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News on HERA News on HERA 
proton structure proton structure 

and and 
prospects from EICprospects from EIC

K. Wichmann @EPI23     
                                                       
                                                       
     

HERAHERA
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DIS @ HERADIS @ HERA
First: 1993 → Final: 2015First: 1993 → Final: 2015

2007: HERA shutdown 2007: HERA shutdown 
→ → 1515thth anniversary of start, 30 anniversary of start, 30thth anniversary of end anniversary of end
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Jets produced @ DESY for almost 45 years Jets produced @ DESY for almost 45 years 
Jets at PETRA, 1979Jets at PETRA, 1979

           dijets                                     trijets

At HERA direct information on gluon 
and as(MZ) comes from jet production

→ Possible simultaneous determination of 
parton densities and as(MZ)

Jets at HERAJets at HERA
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Why study jets @ HERA?Why study jets @ HERA?

● Implemented in FastNLO and APPLEGRID → fast cross section 
calculation possible

New NNLO calculations for HERA ep jet production available now

→→  Possible simultaneous determination of PDFs and Possible simultaneous determination of PDFs and aass(M(MZZ) at NNLO) at NNLO

● HERA inclusive data carry 
little information on as(MZ)

● Jet data sensitive to as(MZ)

EPJ C 82, 243 (2022) arXiv:2112.01120 
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 C. Gwen lan@
M

o riond2 2
C. Gwen lan@

M
o riond2 2

Why look at Why look at aass
  ??
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HERA jet data used in NNLO PDF fitHERA jet data used in NNLO PDF fit
●  Inclusive jets and dijets included
● Trijets from HERAPDF2Jets NLO excluded → no NNLO predictions
● H1 low Q2 data added – particularly sensitive to as(MZ) 
●  Some data points excluded due theory limitations 

● Data at low scale μ = (pt2 +Q2) < 10 GeV → scale variations are large (~25% NLO 
and ~10% NNLO) 

● 6 ZEUS dijet data points at low pt for which predictions are not truly NNLO 

● QCD PDF fit with jet data
→ With fixed as(MZ)

→ With free as(MZ) or doing as(MZ) scan  → → aass(M(MZZ) value) value

EPJC C82 (2022) 243
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HERAPDF2.0 parameterisationHERAPDF2.0 parameterisation

● Additional constrains
●                         constrained by the quark-number sum rules and 

momentum sum rule
●

●                       at starting scale, fs = 0.4
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● αs(MZ) determined with experimental, model, param. and hadr. uncertainties 

● In fits with free αs(MZ)  scale uncertainty  important → calculated as 100% 
correlated between bins and data sets

aass @ NNLO from HERA jets @ NNLO from HERA jets  
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Comparison to other HERAPDF2.0 fitsComparison to other HERAPDF2.0 fits
● For previous NLO results scale uncertainty applied as 50% correlated 
and 50% uncorrelated between bins and data sets (due to inclusion of HQ 
and trijet data)
● Using the precious procedure at NNLO: 

HERAPDF2.0Jets NLOHERAPDF2.0Jets NLO

NNLONNLO

Scale uncertainties reducedScale uncertainties reduced
→ as expected for NNLO calculations
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C. Gwenlan @ Moriond22C. Gwenlan @ Moriond22
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Fit with fixed Fit with fixed aass  = 0.1155= 0.1155

  ExperimentalExperimental  uncertaintiesuncertainties::

- - HessianHessian  methodmethod
- Conventional - Conventional ΔΔχχ22 = 1 →  = 1 → 68% CL68% CL

  Model uncertaintiesModel uncertainties
- all variations added in quadrature- all variations added in quadrature

  Parametrisation uncertaintiesParametrisation uncertainties
- largest deviation- largest deviation Adding D and E parameters to each PDFAdding D and E parameters to each PDF
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Fit with fixed Fit with fixed aass  = 0.118= 0.118

How does it compare to HERAPDF2.0? How does it compare to HERAPDF2.0? Well!Well!
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Comparison of theory Comparison of theory 
predictions to H1 HERA II predictions to H1 HERA II 
normalised jets @ high Qnormalised jets @ high Q22

  → good agreement for all data → good agreement for all data 
used in PDF fitsused in PDF fits
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New ZEUS jet measurementNew ZEUS jet measurement

●  New HERAII high-Q2 

inclusive jets results 
from ZEUS (15 years 
after shutdown)
● Phase-space and cuts 
identical to H1 high-Q2 

result → direct 
comparison possible

● Good agreement with 
H1 and with theory 
predictions → used in 
simultaneous PDF and as 
fit  

ZEUS-prel-22-001
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ZEUS-jets QCD fit @ NNLOZEUS-jets QCD fit @ NNLO
● Used jet data sets

● HERAI ZEUS inclusive jets at high Q2  
● HERAI+II ZEUS di-jets at high Q2  
● New HERAII ZEUS inclusive jets at high Q2  

 
● Statistical correlations between ZEUS HERAII jet data sets taken into 
account via correlation matrix
● Fit method and settings follow exactly HERAPDF2 strategy

 Results

● Note scale uncertainty!  
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Comparison to HERAPDF2Jets NNLOComparison to HERAPDF2Jets NNLO

● Central value compatible with 
HERAPDF and with PDG world average
● Increased experimental uncertainty 
← fewer jet datasets used

Significantly decreased 
scale uncertainty ← absence 

of low Q2 jet data
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ConclusionConclusion

Reduced scale uncertainty →
 

present analysis is one of the present analysis is one of the 
most precise measurements of most precise measurements of 

ααss(M(M22
ZZ) at hadron colliders so far) at hadron colliders so far† † 

†PTEP 2020, 8, 083C01 (2020)
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New DIS data for PDFs:New DIS data for PDFs:

  

EICEIC
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HERA & ATHENA phase-spaceHERA & ATHENA phase-space

QQ22
minmin = 3.5 GeV = 3.5 GeV22

High-x region not covered by HERA → impact on high-x PDFs expected

HERAPDF philosophy: get PDFs with HERA data only → start with that HERAPDF philosophy: get PDFs with HERA data only → start with that 
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Fits with ATHENA pseudo-dataFits with ATHENA pseudo-data
● ATHENA pseudo-data created using HERAPDF2 NLONLO
→ NC: 5 centre-of-mass energies
→ CC: only highest energy so far
→ “realistic” uncertainties estimation

● PDF fits “HERAPDF2-style” with DIS and DIS+EIC data

By design:
● Parton distributions 

agree very well

→ comparison of 
uncertainties crucial
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Impact of EIC data on proton PDFImpact of EIC data on proton PDF

As expected for DIS-
only fits:

● Dramatic improvement 
of valence quarks at 
large x

● Improvement also for 
gluons/sea

For global fits:
● Improvement smaller 

but clearly visible
● Done using profiling 

method → let's look at 
full fits

arxiv:1606.01736
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Various data in other PDF setsVarious data in other PDF sets



  

24

                          
                          K. W

ic hm
a nn  @

 E PI P H
A

N
Y 23            P D

Fs  @
 H

E R A
K. W

ic hm
a nn  @

 E PI P H
A

N
Y 23            P D

Fs  @
 H

E R A

 

● Full fits with MSHT20 
pseud-data 

● Improvement significantly 
reduced compared with 
HERAPDF2.0

● Still significant effects 
present
→ biggest impact on up-
valence distribution
→ small but valuable 
improvement on all parton 
species visible at all x and Q2 

 values

Impact of EIC data on Impact of EIC data on 
global fits @NNLOglobal fits @NNLO

Suppl. material to 1606.01736
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My private EIC wish list ...My private EIC wish list ...

HERA: only available high 
energy ep DIS data 
→ all other fits include 
fixed target DIS data

Is that a real effect?  
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EIC, world’s first e+A collider → will explore nuclear EIC, world’s first e+A collider → will explore nuclear 
structure at unprecedented level, up to heaviest nucleistructure at unprecedented level, up to heaviest nuclei

● Nuclear PDFs studied in terms of 
nuclear modification factor R:

● Relative uncertainty of gluon in 
proton ATHENA-only fits

● Uncertainty of gluon in gold nucleus
● Nuclear modification factor formed 

from ratio of gluon in gold and 
proton

It encodes deviations of nPDFs from 
simple scaling of free nucleon PDFs 

with atomic mass A after accounting 
for varying proton-to-neutron ratios 

using isospin symmetry

Suppl. material to 1606.01736
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Impact of EIC data on nuclear PDF @NLOImpact of EIC data on nuclear PDF @NLO

● Nuclear modification factors 
for gluon and u valence and u 
sea quarks
 
→ comparison with EPPS16 
(representative current 
global fit)

● Fixed target DIS and DY 
data

● p+A at LHC
●  p0 from PHENIX

Precision largely improved 
with EIC data only

→ factor of two @ x ~ 0.1

arxiv:1606.01736
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Beyond collinear PDFs:Beyond collinear PDFs:

TMD PDFs → towards global fitsTMD PDFs → towards global fits

S.Taheri Monfared, H.Jung, K.Wichmann
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MotivationMotivation
● PB TMDs together with PB TMD parton shower allow very good description 

of measurements over wide kinematic range
→ excellent description of the DY spectrum in a wide range of pT 
→ also for jet multiplicity even much beyond reach of corresponding fixed-
order calculation

Is there still any room for improvement? YES!Is there still any room for improvement? YES!

● PB-TMD NLO fits use HERA DIS data
→ can be improved by including different data sets in fits arXiv:2001.06488 

●  NuSea data studied  
→ generally well described by PB-TMD + NLO 
→ deteriorates for region of highest masses 

● large-x region - parton densities used in 
calculation poorly constrained

● NNPDF3.0 fits better – more data used 
→ can be improved in global fits

→ jet data constrain gluon at high x
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Fits using HERAPDF frameworkFits using HERAPDF framework

● Started with HERA jets
● Added fixed target + 

CMS W/Z
● Good data description
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Visible improvement for high massesVisible improvement for high masses
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Message to take awayMessage to take away
● Two new HERA αs results

→ HERAPDF2.0Jets NNLO

→ ZEUS new jet measurement + αs(MZ) fit

→ one of the most precise measurements of αone of the most precise measurements of αss(M(M22
ZZ) at hadron colliders) at hadron colliders

● Using EIC data will make tremendous difference 
→ proton PDFs, especially at high x
→ nPDFs constrained with 10% precision 

● Parton Branching methods allows studying TMDs 
→ global PB TMDs within reach

HERA still has something to say!HERA still has something to say!
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Additional slidesAdditional slides
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Updates in the procedureUpdates in the procedure

C. Gwenlan @ Moriond22C. Gwenlan @ Moriond22
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Estimation of charm & beauty massesEstimation of charm & beauty masses
● new HERA combined charm and beauty data: EPJ C78 (2018), 473
→ updated estimation of Mc and Mb 
→ Heavy Quark (HQ) coefficient functions evaluated using Thorne-Roberts 
Optimised Variable Flavour Number Scheme  

Mc = 1.41 +- 0.04 Mc = 1.46 +- 0.04 

Mb = 4.2 +- 0.1 Mb = 4.3 +- 0.1 
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Checking robustness of resultsChecking robustness of results
● HERA data at low x and Q2 may be subject to need for ln(1/x) 
resummation or higher twist effects (eg arXiv:1506.06042, 1710.05935) 

→ → cc22 scans scans performed with harder Q performed with harder Q22 cuts cuts

Q2 cuts do not 
result in any 

significant change to 
the value of αs(MZ)

● Alternative parameterisations checked
● No negative gluon term and no NG but additional Dg parameter
→ both give the same result 
→ consistent with nominal
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Completing NLO pictureCompleting NLO picture

● Similar behavior and level of precision at NLO and NNLO
● However direct comparison of 2015 and 2022 results not possible

→ different scale choice and slightly different jet data sets  
● After unifying (details in backup)
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… … and how it compares to and how it compares to aass = 0.1155 = 0.1155
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… … and how it compares to and how it compares to aass = 0.1155 = 0.1155
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UncertaintiesUncertainties

● Reduction of low-x gluon  
(x <  10-3) uncertainties 
due to reduced 
model/param uncertainties 
in variations of Mc and µf

2 

● Reduction of high-x gluon 
(x > 10-3) uncertainties due 
to reduced 
model/param/exp 
uncertainties

● The same for other scales 
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HERA combined DIS data are 
core of every modern PDF 

extraction

● 2927 data points combined 
to 1307

● impressive precision

Eur. Phys. J. C75 (2015), 12, 580

HERA combined inclusive DISHERA combined inclusive DIS

HERAPDF approach uses 
ONLY HERA data in 

global QCD fit
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