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Conclusion
• Reasonable agreement between pQCD 

prediction and data at high Q2 and/or 
high jet Et.

• Great success for QCD!

• Get new job (banking pays well), or

• Think about the errors!

• Look for new types of measurements!



Overview

• Which errors dominate.

• Uncertainty on theory predictions.

• Uncertainty on experimental results.

• Different types of jet analyses.
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H1 inclusive Jets in DIS
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Figure 2.3: Schematic diagram for the production of jets in electron-proton scattering.

Two interaction classes have to be considered. If the real photon couples as a pointlike
particle with a parton of the proton, then it is called direct interaction. But, the
photon may fluctuate into an unbound quark pair (anomalous) or into a vector meson
which carries the quantum numbers of the photon (Vector-Meson-Dominance) and it
then interacts like a hadron with the proton. These are termed resolved photon-proton
interactions.

Interactions with two outgoing partons of large transverse momentum are due to direct
processes, such as γq → gq (QCD-Compton scattering) and γg → qq (photon-gluon
fusion) and due to resolved processes where the photon first splits into a quark pair (or
higher multiplicity fluctuation) and one of the resulting partons subsequently scatters
off a parton in the proton. The calculation of the latter processes can be approximated
by ascribing parton densities to the photon depending on the longitudinal momentum
fraction of the photon taken by the interacting parton with 4-momentum b out of the
photon

ξγ =
P · b
P · q

. (2.9)

In summary the photoproduction of jets in electron-proton scattering is derived using a
factorization into photon-proton scattering, ascribing parton momentum distributions
to the proton (and photon) and calculating — in the direct case — σ̂i,γ , the scattering
of a real photon on a parton i and — in the resolved case — σ̂i,j the scattering of a
parton i with a parton j .

are considered. Asymmetric cuts on the jet’s pt are applied to avoid regions of phase space for

which the NLO calculations are not safe. The leading jet is required to have pt,max > 25GeV
the other jet must have pt,2 > 15GeV. After applying these cuts, summarised in table 1, the
total number of selected events is about 14, 000.

Q2 < 1GeV2

0.1 < y < 0.9
pt,max > 25GeV
pt,2 > 15GeV

−0.5 < ηjet < 2.75

Table 1: Definition of the phase space of the measured dijet cross section

5 Jet Observables

The dijet cross section is studied as a function of the two scaled longitudinal momenta, xγ and

xp from the photon and proton side respectively, and as a function of the angular distribution of

the jets in their centre-of-mass system, cos θ∗ , where

xγ =
1

2yEe
·

2∑

i

pt,i · e−ηi (1)

xp =
1

2Ep
·

2∑

i

pt,i · e+ηi (2)

cos θ∗ = | tanh(η1 − η2)/2| . (3)

Here, Ee and Ep are the energies of the positron and proton beams, respectively, pt,i is the

transverse momentum of jet i and ηi its pseudorapidity.

6 Data Correction

The data are corrected for detector effects (acceptance, resolution and efficiencies) obtained

from Monte Carlo simulations. The correction factors are calculated from the ratio of the cross

sections with jets reconstructed from hadrons (hadron level) and from detector objects (detector

level). The correction was done using a bin-by-bin method. The bin sizes used in the cross

section measurements are matched to the resolution and generally result in high (> 60%) ac-
ceptance4 and purity5 (the minimum accepted for any bin is 30%). Both HERWIG and PYTHIA
produce similar correction factors and a mean correction factor is used. The uncertainty in the

correction factor is taken as half the difference between HERWIG and PYTHIA.

4The acceptance is defined as the fraction of events generated in a bin that were reconstructed in that bin after

detector effects are taken into account.
5The purity is defined as the fraction of events reconstructed in that bin in which they were generated.
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Dominating Errors

MISSED POTENTIAL!

Conclusion and Perspectives

•αS measurements from HERA are

...mutually consistent

... all consistent with world average

... competitive

• theory uncertainty > exp. error
(! for combined αS )

•dominating theor. uncertainty:
renormalization scale dependence
⇒ NNLO jet calculations needed

•dominating exp. uncertainty:
hadronic energy scale (jet E)
→ room for improvement with HERA2 data

th. uncert.

exp. uncert.

 World average
 (S. Bethke, hep-ex/0407021)

 HERA average
 (hep-ex/0506035)

 Dijet cross sections in NC DIS
 ZEUS (Phys Lett B 507 (2001) 70)

 Inclusive jet cross sections in NC DIS
 ZEUS (Phys Lett B 547 (2002) 164)

 Inclusive jet cross sections in NC DIS
 H1 (Eur Phys J C 19 (2001) 289)

 NLO QCD fit
 ZEUS (Phys Rev D 67 (2003) 012007)

 NLO QCD fit
 ZEUS (DESY 05-050 - hep-ex/0503274)

 NLO QCD fit
 H1 (Eur Phys J C 21 (2001) 33)

 Subjet multiplicity in NC DIS
 ZEUS (Phys Lett B 558 (2003) 41)

 Subjet multiplicity in CC DIS
 ZEUS (Eur Phys Jour C 31 (2003) 149)

 Inclusive jet cross sections in !p
 ZEUS (Phys Lett B 560 (2003) 7)

 Jet shapes in NC DIS
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 Multi-jets in NC DIS
 ZEUS (DESY 05-019 - hep-ex/0502007)
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αs

Summary of αS Measurements with Jets at HERA

•accurate measurements of αS

from jet production at HERA:
! increased statistics (full HERA-1)

! exp.syst. errors improved

• consistent measurements
between H1 and ZEUS
! combined fits (cf. C. Glasman, DIS2005)

! conservative analysis of error correlation

•HERA average: (ZEUS & H1)

αS(mZ) = 0.1186± 0.0011(exp.)± 0.0050(th.)

th. uncert.

exp. uncert.
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If we can reduce by 
factor 3 our theoretical 
error on αs we get most 
accurate measurement 



1. PDF uncertainty.

2. Scale uncertainty.

3. Uncertainty on the hadronistaion 
correction.

Ingredients to Theory Error
Jet Production Cross-Sections in perturbative QCD

• jet cross-sections calculated in perturbative QCD at fixed order of αS :

σjet =
∑

i=q,q̄,g

∫
dx fi(x, µF,αS )σ̂QCD(x, µF, µR,αS (µR)) · (1 + δhad)

•measure strong coupling through αS dependence of σjet

• truncated pertubation series ⇒ explicit µR dependence

• choice of jet-observables, kinematic region, etc. where pQCD most predictive
⇒ low k-factors (NLO/LO), low µR dependence

•possible choices of µR and µF : Q,ET, f(Q,ET)
assess theoretical uncertainty due to missing higher orders through µR-dependence
of σjet and measured αS by varying µR → convention: µR ↗ 2µR and µR ↘ 0.5µR

•pQCD calculation programs → implementation of user jet algorihm
! DISENT: 2+1 jets NLO (α2

S )

! NLOJET++: 3+1 jets NLO(α3
S )

A. Specka (Ecole Polytechnique, France) HEP2005, Lisboa, 22.07.05 4



Scale Uncertainty

μR = Renormalisation scale

μF = Factorisation scale

 Possible choices of μR and μF : Q, ET, f (Q, ET) 
assess theoretical uncertainty due to missing higher 

orders through μR dependence of  σjet and measured 
αs by varying μR (and μF together)

 convention : μR ↑ 2μR and μR ↓ 0.5μR



Scale Uncertainty

μR = Renormalisation scale

μF = Factorisation scale

 Possible choices of μR and μF : Q, ET, f (Q, ET) 
assess theoretical uncertainty due to missing higher 

orders through μR dependence of  σjet and measured 
αs by varying μR (and μF together)

 convention : μR ↑ 2μR and μR ↓ 0.5μR

whose ?



Scale Uncertainty

analysis ZEUS H1

inclusive 
jets ± 5% ± 5%

multijets
(σdijet)

± 10% ± 2 -10%

γp dijets ±10 - 20% ± 3 - 30%



Scale Uncertainty
Reduce Scale uncertainty by going where pQCD is 

most predictive; High Q and high ET



Scale Uncertainty
Reduce Scale uncertainty by going where pQCD is 

most predictive; High Q and high ET

Chose values 
of μR and μF 

which gives 
best 

description + 
smallest scale 
uncertainty 

(Q and or ET).

analysis ZEUS H1

inclusive 
jets μR=ET,μF=Q μR=ET,μF=Q

multijets μR=μF=
(<ET2>+Q2)/4 μR=μF=Q

γp dijets μR=μF=ET/2 μR=μF=ET/2
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Scale Uncertainty

 low k-factors (NLO/LO), 
low μR dependence

 k-factors represent the size of the NLO correction 
to the born level



122 Variation of the cut on ET,second
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Figure C.1: The ep cross section for dijet production (Q2 < 1GeV2) as a function of the cut
on the ET of the second jet ET,secondcut. The data is corrected for hadronization effects. The
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Scale Uncertainty

The smaller space 
between jet 1 and 2 
the smaller the scale 

uncertainty

The smaller the 
space between jets 

1 and 2 the less 
sensitivity to NLO

S.Caron



Scale Uncertainty

If the scale uncertainty is there as an 
estimate of how higher orders will affect 

the predicted cross section, why not 
calculate higher orders? 

NNLO for jet cross sections?
(they exist for inclusive measurements)



 

C.f. Brodksy at PHOTON’05: the nf dependence 
sets the renormalisation scale at NLO !

S. Brodsky’s: no ambiguity for the renormalisation scale ! 
(ambiguity due to the choice of the factorisation scale remains) 

Also results is 
renormalisation 

scheme 
independence

Scale Uncertainties



Hadronisation Uncertainty
Apply hadronisation 

correction (δhad) to parton 
level predictions to be able 

to compare with data 
(which is at the hadron level)

Only have 
hadronisation for
Leading Order 
Matrix Element 
Monte Carlos

Assumption  
LO ME + Parton cascade = NLO

Effect of hdronisation on MC taken as δhad



Hadronisation Uncertainty

ME + Parton cascade + hadronisation

✚

✚

✚

difficult to use

PS

CDM

Lund stringRAPGAP

Django
HERWIG or PYTHIA for γp 

Cluster

Typically take mean of  two models as δhad 
and 1/2 difference as uncertainty



Hadronisation Uncertainty
Hadronisation

* Dijets * Trijets

Corrections
jets.

Q2 (GeV2) Q2 (GeV2)

P.Prideaux
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Hadronisation Uncertainty

analysis ZEUS H1

inclusive 
jets ±3%

multijets
(σdijet)

± 6% ±2%

γp dijets ± 2 - 3%



Hadronisation Uncertainty
• Take more combinations to estimate 

error (cluster model in RAPGAP!)

• MC@NLO provides “TRUE” NLO 
parton level + hadronisation 

• Correct data to parton level ?

• No need to provide δhad  to theorists. 

• Uncertainty counted only once, but

• Model dependence in data?



Hadronisation Uncertainty
Ratio Django / Rapgap
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PDF Uncertainty 

Test NLO pQCD “Improve” PDF’s

Small PDF uncertainty Maximise PDF uncertainty



PDF Uncertainty 

Test NLO pQCD “Improve” PDF’s

Small PDF uncertainty Maximise PDF uncertainty

Incompatible aims?



Experimental Errors

• Statistical errors. 

• Measurement error of scattered electron 
(if you do a boost).

• Hadronic energy scale uncertainty.

• Model uncertainty.

• + Luminosity, trigger (small)



Statistical Errors
Future Plans for HERA 2
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Statistical Errors
INTEGRATED   LUMINOSITY (29.09.05)

HERAII has delivered 
promised Luminosity

Expect to have x10 Lumi 
available for analysis 
compared to 2000!

 statistical errors will be 
~1/3 of previous analysis



Electron Reconstruction

hep-ex/0206036
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Electron Reconstruction

analysis ZEUS
δσjet

H1
δσjet

inclusive 
jets 1.0%→< 1% 0.7-3.0%→

multijets 1.0%→ 0.7-3.0%→ 
1.5%

γp dijets 0 0 



Electron Reconstruction

analysis ZEUS
δσjet

H1
δσjet

inclusive 
jets 1.0%→< 1% 0.7-3.0%→

multijets 1.0%→ 0.7-3.0%→ 
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Hadronic Energy Scale
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ZEUS
ET,jet > 10 GeV → ± 1%, 
ET,jet < 10 GeV → ± 3%

Pt balance between jet 
and scattered electron



Hadronic Energy Scale
3.2 Data Selection 49
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Figure 3.14: Mean ET jet-jet balance distribution for data, PYTHIA and HERWIG as a function
of ET,max (a) and as a function of ηjet1 (c). Figure (b) shows the ratio of the ET jet-jet balance
of the data to the Monte Carlo generator prediction (MC) as a function of ET,max and Figure (d)
as a function of of ηjet1. The final calibration is used. The lines correspond to a ±2 % and ±3 %
uncertainty. The error bars denote the error of the mean values.

jet - jet balance in 
dijet photoproduction

Cross check of 
Hadronic calibration 
made with DIS events

H1 
ET,jet > 5 GeV → 2%

Thesis S.Caron



Hadronic Energy Scale

analysis ZEUS
δσjet

H1
δσjet

inclusive 
jets

1.0%(3% Et<10)
→5% 2%→5%

multijets 1.0%(3% Et<10)
→6% 2%→5%

γp dijets 1%→ 5% 1.5%→10% 
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Model Uncertainty

See discussion on Hadronisation  Correction



Model Uncertainty

analysis ZEUS H1

inclusive 
jets ±7%

multijets
(σdijet)

± 2% ± 1% after 
reweighting

γp dijets ±4% ± 2 - 5%

Difference 
between using 

PS vs CDM

or HERWIG 
and PYTHIA



Alternative analyses
Sub jet distributions in inclusive-jet 

production in deep inelastic scattering at 
HERA (EPS 384)

Study of interjet energy flow at HERA 
(EPS 380)

Substructure dependence of jet cross 
sections at HERA and determination of αs

(DESY-04-072)

Angular correlation's in three-jet production 
in deep inelastic scattering at HERA

(EPS 383)

ZE
U

S 
an

al
ys

es



σep→3jets = C2FσA + CFCAσB+CFTFσC + TFCAσD

XXXV ISMD 2005 – August 12th, Kroměřı́ž

!"# $%& '()*+, #-#'#.)

• At tree level, the three-jet cross section can be expressed as

σep→3jets = C2
FσA + CFCAσB + CFTFσC + TFCAσD

• SU (N): CF = (N 2 − 1)/2N , CA = N , TF = 1/2

• The qqg and ggg couplings have different spin structures Angular correlations in three jet

production sensitive to the underlying gauge structure of the QCD matrix elements.

• Kinematic region, (98-00 data - 920 GeV protons)
Q2 > 125GeV

Ejet1
T > 8GeV, Ejet2,3

T > 5GeV − 2 < ηjet < 1.5

QCD - SU(3) contributions (CTEQ6M1 PDF’s),

σA : 23%, σB : 13%, σC : 39%, σD : 25%

M.Sutton – Jet production in DIS at HERA 16

ZEUS 3Jet Correlations

SU(N): CF=(N2-1)/2N, CA=N, TF=1/2

(LO)

(NA)

The qqg and ggg couplings have different spin structures 
Angular correlations in three jet production sensitive to 

the underlying gauge structure of QCD matrix elements. 



ZEUS 3Jet CorrelationsXXXV ISMD 2005 – August 12th, Kroměřı́ž
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θH: the angle between plane 
containing the beamline and 
highest ET jet and the plane 

containing the second and third 
highest ET jets.

ηmax:Pseudo-rapidity in the Breit frame of the most forward of the 
three highest ET jets.

α23: the angle between the second and third highest ET jets. 
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ZEUS 3Jet Correlations

Q2>125 GeV,
 ET,jet1 > 8GeV, ET,jet 2,3 > 5 GeV, 

-2 < ηjet < 1.5

~82 pb-1 = 1,015 events!

SU(3) contribution
σA=23%,
 σB=13%,
 σC=39%, 
σD=25%

XXXV ISMD 2005 – August 12th, Kroměřı́ž
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ZEUS Subjet Distributions

Inclusive Jets with,
Q2>125 GeV2 , ET>14 GeV

Go to region where jet structure 
can be calculated perturbatively.

Then study QCD radiation 
patterns and jet structure

Analysis performed in lab frame where 
calculations can be made at NLO for 

jets consisting of up to 3 partons



ZEUS Subjet Distributions
Rerun KT jet finder over particles of found jet using a 

distance measure to define subjets 
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sample consists of jets that 
have two sublets for ycut=0.05dcut = ycut.(ET,jet)2



ZEUS Subjet Distributions
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Basically tested variables 
ETsub/ETjet, ηsub-ηjet, |Φsub-
Φjet| orientation of 

subjets in η-Φ space with 
respect to proton beam.  

All distributions are 
reasonably described 

by NLO QCD



ZEUS Subjet Distributions
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NLO predicts the 
relative contribution 

of quark (gluon) 
induced processes is 

82% (18%)

data are best described by 
calculations for subjets 
coming from qg pairs
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Conclusion
• Reasonable agreement between pQCD 

prediction and data at high Q2 and/or 
high jet Et.

• Plenty of room for improvement in 
theoretical predictions.

• Plenty of room for improvement in 
Experimental results.

• This has to be done for HERAII 


