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• Measurement of Azimuthal Asymmetries in NC DIS. 
hep-ex 0608053 (Zeus Collab.,S. Chekanov et al., Eur. 
Phys. J. C51 (2007) 289-299)

• Measurement of Event Shape Variables in DIS.         
hep-ex 0512014 (H1 Collab., A. Aktas et al., Eur. Phys. 
J. C46 (2006) 343-356)

• Charged Particle production in High Q2 DIS.           
hep-ex 0706.2456

• Scaled Momentum Spectra in the Current Region of 
the Breit Frame. (ZEUS Preliminary)

similar 
analyses

Presented Results



Scaled Momentum (H1)
100 < Q2 < 20,000 GeV2

0.05 < y < 0.6
Charged Particles

Pt > 0.12 GeV, 20º < θ < 165º

Scaled Momentum (ZEUS)
160 < Q2 < 40,960 GeV2

0.0024 < x < 0.75
Charged Particles

Pt > 0.15 GeV, 20º < θ < 164º

Event Shapes
196 < Q2 < 40,000 GeV2

0.1 < y < 0.7
Energy Flow

4º < θ < 177º 

Azimuthal Asymmetries
100 < Q2 < 8,000 GeV2

0.2 < y < 0.8
0.01 < x < 0.1

Energy Flow Objects
Pt > 0.15 GeV, θ > 8º. 

Similar phase space for all analyses

High Q2 (>100 GeV2), reasonably large x  
→ single large scale “Q”, good place to test pQCD

Phase Space

calo + tracks



2 The hadronic final state in NC DIS
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Hard scale: Q2 = −q2

Rich final states which reflect underlying QCD dynamics

Particle spectra and E-flow
– high statistics, large hadronisation effects

– pQCD + phenomenological hadr.corr. (MC)

High ET jets

– limited statistics and phase space

– pQCD; hard.corr. are small

Event shapes

– large statistics and phase space

– pQCD + PC (O(1/Q))

(analytical approach to confinment

from first principles)

Phenomenology
Monte-Carlo (LO ME)

LEPTO (Parton Showers + String)

ARIADNE (Colour Dipole Model + String)

NLO pQCD

NLL resummation - DISRESUM

phenomenological had corr (MC)

analytical Power Corrections

Fragmentation Functions - e+e- fits
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Hard scale: Q2 = −q2

Rich final states which reflect underlying QCD dynamics

Particle spectra and E-flow
– high statistics, large hadronisation effects

– pQCD + phenomenological hadr.corr. (MC)

High ET jets

– limited statistics and phase space

– pQCD; hard.corr. are small

Event shapes

– large statistics and phase space

– pQCD + PC (O(1/Q))

(analytical approach to confinment

from first principles)

Azimuthal Asymmetries

Event shapes

NLO - DISENT

Scaled Momentum NLO - CYCLOPS

NLO - DISASTER + DISPATCH



The ZEUS Collaboration: Measurement of azimuthal asymmetries in neutral current deep inelastic scattering

Fig. 1. The definition of the azimuthal angle φ either in the
HCM or the Breit frame. The incoming electron is denoted by e,
the scattered electron by e′, the exchanged virtual photon by γ∗

and the outgoing hadron or parton by h

Asymmetries in φ result from the final-state hadrons
having transverse momentum with respect to the collid-
ing virtual photon and the incoming proton. In pQCD,
αs-order QCD processes such as QCD Compton (QCDC)
(γ∗q→ qg) and boson–gluon fusion (BGF) (γ∗g→ qq̄) are
the main sources of these hadrons. These two processes
have different φ behaviours [1] as well as a different pseu-
dorapidity, η, dependence, defined here with respect to the
incoming proton direction in the HCM frame. Figure 2a
shows that hadrons from BGF and QCDC dominate over
quark–parton-model (QPM) (γ∗q→ q) events in the re-
gion −4< ηHCM < 0. In addition, gluons and quarks from
the QCDC process have different pseudorapidity depen-
dencies, as illustrated in Fig. 2b.
The azimuthal dependence for semi-inclusive neutral

current (NC) DIS can be written [2–5] as:

dσep→ehX

dφ
=A+B cosφ+C cos 2φ+D sinφ+E sin 2φ.

(1)

The azimuthal asymmetries, specified by the parameters
B, C, D and E , are extracted from the data by calculating
the statistical moments of the experimental distributions:

〈cosφ〉=
B
2A
; 〈sinφ〉=

D
2A
;

〈cos 2φ〉=
C
2A
; 〈sin 2φ〉=

E
2A
.

Equation (1) results from the polarisation of the exchanged
virtual photon. The coefficient B originates from the in-
terference between the transversely and longitudinally po-
larised components; the coefficient C is due to the interfer-
ence of amplitudes corresponding to the +1 and−1 helicity
parts of the transversely polarised exchanged boson. The
coefficients D and E arise from parity-violating weak in-
teractions or longitudinal polarisation of the initial lepton
beam [3]. They vanish for purely electromagnetic interac-
tions with unpolarised beams.
It has been proposed [4] to analyse the asymmetry as

a function of the transversemomentum cutoff, pcutT , of a de-
tected hadron. Such a cut is efficient in removing QPM
events. Consequently, at higher pcutT values a better agree-
ment should be obtained with the perturbative QCD pre-

Fig. 2. (a) The fraction of BGF (dashed line), QCDC (full
line) and QPM (dotted line) processes as a function of pseudo-
rapidity, ηHCM, in the HCM frame for the energy-flow method.
(b) For the QCD Compton process, the quark and gluon con-
tributions as a function of ηHCM. These predictions were taken
from Lepto 6.5.1 and are shown for the kinematic region 100 <
Q2 < 8000 GeV2, 0.2 < y < 0.8 and 0.01 < x < 0.1 for hadrons
with pT > 0.15 GeV and θ > 8

◦

dictions. A model using a resummation formalism [6] to
predict azimuthal asymmetries has also been proposed.
This model predicts that logarithmic corrections due to
soft parton emission could be large. A recent paper [7]
showed that a part of the asymmetries previously meas-
ured by the ZEUS collaboration [8, 9] may come from terms
that are not included in the perturbative gluon radiation
but are related to the intrinsic transversemotion of quarks.
For NC DIS with an unpolarised lepton beam, the

〈cosφ〉 and 〈cos 2φ〉 values have been measured by the
ZEUS collaboration [8, 9] to be at the few percent level.
The first publication [8] measured the azimuthal distribu-
tion for charged hadrons, whereas the second [9] was per-
formed for jets of high transverse energy. The present an-
alysis used the energy-flow method, which permits both
neutral and charged hadrons to be included in the meas-
urements. This analysis was performed using a similar data
sample but in an extended kinematic range compared to
previous publications. In particular, the polar-angle range
of the measurements was increased with respect to the
previous studies [8, 9]. The energy-flow method enhances
the contribution of leading hadrons since the direction of
each particle in the final state is weighted with its trans-
verse energy [10–15]. This method is discusssed in detail
elsewhere [16]. Additionally, the values 〈sinφ〉 and 〈sin 2φ〉
were determined, although they are expected [3, 5] to be
much smaller than 〈cosφ〉 and 〈cos 2φ〉.

dσep→ehX

dφ
= A+ B cos φ + C cos 2φ +D sinφ + E sin 2φ

< cos φ >=
B
2A

< cos 2φ >=
C

2A

< sinφ >=
D
2A

< sin 2φ >=
E

2A
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dictions. A model using a resummation formalism [6] to
predict azimuthal asymmetries has also been proposed.
This model predicts that logarithmic corrections due to
soft parton emission could be large. A recent paper [7]
showed that a part of the asymmetries previously meas-
ured by the ZEUS collaboration [8, 9] may come from terms
that are not included in the perturbative gluon radiation
but are related to the intrinsic transversemotion of quarks.
For NC DIS with an unpolarised lepton beam, the

〈cosφ〉 and 〈cos 2φ〉 values have been measured by the
ZEUS collaboration [8, 9] to be at the few percent level.
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Azimuthal Asymmetries
The ZEUS Collaboration: Measurement of azimuthal asymmetries in neutral current deep inelastic scattering

Fig. 3. The values of 〈cosφHCM〉, 〈cos 2φHCM〉, 〈sinφHCM〉 and 〈sin 2φHCM〉, calculated using the energy-flow method as
in (2), as a function of hadron pseudorapidity, ηHCM. They were obtained in the HCM frame for the kinematic region
100 <Q2 < 8000 GeV2, 0.01 < x < 0.1 and 0.2 < y < 0.8 for hadrons with pT > 0.15 GeV and θ > 8

◦. The inner error bars are
statistical uncertainties, the outer are statistical and systematic uncertainties added in quadrature. The NLO QCD predictions
of Disent (solid line), with its associated uncertainty (shaded band), corrected for hadronisation and hadron losses (see text), the
predictions of Lepto 6.5.1 (dotted line), and the predictions of Ariadne 4.12 (dashed line) are shown

This is in disagreement with both MC predictions, which
are less negative for ηHCM < −2 and remain negative for
larger ηHCM. The measured 〈cos 2φHCM〉 values are consis-
tent with zero for ηHCM < −2 but are positive for higher
values of ηHCM. This is consistent with the expectations
from both Lepto and Ariadne.
The NLO QCD predictions, corrected for hadroni-

sation, agree better with the experimental values for
〈cosφHCM〉 than do the MC predictions. The predictions
from NLO QCD are more negative for ηHCM < −2 than
those from the MC generators and also have positive values
for larger ηHCM. However, the NLO calculation still fails
to describe the magnitude of the asymmetry in the data.
The comparison with NLO QCD was also made at higher
pT, greater than 1 GeV (not shown). The Monte Carlo
was used to correct the NLO for this cut; although the
final correction for 〈cosφHCM〉 was small, the correction
for hadron removal was large. However, the comparison
with the data was qualitatively the same as when the
more inclusive cut was used. The disagreement between
data and NLO suggests that higher-order calculations
may be necessary to describe this distribution fully. In-
clusion of higher orders through a resummation of large
logarithmic terms is expected [6] to give an improved de-
scription compared to that of LO for −5< η <−3. How-
ever, the description is not significantly better than for
the other predictions. For 〈cos 2φHCM〉, the NLO and MC

predictions are similar and describe the data reasonably
well.
Figure 3 shows that the values of 〈sinφHCM〉 and

〈sin 2φHCM〉 are small. A deviation of 〈sinφHCM〉 from
zero at the level of three standard deviations is observed.
The mean values are expected to be at least an order
of magnitude smaller than the 〈cosφHCM〉 term [5]. The
values of 〈sin 2φHCM〉 are consistent with zero. None of the
theoretical models include predictions for 〈sinφHCM〉 or
〈sin 2φHCM〉.
To investigate the effect of the minimum transverse en-

ergy cut,EHCMT,min, on the asymmetries, the event sample was
subdivided into three regions of ηHCM:−5< ηHCM <−2.5,
−2.5 < ηHCM < −1 and −1 < ηHCM < 0. For EHCMT,min =
1GeV, the acceptance is approximately 100%. Below this
value, some hadrons are removed by the pT > 0.15GeV re-
quirement mainly in the region −2.5< ηHCM < −1. The
data are shown in Fig. 4, and given in Tables 3 and 4, com-
pared to the predictions from Lepto and Ariadne MCs. As
stated previously, NLO QCD predictions for higher EHCMT,min
have large corrections for hadron removal.
The first region −5 < ηHCM < −2.5 is part of the cur-

rent region in DIS defined in the Breit frame as ηBreit ≈
ηHCM+2< 0; in this region the main contribution to the
azimuthal asymmetry comes from QCDC and arises from
hadrons fromquark fragmentation (Fig. 2). This regionwas
investigated in the first ZEUS analysis of azimuthal asym-



Event Shapes
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
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ep e+e-

sums extend over all particles 
(energy flow) in current 

hemisphere of the Breit frame 

Born Level (αs0), current quark has no ET 
Jets in the Breit frame are O(αs) 

current region energy scale is Q
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Event Shapes
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Figure 6: The strong coupling αs as a function of the scale Q from an average of the results

obtained by fitting the differential event shape distributions. The errors represent the total ex-

perimental uncertainties. A value of αs(mZ) is indicated in the plot, determined from a fit to

the αs(Q) results using the QCD renormalisation group equation. The fit curve is shown as
the full line. The inner (outer) shaded band represents the uncertainty of the fitted αs(Q) from
experimental errors (the renormalisation scale variation).

200 GeV. Resummed perturbative QCD predictions together with power corrections give good
descriptions of the spectra of the observables thrust, jet broadening, jet mass and C-parameter.
The use of resummed calculations extends the good description to low values of the event shape

variables, corresponding to pencil like configurations.

The results of a two-parameter fit of the strong coupling constant αs and the effective non-

perturbative coupling α0 for the various event shape observables are consistent with each other.

The values for αs agree with the world average. The parameter α0, which accounts for hadro-

nisation, is consistently found to be 0.5 within 10%, in good agreement with theoretical expec-
tation. A combined analysis of all event shape variables yields

αs(mZ) = 0.1198 ± 0.0013 (exp) +0.0056
−0.0043 (theo) ,

α0 = 0.476 ± 0.008 (exp) +0.018
−0.059 (theo) ,

where the theoretical error is derived from the renormalisation scale uncertainty. Relaxing the

requirement of a common value of α0, the data are used to investigate the scale dependence of

the strong coupling over a wide range of Q = 15 − 116 GeV. The running of αs(Q) is clearly
observed for each event shape variable, in accordance with the expected evolution. Combining

the results of all variables leads to αs(mZ) = 0.1178 ± 0.0015 (exp) +0.0081
−0.0061 (theo). The errors
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Figure 4: Fit results to the differential distributions of τ , B, ρ0, τC and the C-parameter in
the (αs, α0) plane. The 1σ contours correspond to χ2 = χ2

min + 1, including statistical and
experimental systematic uncertainties. The value of αs (vertical line) and its uncertainty (shaded

band) are taken from [35].

the shaded band. The non-perturbative parameter α0 ! 0.5 is confirmed to be universal within
10%.

The theoretical uncertainties on the fitted values of α0 and αs(mZ) are determined from the
changes to the results under variation in the procedure as follows:

• bins with lower boundaries at F = 0 are omitted;

• the renormalisation scale µr is varied from Q/2 to 2Q;

• the infrared matching scale µI is varied from 1.5 GeV to 2.5 GeV;

• the CTEQ proton pdfs are replaced by three versions of the MRST2001 set [36], which
differ in αs(mZ) from 0.117 to 0.121;

• instead of log R the modifiedM and modifiedM2 matching schemes [10] are used.

The fit procedure is repeated for each of these variations separately.

All fit results, including the individual contributions to the total error, are given in numerical

form in Table 2. The theoretical error is the dominant contribution to the total uncertainty and

arises mainly due to the renormalisation scale uncertainty.

16

α0: effective non-perturbative coupling from power 
corrections. Theory expects ≅ 0.5

α0 universal to 
about ±10%

αs(mZ) = 0.1198 ± 0.0013(exp) +         (theo),0.0056
0.0043

α0 = 0.476 ± 0.008(exp) +       (theo), 0.018
0.059



Scaled Momentum

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) 

xp = scaled momentum 
variable

Q/2 = Scale in current 
region of Breit Frame

ph = momentum of charged 
particle in current region of 

Breit frame
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 D(xp) gets 
softer, i.e. more tracks with 
small share of initial scale 

D(xp) = event normalised, charged particle, scaled momentum 
distribution
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• HERA provides a rich source of data for studies of the hadronic 
final state.

• Azimuthal Asymmetries : NLO better that MC at describing data 
but still fails to describe the magnitude of the asymmetries.

• Event shapes: NLO + NLL + PC describe the data well. Power 
corrections  give universal α0. Competitive value of αs extracted, 
running of αs also shown.

• Scaled Momentum: Broadly supports quark fragmentation 
universality between e+e- and ep. NLO fails to describe the scaling 
violations seen in the data.

Summary
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6 Power correction approach

! Introduce effective non-pert. coupling α0 = 1
µI

∫ µI
0 αeff(k)dk (α0 = αs at µI = 2GeV)

(theory predicts universal α0 ! 0.5 )

! PC (Dokshitzer at al.): non-pert. corrections (suppressed by powers of 1/Q) obtained
from first principles

• for distributions 1
σ

dσ(F )
dF

= 1
σ

dσpQCD(F−aF P)
dF

• for mean values 〈F 〉 = 〈F 〉pQCD + aF P (with universal PC term P )

! Complete description for F : NLO+NLL+PC
Recent progress in theory (as compared to previous round of event shape analyses in DIS) – resummation

of large log terms and matching it to fixed order NLO (DISRESUM package by Dasgupta and Salam, 2002)

! Limitations: very low F (F ≤ aF P ∼ µI/Q) and very high F (substantial HO corr.)

Main aim of the analysis: check the validity of PC concept and universality of α0

By product: yet another method/observables to extract αs(MZ)
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