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HERA: protons of 920 GeV and electrons/positrons of 27.6 GeV 

Centre of mass energy √s = 318 GeV 
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Inclusive cross sections 

give quark densities –

gluon and αS come from 

the Q2 dependence  

 

Jet production data 

depend on gluon directly, 

measures αS better 

 

Charm production also 

depends on gluon and αS 

But dependence on 

heavy quark mass and on 

heavy quark scheme is 

stronger 
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Essentially 4 processes: Neutral and Charged current e+ and e- scattering 

determine 4-flavours:  u, ubar, d,dbar 

 

QCD scaling violations determine the gluon- very broad kinematic reach in Q2 



This page shows NC e+ combined data 

Above : Results of the combination 

compared to the separate data sets 

Right: the full NC e+ data 6 

A very well understood consistent data set 

JHEP 1001 (2010) 109 has combined 

data for all 4 cross sections 

Measurements at the same x,Q2 must 

come from the same true σ 
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PDFs 

  

are parametrised at Q2
0 

 

And then evolved to Q2> Q2
0 using the QCD DGLAP equations at NLO (or NNLO) 

At Q2 values where there are measurements the evolved PDFs are convoluted with 

QCD coefficient functions to predict the structure functions  

and these predictions are then fitted to the measuremets  

The gluon PDF can also take a 

term which allows it to become 

negative 

The assumptions made here- such as the values of Q2
min, Q

2
0, fs, mc, mb the value of 

αs(MZ)=0.1176 and the form of the parametrisation are varied  



8 

Fit uses ONLY HERA DIS data 

 

Only proton data– no nuclear corrections, no deuterium binding corrections 

No strong isospin assumptions- d-quark is determined directly 

 

All data at W2 > 300 GeV2 – no higher twist effects 

 

Cross-section data are used not F2– no dubious corrections for FL used to extract F2 
 

Data reach Q2 ~30,000 GeV2 so a General Mass Variable Flavour Number Scheme is 

used for heavy quark production (lnQ2/mc
2) terms are resummed) 

 

The HERA data combination procedure produces a consistent data set for the 4-cross 

sections NC e+, NC e-, CC e+, CC e- . Thus there is no need to introduce increased χ2 

tolerances to cover data inconsistencies as in some of the global PDF fits. 

 

For the HERA combined data the correlated systematic uncertainties of the individual H1 

and ZEUS data sets have been reduced by the cross-calibration of the experiments 

which results from the combination, so that they are less than statistical uncertainties 

across most of the x,Q2 plane. Total uncertainties ~1% for 20 < Q2 < 100 GeV2 and 2% 

for most of the rest of the kinematic plane 

 

 



9 

αs(MZ) uncertainty is evaluated by determining different PDFs for different fixed values of αs(MZ) 

from 0.114 to 0.122. The usual range considered is 0.1156 to 0.1196 

Now let us move to more exclusive processes 
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Arxiv:1211.1182 

EPJC73,2311 (2013) 
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Wide kinematic range 

0 < Q2 , 10000 GeV2 



 b 
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Correlated uncertainty 

similar size to uncorrelated 

→ full correlation matrix                       

provided 

→ important to use it 

(in contrast with inclusive 

combination) 
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Comparison to HERAPDF1.5 NLO (note: not all the NNLO heavy 

quark coefficient functions for the CC processes are known) 

This uses the Thorne-Roberts 

Variable Flavour Number Scheme 

 

Central value of mc=1.4 GeV  

 

but  the model dependence 

indicated by the blueband covers 

variation 1.35 < mc <1.65 GeV 

 

The data clearly prefer a larger value 

of mc... 
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Comparisons to predictions from CT10, MSTW 

NNPDF with various heavy quark schemes and 

masses at different O(αs) with varying levels of 

success 
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But not only do schemes, orders and masses differ, the PDF assumptions and 

value of αs(MZ) also differ. We want a consistent approach to the various schemes 
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Perform a QCD fit to the HERA combined charm data together with HERA 

combined inclusive data 

Use different heavy quark schemes and masses– see what the data tells us 

Charm mass is treated as a free 

parameter of the fit 

For the schemes listed above this is a 

pole-mass 

 

The combined charm data show a 

clear minimum of χ2... 

But this plot is for just one scheme 

RT-Standard 
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The preferred value of charm mass depends 

on the scheme used..  

The best fit to HERA data is from ACOT-full 

But the best fit to HERA charm data is from 

RT-Standard. All are acceptable fits 

 

Below we give the preferred charm masses 

with systematic uncertainties resulting from 

•  differing model assumptions in the QCD fit 

•  different choices of parametrisation  

•  different values of αs(MZ ) 
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The value of the effective charm mass has consequences for the predictions of W 

and Z cross sections at the LHC- the larger the mass the larger the cross-section- 

although the argument is subtle. 

Currently predictions from different PDF groups  differ by ~7-8%. 

Part of the reason is a non-optimal choice of charm mass for the corresponding heavy 

quark scheme 

CTEQ     MSTW     NNPDF 

1.3           1.4          1.414    (Mc in GeV 

                                               chosen) 

1.15         1.5           1.6       (optimal 

                                             choice) 

Predictions differ by~6% for a fixed value 

of Mc 

But only by ~ 2% for an optimal choice  
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But so far we have not considered FFN schemes 

An FFN fit can be done using a running mass rather than a pole mass 

As implemented by the ABM group 

 

FFN schemes fit the charm data well– although they are not used for HERA very high Q2 

inclusive data (because of ln(Q2/mc2) terms) 

A determination of the MSbar mass 

can be made 
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Jet production in Deep Inelastic Scattering and in 

Photoproduction can be used to extract  αs(MZ) and to 

improve the determination of the gluon PDF 

The value of αS(MZ) is strongly correlated to the 

gluon PDF shape in fits to inclusive data alone 

because the gluon is determined from the scaling 

violations  

Jet data give us a cross-section which depends 

directly on the gluon PDF.  

This extra information reduces the strong 

correlation 

The DIS  jet cross-sections have small correlated errors (~5%) from the  Jet Energy 

Scale of ~1%. This is much smaller than the correlated systematic uncertainties 

achieved forTevatron jets at the end of Run-II. 

HERA –jet measurements contribute to the gluon and αs(MZ) measurements in global 

PDF fits 
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H1 normalised multi-jet cross sections H1-Prel-12-031 
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αs(MZ) Extraction Fitting Technique 
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NNLO calculations are not 

available for DIS jet 

production 
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Tension between di-jet result and inclusive jet 

result. Resolve this by only using points for which 

the NLO corrections are less than 30% 
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ZEUS photoproduced jets Nucl.Phys B864(2012)1 arXiv:1205.6153 
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Studies of different photon PDFs 
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Running of αS seen in 

a single experiment 
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These jet based measurements of αs(MZ) use fixed proton 

PDFs and assess uncertainty due to this choice 
We could fit αs(MZ) and the PDFs simultaneously. 
We do this starting with the HERAPDF1.5 which has an update of data and fit 

compared to HERAPDF1.0 
Uses preliminary 

HERA  I+II data 

combination 

(ZEUS-prel 10-018, 

H1prelim-10-042) in 

addition to the 

published HERA-1 

combined data 

~200pb-1 HERA-I 

~700pb-1 HERA-II 

 e- increases by 

~factor 10 

Gives increased 

precision at high-x 
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HERAPDF1.5 HERAPDF1.0 

Most PDFs are supplied  at fixed αs(MZ), what happens when we free it? 

 

The HERAPDF1.6 fit does this (H1prelim-11-034, ZEUS-prel-11-001) 

 

Note these are NLO fits since DIS jet production at NNLO is not available. 
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The gluon PDF uncertainty at low-x blows up 

 

What happens if we add jet data to this fit? (HERAPDF1.6) 

 

Most PDFs are supplied  at fixed αs(MZ), what happens when we free it? 

 

This shows the HERAPDF1.5 fit with free αs(MZ),  

 



36 36 

  

The addition of the jet data ensure that the PDF uncertainty on the gluon due to  the 

uncertainty on αS(MZ)  is not very large 

 

AND ....What happens to the freed value of αS(MZ) ? 

Free αS(MZ) no jets  Free αS(MZ) with jets  
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Now add jet data- inclusive jet data at  

low (5-100 GeV2) and high (125-15000 GeV2) Q2  

ZEUS data: 38.6pb-1 PLB547,164(2002) and 82pb-1 NPB765,1(2007) 

H1 data: 395pb-1EPJC65,363(2010) and 43.5pb-1 EPJC67,1(2010) 



The jet data allow us to make a competitive measurement of αS(MZ)  

The χ2 scan of  HERAPDF1.5f (no jets) and HERAPDF1.6 (with jets) vs  αS(MZ) 

αS(MZ) =0.1202 ± 0.0013 (exp) ± 0.0007(model/param) ± 0.0012(hadronisation) 

 

 +0.0045/-0.0036 (scale) 

 αS(MZ)  = 0.1202 ± 0.0019 ± scale error 
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No jets 

 

jets 
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Summary 
 

HERA data on inclusive neutral and charged current cross section for e+ and e- beams 

has been combined and used as the input to the HERAPDF QCD parton fit 

 

HERA data on charm production has been combined to give accurate charm structure 

function data which can be used to determine the charm mass in various heavy quark-

schemes. 

The running mass is 

 

HERA  data on jet production has also been used to determine αs(MZ): 

H1 normalised inclusive, di-jet and tri-jet cross-sections yield   

 

 

ZEUS photo-produced jets yield 

 

 

And a simultaneous fit of parton distributions functions together with HERA inclusive jet 

production at low and high Q2 from both experiments yields:  

αS(MZ)  = 0.1202 ± 0.0019(exp.) ± 0.004 (th). 

These are all NLO determinations such that the theory uncertainty is scale 

uncertainty– we need NNLO calculations 
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i) The level of total uncertainty is similar- but we swap parametrisation uncertainty for 

experimental uncertainty-  and there is slightly more uncertainty on low-x gluon 

ii) The central values have shifted such that the flexible parametrisation has a softer 

high-x Sea and a suppressed low-x d-valence- but these changes are within our 

error bands 

How does the extended parametrisation affect the NLO PDFs?- not much 

                                   HERAPDF1.5                                                  HERAPDF1.5f 
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With jets  Without jets  

 

Add HERA jet data to the fit  but keeping αs(MZ)  fixed 

( ZEUS-prel-11-001 ,H1prelim-11-034)  

There is little difference in the size of the uncertainties after adding the jet data –but 

there is a marginal reduction in high-x gluon uncertainty. 


