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Overview

• Quick Introduction to the low x issue. 

• New results from H1.

• Implications for the LHC. 



Standard DGLAP approximation, large Q2:
sums terms ~αslogQ2, strong ordering in kT of 

parton emmision (collinear factorisation).

BFKL evolution equation, low x:
 sums terms ~αslog(1/x), strong ordering in xi, 

no ordering in kT, (kT factorisation).

CCFM equation applicable at all x and Q2:
includes both αslogQ2 and αslog(1/x) terms.
 implements angular ordering resulting from 

QCD interference effects

non DGLAP effects 
expected to produce a 
significat enhancement 

of gluon radiation

Inclusive F2 measurment not 
able to discriminate between 
different QCD approaches. 
Study Hadronic final state.

Parton Evolution



Possibility of non DGLAP 
behaviour of the parton 

evolution at HERA

What does this mean 
for the LHC?

Is our picture correct ?
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QCD approach
evolves with Q 

Low x Domain



DIS and HERA
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Monte Carlos for DIS
MC Models and NLO Calculations
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Rapgap
(dir)

Rapgap 
(dir+res)

Cascade Ariadne

Strong ordering in kt 
of emitted partons

CCFM resumes both 
log(Q2) and log(1/x)

angular ordering

Dipoles radiate 
independently 

as is PYTHIA and HERWIG



NLO QCD Calculations

MC Models and NLO Calculations

NLO calculations using NLOJET++

NLO 2-jet NLO 3-jet

, ..., , ...,

Scales: µr = µf =
“

ET1+ET2
2

”

Scale Uncertainty:
1
2
µr,f < µr,f < 2µr,f changing both scales simultaneously

PDF: CTEQ6M

Hadronization corrections using Cascade
Magnus Hansson, DIS 2006, April 22 Page 5

Scale μr = μf = Q or Et or some similar combination

Scale Uncertainty 1/2 μr,f  < μr,f < 2μr,f ,changing both scales simultaneously

PDF : CTEQ, MRST, H1, ZEUS

Hadronisation correction from Monte Carlo 

NLOJET++, 
DISENT

NLOJET++



Low Q2

H1 Detector & DIS phase space
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!4

Q
2
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E=920 GeVE=27.6 GeV

hadronic section

by the tracking chambers

backwards calorimeter
The scattered positron is detected with the

energies of the jets are measured

and by the liquid argon calorimeter

electromagnetic section

Z

R

Data Sample

• 1999/2000 e+-p data

• L ≈ 44 pb−1 (41000 events)
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event kinematics: use only scattered positron

DIS phase space

10−4 ≤ x ≤ 10−2

5 GeV2 ≤ Q2 ≤ 80 GeV2

Christoph Werner DIS2006 (HFS-6) Tsukuba, April 22nd 2006

Q2=8.7 GeV2xbj = 1.7×10-4

Jets measured by tracking and calorimeters

-1 <  ηjet < 2.8

H1



Forward Jets in DIS
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Forward Jet Production

Test QCD at small x and look for 
parton dynamics beyond DGLAP

Suppress DGLAP (pt, fwd jet2 ~ Q2)
Enhance BFKL (xbj << xjet)

Forward jets = jets away from hard interaction.

DGLAP (ordered kt) - soft parton emissions

BFKL (non-ordered kt) - more (harder) jets



Forward jet selection:
Inclusive kt-algorithm in Breit frame

1.75 < ηjet < 2.8
Pt,jet,lab > 3.5 GeV

xjet = Ejet/Ep > 0.035
0.5 < pt,jet2/Q2 < 5

if Njet>1, choose highest η jet

Forward Jet Production
Kinematic selection:
5 < Q2 < 85 GeV2

0.1 < y < 0.7
0.0001 < xbj < 0.004

1997 data L=13.7 pb-1

Ep=820, Ee=27.6
√s ≈ 300 GeV
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Forward Jet Production

LO << NLO

NLO below data

NLO better here

DISENT LO (αs) and NLO (αs2):
μr2 = pt2

μf2 = <pt,fwdjet2> = 45 GeV2

0.25μr,f2 < μr,f2 < 4μr,f2

(1+δHAD)

large difference between LO and NLO :
scale error underestimated?

Is this really an inclusive cross section? 
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Differences between different updfs.
Harder spectrum 

(only gluon initiated processes?)

CASCADE fails to describe spectrum.RAPGAP direct fails, 
addition of resolved photon 

processes improves description.

CDM prediction also better.

Forward Jet Production



Three Jets in DIS



Three Jet Production
Event Selection — Predictions

jet selection

• objects: calorimeter cluster and tracks
(γ!-p CMS), incl. k⊥ Algorithm

• ≥3 jets with p!
⊥ > 4 GeV

• leading p!
⊥ jets: p!

⊥1 + p!
⊥2 > 9 GeV

• 1 jet in central tracking device

(LO) Monte Carlo (MC) Generators
to determine correction factors

(reweighted to improve agreement with data)

• Color Dipole Model (CDM) (djangoh13)
p⊥ unordered emission of gluons

• DGLAP MC (RG d+r) (RAPGAP),
including resolved γ processes,
gluon emissions ordered in p⊥

(Comparison at hadron level)

fixed order QCD calculation

• NLOjet++ 3-Jet LO (O(α2
s)) and

NLO (O(α3
s)) cross sections

(Comparison at parton level)

Christoph Werner DIS2006 (HFS-6) Tsukuba, April 22nd 2006

 For events with three or more 
jets, at least one jet should 
come from gluon radiation

Should be sensitive to the 
dynamics of gluon radiation

Provides a more testing 
environment to 

compare with theory



Three Jet Production
Kinematic selection:

10-4 ≤ xbj ≤ 10-2

5 ≤ Q2 ≤ 80 GeV2

0.1 < y < 0.7

Three Jet Selection:
Inclusive kt-algorithm in γ*p rest frame

E⊥,jet > 4 GeV

-1 < ηjet,lab < 2.5
Njet ≥ 3

E⊥1 + E⊥2> 9 GeV

one jet in range -1 < ηjet,lab < 1.3

99/2000 data L = 44.2 pb-1

Ep=920, Ee=27.6
√s ≈ 318 GeV



3-Jet cross sections (parton level) (I)

} scale uncertainty

NLO prediction

(variation *2 resp. *.5)

} statistical error

}uncertainty

data point
} stat + uncorr.

+ normalisation uncertainty

    (20%, not shown)

correlated

• CDM (ordered radiation)
describes NJet;
RG d+r (unordered rad.)
below data

• O(α3(2)
s ) max. 4 (3) Jets;

• O(α2
s) → O(α3

s):
systematic improvement in
all regions where deficits are
observed (low xBj, η > 0)
O(α3

s) 18% below data
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Three Jet Production
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Three Jet Production
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3-jet cross section including forward jets (parton level)
2 central jets
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s) improves at low x, η > 1

2 central jets reasonnably described;
main deviation found in 2 forward jets
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Forward jet selection:
ηjet > 1.75, xjet > 0.035

Three Jet Production

Two central jets
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Two forward jets



Three Jet Production
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Three Jet Production

compare shapes:
O(α2), O(α3) x 1.34

Rapgap x 1.74
CDM x 1.08 !
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Two forward jets

3-jet cross sections (parton level) (II)

Observables describing
the topology of

3-jet events

• boost into the 3-jet CMS

1. relative energies:

X ′
i =

Ei

E1 + E2 + E3

2. relative angles:
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→ shape of cross sections described by O(αs)3 ←
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Dijet Azimuthal 
Correlations in DIS



Dijet Azimuthal Correlations
Motivation

DGLAP: Gluon collinear with proton in LO

⇒ Jets back-to-back in HCM

Higher order QCD radiation

⇒ ktg "= 0 and ∆φ∗ < 180◦

Gluon propagators ordered in virtuality

⇒ ktg ordered

Small-x: New dynamics (BFKL, CCFM): ’random walk’ in ktg

⇒ Broader ∆φ∗ spectrum compared to DGLAP

uPDF ⇒ ∆φ∗ < 180◦ already in LO

Azimuthal Decorrelations:

⇒ Sensitive to different parton dynamics

⇒ Sensitive to unintegrated gluon density

Q
2
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Motivation

DGLAP: Gluon collinear with proton in LO

⇒ Jets back-to-back in HCM

Higher order QCD radiation

⇒ ktg "= 0 and ∆φ∗ < 180◦

Gluon propagators ordered in virtuality

⇒ ktg ordered

Small-x: New dynamics (BFKL, CCFM): ’random walk’ in ktg

⇒ Broader ∆φ∗ spectrum compared to DGLAP

uPDF ⇒ ∆φ∗ < 180◦ already in LO

Azimuthal Decorrelations:

⇒ Sensitive to different parton dynamics

⇒ Sensitive to unintegrated gluon density
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DGLAP: 
In LO gluon collinear with proton 

kt,g=0, Jets back-to-back in HCM, Δϕ*=180°
Higher order QCD radiation 

ktg≠0, Δϕ*<180°
Gluon emissions ordered in virtuality

ktg ordered

BFKL, CCFM:
unordered ktg

Broader Δϕ* compared to DGLAP
sensitive to unintegrated (u)PDF

Δϕ* <180° at LO!

Sensitive to different parton dynamics
Sensitive to unitegrated gluon density



Selection

Using 1999/2000 e+p H1 data, L ! 64 pb−1

Higher luminosity and better resolution than previous measurement

(Eur.Phys.J.C33:477-493,2004)

DIS Selection Dijet Selection

5 GeV2 < Q2 < 100 GeV2 −1 < ηj < 2.5 (LAB)

0.1 < y < 0.7 5 GeV< E∗

⊥j (HCM)

Incl. kT -algorithm

The two jets closest in η

to the scattered electron

is chosen as dijet system
!

Magnus Hansson, DIS 2006, April 22 Page 3

Dijet Azimuthal Correlations
Kinematic Selection:
5 < Q2 < 100 GeV2

0.1 < y < 0.7

Dijet Selection:
Inclusive Kt-algorithm

E*⊥jet > 5 GeV

-1 < ηlab < 2.5

99/2000 data L = 64.3 pb-1

Ep=920, Ee=27.6
√s ≈ 318 GeV

Two jets closest in 
η to the scattered 
electron chosen as 

the dijet system



Dijet Azimuthal Correlations
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Infrared sensitivity, no NLO 
for Δϕ* ~ 180°

Normalise to visible cross 
section to reduce scale 
uncertainties (<20%)

NLO 2 jet (αs2) fails 
~ effectively LO 

NLO 3 jet () better
but still systematically 

below data for 
Δϕ* < 160° 
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Dijet Azimuthal Correlations

Similar story at higher xbj!
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Rapgap (direct) describes back-to-back (Δϕ* = 180°) jets

Rapgap (dir+res) and CDM give too many 
back-to-back jets and too few small Δϕ dijets
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Sensitivity to unintegrated gluon density

Cascade J2003 much better than A0 (too hard) 

Cascade + J2003 gives best description of any model



Summary

• O(α3) huge improvement compared to O(α2) predictions.

• Rapgap (direct fails) → ordered gluon radiation.

• Rapgap (direct + resolved) is better but it still fails  → 
ordered gluon radiation.

• In general CDM gives best description of the data (even in 
normalisation) → unordered gluon radiation.

• Cascade expect improvements with new updf fits including 
new data. 

• Non DGLAP dynamics clearly favoured by hadronic final 
state measurements  at low x.



Results in full
• Measurement of Dijet Production at Low Q2 at HERA (H1 Collab., A. Aktas et al., Eur. Phys. J. C37 

(2004) 141-159). hep-ex/0401010

• Inclusive Dijet Production at Low Bjorken-x in Deep Inelastic Scattering (H1 Collab., A. Aktas et al., 
Eur. Phys. J. C33 (2004) 477). hep-ex/0310019

• See also: QCD Analysis of Dijet Production at Low Q2 at HERA (J.Chýla et al., hep-ph/0501065).

• Forward π0 Production and Associated Transverse Energy Flow in Deep-Inelastic Scattering at 
HERA (H1 Collab., A. Aktas et al., Eur. Phys. J. C36 (2004) 441-452). hep-ex/0404009

• See also: B. A. Kniehl, G. Kramer and M. Maniatis, Nucl. Phys. B711, 345 (2005); B720, 231(E) 
(2005). 8. A. and Daleo, D. de Florian and R. Sassot, Phys. Rev. D71, 034013 (2005). 

• Forward Jet Production in Deep Inelastic Scattering at HERA (H1 Collab., A. Aktas et al., Eur. Phys. 
J. C46 (2006) 27-42). hep-ex/0508055

• See also: Forward jet production in deep inelastic ep scattering and low-x parton dynamics at 
HERA (ZEUS Collaboration; S. Chekanov et al. Letters B 632 (2006) 13-26). 

• 3-jet cross sections at low x and Q2 (H1prelim-06-034). DIS06

• Azimuthal correlations in dijet events at low Q2 DIS (H1prelim-06-032). DIS06



Implications for LHC?



• Use best models at HERA for LHC. But....

• Cascade only includes gluon processes. This limits 
present use for LHC. Can compare with like processes 
in Pythia (fg→fg, gg→ff, gg→gg). 

• Unintergrated pdfs need to be better constrained 
(useful results presented here).

• Ariadne missing splitting kernal g→qq (see contribution 
by Leif Lönnblad “ARIADNE at HERA and at the LHC” 
from HERA/LHC workshop proceedings for more 
details).

• Improvements expected, part of HERA/LHC program
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Fig. 1: The transverse momenta of the Higgs boson, pHiggs
T for 3 different shower models for each production

mechanism. The red solid line represents PYTHIA, the dashed green line ARIADNE and the dotted blue line
HERWIG events. The vertical scale gives the number of events per bin, and a total of 105 events have been
generated with each program.

with a mass of 120 GeV, decaying into a tau pair, where one tau decays hadronically and one leptonically.
The reconstruction of the Higgs boson mass and the selection criteria were performed at the level of gen-
erated particles (leptons, hadrons) or, where necessary (missing energy, b-jets), on objects reconstructed
from simplified simulation of the detector response [15].

2.1 Systematics from the choice of parton shower model
As discussed in the introduction, the various parton shower models predict different spectra of the trans-
verse momentum, pHiggs

T , of the produced Higgs boson. This leads to a large variation in the prediction
for the fraction of accepted events. The obvious starting point for the discussion is the Higgs boson trans-
verse momentum spectra in complete physics events 1. In case of the 2→2 and 2→3 processes, the pT of
the Higgs boson arrises predominantly from matrix elements, whereas in the 2→1 events pHiggs

T purely
comes from the parton shower. Therefore, the Higgs transverse momentum spectra differ significantly
for different models of the QCD cascade. Figure 1 shows these spectra for each production mechanism 2.

Clearly, the spectra of the Higgs boson transverse momenta show substantial dependence not only
on the topology of the hard process, but also on the shower model used in the simulation of the event.
The shower model as implemented in PYTHIA includes hard matrix element corrections for inclusive
gluon-gluon fusion, gg → H , hence leading to a harder spectrum compared to the one obtained from the
standard HERWIG shower. In this production mode the shower model from ARIADNE fails because of
the missing splitting kernel for g → qq̄. On the other hand, the ARIADNE model predicts the hardest
spectra for the process bb̄ → H . In this production channel, predictions from PYTHIA and HERWIG

1The AcerMC 2.4 framework [16] with interfaces to PYTHIA 6.2, ARIADNE 4.12 and HERWIG 6.5 was used to generate
events and AcerDET [15] was used to simulate the detector performance.

2The CTEQ5L parton density functions were used in all simulations. It has been checked that both final acceptance of the
signal and the mean Higgs boson transverse momentum is almost independent of the pdf parametrization. Uncertainties below
10% are observed by using CTEQ5L, CTEQ6L, MRST2001 interfaced with LHAPDF [17]).
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The usage of another Monte Carlo program in LHCb is important in order to estimate the un-
certainty on the PYTHIA [3] predictions. In particular, the track multiplicity seen in the detector is an
important factor to take into account, as it affects the performance of the trigger, the tracking and the
B-tagging. But here we will concentrate on another aspect: the study of the QCD evolution itself, prov-
ing that LHCb has the potential to be a natural test bed of QCD in the forward region, complementing
the studies done at present at the Tevatron and the future studies to be made with the central detectors –
ATLAS and CMS – at the LHC. The predictions in the forward region as given by CASCADE are here
compared with that of PYTHIA, the default Monte Carlo generator used in LHCb. This is a “natural”
way to test CCFM versus DGLAP QCD evolution in the region of the phase space where differences are
most likely to show.

In what follows we will compare both predictions for the event kinematics and topology, and the
particle and jet production. We used CASCADE version 1.2009 “out of the box” and PYTHIA 6.227
with the LHCb tune. We used for the comparisons a sub-sample of the QCD processes of PYTHIA, as
CASCADE only includes (unintegrated) gluons. PYTHIA was run with the only sub-processes fg→fg,
gg → ff and gg → gg, and multiple interactions (MI) were also switched off, since they are as yet not
implemented in CASCADE; this version is denoted “PYTHIA gluon” in the plots. Another configuration
named “PYTHIA gluon incl MI” has the multiple interactions switched on, for a cross-check of the
influence of such inclusion. All the plots refer to minimum bias events.

4.1 Event Kinematics
Figure 9 shows the kinematic variables Q2 and Bjorken-x variables x1 and x2 (referring to both LHC
proton beams of energy Ep), using the definitions given below. For PYTHIA the standard definitions
from the PYPARS common block were used:

x1 = PARI(33) x2 = PARI(34);
Q2 = PARI(18),

whereas for CASCADE we set 5:

x1,2 =
(E + |pz|)in. parton 1,2

2Ep
;

5The two incoming partons in the hard interaction are obtained from the variables NIA1 and NIA2, corresponding to the
positions 4 and 6 in the CASCADE event record, whereas the outgoing partons are at positions 7 and 8.

10

Multi-Jet Production and Multi-Scale QCD



Low x SummaryIs our picture correct ?
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Compare with LO and NLO Calculations

• Data show significant increase 

towards low x

• Study effect of higher orders:

- LO predictions [O(!s)] 

- at most 3 jets in final state

- completely fails to describe data

- NLO calculations [up to O(!3
s)]

-  3 or 4 jets in final state

- reasonable description at large x, Q2

- but still too low at small x, Q2
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Figure 9: Ratio S of the number of events with a small azimuthal jet separation (∆φ∗ < 120◦)
between the two highest transverse momentum jets with respect to the total number of inclusive

dijet events, as a function of Bjorken-x and Q2. The data are plotted at the center of each bin and

are shown together with their statistical uncertainties (inner error bars) and their statistical and

systematic uncertainties added in quadrature (outer error bars). The data are compared with LO

and NLO QCD predictions for this observable using the CTEQ6M parton distribution functions.

The theoretical errors are given by the light error band representing the quadratic sum of the

hadronization (dark error band) and renormalization scale uncertainties.
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S =

∫ 2π/3

0
NDijet(∆φ∗, x, Q2)d∆φ∗

∫ π
0

NDijet(∆φ∗, x, Q2)d∆φ∗
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Figure 5: Inclusive dijet cross section for ∆ = 2 GeV averaged over Bjorken-x, Q2 and the

pseudorapidity distance |∆η∗| between the two highest transverse momentum jets as given in

Table 5, compared with NLO dijet QCD predictions using the CTEQ6M parton distribution

functions. The data are plotted at the center of each bin and are shown together with their

statistical uncertainties (inner error bars) and their statistical and systematic uncertainties added

in quadrature (outer error bars). The NLO predictions are corrected for hadronization effects.

The outer light error band includes the quadratic sum of hadronization (dark error band) and

renormalization scale uncertainties on the NLO predictions.
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Triple Differential Dijet Cross Section
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Figure 4: Inclusive dijet cross section for ∆ = 2 GeV averaged over Bjorken-x, Q2 and E∗
T,max

as given in Table 4, compared with NLO dijet QCD predictions using the CTEQ6M parton

distribution functions. The data are plotted at the center of each bin and are shown together with

their statistical uncertainties (inner error bars) and their statistical and systematic uncertainties

added in quadrature (outer error bars). The NLO predictions are corrected for hadronization

effects. The outer light error band includes the quadratic sum of hadronization (dark error

band) and renormalization scale uncertainties on the NLO predictions.
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• Good agreement 

between data and NLO 

QCD prediction

- CTEQ6M as PDF

• Scale uncertainties are 

O(20%) and larger than 

experimental error

E
∗

T,max |∆η
∗

|

Eur. Phys. J. C33 (2004) 477

Luminosity: 21pb-1

5 < Q2 
< 100 GeV2

0.1 < y < 0.7

E*T,1 > 7 GeV

E*T,2 > 5 GeV

-1 < ! < 2.5
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Figure 5: Inclusive dijet cross section for ∆ = 2 GeV averaged over Bjorken-x, Q2 and the

pseudorapidity distance |∆η∗| between the two highest transverse momentum jets as given in

Table 5, compared with NLO dijet QCD predictions using the CTEQ6M parton distribution

functions. The data are plotted at the center of each bin and are shown together with their

statistical uncertainties (inner error bars) and their statistical and systematic uncertainties added

in quadrature (outer error bars). The NLO predictions are corrected for hadronization effects.

The outer light error band includes the quadratic sum of hadronization (dark error band) and

renormalization scale uncertainties on the NLO predictions.
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Figure 4: Inclusive dijet cross section for ∆ = 2 GeV averaged over Bjorken-x, Q2 and E∗
T,max

as given in Table 4, compared with NLO dijet QCD predictions using the CTEQ6M parton

distribution functions. The data are plotted at the center of each bin and are shown together with

their statistical uncertainties (inner error bars) and their statistical and systematic uncertainties

added in quadrature (outer error bars). The NLO predictions are corrected for hadronization

effects. The outer light error band includes the quadratic sum of hadronization (dark error

band) and renormalization scale uncertainties on the NLO predictions.
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• Good agreement 

between data and NLO 

QCD prediction

- CTEQ6M as PDF

• Scale uncertainties are 

O(20%) and larger than 

experimental error

E
∗

T,max |∆η
∗

|

Eur. Phys. J. C33 (2004) 477

Luminosity: 21pb-1

5 < Q2 
< 100 GeV2

0.1 < y < 0.7

E*T,1 > 7 GeV

E*T,2 > 5 GeV

-1 < ! < 2.5
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• Estimate fraction of photon four momen-

tum carried by parton in hard interaction:

- direct part (xjets
! > 0.75) well described

- resolved fraction (xjets
! < 0.75) increases 

at smaller Q2

- data significantly above NLO calculations 

when using direct photon only

- excess decreases with increasing Q2 

• JETVIP including !*

T 
improves description 

but excess for xjets
! < 0.75 remains

Comparison with NLO Calculations
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Figure 2: Triple differential dijet cross section, d3σ2jet/dQ2dE∗
T dxjets

γ , with asymmetric E∗
T

cuts (see text). The inner error bars on the data points show the statistical error, the outer error

bars show the quadratic sum of systematic and statistical errors. Also shown are NLO direct

photon calculations using DISENT (hatched area) and JETVIP (full line), as well as the sum of

NLO direct and NLO resolved photon contributions of JETVIP (dashed line). All calculations

are corrected for hadronisation effects. The inner hatched area illustrates the uncertainty due to

the hadronisation corrections, the outer hatched area shows the quadratic sum of the errors from

hadronisation and the scale uncertainty (shown only for DISENT). The scale factors applied to

the cross sections are given.
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xjets
γ =

∑

j=1,2

(E∗

j − p∗z,j)/
∑

hadrons

(E∗
− p∗z)

x
jets
γ

Phase space of the measurement

e + (27.6 GeV) p (920 GeV)

e (k)
e(k’)

!

x
!

x
p

P(p) P(p’)

g

q

• Q2 – virtuality of γ∗

• y – inelasticity

• E∗
T – transverse energy of the jets

• η∗ – pseudorapidity of the jets

• xγ – fraction of the photon energy

carried into the hard process

H1 (57 pb−1, 1999-2000)

√
s = 318 G e V

2 < Q2 < 80 G e V 2

0.1 < y < 0.85

E ∗
T 1 > 7 G e V

E ∗
T 2 > 5 G e V

−2.5 < η∗
1,2 < 0

longitudinally invariant kt jet algorithm, γ∗p CMS

More details: [hep-ex/0401010]

2

Eur. Phys. J. C37 (2004) 141-159

d3σ2jet/(dQ2 dE∗

T dxjets
γ )
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Comparison with NLOJET++

• NLOJET++ results in 3-jet mode 

significantly closer to data than those 

of 2-jet mode

- have to cut out region x!~1

- no resolved photon

• largest corrections at small x! and Q2 

• remaining gap between data and 

NLOJET++  3-jet  also most 

pronounced for small x! and low Q2

- there is need for further higher order 
QCD corrections
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