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Motivation

• Tests of factorisation and the universality of fragmentation by

• direct tests: Compare the same measurements (e.g. Fragmentation functions) from 
different experiments (Zeus, H1, CDF, OPAL, etc...) with each other.

• Indirect tests: Compare a variety of measurements with the same theory (Monte Carlo, 
MLLA, NLO+FF). Monte Carlo and NLO Fragmentation function parameterisations fitted 
to e+e- annihilation data. MLLA parameters taken from global fit to all data. 

• Non DGLAP behaviour of parton dynamics

• Go to area of phase space that is expected to be sensitive to DGLAP / BFKL / CCFM 
differences (low Q2, low x DIS) and compare data to different model predictions.

2

Tuesday, 13 July 2010



3

Usable luminosity per experiment ~500 pb-1

electrons and positrons

 Protons   920 GeV 

 Electrons   27.6 GeV 

H1 and ZEUS are general purpose detectors with 
extensive tracking and calorimetry coverage

HERA, ZEUS and H1
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Figure 1: Example LO QCD diagrams for inclusive jet photoproduction in direct (a) and re-
solved (b) photon interactions.

2 Inclusive jet photoproduction

Inclusive jet cross sections are obtained by counting the number of jets found by a jet algorithm
in a given kinematic range. The inclusive k⊥ algorithm [14] is a modified version of the exclu-
sive k⊥ algorithm [15] where all hadronic final state particles are clustered iteratively3 into jets
according to their separations in (η, φ) space4. Here, the algorithm is applied in the laboratory
frame. The separation parameter between jets in (η, φ) space is set to D = 1, as in [17]. An
ET weighted recombination scheme [18], in which the reconstructed jets are massless, is used
to maintain invariance under longitudinal boosts. To allow comparisons of the results of this
study with previous measurements in photoproduction and with other collider data, the com-
plete analysis has also been performed using a cone algorithm [19] with a cone radius R = 1.
The cone algorithm has been shown to give larger hadronisation corrections than the inclusive
k⊥ algorithm (section 2.4), as is the case for jets in deep inelastic scattering (DIS) [20].

2.1 Motivation

In this paper, inclusive jet cross sections are measured over a very large E jet
T range. In the high

E jet
T region, the high transverse momentum of the outgoing parton provides a hard scale which

allows reliable cross section calculations to be made in perturbative QCD. It also ensures a
reduced influence of less-well understood soft processes (fragmentation and underlying event).
Jets at high E jet

T thus provide the most direct insight into photoproduction at the parton level.

In the region of lowE jet
T , the NLO and higher order terms as well as corrections from the parton

to the hadron level becomemore important, since the strong couplingαS increases with decreas-
ing scale. In the absence of a fundamental understanding of non-perturbative processes, the
comparisons between data and theory necessarily involve phenomenological models. Matching
the theoretical predictions with the experimental measurements at low E jet

T thus represents a
further important test of QCD-inspired phenomenology in jet photoproduction.

Jet photoproduction cross sections are directly sensitive to the gluon as well as the quark content
of the photon and the proton. The proton PDFs are precisely determined [21–23] from structure

3For more details, see e.g. [16].
4φ is the azimuthal angle in the transverse plane.
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Inclusive Deep Inelastic 
Scattering (DIS) Dijet Photoproduction (γp)

Q2 ≈ 0 GeV2

The dijet system used to 
characterises the event kinematics 
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5 Event shape variables
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Inclusive jets in the Breit frame are O(ααs)

at lowest order (current quark has no ET )

Provides clearest separation between particles

from hard scattering and p-remnant.

Allows for easy comparison with e+e− data

In this analysis sums extend over all particles

in current hemisphere of the Breit frame

(for Kout the region extended to η < 3)

Event shape variables, F

τ = 1−Tγ with Tγ =
∑

h |"pz,h|∑
h |"ph|

τC = 1−TC - thrust along the axis

maximising T (like in e+e−)

B =
∑

h |"pt,h|
2

∑
h |"ph| – Jet Broadening

ρ = (
∑

h Eh)2−(
∑

h "ph)2

(2
∑

h |"ph|)2 – Jet inv. mass

C = 3
2

∑
h,h′ |"ph||"ph′| sin2 θh,h′

(
∑

h |"ph|)2

Kout =
∑

h |pout
h |

χ =
∑

h,i(π-|φh-φi|)

(2 + 1) jet is

minimal nontrivial

confi guration

F →0 for Born level,

F > 0 in case of multijets

q q
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Provides clearest separation 
between particles from hard 

scattering and proton remnant. 
Allows for easy comparison 

with e+e− data 

ep→eX e+e-→qq

0 1

Q increasing

xp = scaled momentum variable

Q = Scale in current region of Breit Frame

ph = momentum of charged track in current 
region of Breit Frame

D(xp) = event normalised, charged particle, scaled momentum spectrum

Observable D(xp) 

As Q increases 
distribution gets 
softer, i.e. more 

tracks with small 
share of initial scale 

xp

xp =
2Ph

Q

xp is the particle momentum 
in the Breit frame scaled by 
the energy scale in current 

region (Q/2). 

virtual photon doesn’t carry 
any energy only longitudinal 

momentum (Pz)

Inclusive Deep Inelastic Scattering (DIS)

current region ≡ e+e- hemisphere
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On the whole the comparison 
with H1 data and with e+e- 

results supports fragmentation 
universality 

Significant differences at high 
Q2 and low xp between ep 

and e+e-.

Due to Breit frame boost 
ep experiments can 

measure the xp spectra 
down to 0.

Inclusive Deep Inelastic Scattering (DIS)
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NLO calculations do not provide a good description of the data.
Slope of the Q2 dependence, scaling violation, are too small in theory! 

Inclusive Deep Inelastic Scattering (DIS)
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Inclusive Deep Inelastic Scattering (DIS)

Fragmentation effects dominate at low xp. 
Hadrons at large xp expected come from the  

hard interaction.  

At high Q2 and high xBJ  significant contribution 
from valence quarks. Expect charge asymmetry 

in quarks from hard interaction. 
Is it visible after hadronisation?

Charge asymmetry observed, increasing with xp 
(also with Q2, not shown)

A(xp) =
D+(xp)−D−(xp)

D(xp)

Asymmetry described by Monte Carlo models

The results are consistent with the expectation 
that at high xp the asymmetry is directly related 

to the valence quark content of the proton.
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Data
~23,000 events

L=359 pb-1

Event Selection
ETJet1,2 ≥ 17 GeV

|ηJet1,2| < 1.0
ETJet1/ETJet2 ≥ 0.8

0.9π ≤ |ΦJet1-ΦJet2|
ETJet3 ≤ 6GeV
|ηJet3| ≤ 2.4 

0.2 ≤ y≤ 0.8
Q2 ≤ 1 GeV2

xγ ≥ 0.75

Detecter Track Selection
PT ≥ 0.15 GeV

|η| ≤ 1.7

Select back to back 
dijets, suppress 3rd jet. 
energy scale Ejet= Mjj/2

Jets found with kT algorithm, 
longitudinal invariant inclusive 

mode , R=1

ξ = ln(
Ejet

|ptrack|
)

Opening angle around jet axis (θc) 
links tracks to a particular jet 
(only results with θc = 0.23 

considered here )
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Fit Gaussian ± 1 around peak.
For each EJet interval extract the 

peak position. 

Λeff =
EJetsin(θc)

exp(
�

0.87 + 2ξpeak − 0.54)2 @LO

or fit MLLA equation to all 5 
energy points and extract Λeff

MLLA approximation to pQCD is a 
resummation approach where a 

subset of dominant terms in αs are 
used to predict the shape of ξ

Λeff scale cut off independent 
of process considered!

κch - normalisation factor to take into 
account fraction of neutral hadrons - 
independent of process considered

Dijet Photoproduction (γp)
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Characteristic energy 
scale = μ 

Approximately linear 
relationship expected 

between ξpeak and 
ln(μsin(θc))

A linear fit using ZEUS data only produces a result that is consistent with the global fit to all data.

When MLLA theory is used to extract a value for Λeff, the extracted values of Λeff 
using only ZEUS data are not consistent with the global fit

Dijet Photoproduction (γp)
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θc : Opening angle around jet axis. 

Tuesday, 13 July 2010



12

ZEUS

  (GeV)µ
0 10 20 30 40 50 60 70 80 90

  (
M

eV
)

ef
f

150

200

250

300

350

400  = 0.23cp, ZEUS 
/2 = cZEUS ep, 

 = 0.28c, pCDF p
/2 = cOPAL ee, 

/2 = cL3 ee, 

ZEUS

)   (GeV)
c

 sin(µ
1 10 210

  
pe

ak

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 = 0.23
c

p, ZEUS 
/2 = cZEUS ep, 

 = 0.28c, pCDF p
/2 = cTASSO ee, 

/2 = cOPAL ee, 
/2 = 

c
N, µNOMAD 

eff

c
 sin µ

 - c, Y = ln cYY + 2
1 = 

peak
 3 MeV± = 246 effc = 0.29, 

 / dof = 2.202

 

)) + B
c

 sin(µ = A ln(
peak

 0.007±A = 0.682 

 0.019±B = 1.009 

 / dof = 0.772

Extract energy dependence 
of Λeff for data points

ZEUS γp data shows no dependence on μ,  there is a small dependence on θc (not shown)

A weak dependence on μ and on θc is reported for the CDF data. This could explain 
the failure of global fit to to match ZEUS data only fit.

Dijet Photoproduction (γp)

θc : Opening angle around jet axis. 
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Evolution equations

DGLAP CDM (Color Dipole Model) CCFM

DGLAP

transerverse momentum
Strong ordering in

transverse momentum
Random walk in

P

e
CDM = non−DGLAP

   transverse momentum 
Random walk in

CCFM = non−DGLAP

DGLAP model (RAPGAP) Q2
0 ! k2T1 ! · · · ! k2Tn ! Q2

DGLAP works when Q2 is large, but x is not too small

beyond-DGLAP models (random walk in kT )

CDM (Color Dipole Model) (DJANGOH-CDM)
(not evolution equation, but gives BFKL-like final state)
works for small x and Q2 is not large
CCFM (CASCADE) ξ0 < ξ1 < · · · < ξn < Ξ
Valid for both, small and large x
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Data
2006 e+p

L = 88.6 pb-1

Event Selection
5 < Q2 < 100 GeV2

0.05 < y < 0.7

Detecter Track Selection
pT > 0.15 GeV
20° < θ < 155°
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Evolution equations

DGLAP CDM (Color Dipole Model) CCFM

DGLAP

transerverse momentum
Strong ordering in

transverse momentum
Random walk in

P

e
CDM = non−DGLAP

   transverse momentum 
Random walk in

CCFM = non−DGLAP

DGLAP model (RAPGAP) Q2
0 ! k2T1 ! · · · ! k2Tn ! Q2

DGLAP works when Q2 is large, but x is not too small

beyond-DGLAP models (random walk in kT )

CDM (Color Dipole Model) (DJANGOH-CDM)
(not evolution equation, but gives BFKL-like final state)
works for small x and Q2 is not large
CCFM (CASCADE) ξ0 < ξ1 < · · · < ξn < Ξ
Valid for both, small and large x
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DGLAP: Q02 << kT12 << ... << kTn2<< Q2

Strong ordering in kT of emitted partons, 
works when Q2 is large and x not too 
small. Implemented in RAPGAP Monte 

Carlo.

CDM (Colour Dipole Model): Produces 
weak ordering in parton kT emission.

Not evolution equation but gives BFKL 
like final state, works for small x.
Used in DJANGOH Monte Carlo

CCFM : random “walk” in kT of 
emitted partons. Valid for both small 
and large x. Used in the CASCADE 

Monte Carlo.
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Weak ordering in

Measurement made 
in the hadronic 

centre of mass frame

Beyond DGLAP (DIS)
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Djangoh (CDM) describes new data for 
whole pT* spectra.

Rapgap (DGLAP) is below the data 
pT* > 1GeV.

Cascade (CCFM) is systematically 
above the data.

Beyond DGLAP (DIS)

pT* in hadronic centre of mass frame
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 H1 Preliminary 

* > 1 GeV 
T

 p

H1 data (prelim.)
DJANGOH
RAPGAP (ALEPH tuning)
RAPGAP (default hadronisation)
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*
0 1 2 3 4 5 6

 *
d dn  N1  

0

0.5

1

1.5

2

2.5

3
 H1 Preliminary 

* < 1 GeV 
T

 p

H1 data (prelim.)
DJANGOH
RAPGAP (ALEPH tuning)
RAPGAP (default hadronisation)

Charged particles with pT* < 1 GeV

Strong sensitivity to hadronisation parameters.

Weak sensitivity to different parton dynamics.

Charged particles with pT* >1GeV

Weaker sensitivity to hadronisation parameters. 

Stronger sensitivity to different parton dynamics.

Beyond DGLAP (DIS)

η* in hadronic centre of mass frame
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Charged particles with 
pT* > 1 GeV

Rapgap (DGLAP) is below the data for 
most of the phase space. 

Djangoh (CDM) gives a better 
description of the data at low Q2 and 

low x

Beyond DGLAP (DIS)

η* in hadronic centre of mass frame
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Summary

17

• Charged particle spectra have been measured in DIS and 
photoproduction at HERA.

• In general the results are found to support the concept of 
quark fragmentation universality. However, there exists 
significant differences when comparing NLO QCD predictions 
to the data. 

• The observed charge asymmetry is consistent with that 
expected from the valence quarks in the proton. 

• At low x DIS, the CDM model is found to provide a better 
description of parton dynamics indicating that the emission of 
partons is not strongly ordered in kT..
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Backup
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Central Drift Chamber
20° < θ < 165°

 silicon vertex detector
30° < θ < 150°

Central Tracking Detector
15° < θ < 164°

microvertex detector
7° < θ < 150°

Uranium Scintillator Calorimeter
(Electromagnetic and Hadronic)

2.2° < θ < 176.5°

LAr Calorimeter
-1.4 < η < 3.4

SpaCal Calorimeter
153° < θ < 178°

convert to angle!
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Frame of reference

no hard QCD radiation

LA
B

BR
EI

T

Born level

0’th order αs

One jet in Lab frame

No ET , 
No jets in Breit frame!

αs

αs

In the Breit frame, QCD 
radiation generates ET

order αs2, NLO pQCD
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At low Q2 (low xBJ) all 
xp,  asymmetry ~0

As Q2 increases 
asymmetry develops at 

high xp, low xp it 
remains  ~0

Monte Carlo models are 
able to describe the 

magnitude and evolution 
of the asymmetry
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Theory & motivation Physics Analysis Results Summary

The Gaussian fit method

Peak position, ξpeak

Fit Gaussian ±1 around mean.

∀ ξ, independently measure ξpeak.

Λeff = EJet sin(θc)

e
(
√

0.87+2ξpeak−0.54)2
(@ LO)

Measuring Λeff

Only use θc = 0.23 energy points:

Different θc values are correlated;

MLLA looses validity at large θc .

Fit equation to all 5 energy points.

Λeff = 275± 4 (stat.)+4

−8
(syst.) MeV
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Theory & motivation Physics Analysis Results Summary

The MLLA + LPHD fit method

Momentum distribution of partons from a gluon is given by:

D̄lim
g−Jet

�
ln

�
1

xp

�
, Y

�
= 4Cf

b Γ(B)
� π

2

−π
2

e−Bα

�
cosh α+(1−2ζ) sinh α

4Nc
b Y α

sinh α

�B
2

. IB
��

16Nc
b Y α

sinh α [cosh α + (1− 2ζ) sinh α]

�
dτ
π

Valid for: ln

�
1

xp�1

�
≤ ln

�
1

xp

�
≤ ln

�
M2j
2P0

�
P0 = Upper bound

For number of flavours, Nf = 3, and number of colours, Nc = 3

Cf = 9

4
, b = 9, B = 1.247.

IB is the modified Bessel function of order B.

α = α0 + iτ , where α0 is determined by tanh α0 = 2ζ − 1

ζ = 1−
ln

“
1

xp

”

Y and Y = ln

�
EJet sin(θc)

Λeff

�
D̄lim

q−Jet = 1

r D̄lim
g−Jet
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