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Inelasticity Photon virtuality

HERA Collider
● The only existing ep collider (1992 - 2007)
● About 0.5 fb-1 of data per experiment
● Two multi-purpose detectors (H1 + ZEUS) 

Photoproduction

Deep-inelastic
scatering (DIS)

    e±         +    p
27.6 GeV + 920 GeV
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HERA Legacy
● Combined HERA NC+CC inclusive reduced 

cross sections (0.5 fb-1 per experiment)
[arxiv:1506.06042]

EW Unification Bjorken Scaling
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HERA Legacy
● Large coverage in x, Q2 

limitation due to beam energy 
and acceptance

● HERAPDF2.0 QCD fit 
based exclusively on 
HERA inclusive DIS data

[arxiv:1506.06042]
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Jet production at HERA
● Basic classification according the 

state of proton and electron afer 
scattering

In total 118 Jet analyses from HERA
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Jet production at HERA
● Basic classification according the 

state of proton and electron afer 
scattering

In total 118 Jet analyses from HERA

Photoproduction
(tagged) DIS

PDF

DPDFγP
D

FNon-
diffractive

Diffractive
(tagged)

Electron

Proton

jet1

jet2Proton 
spectrometer

Elector 
tagger

EM 
callor.

Hadr. 
callor.

p e

NNLO
pred.



7

● New NNLO predictions for ep dijets 
based on antenna subtraction
J. Currie, T. Gehrmann, A. Huss and J. Niehues, 
JHEP 07 (2017) 018, [1703.05977]

● Matrix element tables precalculated by 
NNLOJET program (~100 CPU years)

● Then convoluted with PDFs and        
with fastNLO using the APPLfast 
interface (<1s)

NNLO calculations

A bit of history
● 1973 Asymptotic freedom of QCD
● 1993 NLO studies of DIS jets
● 2016 NNLO corrections for DIS 

jets

real-real real-virtual

virtual-virtual

✔ Real-real + real-virtual 
crosschecked with 
NLOJET++ & SHERPA
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Jets in DIS at NNLO

✔ Predictions
✔ αS fit

✔ PDF fit

DESY-17-137 Eur.Phys.J.C77 (2017), 791 [arxiv:1709.07251]
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NNLO       fit of H1 jets data in DIS
Why       ?

● Among the least known SM 
parameters

● Great importance for LHC 
physics

Why now?
● NNLO revolution in the last years 
● NNLO predictions now available 

for both pp and ep dijets
● Complementary to the

extraction in pp at intermediate 
scales 

Dijet DIS production at H1

First NNLO       fit of the jet ep data

[PDG16]
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The data-sets used in NNLO QCD 
analysis
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Inclusive jets (H1 HERA-II)
Double-dif.

●       and 
●  Phase space:

jets found in
with kT algo (R=1)

NLO predictions
● NNPDF 3.0 NLO
● Larger scale unc.
● Chi2/ndf = 1.7

NNLO predictions
● NNPDF 3.0 NNLO
● Smaller scale unc.
● Chi2/ndf = 1.3
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Dijets (H1 HERA-II)
Double-dif.

●       and 
● Mean dijet 

jets found in
with kT algo (R=1)

NLO predictions
● NNPDF 3.0 NLO
● Larger scale unc.
● Chi2/ndf = 1.4

NNLO predictions
● NNPDF 3.0 NNLO
● Smaller scale unc.
● Chi2/ndf = 0.6
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Scale dependence
● The NNLO predictions depend less on the 

renormalization scale (=have smaller theor. unc.)

● To estimate the uncertainty the scale varied up and 
down by the factor of 2

● As a scale we use
Others functional 
forms also tested
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● 7 possible function studied
● NNLO       is typically 

smaller than the NLO one
● The NNLO       is typically 

better
● NNLO scale unc. is smaller

Functional form of the scale

All data above mb threshold used
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Original PDFs at scale
evolved to higher/lower scales by
DGLAP with 

     in PDF and      in ME
● Alpha strong afects both, 

PDFs and matrix element
● Both efects considered,

      in ME more prominent

DGLAP equations

PDFs at scale                        very 
well constrained by lot of data 
→        - “independent”
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Which data do we use in the fit?
● The scale uncertainty gets 

higher with smaller scales

(                            )

● We use only data

Small          → high theor. unc.
Large          → high exp. unc. Compromise 
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Alpha strong running
and central value

← PETRA
← LEP
← LEP

← LHC

← HERA
Data unc.

Hadronisation

NNPDF 3.1 unc.

         variants

PDFs from 5 collab.

Scale unc.

● Scale and experimental 
unc. dominant

● Consistent with PDG 
“world average” value
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● HERAPDF-like parametrization with 12 
parameters at the starting scale

● Only data with 
● The      taken as an additional free parameter 

of the fit
● Experimental, scale, parametrization and 

model uncertainty considered

Simultaneous       + PDF fit
(H1PDF2017)

Normalized jet data

Inclusive NC+CC
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● Resulting fit of inclusive+
jet/inclusive data sets:

(with 141 jet data points)

● Anti-correlation between 
gluon density and 

● Huge precision gain by 
including jet data

→ Jet data mater

Simultaneous PDF +      fit

Data+had unc.

Quark masses
unc.

Parametrization
unc.

From
simultaneous

ren.+fact. scale
 variation 
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● Both values of        consistent 
with       from global PDF fits

● The NNLO reduces the scale 
uncertainty by half

● The theoretical uncertainty 
(scale) still dominates

● The indication for lower
values when low-scale data 
included
→ missing higher orders?

Alpha strong values
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Jets in DDIS at NNLO

✔ Predictions
✗ αS fit

✗ DPDF fit

jet1

jet2Proton 
spectrometer

Elector 
tagger

EM 
callor.

Hadr. 
callor.

e

p

DESY-18-054 Eur.Phys.J.C78 (2018), 538 [arxiv:1804.05663]
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DIS variables:

Difractive Dijet Production in ep

At HERA about 10% of low-x 
events are difractive

Difractive variables:

In difractive events the beam proton stays intact or 
dissociates into low mass hadronic system Y

Dijet mass: 

At LO: The momentum fraction 
entering the hard subprocess 
with respect to the difractive 
exchange

LO diagram
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Collinear QCD factorization theorem in 
hard difraction

● For difractive events with a hard scale (e.g Q2 or jets pT)

● Factorization of the difractive cross section into process 
independent DPDFs and partonic cross sections

● For difractive processes (including dijets) with Q2 high enough 
factorization proven by Collins within perturbative QCD, for 
low Q2 factorization breaking suggested
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NLO DPDFs
● DPDF sets difer mainly in gluon component which 

is weekly constrain from inclusive difractive data
● For gluon dominated difractive dijet production 

we have sizable DPDF uncertainty 
● DPDFs obey standard DGLAP evolution equation

Fits of inclusive 
data

H1 2006 Fit A
H1 2006 Fit B
MRW DPDF

70% of 
difractive 
exchange 
momentum 
carried by 
gluons

Combined inclusive 
+ dijets data fits

H1 2007 Fit Jets
ZEUS 2009 Fit SJ
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The DIS dijets measurements
● 5times     e+p  27.6 GeV + 920 GeV

1times     e+p  27.5 GeV + 820 GeV
● 4times     Large rapidity gap selection (LRG)

2times     Proton spectrometer (FPS, VFPS)

LRG
HERA II 

LRG
HERA I

FPS
HERA II

VFPS
HERA II

LRG
HERA I

LRG
HERA I
820GeV

H1 LRG HERA II
Phase Space

All HERA analyses using 
kT-jet algorithm (R=1) and 
asymmetric jet pT cuts
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Total Cross Sections - NLO vs NNLO

● For NNLO the inner 
bar represents the 
scale uncertainty, the 
outer includes DPDF 
uncertainties 

● Total cross sections 
well described by NLO

● NNLO predictions 
systematically 
overestimate the data
(NNLO/NLO phase 
space dependent)
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Total Cross Sections - NLO vs NNLO
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Total Cross Sections - Scale 
dependence

Jets in DDIS (√s = 320 GeV)

● The gluon-DPDF induced cross 
section rises gradually with order

● The quark-Induced cross section 
stagnates at NLO

● At NNLO 84% of the cross section is 
from gluon DPDF

Higgs production in pp (√s = 8 TeV)
JHEP 1204 (2012) 004
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● The same or similar distributions from 
various analyses grouped into one plot,
as shown bellow.

● For inelasticity y NNLO higher for higher y,
similar trend in data, note

e(k) 
e’(k’) y

(q)*
γ

g(v)IPz
IP remnant
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p(p) 

Y(p’) t

12M
XM

YM

s

Diferential x-sections
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Chi2 comparison
The normalization-independent definition● The NNLO typically 

describe shapes better
(improvement seen for 
all studied DPDFs)
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Conclusion
● The NNLO predictions available for the first time 

for jets in (D)DIS
● Comparing to NLO the scale uncertainties are 

smaller and x-sections typically larger

H1 NNLO jets
H1 NNLO jets+PDF

            fit of DIS jets    Pred. for DDIS jets
● Better description of shapes 

with NNLO, but 
normalization of

● Only NLO DPDFs available
● Plan for new combined 

(inclusive+jet) DPDF fit at 
NNLO
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Thank you for your attention
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Backup
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35
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History of Alpha Strong
● The current world average 

value
● Mostly driven by lattice and 

tau-decays
● From LHC the most precise 

estimate is from ttbar (NNLO)

[PDG16]

At least NNLO fits [PDG16]
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Dependence on PDF and 
In full H1 jet data sample 
positive correlation 
between           and 

Restricting to
makes the      -fit 
uncorrelated to
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