavour schemes.

The use of the respective optimal charm mass in each heavy flavour scheme reduces the differences
between predictions from the various schemes considerably. This is demonstrated for predictions
of σW+ , σW− , andσZ at LHC for

√
s = 7 TeV in figures 5-7. If the optimal charm masses are used

the predictions vary by 2% forσW+ , by 1.4% forσW− , and by 1.8% forσZ.
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Figure 5: Predictions for
σW+ at LHC from various
heavy flavour schemes.
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Figure 6: Predictions for
σW− at LHC from various
heavy flavour schemes.
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Figure 7: Predictions for
σZ at LHC from various
heavy flavour schemes.

3. D± and D∗ production from the HERAII data

During the HERAII running period the
ZEUS collaboration operated a micro-vertex
detector. This was used to identify D mesons
and to determine differentialD± cross sec-
tions [7] in the kinematic region:

5≤ Q2 ≤ 1000GeV 2, 0.02≤ y ≤ 0.7

1.5≤ pT (D±) ≤ 15 GeV 2, |η (D±)| ≤ 1.6.

The D± mesons were identified through
their decay

D± → K∓π±π±

and selected with the micro-vertex detector
by cuts on the measured decay length. Fig-
ure 8 shows the D+ signal.
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Figure 8: D+ signal measured by ZEUS us-
ing cuts on the decay length measured with the
micro-vertex detector together with a fit to the
signal plus background.

Due to the higher integrated luminosity compared to the HERAI data single and double differen-
tial cross-sections can be determined. The single differential cross-sectiondσ/dQ2 is shown in
figure 9. The data are also compared to HERAI measurements with an integrated luminosity of
133.6pb−1.
Figures 10 presentsdσ/dy for D+ production as a function ofy for differentQ2 bins. The data are
compared to NLO calculations with the HVQDIS program [8]. Given the uncertainties of the NLO
calculations there is good agreement between the data and the calculations.
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Figure 9: dσ/dQ2 as a function ofQ2. The HERAII data are compared to the HERAI data and to a HVQDIS
NLO calculation.
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Figure 10: Double differential cross-sections,dσ/dy, as a function ofy for different bins inQ2 are pre-
sented. The data are compared to HVQDIS NLO calculations. For the bin 5≤ Q2 ≤ 9 GeV 2 the HERAII
data are shown together with the older HERAI data.

Cross-sections forD∗ production have been extracted from the HERAII data [9] using the reaction
ep → e′D∗±X andD∗+ → D0π+

s followed by D0 → K−π+ including charge conjugate states. The
kinematic region of the extracted cross-sections is 5≤ Q2 ≤ 1000GeV 2, 0.02≤ y ≤ 0.7 and
1.5≤ pD∗

T ≤ 20GeV, |η D∗ | ≤ 1.5. Figure 11 and figure 12 show the observedD0 andD∗ signals.

The number of events from the HERAII data is sufficient to determine double differential cross-
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Figure 11: D0 signal fromD0 → Kπ. The back-
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Figure 12: TheD∗ signal fromD∗ → Kππs after
selectingD0 candidates first. The background is
estimated from a fit and also from wrong charge
combinations.

sections for inclusiveD∗ production in the quoted kinematical region. In figure 13,d2σ/dydQ2

is shown as a function ofy for different Q2 bins. The ZEUS results are compared to H1 results
and to HVQDIS plus Monte Carlo model calculations. There is fair agreement between the two
experiments and also with the NLO calculation from HVQDIS.

Figure 13: d2σ/dydQ2 for D∗ production from ZEUS and H1 as a function ofy. The data are compared to
HVQDIS NLO plus RAPGAP model calculations.

The cross-section data forD+ andD∗ production have been used to calculate the inclusice charm-
anticharm reduced cross-sectionσ cc according to

d2σ cc

dxdQ2 =
2πα2

em

xQ4 (1+(1− y)2)σ cc
red(x,Q

2).

Figure 14 showsσ cc as a function ofx for different Q2 bins as determined from the inclusiveD+

data and the inclusiveD∗ data. These cross-sections are compared to the ones from thecombined

7
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HERA D+ data (see above). Note that the ZEUS data presented here are not yet included in the
HERA combination ofD+ data. There is good agreement between all three datasets. Figure 15
showsσ cc from the ZEUSD∗ data compared to the prediction from HERAPDF1.5 NLO with
mc = 1.5 GeV . Within the uncertainties of the data and of the HERAPDF1.5 predictions, indicated
by the error band, there is good agreement.
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Figure 14: σcc determined from the inclusive
D± data and from the inclusiveD∗ data. These
cross-sections are compared toσcc as derived
from the H1-ZEUS combination of charm data.
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Figure 15: σcc determined from the ZEUS
D∗ data compared to predictions from HERA-
PDF1.5 withmc = 1.5 GeV .

4. Charm fragmentation functions

Charm fragmentation functions describe the probabilitiesfor charm quarks to decay to specific
charmed particles.

f (c → charm particle) =
σ(charm particle)

σ(all charm particles)

Charm fragmentation functions are universal, i.e. independent of the production process of charm
quarks. ZEUS measured the production ofD0,D+,D∗+,Ds,Λ+

c in photproduction events, i.e.Q2 ≤
1 GeV 2, to determine the fragmentation functions [10]. Charge conjugate states are included. As
examples, the signals forDs andΛ+

c are shown in figures 16 and 17. TheD+
s mesons have been

identified by the decay chainD+
s →Φπ+ followed byΦ→ K+K−. The lower peak at 1860MeV in

figure 16 originates from the decayD+ → K+K−π+. TheΛ+
c baryons have been detected through

their decayΛ+
c → K−pπ+. Background fromD+,D+

s → 3 charged particle reflections has been
subtracted according to a Monte Carlo model.

Figure 18 shows the determined charm fragmentation functions.
The values labeled ZEUS HERAII are the recent data. Corrections for cross-sections of not ob-
served states (Ξ+

c ,Ξ−
c ,Ω0

c) have been applied using PYTHIA MC calculations. This results in a
correction factor of 1.14. They are compared with older measurements from the HERAI running
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followed by Φ → K+K−. The lower peak at
1860MeV originates from from the decayD+ →
K+K−π+.

)  (MeV)πM(Kp

2200 2400

C
om

bi
na

tio
ns

  /
  5

 M
eV

50000

60000

70000

 -1ZEUS 372 pb
2 < 1 GeV2130 < W < 300 GeV, Q

)| < 1.6
c
+Λ(η) > 3.8 GeV, | c

+Λ(
T

p

 + BackgroundmodGauss
Background

 964±) = 7682 c
+ΛN(

ZEUS

Figure 17: Inclusive Λ+
c signal as mea-
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Figure 18: Charm fragmentation functions from HERAI and HERAII datasets and frome+e− annihilation.

period from ZEUS, labeled ZEUS HERAI, for photoproduction (γp) and for deep inelastic scat-
tering events (ep DIS) from ZEUS [11],[12],[13] and H1 [14] as well as fragmentation functions
measured ine+e−− scattering processes [15],[16]. There is agreement between all datasets and
the data show that the charm fragmentation functions are universal. From the recent ZEUS data the
fraction of chargedD mesons produced in a vector state has been determined to be

PD
V = 0.595±0.020(stat.)±0.015(syst.)±0.011(BR).

From simple spin counting one expects a value 0.75. The LUND string fragmentation model gives
0.66. Another important quantity is the strangeness suppression in charm production, defind by
γs = 2σ(Ds+)/[σ(D+)+σ(D0)]. The measured value from the recent ZEUS data is

γs = 0.214±0.013(stat.)+0.006
−0.017(syst.)±0.012(BR).
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This has to be compared to non-charm strange particle production which gives 0.22-0.30.

5. Inelastic J/Ψ and Ψ′ photoproduction

The inclusive production ofJ/Ψ mesons in ep scattering can proceed via two processes: a colour
singlet contribution and a colour octet contribution. Thisis shown in figures 19 a,b.

Figure 19: (a): Diagram for the colour singlet contribution (CS) to inclusiveJ/Ψ production.
(b): Diagram for the colour octet (CO) contribution.

New ZEUS measurements have been made for inclusiveJ/Ψ andΨ′ photoproduction [17], detect-
ing the mesons by their decays into muon pairs:J/Ψ→ µ+µ− andΨ′ → µ+µ−. Figure 20 shows
their signals.
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Figure 20: Mass spectrum of muon pairs showing theJ/Ψ andΨ′ signals. The right plot shows the enhanced
region of theΨ′ signal.

It is a long standing question inJ/Ψ production whether an octet contribution really contributes.
One indication might be the ratio betweenΨ′ andJ/Ψ production. This is presented in figure 21
as a function of W, the photon-proton center of mass energy, the transverse momentum of theJ/Ψ,
pT , and the the fraction of the photon energy transferred to theJ/Ψ, z = (E − pz)Ψ/(E − pz) where
Pz is the momentum along the z-axis of theJ/Ψ and for all final state particles respectively.
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Figure 21: Ratios ofΨ′ to J/Ψ production as functions of W,PT , and z. The ratios are compared to a lowest
order calculation with only a colour singlet contribution,LO CS.

There is reasonable agreement between the data and the results from a leading order calculation
with only a colour singlet contribution, LO CS.
Figure 22 presents the cross sectiondσ(γp→J/ΨX)

dp2
T

as a function ofp2
T for several bins in z. The

data are compared to NLO CS and NLO CS+CO calculations [18],[19]. It appears that the colour
singlet contribution alone cannot describe the data sufficiently.

Figure 22: The differential cross-sectiondσ(γp→J/ΨX)

d p2
T

as a function ofp2
T for several bins in z. Data are

compared to NLO CS and NLO CS+CO calculations.
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6. Prompt photon plus jet in photoproduction

Prompt photons in DIS are photons which do not appear as decayproducts of final state parti-
cles but which originate directly from the hard scattering process as explained in figure 23. This
should not be confused with distinguishing photoproduction processes where the exchanged pho-
ton participates either directly in the hard scattering, which is called direct photoproduction, or the
exchanged photon first turns into a hadronic state out of which a photon enters the hard scattering,
which is called resolved photoproduction.

p

e

γ

q

p

e

γ

g

1

p

e q

γ

jet

p

e

g

γ

jet

1

Figure 23: Examples of direct-prompt (first diagram) and resolved-promt (second diagram) processes at
leading order, and photons from fragmantation processes for direct (third diagram) and resolved (fourth
diagram) production processes.

ZEUS used photoproduction data with an identified jet in the final state to select prompt pho-
tons [20]. The selection was done with the help of the shower shape of isolated photons in the
electromagnetic calorimeter:

< δZ >=
∑i Ei|Zi −Zcluster|

wcell ∑i Ei
.

Z is the coordinate along the surface of the calorimeter,i is the index of a calorimeter cell belonging
to an identified cluster,Zi its position,Ei its energy content andZcluster is the center of gravity of
the cluster. All electromagnetic calorimeter cells have the same widthwcell .
Figure 25 shows the energy weighted width< δZ > of electromagnetic clusters for events with
a jet and a photon. The main background to prompt photons comes from π0 → γγ decays where
both photons appear under a very small angle. These decays show up as a peak in the< δZ >

destribution around 0.55. The prompt photons form the peak at about 0.1. The prompt photon
signal has been extracted by a template fit to the< δZ > destribution.
The fraction of the energy of the exchanged photon which takes part in in the hard scattering is one
for direct photoproduction processes and less than one for resolved photoproduction. Experimen-
tally, this ratio is measured as:

xmeas
γ =

Eγ + E jet − pγ
Z − p jet

z

Eevent − pevent
Z

.

Figure 24 shows three differential cross-sections for prompt photon plus jet data and compares
them to LO and NLO calculations.
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Figure 24: Energy weighted width of photon clusters in the calorimeter. For details see text.
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The NLO calculation (FHG) [21] provides
a good description of the data given the un-
certainties of the calculations and the mea-
surements. The LO calculation (LZ) [22] de-
scribes the measurements reasonably well.
However, an improved calculation is being
prepared currently.

Figure 25: Differential cross-sections for prompt photon plus jet photoproduction.

7. Summary

The combination of charm results from H1 and ZEUS increased considerably the precision of
charm cross-section measurements. It provides further constraints for the proton structure function
when included in the dataset for PDF fits. New data forD± andD∗ are available. Work is un-
derway to include them in the H1 and Zeus combination of charmdata. The choice of an optimal
charm mass for various schemes of heavy flavours in pQCD calculations reduces the differences in
predictions between the different schemes. The measurement of charm fragmentation functions in
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photoproduction is in agreement with results frome+e−-scattering and is of comparable precision.
New measurements ofJ/Ψ andΨ′ photoproduction give indications for the need of colour octet
contributions. The updated analysis of prompt photon production together with a jet provides an
improved check of pQCD calculations without the complication of hadronisation corrections.
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