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Outline

Fragmentation
- charged particle production
- D* fragmentation
- strangeness production

Spectroscopy
- excited charm mesons
- search for glueballs
- search for pentaquarks
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Hadron Production at HERA
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ep Kinematics:
Center of Mass Energy           s = (P+k)2

Hadronic Energy  (γ*p)          W2 = (P+q)2

Photon Virtuality                      Q2 = –q2 = –(k-kʻ)2 = xys
Inelasticity                                y = P.q / P.k

Born Level

D. Szuba Vector meson and DVCS at HERA 2

Exclusive diffraction

t

W

Q2

γ/γ∗(q)
VM

p(P )

p(P ′)

e(k)
e(k′)

experimentally: very clean process in wide kinematic range

.......................................................................

VM

Q2

W

t

Vector Meson or γ

photon virtuality

c.m. energy of γp system

(4-mom. transfer)2 at p-vertex

ρ, ω, φ, J/ψ, ψ′,Υ

Q2 = −q2 = −(k − k′)2

W = (q + p)2

t = (P − P ′)2

−→ VM at HERA: transition between soft and hard regime

−→ simultaneous control of different scales: Q2, |t|, M2
V M
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QCD models

LEPTO (direct) CDM

Matrix Element Parton Shower Color Dipole Model

Non-perturbative hadronisation process 
leading to hadronic final state

Different QCD MC models have been 
developed         

Two regimes
Q2 ≈ 0 GeV2   Photoproduction
Q2 > 1 GeV2   Electroproduction (DIS)
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Charged 
Multiplicity
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Global Event Characteristics
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Hadronic Center of Mass Frame
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Breit Frame

For meaningful comparison of results 
obtained in different reactions have to chose 
appropriate frame of reference
- hadronic center of mass
- Breit frame

‣ purely space like photon momentum

‣ relatively clean separation from proton remnant

Current region of ep expected to be similar 
to one hemisphere of e+e– annihilation if 
proper energy scale is chosen
- e+e–                   √s/2 = Ebeam 
- ep (HCM)    W
- ep (Breit)     Q or ECRB (available energy)

Variable for comparison: scaled momentum
- xp = ph / (Q/2)
- xp = ph / Ebeam 
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Data enter the plot more than once
Good agreement between ZEUS and H1
Reasonable agreement with MC models 
which are tuned using e+e– data
- exception at low scales, where additional DIS 

processes lead to depletion for ep

- much better agreement at low scales if 
2xECRB is used instead of Q as energy scale

Charged Particle Multiplicity
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Figure 9: Mean charged multiplicity, 〈nch〉, in the current region of the Breit frame
as a function of 2 · Ecr

B and in the current fragmentation region of the HCM frame
as a function of W . The inner error bars represent the statistical uncertainties,
typically smaller than the size of the symbols. The outer error bars represent the
quadratic sum of statistical and systematic uncertainties. Also shown are the results
of previous HERA measurements [1,2,4,5] and predictions from Ariadne, Lepto
and Herwig. The decay products of K0

S and Λ are not included.
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Charged Particle Multiplicity

7

Breit frame
- good agreement between e+e– and ep 

when 2xECRB is used as energy scale
- for large scales HERWIG is above the ep 

data

HCM frame
- overall good agreement with e+e– and 

fixed target data when W is used as 
energy scale

- some discrepancy for fixed target data for 
scales above ~15 GeV
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Figure 11: Mean charged multiplicity, 〈nch〉, in the current region of the Breit
frame multiplied by 2 as a function of 2 · Ecr

B and in the current region of the HCM
frame multiplied by 2 as a function of W . The results of e+e− [34–38] and fixed-
target DIS experiments [8–10] are shown. The factor 1.08 was estimated using MC
predictions to correct the fixed-target data for the decay products of K0

S and Λ. The
predictions of Ariadne and Herwig are also shown.
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Scaled Momentum Distributions

8T.Tymieniecka DIS08, London 17

Comparison ep with e+e− 
 
!  supports the concept of 
   quark fragmentation 
   universality.

!   scaling violation is observed

ZEUS data (prel),  0.5 pb-1, 1996-2007
H1 data, Phys.Lett. B654(2007)148
ee data  from TASSO, MARK II, AMY,
                 DELPHI  PL,B311(1993)408
                                          E* = 2 Ebeam

Variable for comparison: scaled momentum
- xp = ph / (Q/2)  for ep
- xp = ph / (E*/2) for e+e– 

Good agreement between e+e– and ep 
supports concept of quark fragmentation 
universality

Scaling violation is clearly observed

T.Tymieniecka DIS08, London 16

Scaled momentum   xp =

xp

1/
N

ev
en

t!
"
dn

/d
x .                       For   ep     and  e+e− 

Ph  # momentum of charged
       particles in current region
       of the Breit frame.

With Q increasing 
 dn/dxp  is softer,
    i.e. more particles with 
    smaller fraction of energy Q/2.

QQ, E*
Spectrum softens 
with increasing scale
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Fragmentation
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D+ and Ds+ Production at HERA
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Figure 3: The M(K−π+π+) distribution for the D+ candidates (dots). The
lowest and highest mass bins are affected by the trigger selection. The solid curve
represents a fit to the sum of a modified Gaussian function and a linear background
function.
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Figure 4: The M(K+K−π+) distribution for (a) D+
s candidates with pT (D+

s ) > 3
GeV and (b) D+

s candidates with pT (D+
s ) > 2 GeV. The lowest mass bins are

affected by the trigger selection. The solid curves represent fits to the sum of two
modified Gaussian functions and an exponential background function. The first
peak in both distributions is from D+ decaying through the same channel.
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D+

D+ Ds+

Ds+

Sufficient statistics to study charm fragmentation ratios 
and fractions in some detail

Signal examples
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Charm Fragmentation

11

Charm fragmentation ratios
- u and d produced roughly equally in 

charm fragmentation

- fraction of charged Dʻs in vector 
state somewhat below naive 
expectation from spin counting (3/4)

- strangeness suppression factor

Charm fragmentation fractions
- generally consistent with 

expectations

Observe good agreement 
between 
- H1 and ZEUS (DIS)

- γp and DIS
- ep and e+e– 

Charm fragmentation ~ 
independent of the hard 
sub process

Pd
V =

VD

VD + PSD

Ru/d =
Dneutral

Dcharged
=

cū
cd̄

γs =
2cs̄
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Figure 5: (a) The ratio of neutral to charged D-meson production rates, Ru/d,
the strangeness-suppression factor in charm fragmentation, γs, and the fraction of
charged D mesons produced in a vector state, P d

v . (b) The fractions of c quarks
hadronising as D+, D0 and D+

s charm ground-state mesons, as D∗+ mesons and
as Λ+

c baryons. The inner error bars show the statistical uncertainties and the
outer bars show the statistical and systematic uncertainties added in quadrature.
The measurements have further uncertainties coming from the different branching
ratios involved; their magnitudes are shown in Tables 2, 3 and 4 for Ru/d, γs and
P d

v , respectively, and in Table 5 for the fractions.
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HERA e+e-

mailto:carsten.niebuhr@desy.de
mailto:carsten.niebuhr@desy.de


carsten.niebuhr@desy.deLow x Workshop: Particle Production and Spectroscopy at HERA 

Variables to extract Fragmentation Functions

12

Jet method
- momentum of c-quark approximated by 

momentum of reconstructed D*-jet

Hemisphere method
- momentum of c-quark approximated by 

momentum of reconstructed D*-hemisphere
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Figure 1: Distributions of ∆MD∗± = m(Kππs)−m(Kπ) for right charge combinations (RCC)
and for wrong charge Kπ combinations (WCC) in the accepted D0 mass window.
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Figure 2: Illustration of the hemisphere method: a cc̄ pair in the γ∗p-rest-frame (left) and in a
plane perpendicular to the photon momentum (right).
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The two methods may have different sensitivity to the hadronisation process =>
Distributions expected to look differently, but extracted fragmentation functions should be the same
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Non perturbative fragmentation function is only 
defined within a given model
- LO+PS MC models RAPGAP and CASCADE
- massive NLO calculation HVQDIS 
Results for events with jet [ET(D*jet) > 3 GeV]
- good agreement for extracted fragmentation 

parameters for jet and hemisphere methods
- both QCD models lead to compatible results
- good fit also obtained for comparison to HVQDIS at 

parton level
- ep and e+e– parameters (Peterson, not shown) are 

consistent with each other => universal frag. function
Investigation of threshold region using events which 
have no D*jet
- can be studied using hemisphere method
- observed spectrum significantly harder 
- extracted fragmentation parameters ≈4σ away from 

nominal ones

Discrepancy due to improper description of 
underlying physics close to the charm production 
threshold in QCD models 

Details of Charm Fragmentation
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Preliminary
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Figure 9: Normalised D∗± meson cross sections as a function of zhem for the sample of events
requiring that there is no D∗± jet in the event. They are normalised to unity in the displayed
range of zhem. The data are compared with MC predictions of RAPGAP using the ALEPH
setting and Kartvelishvili fragmentation function. The fragmentation parameter α is fitted ac-
cording to the procedure described in section 7. The full and dashed line indicate a variation of
the fragmentation parameter by±1σ around the best fit value of α. The green dashed line shows
the prediction of RAPGAP with the fragmentation parameter α extracted from the nominal data
sample. The ratio R = MC/data is described in the caption of Fig. 4.
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RAPGAP with
ALPEPH tune
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Figure 9: Normalised D∗± meson cross sections as a function of zhem for the sample of events
requiring that there is no D∗± jet in the event. They are normalised to unity in the displayed
range of zhem. The data are compared with MC predictions of RAPGAP using the ALEPH
setting and Kartvelishvili fragmentation function. The fragmentation parameter α is fitted ac-
cording to the procedure described in section 7. The full and dashed line indicate a variation of
the fragmentation parameter by±1σ around the best fit value of α. The green dashed line shows
the prediction of RAPGAP with the fragmentation parameter α extracted from the nominal data
sample. The ratio R = MC/data is described in the caption of Fig. 4.
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2 < Q2 < 100 GeV2
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Figure 2.5: Strange production mechanisms in ep collisions

of this process is given in Figure 2.5(c): a parton from the hard scattering process is

followed by a fragmentation shower in which a ss̄ pair can be created from a gluon

splitting. Details about hadronization models can be found in Chapter 6.

The fourth strangeness production channel is the heavy flavor decay, shown in

Figure 2.5(d). However, due to the larger mass of the heavy flavor of charm and

beauty quarks and limitation of the production phase space, the strange production

from this mechanism is already constrained by the low rates of the heavy flavor

production.

2.5.2 The Strangeness Suppression Factor

Since strangeness is dominantly produced during the pure fragmentation process, the

phenomenological models which are used to describe the non-perturbative nature of

this process are essential to describe the strange hadron production.

One successful fragmentation model is the Lund string model [60, 61, 62]. In

the scheme of this model, strangeness production is controlled by one key parameter,

the strange suppression factor λs = Ps/Pu, which describes the relative ratio of s

quark to u(or d) quark production during the fragmentation process. The λs value

0.3 was found to be appropriate in e+e− annihilation [14, 85, 86] and this value was

also set to be the default value in Jetset [61, 62]. However, some indications [10, 13]

16 2.6.Physics Motivations of the Thesis

show that different values may be needed for different experiments, or a single λs

value cannot accommodate the data in all kinematic regions in one experiment [14].

Due to this unclear situation, the string model was tuned with two λs values in this

thesis, 0.3 and 0.22, in order to get a basic idea of how the alternative value works in

case the other λs fails to reproduce the data. The value of 0.22 is suggested by the

previous ZEUS publication [80]. One may extrapolate, in comparing to data, from

the two predictions with different λs values. So in this sense, an extra λs check is

necessary and meaningful.

However, one may argue that it would be simplistic to try to fit the data by

adjusting the parameter λs only in Monte Carlo (MC), provided several other pa-

rameters, for instance the diquark suppression factor and the extra spin-1 diquark

suppression, etc. in the string model, exist to control strange hadron production.

This is a good argument, but the original motivation is that a simple check on λs is

necessary and helpful to understand the strange production during the fragmenta-

tion process. However, it is NOT the purpose of this thesis to tune all the available

parameters to find out their best fitting values for HERA measurements, which will

be left for the dedicated MC studies by someone else. Therefore no attempt was

made to find out the best parameter set to fit the data in this thesis.

2.6 Physics Motivations of the Thesis

The H1 and ZEUS collaborations have published a few results on strange hadron

production, based on the data collected in the first few years of running at HERA

[9, 10, 11, 12]. These measurements were limited by the low data statistics, from an

integrated luminosity of 0.6 to 3.0 pb−1, and the restricted scope of the measurements,

mostly with emphasis on the multiplicity study. As an example, the total integrated

luminosity was only about 0.6 pb−1 in the previous strangeness measurements in

ZEUS and the main results given were the average and differential multiplicities of

Λ + Λ̄ and K0
S production [10]. The reconstructed Λ + Λ̄ and K0

S signals in that

publication are given in Figure 2.6.

With the wealth of data accumulated at HERA, more precise, more comprehen-

sive and new measurements on strange hadron production have been done in this

thesis. The total integrated luminosity used in this work is 121 pb−1, tens to hun-
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Λ signal, and the background function while the dashed lines indicate the background function

only. The data are shown as black points with error bars denoting total uncertainty.
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Strangeness suppression factor  λS = P(s) / P(u)
- Neither MEPS nor CDM can describe all details of the data with a 

single value of λS parameter

Asymmetry of Λ with respect to Λ production consistent with zero
- no evidence of baryon number transport visible in data
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Figure 3: The differential production cross sections forK0
s in the laboratory frame as a function

of the K0
s transverse momentum p

T
and the K0

s pseudorapidity η in the laboratory frame and
of the event variables: photon virtuality squared Q2 , photon inelasticity y and Bjorken scaling
variable x. The error bars show full uncertainty. The lines show the different LO Monte Carlo
predictions .
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Figure 5: The differential production cross sections forΛ in the laboratory frame as a function of

the Λ transverse momentum p
T
and the Λ pseudorapidity η, and of the event variables: photon

virtuality squared Q2 , photon inelasticity y and Bjorken scaling variable x. The error bars
show the statistical (inner bars) and the total (outer bars) errors, respectively. The lines show

the predictions of the LO Monte Carlo programs. .
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MEPS: Matrix Element Parton Shower
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Figure 7: The differential production cross sections for the Λ to Λ̄ baryon asymmetry in the

laboratory frame as a function of the Λ transverse momentum p
T
and the pseudorapidity η, and

of the event variables: photon virtuality squared Q2 , photon inelasticity y and Bjorken scaling
variable x. The error bars show the statistical uncertainty. The solid lines show the predictions
of the LO Monte Carlo program CDM .
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Λ-Λ asymmetry–
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Λ Polarisation

Λ‘s are expected to inherit polarisation from the s-quark 
which get partially polarised due to elastic scattering in 
the colour field
- decay asymmetry parameter  α = 0.642 ± 0.013 (PDG)

- θ is angle between the proton momentum boosted to the 
rest frame of the Λ and the polarisation axis

All fitted values are compatible with zero

No evidence for non-zero transverse polarisation in 
inclusive Λ or Λ production. 
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Polarization (%)
High-Q2 DIS Low-Q2 DIS Photoproduction

Λ −1.3±4.3(stat.)+4.0−0.8(syst.) −4.0±5.3(stat.)+4.7−4.0(syst.) −2.4±2.2(stat.)

Λ̄ −2.2±4.2(stat.)+2.4−1.3(syst.) −8.5±5.5(stat.)+4.7−2.1(syst.) −5.8±2.2(stat.)

K0S −1.5±1.1(stat.) −0.05±1.5(stat.) −0.5±0.2(stat.)

Table 1. The transverse polarization values for Λ and Λ̄, expressed here in %, in the high-Q2 DIS
(Q2 > 25 GeV2 and 0.02< y < 0.95), low-Q2 DIS (5<Q2 < 25 GeV2 and 0.02 < y < 0.95), and pho-
toproduction (Q2 < 1 GeV2, 0.2< y < 0.85 and with two jets EjetT > 5 GeV and |η

jet|< 2.4) samples.
Only Λ and Λ̄ in the range 0.6 < PLABT < 2.5 GeV and |ηLAB|< 1.2 are considered. The statistical
error is quoted for all samples, together with the systematic uncertainty associated with the meas-
urement for the high-Q2 and low-Q2 samples. A similar systematic uncertainty is expected for the
photoproduction sample. Also shown, as a test of any systematic effect, are the polarization values
obtained by investigating the angular distribution of the higher-momentumπ from K0S decays

model, theΛ inherits its spin fromthesquark,andkf is along
theΛmomentum.Aski is unknown in our case, the electron
beam direction was used instead (the effect of using the jet
directionwas also investigated).
The transverse polarizationPΛ (P Λ̄) is defined by the form
of the proton (antiproton) angular distribution:

1

N

dN

d cos θ
=
1

2
[1+αPΛ cos θ] ,

1

N

dN

d cos θ
=
1

2
[1−αP Λ̄ cos θ] ,

where α is the decay asymmetry parameter, measured to
be α = 0.642±0.013 [70], and θ is the angle between the
proton (antiproton) momentum boosted to the rest frame
of the Λ(Λ̄) and the polarization axis, kbeame × kΛ. An
example of the angular distribution of the proton’s (an-
tiproton’s) momenta with respect to the polarization axis,
boosted to the Λ(Λ̄) rest frame, is shown in Fig. 20.
Fitted values of the transverse polarizationPΛ and P Λ̄

are presented in Table 1 for high- and low-Q2 DIS and for
photoproduction. All values are compatible with no polar-
ization. Also presented are the polarization values obtained
by investigating the angular distribution of the higher-
momentum π from K0S decays, as a further test of any
systematic detector effect.

7 Conclusions

Measurements of K0S , Λ and Λ̄ production have been
made at HERA, using 121 pb−1 of data collected with
the ZEUS detector. The following conclusions have been
obtained:

1. in high- and low-Q2 DIS, ARIADNE reproduces gross
features of the cross sections but shows discrepancies
in detail. Overall, the strangeness suppression factor
λs = 0.3 is preferred to λs = 0.22. PYTHIA, normalised
to the data, describes the dependence of the photopro-
duction cross sections on PLABT and ηLAB satisfactorily
but fails to reproduce the xOBSγ dependence;

Fig. 20. Angular distributions of the highest-momentum de-
cay particle from a Λ or Λ̄ in the range 0.6 < PLABT < 2.5 GeV
and |ηLAB|< 1.2 for events with Q2 > 25 GeV2 and 0.02 < y <
0.95, where θ is the angle between the decay-particle momen-
tum vector and the polarization axis, in the rest frame of the
Λ or Λ̄. Statistical errors (inner error bars) and the systematic
uncertainties added in quadrature are shown. The first-order
polynomial fit (solid line) from which the polarization is ob-
tained is also shown

2. the numbers of Λ and Λ̄ produced are consistent with
being equal;

3. except for the resolved photon interactions, the meas-
ured ratio of baryons to mesonsR, defined as:

R=
N(Λ)+N(Λ̄)

N(K0S)
,

is in the range between 0.2 and 0.5, similar to meas-
urements at e+e− colliders. ARIADNE and PYTHIA
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(Q2 > 25 GeV2 and 0.02< y < 0.95), low-Q2 DIS (5<Q2 < 25 GeV2 and 0.02 < y < 0.95), and pho-
toproduction (Q2 < 1 GeV2, 0.2< y < 0.85 and with two jets EjetT > 5 GeV and |η

jet|< 2.4) samples.
Only Λ and Λ̄ in the range 0.6 < PLABT < 2.5 GeV and |ηLAB|< 1.2 are considered. The statistical
error is quoted for all samples, together with the systematic uncertainty associated with the meas-
urement for the high-Q2 and low-Q2 samples. A similar systematic uncertainty is expected for the
photoproduction sample. Also shown, as a test of any systematic effect, are the polarization values
obtained by investigating the angular distribution of the higher-momentumπ from K0S decays

model, theΛ inherits its spin fromthesquark,andkf is along
theΛmomentum.Aski is unknown in our case, the electron
beam direction was used instead (the effect of using the jet
directionwas also investigated).
The transverse polarizationPΛ (P Λ̄) is defined by the form
of the proton (antiproton) angular distribution:

1

N

dN

d cos θ
=
1

2
[1+αPΛ cos θ] ,

1

N

dN

d cos θ
=
1

2
[1−αP Λ̄ cos θ] ,

where α is the decay asymmetry parameter, measured to
be α = 0.642±0.013 [70], and θ is the angle between the
proton (antiproton) momentum boosted to the rest frame
of the Λ(Λ̄) and the polarization axis, kbeame × kΛ. An
example of the angular distribution of the proton’s (an-
tiproton’s) momenta with respect to the polarization axis,
boosted to the Λ(Λ̄) rest frame, is shown in Fig. 20.
Fitted values of the transverse polarizationPΛ and P Λ̄

are presented in Table 1 for high- and low-Q2 DIS and for
photoproduction. All values are compatible with no polar-
ization. Also presented are the polarization values obtained
by investigating the angular distribution of the higher-
momentum π from K0S decays, as a further test of any
systematic detector effect.

7 Conclusions

Measurements of K0S , Λ and Λ̄ production have been
made at HERA, using 121 pb−1 of data collected with
the ZEUS detector. The following conclusions have been
obtained:

1. in high- and low-Q2 DIS, ARIADNE reproduces gross
features of the cross sections but shows discrepancies
in detail. Overall, the strangeness suppression factor
λs = 0.3 is preferred to λs = 0.22. PYTHIA, normalised
to the data, describes the dependence of the photopro-
duction cross sections on PLABT and ηLAB satisfactorily
but fails to reproduce the xOBSγ dependence;

Fig. 20. Angular distributions of the highest-momentum de-
cay particle from a Λ or Λ̄ in the range 0.6 < PLABT < 2.5 GeV
and |ηLAB|< 1.2 for events with Q2 > 25 GeV2 and 0.02 < y <
0.95, where θ is the angle between the decay-particle momen-
tum vector and the polarization axis, in the rest frame of the
Λ or Λ̄. Statistical errors (inner error bars) and the systematic
uncertainties added in quadrature are shown. The first-order
polynomial fit (solid line) from which the polarization is ob-
tained is also shown

2. the numbers of Λ and Λ̄ produced are consistent with
being equal;

3. except for the resolved photon interactions, the meas-
ured ratio of baryons to mesonsR, defined as:

R=
N(Λ)+N(Λ̄)

N(K0S)
,

is in the range between 0.2 and 0.5, similar to meas-
urements at e+e− colliders. ARIADNE and PYTHIA

–
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Excited Charm and Charm-Strange States

19

Large charm production cross 
section at HERA allows to search 
for excited charm states

Lowest-mass states with spin-0 (D) 
and spin-1 (D*) and L=0 are well 
established 

Look for these decay modes
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ep fragmentation fractions ~ consistent 
with those from e+e– 
No significant production of radially 
excited D*ʻ± observed. 95% C.L. limit:

Results on Excited Charm States

20

f(c → D0
1) [%] f(c → D∗0

2 ) [%] f(c → D+
s1) [%]

ZEUS (prel.) 3.5± 0.4+0.4
−0.6 ± 0.2 3.8± 0.7± 0.6± 0.2 1.1± 0.2± 0.1± 0.1

CLEO [17] 1.8± 0.3 1.9± 0.3

OPAL [18] 2.1± 0.7± 0.3 5.2± 2.2± 1.3 1.6± 0.4± 0.3

ALEPH [19] 0.94± 0.22± 0.07

Table 1: The fractions of c quarks hadronising as a particular excited D me-
son, f(c → D). The fractions are shown for the D0

1, D∗0
2 and D+

s1. The first
uncertainty is statistical and the second is systematic. For CLEO, the statistical
and systematic uncertainties are added in quadrature. The third uncertainty of the
ZEUS measurements is due to an uncertainty of the extrapolation procedure.
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Figure 8: The distribution of M(D∗±π+π−) = ∆M ext + M(D∗+)PDG,
where ∆M ext = M(Kππsπ+π−) − M(Kππs) or ∆M ext = M(Kππππsπ+π−) −
M(Kππππs), for D∗′± → D∗±π+π− candidates (dots). The inset shows the D∗′±

signal window which covers both theoretical predictions and the DELPHI’s mea-
surement. The solid curve is a fit to the background function outside the signal
window. The shaded histogram shows the Monte Carlo D∗′± signal, normalised to
the obtained upper limit and shown on top of the fit interpolation (dashed curve).
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s candidates and
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for D±

s1 → D∗0K+ candidates (dots). The solid curves represent a result of the
simultaneous fit (see text.)
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CLEO measured smaller resonance widths
OPAL used PDG values

f(c→ D∗′+) · BRD∗′+→D∗+π+π− < 0.45%
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K0s K0s Resonant States
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Existence of glueballs is expected in QCD
Lattice calculations predict
- lightest one in mass range 1550-1750 MeV
- quantum numbers JPC = 0++ => can mix with scalar 

mesons with I = 0
- the well established f0(1710) is considered to be 

glueball candidate 
K0s K0s system can couple to JP=0+(scalar) and 2+

(tensor)
- => good place to search for lowest lying 0+ glueball
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- Breit Wigner functions with interference 

terms included
- 3 visible enhancements correspond to 

f2(1270)/a2(1320), f'2(1525) and f0(1710) 
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Summary of Fit Results

State f0(1710)
- observed at 5σ significance

‣ 4058 ± 820 events

- fitted mass slightly below PDG value
- consistent with JPC=0++

- glueball candidate

‣ if same state as seen in γ γ ➞ K0s K0s 
then unlikely to be pure glueball state
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Strange Pentaquark Θ+ in HERA I Data
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Figure 4: Invariant-mass spectrum for the K0
S p (p̄) channel for Q2 > 20 GeV 2,

with other cuts as in Fig. 3. The solid line is the result of a fit to the data using
a three-parameter background function plus two Gaussians (see text). The dashed
lines show the Gaussian components and the dotted line the background according
to this fit. The histogram shows the prediction of the Ariadne MC simulation
normalised to the data in the mass region above 1650 MeV . The inset shows the
K0

S p̄ (open circles) and the K0
S p (black dots) candidates separately, compared to

the result of the fit to the combined sample scaled by a factor of 0.5.

15

Evidence for signal at 1522 MeV found in ZEUS
- Q2 > 20 GeV2, 0.04 < y < 0.95: 
No signal seen in H1
- upper limit  [σ(M=1.52 GeV) < 100 pb (95%C.L.)] does not support ZEUS observation
HERA II data should clarify

σ(ep→ e θX→ eK0pX) = 125± 27+38
−28 pb
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Figure 2: InvariantK0s p(p̄)mass spectra in bins ofQ
2. The full line shows the result from the fit

of the background function (1) to the data. The upper limits on the cross section "!
UL (see text) at

95% confidence level integrated over the kinematic range p
T
(K0s p) > 0.5 GeV, |#(K0s p)| < 1.5

and 0.1< y< 0.6 are shown below the mass spectra.

8

0.1 < y < 0.6
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Search for Double Strange Pentaquark Ξ5q
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Figure 3: The invariant mass spectrum for the doubly charged combinations Ξ−π− and Ξ̄+π+

(upper part). The solid line shows the result of a fit to the data using a background function as

defined in equation 3. The lower part shows the 95% C.L. upper limit on the ratio R(M) as a
function of the massM , as defined in equation 4.

14

Search motivated by evidence for two baryonic resonances reported by NA49 in 2004
Established baryon state Ξ0(1530) clearly seen by ZEUS and H1
No signal of new baryonic state found in the mass range 1600-2300 MeV
NA49 observation not confirmed by HERA data

Figure 4: The invariant mass spectrum for the neutral combinations Ξ−π+ and Ξ̄+π− (upper

part). The solid line shows the result of a fit to the data using a Gaussian function for the

Ξ(1530)0 signal and a background function (dashed line) as defined in equation 3. The lower

part shows the 95% C.L. upper limit on the ratio R(M) as a function of the massM , as defined

in equation 4.

15

upper limit on ratio to Ξ0(1530)
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D*p Resonance - Charmed Pentaquark
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Katja Krüger                                     Investigation of the D*p Resonance 4

Motivation

! analysis of HERA I data (75 pb–1): peak in D*p spectrum 
at 3.1 GeV 

! based on reconstructed ~4000 D* mesons
! minimum quark content: uudd"c

!!"!#$%&'($!))# *+,-./$01(.23$45678*69: ;6<=>$!))#?$@',3(.A,-/$2B$92&-C$=D.2E,'D

*FG$.(A2'D'H($IHCD.+$7JK

>6L<$4M
HCD.+,'N$
.(A2'D'H($
,'$>O$PD-D
'2$A,N'DE$
,'$Q6@9$PD-D$
ID'P$;D;D.?$=*R?
<S67>?R0=@9K

'(T$D'DE/A,A$B.2+$>O$&A,'N$>6L<$44$PD-DM

U2$(VH(AA
,'$>6L<$44
PD-D

H1 reported evidence for state at 3099 MeV in HERA I data (75 pb–1)
- anti-charm baryon with minimum quark content uuddc

No excess observed in other experiments
- BaBar, CDF, ZEUS, ALPEPH, FOCUS

–
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Slightly reduced phase space after HERA II upgrade
Compare data for high proton momentum selection 
(pp > 2 GeV) without dE/dx cut
- reanalysed HERA I data: signal clearly observed also in 

reduced phase space

‣ N(D*p) / N(D*) = 0.81 ± 0.21 %

- no excess observed in HERA II data

‣ upper limit of 16.3 events (95% C.L.)

‣ N(D*p) / N(D*) < 0.10 % (95% C.L.)

- in both cases background well described by D* MC and 
wrong charge D

Search for D*p Resonance in HERA II Data

27

Katja Krüger                                     Investigation of the D*p Resonance 9

Cross Check: Higher Mass D Mesons

!           technique: 
! clear excess at expected positions                                

masses &widths of Breit-Wigners fixed to PDG values   
" we are sensitive to this kind of decays

#

#

! look for D1(2420)0 
and D2*(2460)0            

-> D*
! same D* selection, 

use      mass for 
additional track

M $D%#&'m $K ##s#&(m $K ##s&)M D%*M

Check for sensitivity by 
observing D1(2420)0  

and D2*(2460)0→D*π:  
same D* selection and 
ΔM technique.

Katja Krüger                                     Investigation of the D*p Resonance 10

HERA I data in HERA II phase space

! structure at 3.1 GeV in HERA I data also for this selection 
! D* MC (normalised to number of D*) + wrong charge D (from 

data) gives reasonable description away from 3.1 GeV
! ratio N(D*p)/N(D*) = 0.8 ± 0.2 %
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HERA II D*p Mass Spectrum 
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! no peak structure around 3.1 GeV
! D* MC (normalised to number of D*) + wrong 

charge D (from data) gives reasonable description

LHERA II = 384 pb-1
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Summary

28

Fragmentation
In general find good agreement of fragmentation properties between ep and e+e– 
- supports concept that fragmentation is independent of the hard sub-process

But a number of issues need clarification
- details of production of strangeness
- charm fragmentation at kinematic threshold

Spectroscopy
Several interesting (non)-observations
- excited charm and charm-strange mesons observed
- evidence for glueball candidate f0(1710)
- pentaquarks (not confirmed with HERA II data)

Most results shown still based on HERA I data only
- more results expected in near future from analyses of full data sets
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