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overview
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• completing the HERAPDF2.0 family of PDFs
• previously produced (arXiv:1506.06042): HERAPDF2.0LO, NLO and NNLO; 

HERAPDF2.0Jets were only at NLO

• HERAPDF2.0Jets updated here with NNLO jet predictions from NNLOJet, 
as implemented in APPLfast

• plus addition of new H1 low Q2 jet data

• NEW PDFs at NNLO QCD for 𝛂s(MZ)=0.118 and 0.115
• PLUS free 𝛂s(MZ) fit, with preferred value significantly lower at NNLO than at NLO

• NNLO: 
𝝰s(MZ) = 0.1150 ± 0.0008 (exp) +0.0002 

–0.0005 (mod/par) ± 0.0006 (had) ± 0.0027 (scale)

• NLO result, as published: 
𝝰s(MZ) = 0.1183 ± 0.0009 (exp) ± 0.0005 (mod/par) ± 0.0012 (had) +0.0037 
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arXiv:1506.06042

HERA and DIS

Gluon from the scaling violations: DGLAP 
equations tell us how the partons evolve

LO expressions

The HERAPDF2.0 is the PDF which comes from QCD fits of the combined HERA
e±p scattering data Phys Rev D93(2016)092002
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Neutral Current:

Charged Current:

flavour decomposition

LO expressions

quarks pdfs valence quarks gluon via 𝓞(𝛂s)
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http://arxiv.org/abs/arXiv:1506.06042
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 (Y+ F2    Y- xF3 – y2 FL)
d2σNC(e

±p)     2πα2  1

dxdQ2              x     Q4
~

±

where Y± = 1±(1-y)2

HERA: a Rough GuideHERA: a Rough Guide
Neutral Current:

F2

xF3

FL~ αs·g [NLO QCD]

accessed at:

HERA-II

Low Q2 NC
(γ exchange)

γ
e

e

High Q2 NC

e

e

γ,Z

Z  Parity Violation

xF3 ~ 䌜㼛 (q-qbar)

CC

flavour composition

e+: d   e-: u

W±e±

ν

High precision F2:

HERA-I legacy

valence

d,u

σCC(e
+p) ~ (1-y)2 (d+s) +(ubar+cbar)

σCC(e
-p) ~ (u+c) + (1-y)2 (dbar+sbar)

Charged Current:

F2 ~ 䌜㼛 (q+qbar)

dF2/dlnQ2 ~ αs·g

(high-y only)

Modified at high Q2 by Z propagator

HERA: extension in (x,Q2) by 2 orders of

magnitude cf. fixed target experiments

Measure σ  fit data  extract PDFs and EW

q

q

qflavour
Final States:
(Jets, Charm, …)

σ ~ αs⋅g

why jet data?

previous result at NLO  →
arXiv:1506.06042
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NOW:
NNLO QCD calculations for DIS 
jets available in NNLOJet
(arXiv:1606.03991, 1703.05977), and 
implemented in APPLfast
(arXiv:1906.05303)

simultaneous fit of DIS 
inclusive and jet cross 
sections allows 
determination of 
𝛂s(MZ)
different dependencies on gluon and 𝛂s

gives improved constraints on both

http://arxiv.org/abs/arXiv:1506.06042
https://arxiv.org/abs/1606.03991
https://arxiv.org/abs/1703.05977
https://arxiv.org/abs/1906.05303


Data Set taken Q
2[GeV2] range L e

+/e�
p

s norma- all used Ref.
from to from to pb�1 GeV lised points points

H1 HERA I normalised jets 1999 – 2000 150 15000 65.4 e
+

p 319 yes 24 24 [11]
H1 HERA I jets at low Q

2 1999 – 2000 5 100 43.5 e
+

p 319 no 28 16 [12]
H1 normalised inclusive jets at high Q

2 2003 – 2007 150 15000 351 e
+

p/e�p 319 yes 30 24 [13], [14]
H1 normalised dijets at high Q

2 2003 – 2007 150 15000 351 e
+

p/e�p 319 yes 24 24 [13]
H1 normalised inclusive jets at low Q

2 2005 – 2007 5.5 80 290 e
+

p/e�p 319 yes 48 32 [14]
H1 normalised dijets at low Q

2 2005 – 2007 5.5 80 290 e
+

p/e�p 319 yes 48 32 [14]
ZEUS inclusive jets 1996 – 1997 125 10000 38.6 e

+
p 301 no 30 30 [9]

ZEUS dijets 1998 –2000 & 2004 – 2007 125 20000 374 e
+

p/e�p 318 no 22 16 [10]

Table 1: The data sets on jet production from H1 and ZEUS used for the HERAPDF2.0Jets
NNLO (prel.) fits.
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jet data used in the current NNLO analysis

strong overlap with those used in previous NLO QCD analysis 

5

some other data sets removed cf. NLO analysis: 
• trijet data, since no NNLO QCD calculations; 
• 6 dijet data points at low pt, since predictions unreliable; 
• low scale data μ = √(Q2 +pt2) < 13.5 GeV, for which scale variations large

low Q2 H1 datasets added (published 2016) that were not used in the previous NLO analysis

all systematic and statistical correlations implemented



scale choice for jet data
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factorisation scale choice is μF2=(Q2+pt2)
cf. μF2=Q2 in previous NLO analysis; updated since not a good choice for low Q2

jet data; change makes almost no difference for high Q2 jet data

renormalisation scale choice is μR2=(Q2+pt2)
cf. μR2=(Q2+pt2)/2 in previous NLO analysis
NB, optimal scale choice – where ‘optimal’ here means lower X2 – is different for NLO vs NNLO; 
NNLO fit with μR2=(Q2+pt2) gives ΔX2= –15 cf. μR2=(Q2+pt2)/2 and vice versa for NLO fit

consequences of scale changes also explored

☨ pt denotes ptjet in the case of inclusive jet cross sections and <pt> for dijets



HERA PDF approach
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• HERAPDF uses only HERA data

• combination of HERA data yields very precise and consistent dataset for 4 
different processes: e+p and e–p neutral and charged current reactions;                                 
also, for e+p, neutral current at 4 beam energies

• single consistent dataset; conventional X2 tolerance, ΔX2 = 1

• use of proton target means no need for heavy target/deuterium corrections
• d-valence extracted from CC e+p without assuming d in proton = u in neutron
• all data at W >15 GeV, so high-x higher twist effects negligible

• HERAPDF evaluates model and parameterisation uncertainties in addition to 
experimental uncertainties

• HERAPDF2.0 based on FINAL combination of HERA I and HERA II data, 
which supercedes the HERA I combination and all previous HERAPDFs

• HERAPDF2.0Jets add HERA jet data to this



HERAPDF parameterisation
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• 14 free parameters in central fit, established by saturation of X2

• extra D, E parameters added to all PDF flavours for parameterisation uncertainties, Ag’=0 also checked   

• QCDNUM used for QCD DGLAP evolution, within xFitter framework, and cross checked 
with independent code

• Thorne-Roberts Optimised Variable Flavour Number Scheme (RT-VFN)
• jet predictions from NNLOJet (arXiv:1606.03991, 1703.05977) interfaced to APPLfast

(arXiv:1906.05303)

• 𝛂s(MZ)=0.118, 0.115; plus free 𝛂s fit

constraints               and
ensure

as x → 0

QCD sum rules constrain 
Ag, Auv, Adv

sets size of 
strange PDF

https://arxiv.org/abs/1606.03991
https://arxiv.org/abs/1703.05977
https://arxiv.org/abs/1906.05303


HERAPDF sources of uncertainty
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experimental:
Hessian uncertainties: 14 eigenvector pairs 
evaluated with ΔX2=1; cross checked 
uncertainties using rms of MC replicas

model:
variation of input assumptions; and c,b masses
fs = 0.4 ± 0.1
Mc = 1.43 ± 0.06 GeV
Mb = 4.5 ± 0.25 GeV
Q2min = 3.5 – 1 

+ 1.5 GeV

parameterisation:
variation of Q20=1.9 ± 0.3 GeV2, plus 
addition of 15th parameter(s) 
(variations as for HERAPDF2.0 analysis)

NB, for jet cross sections, hadronisation
uncertainties also included

arXiv:1506.06042HERAPDF2.0, 

http://arxiv.org/abs/arXiv:1506.06042


HERAPDF2.0Jets NNLO
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uv dv

gluon sea

𝛂s(MZ)=0.118 
fixed



HERAPDF2.0 vs HERAPDF2.0Jets NNLO
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uv dv

gluon sea

𝛂s(MZ)=0.118 
fixed



HERAPDF2.0Jets NNLO 𝝰s fits
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standard HERAPDF value is 𝝰s(MZ)=0.118 (shown on previous slides)

fits also performed with free 𝝰s(MZ), compared here to X2 scan over fixed 𝝰s(MZ) 
perfect agreement in minimum and uncertainty 



HERAPDF2.0Jets NNLO 𝝰s fits
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and with full uncertainties:

𝝰s(MZ) = 0.1150 ± 0.0008 (exp) +0.0002 
-0.0005 (mod/par) ± 0.0006 (had) ± 0.0027 (scale)

[NB, scale uncertainty dominates; 7-point variation considered, with μR, μF varied by factor of 2]
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sensitivity to minimum Q2 cut 
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HERA data at low x, Q2 may be subject to need for ln(1/x) resummation or higher twist effects; 
X2 scans also performed with harder minimum Q2 cuts

no significant change to extracted value of 𝝰s(MZ)
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central values from the 3 scans:

EG, arXiv:1506.06042, 1710.05935

http://arxiv.org/abs/arXiv:1506.06042
https://arxiv.org/abs/1710.05935


comparison to previous NLO result
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new NNLO 
result

arXiv:1506.06042

NNLO scans using inclusive and jet data 
are compared to previously published scans at 
NLO, plus corresponding scans using only 
inclusive data

similar level of precision at NNLO and NLO

smaller value of 𝝰s(MZ) preferred at NNLO
NB, conclusion holds independent of updated scale choices; 
with old scales, NNLO result would be even lower at 0.1135 

NNLO: 
𝝰s(MZ) = 0.1150 ± 0.0008 (exp) +0.0002 –0.0005 (mod/par) 
± 0.0006 (had) ± 0.0027 (scale)

cf. NLO: 
𝝰s(MZ) = 0.1183 ± 0.0009 (exp) ± 0.0005 (mod/par) 
± 0.0012 (had) +0.0037 
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ū + c̄ + (1� y2

)(d + s)
�

(5)

� =

X

a,n

Z
dx ↵n

s (µR) ca,n(x, µR, µF ) fa(x, µF )

1

↵s(M
2
Z) = 0.1150± 0.0008 (exp)

+0.0002
�0.0005 (model/par.)± 0.0006 (had)± 0.0027 (scale)

↵s(M
2
Z) = 0.1183± 0.0009 (exp)± 0.0005 (model/par.)± 0.0012 (had)

+0.0037
�0.0030 (scale)

d
2�±NC

dxdQ2 =
2↵⇡2

xQ4

�
Y+F2 ⌥ Y�xF3 � y2FL

�

F2 ⇠
X

i

e2
i (xqi + xq̄i) (1)

xF3 ⇠
X

i

(xqi � xq̄i) (2)

FL ⇠ ↵s ⇥ g (3)

d
2��CC

dxdQ2 =
G2

F

2⇡

M 2
W

M 2
W + Q2

�
u + c + (1� y2

)(d̄ + s̄)
�

(4)

d
2�+

CC
dxdQ2 =

G2
F

2⇡

M 2
W

M 2
W + Q2

�
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HERAPDF2.0Jets NNLO (prel.) with ↵s(M

2
Z
) fixed to 0.115, the value determined in the NNLO

fit with free ↵s(M
2
Z
) at the scale Q

2 = 10 GeV2. The uncertainties are given as di↵erently shaded
bands.

8

  

 H1 and ZEUS preliminary

 -  HERAPDF2.0Jets NNLO (prel.), �s(MZ) = 0.115 2

Q2 = 10 GeV2

  

 H1 and ZEUS preliminary

 -  HERAPDF2.0Jets NNLO (prel.), �s(MZ) = 0.115 2

Q2 = 10 GeV2

a) b)

c) d)

Figure 2: The parton distribution functions a) xuv, b) xdv, c) xg and d) x⌃ = x(Ū + D̄) of
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x(Ū + D̄) of HERAPDF2.0Jets NNLO (prel.) with fixed ↵s(M
2
Z
) = 0.115 and ↵s(M

2
Z
) = 0.118

at the scale Q
2 = M

2
Z
. The total uncertainties are shown as di↵erently hatched bands.

11

18

uv dv

gluon sea

comparison of 𝝰s(MZ)=0.115 and 0.118
at higher 

scale 
Q2=MZ2



H1 and ZEUS preliminary

10
-3

10
-2

10
-1

1

10

d
σ

/d
p

T
 (

p
b

/G
eV

)

125 < Q
2
 < 250 GeV

2
250 < Q

2
 < 500 GeV

2
500 < Q

2
 < 1000 GeV

2

10 50

p
T
 / GeV

  

1000 < Q
2
 < 2000 GeV

2

10 50

10
-3

10
-2

10
-1

1

2000 < Q
2
 < 5000 GeV

2

10 50

Q
2
 > 5000 GeV

2

10 50

p
T
 / GeV

  

ZEUS inclusive jets

HERAPDF2.0Jets NNLO (prel.)

αS(M
2

Z) = 0.115, Q
2

min = 3.5 GeV
2

H1 and ZEUS preliminary

10
-2

10
-1

1

10

d
σ

/d
<

p
T
>

2
 (

p
b

/G
eV

)

125 < Q
2
 < 250 GeV

2
250 < Q

2
 < 500 GeV

2
500 < Q

2
 < 1000 GeV

2

20 50

<p
T
>

2
 / GeV

1000 < Q
2
 < 2000 GeV

2

20 50

10
-3

10
-2

10
-1

2000 < Q
2
 < 5000 GeV

2

20 50

Q
2
 > 5000 GeV

2

20 50

<p
T
>

2
 / GeV

ZEUS dijets

HERAPDF2.0Jets NNLO (prel.)

αS(M
2

Z) = 0.115, Q
2

min = 3.5 GeV
2

a)

b)

Figure 10: a) Di↵erential jet cross sections, d�/dpT , in bins of Q
2 between 125 and

10000 GeV2 as measured by ZEUS. b) Di↵erential dijet cross sections, d�/dhpT i2, in bins of
Q

2 between 125 and 20000 GeV2 as measured by ZEUS. The variable hpT i2 denotes the aver-
age pT of the two jets. Also shown are predictions from HERAPDF2.0Jets NNLO (prel.). The
bands represent the total uncertainty on the predictions excluding scale uncertainties; they are
mostly invisible. Only data used in the fit are shown.
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Figure 7: a) Di↵erential jet cross sections, d�/dpT , normalised to NC inclusive cross sections,
in bins of Q

2 between 150 and 15000 GeV2 as measured by H1. b) Di↵erential jet cross sec-
tions, d�/dpT , in bins of Q

2 between 5 and 100 GeV2 as measured by H1. Also shown are
predictions from HERAPDF2.0Jets NNLO (prel.). The bands represent the total uncertainties
on the predictions excluding scale uncertainties. Only data used in the fit are shown.
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Figure 8: Di↵erential normalised a) inclusive jet cross sections, d�/dpT , b) di↵erential dijet
cross-sections, d�/dhpT i2, in bins of Q

2 between 150 and 15000 GeV2 as measured by H1.
The variable hpT i2 denote the average pT of the two jets. All cross sections are normalised to
NC inclusive cross sections and devided by the bin-width. Also shown are predictions from
HERAPDF2.0Jets NNLO (prel.). The bands represent the total uncertainties on the predictions
excluding scale uncertainties; they are mostly invisible. Only data used in the fit are shown.
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excluding scale uncertainties; they are mostly invisible. Only data used in the fit are shown.
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cf. HERA jet data

HERAPDF2.0JetsNLO 
𝛂s(MZ)=0.115 

EPJ C65 (2015) 2, EPJ C77 (2017) 215

EPJ C65 (2015) 2

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-014-3223-6
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-4717-9
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-014-3223-6
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Figure 9: Di↵erential normalised a) inclusive jet cross sections, d�/dpT , b) di↵erential dijet
cross-sections, d�/dhpT i2, in bins of Q

2 between 5 and 80 GeV2 as measured by H1. The
variable hpT i2 denote the average pT of the two jets. All cross sections are normalised to NC
inclusive cross sections. Also shown are predictions from HERAPDF2.0Jets NNLO (prel.). The
bands represent the total uncertainties on the predictions excluding scale uncertainties; they are
mostly invisible. Only data used in the fit are shown.
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Figure 9: Di↵erential normalised a) inclusive jet cross sections, d�/dpT , b) di↵erential dijet
cross-sections, d�/dhpT i2, in bins of Q

2 between 5 and 80 GeV2 as measured by H1. The
variable hpT i2 denote the average pT of the two jets. All cross sections are normalised to NC
inclusive cross sections. Also shown are predictions from HERAPDF2.0Jets NNLO (prel.). The
bands represent the total uncertainties on the predictions excluding scale uncertainties; they are
mostly invisible. Only data used in the fit are shown.
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cf. HERA jet data

HERAPDF2.0JetsNLO 
𝛂s(MZ)=0.115 

EPJ C77 (2017) 215

EPJ C77 (2017) 215

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-4717-9
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-4717-9
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cf. other NNLO determinations
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impact at LHC

• 𝝰s is least known coupling 
constant; 

arXiv:1610.07922
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Figure 3: Precision electroweak and strong interaction coupling determinations with the LHeC. Left: Total experimental
uncertainty of the vector and axial-vector NC down-quark couplings from the LHeC (red ellipse) compared to present determi-
nations from HERA, Tevatron and LEP; Right: Extrapolation of the coupling constants (1/�) within SUSY (CMSSM40.2.5) [4]
to the Planck scale. The width of the red line is the uncertainty of the world average of �s, which is dominated by the lattice
QCD calculation chosen for the PDG average. The black band is the LHeC projected experimental uncertainty [1].

LHeC �s measurement is not just a single experiment but represents a whole programme, which renews
the physics of DIS and revisits the scale uncertainties in pQCD at the next-to-next-to-next-to leading order
level. The LHeC itself provides the necessary basis for such a programme, mainly with a complete set of
high precision PDF measurements, including for example the prospect to measure the charm mass to 3MeV
as compared to 30MeV at HERA (from F cc

2 ), and with the identification of the limits of applicability of
DGLAP QCD by discovering or rejecting saturation of the gluon density.

3.3 Low x Physics

The parton densities extracted from HERA data exhibit a strong rise towards low x at fixed Q2. The
low x regime of proton structure is a largely unexplored territory whose dynamics are those of a densely
packed, gluon dominated, partonic system. It o�ers unique insights into the gluon field which confines quarks
within hadrons and is responsible for the generation of most of the mass of hadrons. Understanding low x
proton structure is also important for the precision study of cosmic ray air showers and ultra-high energy
neutrinos and may be related to the string theory of gravity. The most pressing issue in low x physics is
the need for a mechanism to tame the growth of the partons, which, from very general considerations, is
expected to be modified in the region of LHeC sensitivity. There is a wide, though non-universal, consensus,
that non-linear contributions to parton evolution (for example via gluon recombinations gg � g) eventually
become relevant and the parton densities ‘saturate’. The LHeC o�ers the unique possibility of observing
these non-perturbative dynamics at su⇤ciently large Q2 values for weak coupling theoretical methods to
be applied, suggesting the exciting possibility of a parton-level understanding of the collective properties of
QCD. A two-pronged approach to mapping out the newly accessed LHeC low x region is proposed in [1].
On the one hand, the density of partons can be increased by overlapping many nucleons in eA scattering
(see next section). On the other hand, the density of a single nucleon source can be increased by probing at
lower x in ep scattering. Many observables are considered in [1], from which two illustrative examples are
chosen here.

10

PDG18: 𝝰s = 0.1181 ± 0.0011

• what is true central value and uncertainty? 
new precise determinations have important role 
to play 

needed to constrain GUT scenarios; 
cross section predictions, including 
Higgs; …

(𝝰s = 0.1174 ± 0.0016; w/o lattice QCD)

https://arxiv.org/abs/1610.07922
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HERAPDF2.0 family of PDFs completed by performing an NNLO fit 
including HERA DIS jet data

possible only due to recent theoretical and grid technology developments 
(NNLOJet, APPLfast) 

TWO new PDF sets:
HERAPDF2.0JetsNNLO 𝛂s(MZ)=0.118  (the PDG value)
HERAPDF2.0JetsNNLO 𝛂s(MZ)=0.115  (value favoured by our new fits) 

the jet data allows us to constrain 𝛂s(MZ); NNLO value:

cf. NLO value:

systematic shift downwards at NNLO even taking scale change into account
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extras
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H1, NNLOJet, APPLfast colls., EPJ C77 (2017) 791 NNLOJET+APPLfast, arXiv:1906.05303

cf. other NNLO results using HERA jets
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