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ep Collisions: HERA, H1 and ZEUS

h1.desy.de
www-zeus.desy.de

● HERA world's only ep collider, 1992 - 2007
● Centre-of-mass energies 225 -- 318 GeV, 
● ~1 fb-1 of total physics data recorded
● Two all-purpose detectors: H1 and ZEUS
● All HERA measurements now final, in 

particular inclusive, charm, and jet cross 
sections
● Combinations between experiments being 

finalized

Hamburg, Germany

   HERA-I    HERA-II
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Deep-Inelastic Scattering
● Inclusive DIS cross sections form the backbone of all modern 

global QCD analyses and PDF fits
● Cover wide range of 6*10-7 < x < 0.65 and 0.045 < Q2 < 50000 GeV2)
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Charm Production at HERA

● Charm is produced in virtual photon-gluon fusion
● α

s
 and M

c
 important scales in the pQCD calculations

● Best constraints on M
c
 from DIS in ep collisions

● Sensitive to gluon PDF
● Charm contributes up to 30% to PDFs at high Q2

● Consequences for electroweak precision measurements
at LHC

Reduced cross section:

Cross section in terms of structure functions F
2

cc, F
L
cc
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Quark Mass Treatment Schemes in QCD
● Several large scales complicate QCD analysis of charm production
● Various ansätze starting from basic factorization theorem

Fixed Flavour Number Scheme (FFNS)
● Heavy quarks are massive
● Treated like final-state particles (not as partons)
● Expected to be valid at scale ~M

c

● Cross section calculations: HVQDIS, FMNR

Zero Mass Flavour Number Scheme (ZM-VFNS)
● Neglects heavy quark masses
● Uses resummation for terms ~ log(Q2/m

c
2)

● Expected to be valid at scales >> m
c

● Cannot describe charm data at HERA

General Mass Variable Flavour Number Scheme (GM-VFNS)
● Interpolates between FFNS and ZM-VFNS
● Various approaches possible and in existence (RT, ACOT, ...)

Schemes can be tested with HERA charm data
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Combined HERA Charm Data

● Combined reduced cross
sections together with input
data

● 155 measurements 
combined to 52 cross
section measurements

● 48 sources of correlated
uncertainty taken into
account

● Good consistency of
combination with data 
X2 / ndof  = 62 / 103

Eur. Phys. J. C73 (2013) 2311
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Reminder: Impact of Charm Data on PDF Fits

● 13 parameter fit using RT optimised VFNS based on HERAPDF1.0 fit
● Inclusion of charm data does not impact PDF fit significantly

(neither central values nor uncertainties)
● Main effect:

Uncertainty on gluon pdf is marginally reduced due to inclusion of 
data from γg->cc process

● For HERAPDF2.0 no extra fit with only adding charm was released
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Summary / Reminder Slide on Jets Data

● More more details in talk by R. Placakyte, WG4
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Overview HERAPDF2.0

● HERAPDF2.0 is the latest
and greatest combination
of HERA data

● Several flavors released
● Different assumptions

on Q2
min

, flavour scheme,
NLO, NNLO

● with and without
charm and jets

Will focus here on
HERAPDF2.0Jets
including charm and jets data

● More talks on HERAPDF2.0 in WG1
● Inclusive combination: K. Wichmann
● QCD Analysis and variants: V. Myronenko
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Charm Mass Parameter in HERAPDF 2.0

M
c
 = 1.47 GeV (NLO)

M
c
 = 1.43 GeV (NNLO)

● Optimal M
c
 found by repeating 

PDF fits scanning the range
1.2 GeV < M

c
 < 1.6 GeV

and finding the minimum 

● Reminder: In VFNS the charm
mass parameter is a scale for
the calculation – charm quark 
not treated as free particle

● Using GM-VFNS RTOPT scheme
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Measurement of the Charm Quark Mass

● Reminder: In fixed flavour schemes
we interpret the charm quark like
a free, final state particle with a mass

● Fit m
c
 in NLO QCD Analysis

based on ABM FFNS scheme
using HERA inclusive and
charm data

● 3 active flavors, α
s
nf=3(M

Z
)=0.105

● Fit result using OPENQCDRAD:

● Compatible with PDG value
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 α
s
 Choice in Fit and Validation

Inclusive, charm and jet data 
at NLO
● Fit arrives at α

s
(M

Z
) = 0.118

● Largely independent of Q2
min

● Mostly due to inclusion of
multijet data

● Confirms choice

● Inclusive only fits at NLO 
and NNLO cannot constrain
α

s
(M

Z
) very well

● For fixed fits the strong coupling constant was chosen to be
α

s
(M

Z
) = 0.118  at (N)NLO  and α

s
(M

Z
) = 0.130 at LO

● Confirm by leaving it free and fitting in a scan
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HERAPDF2.0Jets NLO at μ
f
 = 10 GeV2

Fig 64

α
s 
= 0.118 α

s 
free

● Fits very similar in both cases (assumed as corresponds to fit result)
● Full treatment of uncertainties in both cases

● Main difference due to hadronization corrections in free fit
● The free as fit results in
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HERAPDF2.0 compared to HERAPDF2.0Jets NLO

Fig 65

● Fits almost identical
● Main difference is small reduction in uncertainty on gluon distribution
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HERAPDF2.0Jets vs. red. Charm Cross Section

Fig 66

● Combined HERA charm data together with the HERAPDF2.0Jets
NLO fit

● Excellent description

α
s 
free
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HERAPDF2.0Jets vs. H1 HERA-I Jet Cross Sections

● Differential H1 HERA-I jet cross sections dσ/dp
T
 normalized to NC inclusive

cross sections compared to HERAPDF2.0Jets
● Excellent description of data
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HERAPDF2.0Jets vs. H1 low Q2 Jet Cross Sections

● Differential H1 low Q2 jet cross sections dσ/dp
T
 normalized to NC inclusive

cross sections compared to HERAPDF2.0Jets
● Excellent description of data
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HERAPDF2.0Jets vs. ZEUS Inclusive Jet Cross Sections

Fig. 69

● Differential ZEUS jet cross sections dσ/dp
T 
compared to

HERAPDF2.0Jets
● Excellent description of data
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HERAPDF2.0Jets vs. ZEUS Dijet Cross Sections

● Differential ZEUS dijet cross sections dσ/d<p
T
>

2 
compared

to HERAPDF2.0Jets
● Excellent description of data
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HERAPDF2.0Jets vs. H1 Multijet Cross Sections

Fig 69

● Differential H1 inclusive,
dijet and trijet cross sections
normalised to inclusive NC
cross sections

● Excellent description of data
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Summary and Conclusions

● Measurements of HERA inclusive, charm and jets cross sections
have been performed over six orders of magnitude

● Most precise set of data of ep scattering ever published
● One of the legacies of HERA

● Extensive QCD analysis of data performed resulting in the
HERAPDF2.0 set of PDFs along with derivations

● Adding charm and jets data: HERAPDF2.0Jets
● Does not change PDFs significantly
● Reduces uncertainty on gluon PDF
● Allows measurement of the strong coupling constant

Excellent agreement with world average
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BACKUP
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Theory Calculations Compared to Charm Data

● Can compare data to theoretical predictions before QCD analysis
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Fitting the charm mass scale M
c
 in VFNS

● Optimal M
c
opt found by repeating 

PDF fits scanning the range
1.2 GeV < M

c
 < 1.8 GeV

and finding the minimum 

● Charm + HERA-I data allow to 
constrain M

c
 much better than 

HERA-I data alone
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Extraction of M
c

opt in various flavour schemes
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Comparison of σ
red

cc to MSTW at NLO and NNLO

● MSTW at NLO with RT standard
and optimised interpolation procedure

● RT optimised works better at low Q2

● MSTW at NNLO describes
data better that NLO
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Comparison of σ
red

cc to HERAPDF1.5

● Using M
c
 = 1.4 GeV

(1.35 GeV < M
c
 < 1.65 GeV)

● Data described well within
full HERAPDF1.5 uncertainties
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Comparison of σ
red

cc to ABM (FFNS)

● Data described well over whole
Q2 range at NLO and NNLO
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Comparison of σ
red

cc to NNPDF and CT (GM-VFNS)

● NNPDF FONLL-A and FONLL-B
fail to describe data at  
Q2 < 100 GeV2

● Improved in FONLL-C

● CT10 (NLO) with S-ACOT-X scheme
fails to describe data at Q2 < 5 GeV2

● Improved at NNLO
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Impact of HERA charm data on LHC predictions

● Predictions for W± and Z production at LHC calculated using MCFM 
interfaced to APPLGRID for various VFNS schemes

● Monotonic rise in all schemes
● Suppression of charm leads to more light quarks and gluons
● More light sea quarks and gluon splitting lead to larger cross section

● Significant spread of 6% over whole M
c
 fit range

● Spread reduced to <2% at M
c
opt values

● Can reduce uncertainty on LHC predictions when using HERA
charm data at optimal M

c
 determined by HERA
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Inputs to charm combination

Data sets used in combination

● This talk does not discuss the original charm measurements, but their
combination and QCD analysis
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Details of σ
red

cc at Q2 = 18 GeV2

● Total uncertainty of
combination much smaller
than those of input data

● At Q2 = 18 GeV2

improvement of factor ~2 
with 6% - 10% resulting 
uncertainty

● Inputs shifted in x for
presentation
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Charm Quark Mass Definitions

● Pole mass
● Treat charm quark as if it was a free particle (not confined)

● Running quark mass
● Used in the MS renormalization scheme
● m(mu_R) implements a scale dependent, running mass
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Combination Method for Charm Data

● Allowed to shift in fit 
(max. shift < 1.2 sigma)

● Pulls show gaussian behavior,
fit works

● Based on Chi2 combination procedure
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Differences HERAPDF1.5 to HERAPDF2.0
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Beauty Mass Parameter Fit in HERAPDF 2.0
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HERA Combined Reduced Charm Cross Sections
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Combined Charm Cross Section Results
Averaged reduced charm cross sections at HERA
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Z and W cross section predictions for LHC

NLO VFNS predictions for Z/W+- cross sections at the LHC for 7 TeV
using MCFM
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