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physics at low/medium Q2:
-  what is this talk about? 
-  jets, dijets, forward jets
- forward π0

-  charm jets
-  charm meson production
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Introduction

·What this talk is not about:

·Measurements of hard processes in photoproduction or at high Q2 at HERA and their 
comparison with NLO QCD calculations were already covered, for example in talks on jets by 
Bussey, Jimenez, Brownson, and on heavy flavours by Loizides and Boenig, ...

·Conclusions have been: 

·NLO calculations provide reasonable description of the data

·improvements may come from:

·fitting PDFs of the photon using the high jet ET data

·also better understanding of multi-parton interactions at low jet ET  
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Introduction

·What this talk is (should be) about: 

·do NLO calculations of DIS require resolved γ* contributions in NLO, i.e. beyond what is 
already included in LO via perturbative photon splitting to describe DIS data?

·look at the transition region from DIS to photoproduction, i.e.  few GeV2 < Q2 < 100 GeV2, 
where Q2   is still a hard scale

·to probe the photon structure we require another  hard scale, e.g. jet or particle ET
2 >> Q2 

·at HERA we have data with  ET
2 ≈ Q2, but also with  ET

2 >> Q2

·unfortunately, low Q2 at HERA implies more or less also low x (or large ln 1/x) and therefore 
sensitivity to other possible effects:

·BFKL/CCFM, colour dipole model, cgc, modifying in one way or another the gluon 
evolution at low x and leading to effects not described by NLO calcs. in standard collinear 
factorisation with DGLAP evolution

3

☞   If data are not described by NLO QCD (without photon 
PDFs),  there are many options of what might be missing 

besides the virtual photon structure
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Introduction

·σ j j  ∝  fγ* /e(y,Q 2)  ⊗  f i /γ*(xγ,μR,μFγ*)  ⊗  f j /p(x p,μFp)  ⊗  σ i j (xγ,x p,μR)

·fi/γ*(xγ,μR,μFγ*) = fi/γ*
pert + fi/γ*

non-pert

·simplicity  lets us typically set all scales equal to μ2 = ET
2 or ET

2+Q2  

·xγ = (ET,1 e-η1 + ET,2 e-η2) / 2yEe  or xγ = ∑1,2 (E - Pz) / ∑had (E-Pz);  ΔΦ = Φ1-Φ2 
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MC tools for “DIS”

·MEPJET1, DISENT2, DISASTER++3, NLOJET++4   for dijet production at NLO

·NLOJET++ for trijet production at NLO

·JETVIP5 for dijet production at NLO; it is based on the phase space slicing method.  This MC 
simulates direct processes for dijets in NLO (like e.g. DISENT) and it allows to include resolved 
processes at NLO, using PDFs of the virtual photon,  BUT

·the main author Björn Pötter has left HEP some years ago

·for directs processes: disagreement with other programs (in some regions of phase space for 
distributions differential in jet variables) 

·for resolved processes: problem with the stability of NLO resolved (slicing parameter yc)

·☛ difficult to draw quantitative conclusion

·Program by Fontannaz et al. for forward hadron (π0) production, including direct and resolved 
processes at NLO

·all other NLO calculations contain a perturbative resolved contrib. in LO only

5

1 Mirkes, Zeppenfeld; 2 Seymour, Catani; 3 Graudenz; 
4 Nagy , Trocsany; 5 Pötter, Klasen, Kramer
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Inclusive jets: 5 < Q2 < 100 GeV2, 0.2 < y < 0.7
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H1 Inclusive Jet Cross Sections d2σ
dQ2dET
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·H1 preliminary result 

·43.5 pb-1

·jets: incl. kt algo in 
Breit frame 

· ET > 5 GeV

·-1 < ηlab < 2.5

·NLOJET++

·CTEQ6.1M

·μR
2 = ET

2,  μF
2 = Q2

·corr. for had. effects

·NLO QCD describes data 
for Q2 > 10 to 20 GeV2 & jet 
ET > 10 GeV

·large scale uncertainties, 
perhaps underestimated ?

·room for higher orders or 
resolved contrib. at low Q2



   Günter Grindhammer     PHOTON 2007                                                                                                                                                                              

Dijets & trijets: 10 < Q2 < 100 GeV2, 0.1 < y < 0.6

·ZEUS, DESY-07-062, arXiv:0705.1931 

·82 pb-1

·jets: incl. kt algo in HCM frame 

· ET1 (ET2,3) > 7 (5) GeV

·-1 < ηlab < 2.5

·NLOJET++:  O(αs
2) & O(αs

3)

·CTEQ6M

·μf
2 = μr

2 = (Q2+< ET>2) / 4

·correct for had. effects

7

☛ dσ/dQ2 & dσ/dxBj for dijets 
and trijets well described by 
NLO QCD for Q2 ≥ 10 GeV2 ,  
xBJ ≥ 1.7 10-4 

 
☛ no need for  resolved 
contributions beyond pert. LO
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Dijets: 0 ≤ Q2 < 2000 GeV2, 0.2 < y < 0.55

·ZEUS EPJC 35, 487, 2004   (38.6 pb-1)

·jets: incl. kt algo in the γ*p-frame

·ET1 (ET2) > 7.5 (6.5) GeV

·-3 < η*1,2 < 0

·σ(xγ < 0.75) / σ(xγ > 0.75) vs. Q2 and 
for three regions in mean jet ET

2 

·NLO calculations:

·FMNR, μ2 = ET
2, CTEQ5M1 & GRV or 

AFG 

·DISASTER++, μ2 = Q2 + ET
2, CTEQ5M1

·photoprod. reasonably well described

·DIS: NLO QCD below the data

·with μ2 = Q2  as scale in DIS, the theory 
uncertainty  increases significantly

·previous new result, with smaller scale μ2, 
agrees with data !?!
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Dijets: 2 ≤ Q2 < 80 GeV2, 0.1 < y < 0.85

·H1 EPJ C37, 141, 2004  (57pb-1)

·jets: incl. kt algo in the γ*p-frame

·ET1 (ET2) > 7 (5) GeV

·-2.5 < η1,2 < 0

·DISENT: μr
2 = ET1

2, μf = 9 GeV, CTEQ6M

·JETVIP: μr
2 = μf

2 = ET1
2, CTEQ6M, SAS1D

·for DISENT hadronisation and scale 
uncertainty are shown

·xγ > 0.75 reasonably well described by 
direct NLO calculations

·xγ < 0.75 data not well described, 
particularly at small xγ, low Q2 and jet ET

·JETVIP dir ≠ DISENT; both are LO calc. 
for  xγ < 1

·JETVIP dir+res still below the data for 
small xγ
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NLOJET++: dijets at NLO & trijets at NLO

·point-like part of the photon structure provides an 
approximate method for including higher order direct 
contributions

·xγ  < 1 is populated by events with at least three jets (at 
parton level), for programs like DISENT, JETVIP dir this is LO 
only; with NLOJET++ can calculate at NLO

10

3-jets at 
LO

3-jets at 
NLO

point-like part of the photon structure
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Dijets: 2 ≤ Q2 < 80 GeV2, 0.1 < y < 0.85

·H1 data as on previous page  &  
J.Chyla et al., EPJ C40, 469, 2005  
(NLOJET++ predictions)

·good agreement for 2-jets at NLO, 
i.e.  DISENT = NLOJET++

·best description of data for 3-jets at 
NLO using NLOJET++  (k-factor≈2 
at lowest xγ and Q2 bin !)

·remaining difference, mainly at low 
xγ and Q2, indicate need for still 
higher orders or resummation as in 
case of photon structure 

·what are the scale uncertainties for 
NLOJET++ (3-jets) ?

·need reliable full NLO calculation of 
resolved contribution

11
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Dijets: 2 ≤ Q2 < 80 GeV2, 0.1 < y < 0.85

·same dijet data as on previous page

·best description of these data by 
HERWIG, LO+PS and with a virtual 
photon structure for transverse and 
longitudinal photons (calc. by 
J.Chyla)

12

a small aside on LO+PS MC:
a comparison with HERWIG



   Günter Grindhammer     PHOTON 2007                                                                                                                                                                              

Forward jets in DIS: 5 < Q2 < 85 GeV2, 0.1 < y < 0.7

· in DGLAP the strong ordering in virtuality 
gives softest pt gluon closest to proton

· suppress DGLAP: p2
T,jet ∼〜～ Q2

· in BFKL the gluon pT close to the proton 
can be hard; strong ordering occurs in x

· enhance BFKL: xjet >> xBj 

· fwd jet (incl. kT in Breit frame) & cuts in 
HERA frame

· 7° (2.79) < θjet (ηjet) < 20° (1.74)

· pT,jet > 3.5 GeV

· xjet = Ejet/Ep > 0.035

· enhance resolved contributions → large   
r = pT,jet

2/Q2 

13

xBj

evolution 
from large

forward jet

x = E
jet

jet
Ep

Bj (small)x

to small x

(large)
p

e e’

!

H1 Collab., Eur. Phys. J. C 46 (2006) 27
[arXiv:hep-ex/0508055]
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dσ/dxBj for events with large r = pT,jet
2/Q2

· NLO significantly below data for low xBj

· LO << NLO, fwd-jets in LO suppressed 
by kinematics → NLO ≈ LO for fwdjets

· bands includes scale (1/4 & 4 μ2 = 
pT,jet

2) and PDF uncertainty; using Q2 as 
scale the prediction increases by 35% 
at low xBj and Q2 and the uncertainty 
increases

· RAPGAP direct fails, direct+resolved 
and CDM give good description of data 
except at lowest xBj 

14
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Fig. 4. The hadron level triple differ-
ential cross section for forward jet pro-
duction as a function of xBj , in bins
of Q2 (GeV2) and p2

t,jet (GeV2). The
data are compared to the prediction of
NLO (full line) and LO (dashed line)
calculations from DISENT. Both cal-
culations are corrected for hadronisa-
tion effects. The band around the data
points illustrates the error due to the
uncertainties in the calorimetric energy
scales. The inner error bars show the
statistical errors. The outer error bars
represent the statistical errors added in
quadrature to the systematic uncertain-
ties not already included in the error
band. The band around the NLO cal-
culations illustrates the theoretical un-
certainties in the calculations. In each
bin the range in and the average value
of r = p2

t,jet/Q2 is shown

The cross sections for events containing a di-jet system
in addition to the forward jet are presented as a function
of ∆η2 in Figs. 8–10 for all ‘2+forward jet’ events , and
for the requirements ∆η1 < 1 and ∆η1 > 1, respectively.

The measured cross sections are given in Table 4. For the
∆η1 < 1 region the cross section falls at low ∆η2 since the
phase space becomes smaller when the 3 jets are forced to
be close together. Figure 8 gives a comparison of data to

Table 4. ‘2+forward jet’ cross sections in bins of ∆η2 for all ∆η1, ∆η1 < 1 and ∆η1 > 1. The
statistical error (∆Stat), the error from the uncertainty of the calorimetric energy scales (∆Syst1)
and from the other systematic errors (∆Syst2) are specified. The correction factors (1 + δHAD) for
the hadronisation effects are also given

∆η1 ∆η2 dσ/d∆η2 (pb) ∆Stat (pb) ∆Syst1 (pb) ∆Syst2 (pb) Had. corr. factor
0.0–0.6 40.6 ±2.7 +4.8

−4.4
+2.1
−2.2 0.72

All ∆η1 0.6–1.4 37.9 ±2.2 +4.3
−4.4

+2.2
−2.2 0.60

1.4–3.0 11.6 ±1.0 +2.0
−1.5

+0.2
−0.2 0.55

0.0–0.6 12.7 ±1.3 +1.5
−1.3

+0.3
−0.4 0.74

∆η1 < 1 0.6–1.4 18.8 ±1.5 +1.4
−1.9

+0.4
−0.4 0.61

1.4–3.0 9.3 ±0.9 +1.6
−1.0

+0.3
−0.3 0.59

0.0–0.6 27.9 ±2.4 +3.2
−3.0

+2.1
−2.1 0.71

∆η1 > 1 0.6–1.4 19.0 ±1.7 +3.0
−2.6

+1.8
−1.9 0.60

1.4–2.5 3.4 ±0.6 +0.5
−0.6

+0.5
−0.5 0.50
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Fig. 6. The hadron level triple differ-
ential cross section for forward jet pro-
duction as a function of xBj , in bins
of Q2 (GeV2) and p2

t,jet (GeV2). The
data are compared to the prediction of
RAPGAP DIR, RAPGAP DIR+RES
and CDM. The band around the data
points illustrates the error due to the
uncertainties in the calorimetric energy
scales. The inner error bars show the
statistical errors. The outer error bars
represent the statistical errors added in
quadrature to the systematic uncertain-
ties not already included in the error
band. In each bin the range in and the
average value of r = p2

t,jet/Q2 is shown

ons produces a jet that fulfills the transverse momentum
requirement applied in this analysis.

For the ‘2+forward jet’ sample CCFM is not describing
well the shape of the η-distributions (Fig. 9a, b and c).

As explained above, evolution with strong kt-ordering
is disfavoured in this study. Radiation that is non-ordered
in kt may occur at different locations along the evolution
chain, depending on the values of ∆η1 and ∆η2. As can
be seen from Fig. 10, the colour dipole model gives good
agreement in all cases, whereas the DGLAP models give
cross sections that are too low except when both ∆η1 and
∆η2 are large. For this last topology all models and the
NLO calculation agree with the data, indicating that the
available phase space is exhausted and that little freedom
is left for dynamical variations.

If one or both jets from the di-jet system are pro-
duced by gluon radiation, which, intuitively, is increas-
ingly probable the more forward these jets go, it necessar-
ily means that the kt ordering is broken. In this context it
is noteworthy that CDM provides the best description of
the data while the other models, including the DGLAP-
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Fig. 7. A schematic diagram of an event giving a forward jet
and two additional hard jets. These may stem from the quarks
(q1 and q2) in the hard scattering vertex or from gluons in
the parton ladder. xg is the longitudinal momentum fraction
carried by the gluon, connecting to the hard di-jet system (in
this case q1 and q2)
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Table 2. Single differential forward jet cross sections in bins of xBj . The statistical error
(∆Stat), the error from the uncertainty of the calorimetric energy scales (∆Syst1) and from
the other systematic errors (∆Syst2) are specified. The correction factors (1 + δHAD) for the
hadronisation effects are also given

xBj dσ/dxBj (nb) ∆Stat (nb) ∆Syst1 (nb) ∆Syst2 (nb) Had. corr. factor
0.0001-0.0005 925 ± 17 +110

−100
+77
−77 0.87

0.0005-0.001 541 ± 12 +54
−55

+23
−24 0.96

0.001-0.0015 264 ± 8 +30
−28

+11
−11 0.97

0.0015-0.002 153 ± 6 +19
−16

+8
−8 1.03

0.002-0.003 74.5 ± 3.0 +10.7
−8.0

+1.9
−1.8 1.06

0.003-0.004 36.7 ± 2.0 +2.1
−5.7

+2.4
−2.4 1.04

systematic errors due to the energy scale uncertainty of
the calorimeters (∆Syst1) are shown separately as bands
around the data points, whereas the other systematic er-
rors (∆Syst2) are included in the error bars together with
the statistical errors. The errors are given separately in
the tables.

6 Results

6.1 Single differential cross section

The measurement of the single differential forward jet
cross section is presented at the hadron level in the phase
space region defined in Sect. 4. The phase space for
DGLAP evolution is suppressed by the additional require-
ment 0.5 < p2

t,jet/Q2 < 5 as discussed in Sect. 4.
The measured single differential forward jet cross sec-

tions are listed in Table 2. In Fig. 3a they are compared
with LO (αs) and NLO (α2

s) calculations from DISENT.
The calculations are multiplied by (1 + δHAD) to correct
to the hadron level. The uncertainty from the factorisa-
tion and renormalisation scales, and the uncertainty in the

PDF parametrisation, are added in quadrature to give the
total theoretical error, which is shown as a band around
the histogram presenting the theoretical prediction. In
Fig. 3b and c the data are compared to the various QCD
based models.

In Fig. 3a it can be observed that, at small xBj , the
NLO di-jet calculations from DISENT are significantly
larger than the LO contribution. This reflects the fact that
the contribution from forward jets in the LO scenario is
suppressed by kinematics. For small xBj the NLO contri-
bution is an order of magnitude larger than the LO contri-
bution. The NLO contribution opens up the phase space
for forward jets and improves the description of the data
considerably. However, the NLO di-jet predictions are still
a factor of 2 below the data at low xBj , which is an indi-
cation that still higher order corrections in αS are needed.
If the renormalisation and factorisation scales are set to
Q2 instead of p2

t , the NLO prediction increases by about
35% at low xBj but the scale uncertainties are significantly
larger (not shown). The somewhat improved agreement at
higher xBj can be understood from the fact that the range
in the longitudinal momentum fraction which is available
for higher order emissions decreases.
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Fig. 3. The hadron level cross section for forward jet production as a function of xBj compared to NLO predictions from
DISENT (a) and to QCD Monte Carlo models (b and c). The shaded band around the data points shows the error from the
uncertainties in the calorimetric energy scales. The inner error bars show the statistical errors. The outer error bars represent
the statistical errors added in quadrature to the systematic uncertainties not already included in the error band. The hatched
band around the NLO calculations illustrates the theoretical uncertainties in the calculations, estimated as described in the
text. The dashed line in a shows the LO contribution
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Fig. 3. The hadron level cross section for forward jet production as a function of xBj compared to NLO predictions from
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band around the NLO calculations illustrates the theoretical uncertainties in the calculations, estimated as described in the
text. The dashed line in a shows the LO contribution

see paper for more
-  triple diff. x-sections (xBj, Q2, pT,jet)

-  x-sections for events with additional dijets
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dσ/dxBj for events with a forward π0 

·H1: EPJ C 36, 441 (2004); 21pb-1

·4.5 (2) < Q2 < 15 (70) GeV2

·0.1 < y < 0.6

·5° < θπ < 25°

·xπ > 0.1

·E*T,π > 2.5 GeV

·NLO calc. by Fontannaz

·includes virtual photon struct. in NLO

·CTEQ6M, γ* PDF also by Fontannaz

·all scales = μ2 = E*T,π2 + Q2

·Kniehl, Kramer, Pötter frag. function

15

NLO from Aurenche et al.,  EPJ C 42, 43 (2005)

☛   good description of the data
☛   all corrections LO dir to NLO dir , 

LO resolved to NLO resolved are 
large (at least for the chosen scale)

DIScoPHOX ?H1 data
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dσ/dxBj for events with a fwd π0 : scale dep.

·μ2 = 0.5 (E*T,π2 + Q2)

·μ2 = E*T,π2 + Q2

·μ2 = 2( E*T,π2 + Q2)

·☛ large scale 
dependence; see 
detailed study in 
theory paper

16

NLO from Aurenche et al.,  
EPJ C 42, 43 (2005)

H1 data



   Günter Grindhammer     PHOTON 2007                                                                                                                                                                              

Fwd-jet: more differential distributions 

·would be interesting to have 
these data & data on fwd-jet + 
dijets compared to the NLO calc. 
by Fontannaz !

·remember r = pT,jet
2/Q2  

·large r  → resolved region

17
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D*±, D meson  &  D*±  + jet production
·ZEUS: 

·“Measurement of D*± meson production in e±p scattering at low Q2”, PLB 649 (2007) 111

·0.05 < Q2 < 0.7 GeV2, 0.02 < y < 0.85;  1.5 < pT(D*) < 9 GeV, |η(D*)| < 1.5;  82 pb-1

·compare data to FMNR (+WW) & HVQDIS using ZEUS PDF-fit in FFNS, mc =1.35 GeV,    
μr

2 = μf
2 = pT

2 + mc
2 (FMNR), μr

2 = μf
2 = Q2 + 4mc

2 (HVQDIS)

·also compare to data from PRD 69 012004 (2004) with 1.5 < Q2 < 1000 GeV2 

·“ Measurement of D mesons prod. in DIS at HERA”, DESY-07-052, arXiv:0704.3562, JHEP

·H1:

·“Incl. D*± meson cross sects. and D*± - jet correlations in photoprod. ...”, EPJ C50  (2007) 251

·Q2 < 0.01 GeV2, 0.29 < y < 0.65;  a) pT(D*) > 2 GeV, |η(D*)| < 1.5; 51 pb-1  

·b) D*±  + other jet: pT,jet > 3 GeV;  c) D*±  tagged dijet: pT,jet1 (pT,jet2) > 4 (3) GeV

·compare data to FMNR using CTEQ6M, GRV-G HO, mc =1.5 GeV, μr
2 = mc

2 + (pT,c
2+pT,c

2)/2, 
μf

2 = 2μr
2

·“Production of D*± mesons with dijets in DIS at HERA”,  EPJ C51  (2007) 271

·2 < Q2 < 100 GeV2, 0.05 < y < 0.7;  1.5 < pT(D*) < 15 GeV, |η(D*)| < 1.5;  47 pb-1 

·compare data to HVQDIS using CTEQ5F3, mc =1.5 GeV, μr
2 = μf

2 = Q2 + 4mc
2

18
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D*± meson production in “DIS”

·dσ/dQ2 at very low Q2 described by 
HVQDIS and FMNR (within large exp. 
and theory uncertainties)

·HVQDIS describes the whole range in Q2  

·no resolved contr. needed beyond LO in 
HVQDIS

19
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D*± & D*±  +  jets production in γp 

·R=(1/σ dσ/dv)data/(1/σ dσ/dv)theo 
reduces exp. & theo uncertainties

·overall reasonable description of data 
by NLO

·except for ΔΦ; data are more de-
correlated than NLO (also seen by 
ZEUS)

·uncertainty in theory often larger than 
in data

20
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D*± & D*±  +  jets production in DIS 

·R is the ratio of the normalized x-sections 
of data to NLO

21

☛  overall reasonable description  of data 
(better for jets) by NLO (HVQDIS)

☛  xγ described by NLO without need for 
additional resolved contribution

☛  scale uncertainty  ≥  data uncertainty
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Summary/Conclusions

·NLO calc. for DIS appear to work remarkably well even down to very low Q2 (e.g. D meson prod.)

·NLO at low Q2 is however not very predictive, the scale uncertainties are very large, “clever” scale 
choices have to be made, e.g. μ2 = (ET

2+ Q2) / 4 or ET
2 or Q2

·NLO has problems - not surprisingly - 

·the more differential the distributions, e.g.

·for dσdijet / dQ2 dET
2d xγ, particularly at low Q2, low xγ and low jet ET  

·for observables like ΔΦ < π and  xγ < 1

·when only processes at tree level contribute 

·Charm data are overall described by NLO, within the large scale uncertainties no need for resolved 
contributions, beyond what is included at LO direct

·in charm prod. there is always a hard scale, i.e. the charm mass, could this be the reason?

·Deficiencies & typically large scale uncertainties indicate the need for higher orders, direct and/or 
resolved,  or for other approaches like kT-factorization and unintegrated parton densities, etc.

·To make progress two NLO programs with resolved contrib. at NLO, like JETVIP and “DIScoPHOX, 
would be needed

22
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extra plots

23

34 The H1 Collaboration: Forward jet production in deep inelastic scattering at HERA

Table 2. Single differential forward jet cross sections in bins of xBj . The statistical error
(∆Stat), the error from the uncertainty of the calorimetric energy scales (∆Syst1) and from
the other systematic errors (∆Syst2) are specified. The correction factors (1 + δHAD) for the
hadronisation effects are also given

xBj dσ/dxBj (nb) ∆Stat (nb) ∆Syst1 (nb) ∆Syst2 (nb) Had. corr. factor
0.0001-0.0005 925 ± 17 +110

−100
+77
−77 0.87

0.0005-0.001 541 ± 12 +54
−55

+23
−24 0.96

0.001-0.0015 264 ± 8 +30
−28

+11
−11 0.97

0.0015-0.002 153 ± 6 +19
−16

+8
−8 1.03

0.002-0.003 74.5 ± 3.0 +10.7
−8.0

+1.9
−1.8 1.06

0.003-0.004 36.7 ± 2.0 +2.1
−5.7

+2.4
−2.4 1.04

systematic errors due to the energy scale uncertainty of
the calorimeters (∆Syst1) are shown separately as bands
around the data points, whereas the other systematic er-
rors (∆Syst2) are included in the error bars together with
the statistical errors. The errors are given separately in
the tables.

6 Results

6.1 Single differential cross section

The measurement of the single differential forward jet
cross section is presented at the hadron level in the phase
space region defined in Sect. 4. The phase space for
DGLAP evolution is suppressed by the additional require-
ment 0.5 < p2

t,jet/Q2 < 5 as discussed in Sect. 4.
The measured single differential forward jet cross sec-

tions are listed in Table 2. In Fig. 3a they are compared
with LO (αs) and NLO (α2

s) calculations from DISENT.
The calculations are multiplied by (1 + δHAD) to correct
to the hadron level. The uncertainty from the factorisa-
tion and renormalisation scales, and the uncertainty in the

PDF parametrisation, are added in quadrature to give the
total theoretical error, which is shown as a band around
the histogram presenting the theoretical prediction. In
Fig. 3b and c the data are compared to the various QCD
based models.

In Fig. 3a it can be observed that, at small xBj , the
NLO di-jet calculations from DISENT are significantly
larger than the LO contribution. This reflects the fact that
the contribution from forward jets in the LO scenario is
suppressed by kinematics. For small xBj the NLO contri-
bution is an order of magnitude larger than the LO contri-
bution. The NLO contribution opens up the phase space
for forward jets and improves the description of the data
considerably. However, the NLO di-jet predictions are still
a factor of 2 below the data at low xBj , which is an indi-
cation that still higher order corrections in αS are needed.
If the renormalisation and factorisation scales are set to
Q2 instead of p2

t , the NLO prediction increases by about
35% at low xBj but the scale uncertainties are significantly
larger (not shown). The somewhat improved agreement at
higher xBj can be understood from the fact that the range
in the longitudinal momentum fraction which is available
for higher order emissions decreases.
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Fig. 3. The hadron level cross section for forward jet production as a function of xBj compared to NLO predictions from
DISENT (a) and to QCD Monte Carlo models (b and c). The shaded band around the data points shows the error from the
uncertainties in the calorimetric energy scales. The inner error bars show the statistical errors. The outer error bars represent
the statistical errors added in quadrature to the systematic uncertainties not already included in the error band. The hatched
band around the NLO calculations illustrates the theoretical uncertainties in the calculations, estimated as described in the
text. The dashed line in a shows the LO contribution
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cross section is presented at the hadron level in the phase
space region defined in Sect. 4. The phase space for
DGLAP evolution is suppressed by the additional require-
ment 0.5 < p2

t,jet/Q2 < 5 as discussed in Sect. 4.
The measured single differential forward jet cross sec-

tions are listed in Table 2. In Fig. 3a they are compared
with LO (αs) and NLO (α2

s) calculations from DISENT.
The calculations are multiplied by (1 + δHAD) to correct
to the hadron level. The uncertainty from the factorisa-
tion and renormalisation scales, and the uncertainty in the

PDF parametrisation, are added in quadrature to give the
total theoretical error, which is shown as a band around
the histogram presenting the theoretical prediction. In
Fig. 3b and c the data are compared to the various QCD
based models.

In Fig. 3a it can be observed that, at small xBj , the
NLO di-jet calculations from DISENT are significantly
larger than the LO contribution. This reflects the fact that
the contribution from forward jets in the LO scenario is
suppressed by kinematics. For small xBj the NLO contri-
bution is an order of magnitude larger than the LO contri-
bution. The NLO contribution opens up the phase space
for forward jets and improves the description of the data
considerably. However, the NLO di-jet predictions are still
a factor of 2 below the data at low xBj , which is an indi-
cation that still higher order corrections in αS are needed.
If the renormalisation and factorisation scales are set to
Q2 instead of p2

t , the NLO prediction increases by about
35% at low xBj but the scale uncertainties are significantly
larger (not shown). The somewhat improved agreement at
higher xBj can be understood from the fact that the range
in the longitudinal momentum fraction which is available
for higher order emissions decreases.
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Fig. 3. The hadron level cross section for forward jet production as a function of xBj compared to NLO predictions from
DISENT (a) and to QCD Monte Carlo models (b and c). The shaded band around the data points shows the error from the
uncertainties in the calorimetric energy scales. The inner error bars show the statistical errors. The outer error bars represent
the statistical errors added in quadrature to the systematic uncertainties not already included in the error band. The hatched
band around the NLO calculations illustrates the theoretical uncertainties in the calculations, estimated as described in the
text. The dashed line in a shows the LO contribution
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·ET,jet1,2,3 > 4 GeV  & 
ET,jet1 + ET,jet2 > 9 GeV

·fwd-jet: θlab < 20°,    
xjet  > 0.035

·central jets:                
-1 < ηlab < 1.3

·fwd-jets are mainly 
gluon jets; al lowest 
xBj gluon emissions 
unordered in pT
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  NLOJET++
    o  NLO describes data well

  NLOJET++
    o  NLO describes data well
        for xBj > 5 10-4 
    o  NLO fails at lowest xBj
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