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HERA ep Collider, H1 & ZEUS

·• H1 & ZEUS experiments collected a 
combined data sample of ~1fb-1 

·• ~75% of data taken with polarized (~30%) 
lepton beams, with about equal numbers of 
e- and e+ and positive and negative 
polarization. 

·• HERA was the only ep-collider and allowed 
to investigate a wide range of physics (DIS, 
DIFF, PHP) and processes. 

·• Measurement of the proton structure has 
been a central part of the program. 

·• H1 & ZEUS provide well calibrated 
datasets, e.g. hadronic energy scale 
uncertainty ~1%. 

·• H1 & ZEUS have published > 130 papers 
since the end of data talking in 2007.
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New measurements of jets in DIS and 
extraction of αs at NNLO 

      ep collider 
 HERA I:    1992-2000 
 HERA II:   2003-2007 

  H1:  0.5 fb-1 of the ep collision data with  
  Ee=27.5 GeV and Ep=920/820/575/460 GeV 
                              √s =319/300/252/225 GeV 

     Completion of the jet measurements 
        by the H1 collaboration at HERA:  
 
       - new multi-jets cross sections  
           measurements in DIS at low Q2  
                        Eur.Phys.J.C77(2017)4,215 
       - αs determination at NNLO using 
            jet measurements in DIS by H1 
                         H1prelim-17-031 
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Inclusive DIS kinematics
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Heavy quark production in DIS

·•Main prod. process is photon-gluon fusion 

·•Combine H1 & ZEUS measurements based on different 
tagging techniques 

·•reconstructed D*+, D+ and Do meson decays 

·•µ and e from semi-leptonic decays 

·•analysis of tracks (VTX) exploiting lifetime info 

·•Extension of previous combination for charm [EPJ C 73 (2013) 2311]   

·•3 new charm data sets 

·•5 beauty data sets 

·•13 analyses in total 

·•Reduced cross sections

4

up to 30% of the inclusive 
prod. is due to charm, up 
to 1% due to beauty

4Daniel Britzger – QCD results from HERAMoriond QCD 2017

Heavy quark production in DIS
Heavy quark production 

● Produced in photon-gluon fusion in DIS

Combination of charm and beauty cross sections
● H1 & ZEUS measurements
● 2.5 < Q2 < 2000 GeV2

Extension of 2012 combination [EPJ C73 (2013) 2311]

● 3 new charm data sets
● 5 beauty data sets 
● 13 analyses in total

Reduced cross sections

● 'Visible cross sections' extrapolated 
using NLO theory (HVQDIS)

c/b

c/b
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Data set Tagging Q2 range Nc L

p
s Nb

[GeV2] [pb�1] [GeV]
1 H1 VTX [8] VTX 5 – 2000 29 245 318 12
2 H1 D⇤+ HERA-I [9] D⇤+ 2 – 100 17 47 318
3 H1 D⇤+ HERA-II (medium Q2) [10] D⇤+ 5 – 100 25 348 318
4 H1 D⇤+ HERA-II (high Q2) [11] D⇤+ 100 – 1000 6 351 318
5 ZEUS D⇤+ 96-97 [12] D⇤+ 1 – 200 21 37 300
6 ZEUS D⇤+ 98-00 [13] D⇤+ 1.5 – 1000 31 82 318
7 ZEUS D0 2005 [14] D0 5 – 1000 9 134 318
8 ZEUS µ 2005 [7] µ 20 – 10000 8 126 318 8
9 ZEUS D+ HERA-II [2] D+ 5 – 1000 14 354 318

10 ZEUS D⇤+ HERA-II [3] D⇤+ 5 – 1000 31 363 318
11 ZEUS VTX HERA-II [4] VTX 5 – 1000 18 354 318 17
12 ZEUS e HERA-II [5] e 10 – 1000 363 318 9
13 ZEUS µ + jet HERA-I [6] µ 2 – 3000 114 318 11

Table 1: Data sets used in the combination. For each data set the Q2 range, integrated luminosity
(L ), centre-of-mass energy (

p
s) and the numbers of charm (Nc) and beauty (Nb) measurements

are given.

Dataset PDF c2 c2 with PDF unc.

HERA 2012 c [1]
HERAPDF20 NLO FF3A EIG 59 59
abm11 3n nlo 62 62

(dof = 52) ABMP16 3 nnlo 64 63

New combined c
HERAPDF20 NLO FF3A EIG 86 85
abm11 3n nlo 92 91

(dof = 52) ABMP16 3 nnlo 101 99

ZEUS VTX b [4]
HERAPDF20 NLO FF3A EIG 14 14
abm11 3n nlo 13 13

(dof = 17) ABMP16 3 nnlo 14 14

New combined b
HERAPDF20 NLO FF3A EIG 33 33
abm11 3n nlo 34 34

(dof = 27) ABMP16 3 nnlo 39 39

Table 2: The c2 values and dof of the charm and beauty data with respect to the NLO and
approximate NNLO calculations using various PDFs. The c2 values that include PDF uncer-
tainties are shown separately.
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·• H1prelim-17-071, ZEUS-prel-17-01]

NLO calculations: 

·•FFNS: PDFs contain 
only u,d,s,g. Heavy 
quarks are generated 
in ME (multiple 
scales) 

·•VFNS: massless 
quarks in ME.



Combination of c cross sections in DIS
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- 209 c + 52 b data points combined 
simultaneously ➜ 52 c + 27 b data 
points 

- accounting for correlations in c & b 
data sets as well as between them 

- good consistency: χ2/ndf= 149/187
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➤ Significant improvement in precision compared to input data 



Combination of b cross sections in DIS
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- inner error bars = uncorrelated 
part of uncertainties 
- outer error bars = total uncert. 
- for the presentation: each data 

point is shifted in xBj



Ratios to NLO QCD
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QCD provides reasonable overall description of the data; no improvement by approx. NNLO; slope diff. at Q2 ≈ 12 GeV2  
dominant theory uncertainty from variation of scale (factor of 0.5 to 2)

Predictions from OPENQCDRAD 
·• HERAPDF2.0 FF3A 

·• ABM11 

·• ABMP16 + approx. NNLO 

·• PDF-fit

µR = µF = (Q2+4m2c,b)1/2
cross sections are normalized 
to NLO predictions using 
HERAPDF2.0 FF3A



Extraction of c & b masses
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·•Perform QCD fit in NLO in FFNS (nf = 3): 

·•besides c & b data, inclusive HERA NC & CC data are used 

·•mc & mb are free parameters in the fit 

·•the light flavor PDFs are parameterized as in the HERAPDF2.0 fit

mc(mc) = 1290

+46
�41(fit)

+62
�14(mod)

+ 7
�31(par) MeV

mb(mb) = 4049

+104
�109(fit)

+90
�32(mod)

+ 1
�31(par) MeV

·•the QCD fit gives χ2/ndf= 1435/1208 

·•the model uncertainties are significant and are dominated by the 
variation of the scale (factor 0.5 to 2) 

·•the c & b masses given are the running masses in the MSbar scheme; 
consistent with the PDG values: mc(mc) = 1270 ± 30 MeV and mb(mb) 
= 4180 ± 30 MeV



Multijetproduction in NC DIS

·•virtual boson collides head-on with parton from proton 

·•jets reconstructed using the kT algorithm 

·•each jet must have a minimum PT in the Breit frame 

·•jets depend already in LO on αS ⊗ g (or q or qbar) in 
IS and on αS in FS, allowing for a determination of αS  

·•BGF dominant in largest phase space region (lower Q2, 
lower x) 

·•QCDC important for high-pT jets (high x)
9

1 Introduction110

Jet production in neutral current (NC) deep-inelastic ep scattering (DIS) at HERA is an impor-111

tant process to study the strong interaction and its theoretical description by Quantum Chro-112

modynamics (QCD) [1, 2, 3, 4]. Due to the asymptotic freedom of QCD, quarks and gluons113

participate as quasi-free particles in short distance interactions. At larger distances they hadro-114

nise into collimated jets of hadrons, which provide momentum information of the underlying115

partons. Thus, the jets can be measured and compared to perturbative QCD (pQCD) predic-116

tions, corrected for hadronisation e�ects. This way the theory can be tested, and the value of117

the strong coupling, �s(MZ), as well as its running can be measured with high precision.118

In contrast to inclusive DIS, where the dominant e�ects of the strong interactions are the scaling119

violations of the proton structure functions, the production of jets allows for a direct measure-120

ment of the strong coupling �s. If the measurement is performed in the Breit frame of refer-121

ence [5, 6], where the virtual boson collides head on with a parton from the proton, the Born122

level contribution to DIS (figure 1a) generates no transverse momentum. Significant transverse123

momentum PT in the Breit frame is produced at leading order (LO) in the strong coupling �s124

by boson-gluon fusion (figure 1b) and the QCD Compton (figure 1c) processes. In LO the125

proton’s longitudinal momentum fraction carried by the parton participating in the hard inter-126

action is given by ⇥ = x(1 + M2
12/Q

2). The variables x, M12 and Q2 denote the Bjorken scaling127

variable, the invariant mass of the two jets and the negative four-momentum transfer squared,128

respectively. In the kinematic regions of low Q2, low PT and low ⇥, boson-gluon fusion dom-129

inates jet production and provides direct sensitivity to terms proportional to the product of �s130

and the gluon component of the proton structure. At high Q2 and high PT the QCD Compton131

processes are dominant, which are sensitive to the valence quark densities and �s. Calculations132

in pQCD in LO for inclusive jet and dijet production in the Breit frame are of O(�s) and for133

trijet production (figure 1d) of O(�2
s).134
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Figure 1: Deep-inelastic ep scattering at di�erent orders in �s: (a) Born contributionO(�2
em), (b)

example of boson-gluon fusion O(�2
em�s), (c) example of QCD Compton scattering O(�2

em�s)
and (d) example of a trijet process O(�2

em�
2
s).

Recent publications by the ZEUS collaboration concerning jet production in DIS dealt with135

cross sections of dijet [7] and inclusive jet production [8], whereas recent H1 publications dealt136

with multijet production and the determination of the strong coupling constant �s(MZ) at low137

Q2 [9] and at high Q2 [10].138

In this paper double-di�erential measurements are presented of absolute and normalised inclu-139

sive jet, dijet and trijet cross sections in the Breit frame. Two di�erent jet algorithms, kT [11]140

3
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Multijet Measurement in DIS

H1e’
jet

jet

jet

Physical correlations 
individual jet measurements are correlated: correlations between 
individual jets in the inclusive jet sample, dijet events are a subsample 
of inclusive jets, trijet and dijet events...

Experimental effects
correlations may change due to the detector resolution: introduces 
migrations between different jet samples

6Roman Kogler Jet Production in DIS and !s

Jets in DIS are measured in the Breit frame:

Low x meeting           
Bari 14.06.2017 

2 

Jets in deep-inelastic ep scattering at HERA 

V. Chekelian, Jets in DIS and 
alpha_s at NNLO 

   Jet production in DIS:  
 
   - defined in the Breit frame  
      (e.g. kT algorithm with R=1)  
   - sensitive to αs already at LO 
   - dominated by boson-gluon fusion  
         and directly sensitive to gluon 
   - leading order for trijets is O(αs

2)     

 DIS kinematics: 
    Q2=-q2=-(e-e’)2  virtuality  
    x   = Q2/2(pq)    Bjorken x 
    y   = (pq)/(pe)    inelastisity   
 
      Breit frame: 
 
                     Q/2 
 
 
                    -Q/2 

boost events into Breit frame:
2xP + q = 0

BGF QCDC



Jets in DIS at low Q2

10

·•Simultaneous measurement and 
unfolding of 
·•inclusive jets, dijet and trijet 

as well as incl. NC DIS cross 
sections 

·•accounting for correlations & 
detector effects 

·•Phase space of cross sections:

11Daniel Britzger – QCD results from HERAMoriond QCD 2017

Jet production in DIS at low Q2

Simultaneous measurement of
● inclusive jets, dijet and trijet
● Statistical correlations preserved

Moreover 
normalised jet cross sections

● Normalisation to inclusive NC DIS 
● Some cancellation of uncertainties

Phase space of cross sections

NC DIS 5.5 < Q2 < 80 GeV2

0.2 < y < 0.6

(inclusive) Jets P
T

jet > 4.5 GeV

-1.0 < ηlab < 2.5

Dijet and Trijet
Measure average p

T

<P
T

jet>
2
 > 5.0 GeV

<P
T

jet>
3
 > 5.5 GeV

·•Include extension of previous 
high-Q2 result

·• EPJ C 77 (2017) 4, 215 

·• EPJ C 75 (2015) 2, 65 
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Comparison to NLO & aNNLO & NNLO
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·•NLO QCD (NLOjet++) 
·• PRL 87 (2001) 082001 

·•reasonable description of data 

·•large scale uncertainty 

·•Approximate NNLO (JETVIP) 

·•threshold resummation 
·• PR D 92 (2015) 074037 

·•somewhat improved shape 

·•NNLO QCD (NNLOJET) 
·• PRL 117 (2016) 042001 

·•improved description 

·•significantly reduced scale 
uncertainty, particularly for 
higher scales

�jet

�NLO
& �aNNLO

�NLO
& �NNLO

�NLO

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.87.082001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.074037
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.042001


Dijet & Trijet production in DIS

12

·•Dijet: in NNLO improved description of shape 
·•Trijet: in NLO good description at moderate precision
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but for jet cross sections normalized to σ(NC DIS) in 
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[NLO]p γZEUS inclusive jets in 
)et al.[NNLO] (Dissertori,  

3
ALEPH y

[NLO+NLLA]JADE 4-jet rate 
[NNLO] 

23
OPAL y

[NLO]CMS inclusive jets 8TeV 
[NLO] R∆D0 R

H1
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↵s(MZ) = 0.1172 (4)
exp

(3)
PDF

(7)
PDF(↵s)

(11)
PDFset

(6)
had

(+51

�43

)
scale

Running of aS(µR): 

·•data points are grouped into 
10 groups with comparable 
values of µR 

·•aS(MZ) is fitted for each group 

·•aS(µR) is obtained from aS(MZ) 
using RGE

From comb. fit to normalized incl. jet, dijet and trijet cross sections at low and high Q2:

·•high exp. precision 

·•large scale uncertainty

·•consistent with other results 
from HERA, PETRA, LEP, 
Tevatron and LHC & QCD

·• EPJ C 77 (2017) 4, 215 

https://link.springer.com/article/10.1140/epjc/s10052-017-4717-9
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H1-prelim-17-031: H1 in collaboration with V.Bertone, T.Gehrmann, C.Gwenlan, A.Huss, J.Niehues and M.Sutton

)Z(ms α
0.11 0.115 0.12 0.125

[2016] World average

[NNLO] H1 jets

[NNLO] H1 dijets
[NNLO] H1 inclusive jets

2HERA-II high-Q

2HERA-II low-Q

2HERA-I  low-Q

2GeV high-Q 300
[all NNLO] H1 dijets

2HERA-II high-Q
2HERA-II low-Q

2HERA-I high-Q
 2HERA-I low-Q

2GeV high-Q 300
[all NNLO] H1 inclusive jets

et al. (preliminary) H1·•New NNLO fits to all suitable H1 inclusive 
jet and dijet measurements (203 data points) 

·•Full error breakdown 
·•corr. & uncorr. exp. uncertainties 
·•theory uncertainty: scale variation 

(factors 0.5 and 2) 
·•various PDF uncertainties 
·•hadronisation uncertainties 

·•as (MZ) results from distinct data sets and 
from all of them (̀ H1 jets )́ 
·•all fits yield good χ2, indicating 

consistency of data 
·•high exp. precision 
·•uncertainties due to PDFs are sizeable 
·•scale uncertainty is dominant, but 

considerably reduced w.r.t. NLO
↵s(MZ) = 0.1157 (6)

exp

(6)
PDF

(12)
PDF(↵s)

(2)
PDFset

(3)
had

(+27

�21

)
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·•Repeat fits to 10 groups of 
data points at similar scales 

·•Values of as are consistent 
with other extractions at 
NNLO 

·•Running is consistent with 
other experiments and with 
QCD 

·•Value of as consistent with the 
world average, however a bit 
lower

↵s(MZ)

= 0.1157 (6)
exp

(+38
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)
pdf ,theo

World average: αs(MZ) = 0.1181 ± 0.0011 
S.Bethke, Montpellier 2016
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·•Photons with high PT may be: 
·•radiated from the incoming or outgoing lepton (LL) 
·•produced in a hard QCD interaction (QQ) 

·•radiated from a quark within a jet (fq➜γ(z)) 

·•a decay product of πo or η mesons within a jet 
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Figure 1: Lowest-order tree-level diagrams for isolated photon production in ep scattering. (a)
- (b): quark radiative diagrams; (c) - (d): lepton radiative diagrams.
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Figure 1: Lowest-order tree-level diagrams for isolated photon production in ep scattering. (a)
- (b): quark radiative diagrams; (c) - (d): lepton radiative diagrams.
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QQ

·•LL and QQ photons are relatively isolated from 
other particles (use isolation criteria). 

·•Prompt QQ photons emerge directly from the hard 
interaction and (with jets) allow a more direct test 
of the ME. 

·•New preliminary results, using combined photon-jet-
electron variables, allow more detailed ways to test 
theory. ZEUS-prel-16-001, previous ZEUS results in PL B 715 
(2012) 88



Prompt photons + jets in DIS

17Figure 2: Distribution of h�Zi. The error bars represent the statistical uncertainties. The red

line shows a fit to the data of three components with fixed shapes as described in the text. The

blue shaded histogram represents the QQ component of the fit, and the purple histogram - the LL

component.
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Prompt photon production

5

ZEUS preliminary

Figure 2: Distribution of h�Zi. The error bars represent the statistical uncertainties. The red

line shows a fit to the data of three components with fixed shapes as described in the text. The

blue shaded histogram represents the QQ component of the fit, and the purple histogram - the LL

component.
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Correlated variables in isolated prompt photons production in DIS at HERA
Olena Hlushchenko| RWTH|
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Fewer possible diagrams compared to 
parton−parton scattering. 

Sensitivity to parton densities in proton, 
photon and Pomeron. 

Prompt photon can be background to new 
physics. 

Here measure: 

• in DIS and compare to theories 

• in diffraction for the first time and 
compare to MC models.
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Figure 2: Distribution of h�Zi. The error bars represent the statistical uncertainties. The red

line shows a fit to the data of three components with fixed shapes as described in the text. The

blue shaded histogram represents the QQ component of the fit, and the purple histogram - the LL

component.
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Correlated variables in isolated prompt photons production in DIS at HERA
Olena Hlushchenko| RWTH|

6

Event selection

n Prompt photon selection
à 4 < >?

@ < 15		B7C
à −0.7 < G@ < 0.9 – in BCAL
à >IJK	/	 >IJK + >NOP > 0.9
à ∆R(G, U) < 0.2
à >@	/	>WXY	Z[Y\	@> 0.9
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direction 
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G	 → 	99	

Single 
photon

Prompt photon production has a clear 
signal. 

Photon produced in hard scatter and not 
subject to hadronisation. 

Fewer possible diagrams compared to 
parton−parton scattering. 

Sensitivity to parton densities in proton, 
photon and Pomeron. 

Prompt photon can be background to new 
physics. 

Here measure: 

• in DIS and compare to theories 

• in diffraction for the first time and 
compare to MC models.

ZEUS Preliminary

< �Z >=
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Ei|Zi � Zcluster| / (wcell

X

i

Ei)

·•Use segmentation of the barrel 
calorimeter in Z-direction to suppress 
photons from meson decays 

·•Main requirements: 

·•4 < ET
Ɣ < 15 GeV 

·•ETjet > 2.5 GeV 

·•10 < Q2 < 350 GeV2  

·•Measure diff. cross sections as a 
function of:

x� =
X

�,jet

(Ei � p

i
Z) / (2EeyJB)

xp =
X

�,jet

(Ei + p

i
Z) / 2Ep

�⌘ = ⌘jet � ⌘�

�⌘e,� = ⌘e � ⌘�

��e,� = �e � ��

�� = �jet � ��
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ZEUS preliminary
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Figure 3: Differential cross sections in (a) x�, (b) xp, (c) �� (deg.), (d) �⌘, (e) ��e,� (deg.),
and (f) �⌘e,�. The inner and outer error bars show, respectively, the statistical uncertainty and

the statistical and systematic uncertainties added in quadrature. The solid histograms are the

reweighted Monte Carlo predictions from the sum of QQ photons from Pythia normalized by a

factor 1.6 plus Djangoh LL photons. The dashed (dotted) lines show the QQ (LL) contributions.
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·•LO + LLog MC (Djangoh for LL + 
Pythia for QQ) provides a good 
description of the data 

·•if the LO QQ contribution is 
weighted by a factor of 1.6 

·•and the LL contribution is 
taken as is in the MC
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·•AFG provides a reasonably good description of data 

·•BLZ fails to describe data particularly for xγ and Δη

Collinear factorisation in NLO (AFG), Aurenche, Fontannaz and Guillet : EPJ C 75 (2015) 64, 
arXiv:1704.08074v1 

kT-factorisation (BLZ), Baranov, Lipatov and Zotov: PR D 81 (2010) 094034 

7

Prompt photons in DIS

Correlated variables in isolated prompt photons production in DIS at HERA
Olena Hlushchenko| RWTH|

16

Comparison with theory

ZEUS Preliminary 15-001

AFG: LAPTH-005/17 LPT-Orsay 16-88 BLZ: PRD81, 094034 (2010)

ZEUS Preliminary

• Description by kT factorisation (BLZ) not great, particularly xγ and Δη. 

• Description by collinear factorisation (AFG) is better and reasonable.

See talk by  
O. Hlushchenko, WG4



Summary

·•New combination of charm & beauty cross sections in DIS by H1 & ZEUS 

·•improved precision 

·•FFNS in NLO & aNNLO provide overall satisfactory description of data 

·•PDF fit to inclusive & c & b data in DIS at HERA alone yields values for 
running quark masses consistent with PDG 

·•New results on multijet prod. at low Q2 & previous results at high Q2 by H1 

·•satisfactory description by NLO, improved shape in PT by NNLO with 
significantly reduced scale uncertainty compared to NLO, particularly at 
higher scales  

·•extraction of as and running of as in NNLO using all suitable H1 HERA 
inclusive jet and dijet data: as(MZ) = 0.1157 (6)exp (+38-25)pdf,theo 

·•New results on prompt photons & jets in DIS by ZEUS 

·•agree better with AFG (coll. fact. NLO) than with BLZ (kT fact.) 

·•agree also, after QQ rescaling, with Djangoh & Pythia
20
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Pull dist. for the c & b combination
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 / ndf 2χ  46.42 / 57
Prob   0.8406
Constant  1.04± 13.85 
Mean      0.04705± 0.02711 
Sigma     0.0335± 0.7662 



Jet cross sections
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·•as dependence calculated in orders of as: 

·•in hard coefficients 

·•in PDF (splitting functions)



Scale dependence
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Extraction of as
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Fit theory to jet data, using: 

taking experimental, PDF and hadronization uncertainties into account

·•define theory inputs (order in as, PDFs, scales, … 

·•minimise x2 using Minuit and obtain as 

·•propagate exp., PDF, had. uncertainties 


