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P(820;920 GeV) e± (27.53 GeV)

~0.5 fb-1 per experiment

H1 ZEUS
HERA I
HERA II

ep

Data taking periods:
HERA I : 1992-2000
HERAII : 2002-2007

HERA
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HERA ep kinematics

c.m. energy        : s1/2 = 301-319 GeV 

hadronic energy : W = m(γ*p) 

photon virtuality : Q2 = -q2 

inelasticity          : y = Q2/(x
Bj
 s)

two regimes :

Q2   ≈ 0 GeV2  : Photoproduction
Q2  > 2 GeV2  : Electroproduction (DIS)

*
q

}
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Breit Frame

HCM Frame
(hadronic centre-of-mass)

0(HCM)

Similarity expected between
e+e- and ep in current regions
of Breit or HCM frames.
Target region should look more
like in pp collisions.

y = 0.5 ln[(E+pz)/(E-pz)]

To see the similarity
choose the proper variable:
e+e- : s1/2 = 2Ebeam.

ep (HCM) : W.
ep (Breit Frame) : Q or Ecr

B 
(available

energy  in the current region
of the Breit Frame).

target HCM

Reference frames

*
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Models
LEPTO

LEPTO, RAPGAP MEPS: PDF ⊗ PS(DGLAP) ⊗ ME(LO) ⊗ PS ⊗ String frag.

SCI: LEPTO + soft color interactions

ARIADNE CDM: PDF ⊗ Dipole(BFKL) ⊗ ME(LO) ⊗ Dipole ⊗ String frag.

HERWIG: PDF ⊗ PS(DGLAP) ⊗ ME(LO) ⊗ PS ⊗ Cluster frag.

Cyclops: PDF ⊗ ME(NLO) ⊗ fragmentation function.
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Charged Particle Multiplicities
ZEUS, H1
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Charged Particle Multiplicities

Breit Frame:
Good agreement between
e+e- and ep data when
2·Ecr

B
 is used as energy scale.

HCM Frame:
overall good agreement
with e+e- and ep
experiments when
W is used as energy scale.
Fixed target DIS data deviate
at W = 20-30 GeV.

ZEUS, e+e-, fixed target
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Multiplicity distributions in hadronic CMS

ARIADNE gives best
description (not perfect)

LEPTO is too narrow

HERWIG has a too long
tail.
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Multiplicity distributions in the Breit frame

ARIADNE gives best
description.

LEPTO is a little too
high.

HERWIG is a little too
low.
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KNO scaling
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KNO scaling at HERA
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KNO scaling at HERA and in e+e- 

√s = 35 GeV

√s = 91 GeV

same ZEUS data

> 12 GeV

Almost perfect
universality between
HERA and PETRA data.

LEP data are a little more
narrow than HERA data.
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Scaled Momentum Distributions

Scaling violation is observed

Agreement between e+e- and ep:
support for universality of
fragmentation.

More softer particles
with increasing energy

 x
p
 = 2p

h
/Q  in ep

     = p
h
/E

beam
 in e+e-.
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one xp bin in detail

Strong scaling violation at
this low xp.

Deviation between e+e- and ep
at highest s or Q2.
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Fragmentation vs models

Color Dipole and
Parton Shower models
give fair description.
Both overestimate the
multiplicity at high Q.

Soft color interaction
model fails: spectrum
is too soft.

HERWIG cluster model

fails at high xp: spectrum

is too hard.
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NLO

Fragmentation
functions
KKP, Kretzer, AKK
from fits to e+e-

data.
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Fragmentation vs NLO

NLO does not
describe the data.

Scale and PDF
uncertainties are
rather small.

Differences
between
FFs are
significant.

Cannot use NLO to extract αS from scaling violations in fragmentation.
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Fragmentation vs NLO

NLO does not
describe the data.

Scale and PDF
uncertainties are
rather small.

Differences
between
FFs are
significant.

ZEUS

Desired: MC @ NLO = PDF ⊗ PS ⊗ ME(NLO) ⊗ PS ⊗ frag.
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Strangeness production
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Strangeness production

1/9 1/9
αS

BR

Strangeness production
is always suppressed:

eq
2, branching fractions,

fragmentation λs.

λs

4/9
αS
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Strangeness production

Color dipole model with λs = 0.3 gives best description
(not perfect).

K0 Λ + Λ
̲
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Strangeness production ratio

ARIADNE CDM

Color dipole model with λs = 0.3 gives best description
(not perfect).

ZEUS
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K0 to charged hadron ratio

Ratio K/hadrons best described
by MEPS with smaller λs = 0.22.

No single combination of model
and λs describes all data.

Ratio K0/h has less
sensitivity to PDFs and
hard scattering process.
Enhanced sensitivity to details
of strangeness production.
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K∗(892) production in DIS
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K∗ production in DIS

Flavour decomposition:

Strangeness is never dominating.

Low sensitivity to strange pdf.
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Bose-Einstein Correlations

BEC: enhanced production of pairs of identical bosons
        nearby in phase space.
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Bose-Einstein Correlation in the KK system

to LEP results
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Inclusive photoproduction of ρ, K∗, and ϕ

Tagged photoproduction
<W> = 210 GeV.
36.5 pb-1.

Fit:
modified relativistic
Breit-Wigner
+ reflections
+ combinatorial
    background.
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Particle spectra in photoproduction

Mass effects taken
into account in

ET
kin = 

(pt
2 + m2)1/2 - m

and ET0(m).

Universal power
law with n = 6.7
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Deuteron production

B
2
(d) = B

2
(d)  is expected

Enhanced production of  
multi-quark states?
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Spectroscopy
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K0K0 - resonances
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K0K0 - resonances

f0(1710) cannot be a pure
glueball, since it couples to γγ.



Ringberg HERA trends, 7.10.200834Daniel Pitzl: Particle production

K0K0 - resonances
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Strange Pentaquark  Θ+
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Hyperons and double strange Pentaquarks Ξ
5q



Ringberg HERA trends, 7.10.200837Daniel Pitzl: Particle production

D*p resonance (charm PQ)

Not seen by ZEUS, FOCUS, BaBar, CDF, ALEPH.
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D*p resonance
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Summary
Precision measurements of particle production allow at detailed 
study of QCD dynamics in the perturbative and non-perturbative 
regimes. 

Multiplicities and fragmentation functions broadly show similar 
behavior between ep and ee reactions, but some regions of phase 
space also show significant differences.

Models of particle production based on leading-order QCD matrix 
elements augmented by parton showers or dipole emission 
provide a decent description of the data, but no combination of 
model and parameters is perfect, especially for strangeness 
production.

Next-to-leading order QCD calculations augmented by 
fragmentation functions do not describe the data well.

Progress is expected with MC@NLO: 

PDF ⊗ PS ⊗ ME(NLO) ⊗ PS ⊗ frag.
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Summary 2

Strangeness production is dominated by u- and c-quark initiated 
processes: only low sensitivity to strange quark density.

Enhanced production of deuterons over anti-deuterons.

Pentaquarks:
● + seen by ZEUS (and Hermes) in HERA I data, not by H1.
● 5q not seen by ZEUS and H1.
● D*p (3099) seen by H1 in HERA I data, not by ZEUS. Not seen in  
H1 HERA II data.
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Backup
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Energy scales

Q, 2EB
cr = 2 ∑ Ei in the current region of the Breit frame

W in the hadronic center-of-mass system
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Fragmentation of Charm Quarks    I 

Fragmentation fraction
f(c→D) = σ(D)/σ(c)tot

Measurements support universality of charm fragmentation

Fragmentation ratios:
R

u/d 
= (cu)/(cd)

γ
s 
= (2cs)/(cd+cu)

P
v
 = V/(V+PS)
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Charm fragmentation
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Charm fragmentation

Discrepancy due to improper description of underlying
physics close to the charm production threshold in the 
models
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Excited charm and charm-strange mesons

D
1
(2420)0 and D

2

*(2460)0

in D*+π-

D
s1

(2536)±

in D*±K0

s

D
2

*(2460)0

in D+π-

D
s1

(2536)+

in D0K+

f(c→D
1

0) =                             %

f(c→D
2

*0) = 3.8±0.7±0.6±0.2%

f(c→D
s1

+) = 1.1±0.2±0.1±0.1%

Consistent with the e+e- measurements

Helicity measurements:
R(D

1

0) =                        HQET:+3

R(D
s1

+) = 

hardly consistent with 0 
                      (CLEO conclusion)

3.5±0.4−0.6
0.4

±0.2
6.1±2.3−0.8

2.0

−0.74−0.17−0.05
0.230.06


