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Motivation: precision of the proton structure

Factorization:  PDF⊗ hard sub-process ME

proton structure      hard interaction

E1

E2

Precision of PDFs essential

ŝ = τs = x1x2s

Proton Structure described via probability for 
a parton i to carry the fraction x of proton 
momentum 
(Parton Distribution Functions) fi(x,μ2)                     

Cross sections of processes in proton-(anti)proton collisions

PDF PDF

calculable in pQCD
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LO : F2 ∝
�

i

(qi(x) + q̄i(x))

LO : F3 ∝
�

i

(qi(x)− q̄i(x))

NLO : FL ∝ x · αS · g(x,Q
2)

d2σe±P

dxdQ2
=

2πα2

xQ4
[Y+F2 ∓ Y−xF3 − y2FL]

PDFs extracted from structure function measurements in Deep Inelastic Scattering

 Q2 =-q2           boson virtuality
 x=-q2/2p·q    Bjorken scaling variable
 s=(k+p)2           center of mass energy 

 y                    transferred energy fraction
 Y± = 1±(1-y)2

γ, Z  Exchange: Neutral Current  ep → e X  

dominant contribution

γ/Z interference

contribution from gluon

electron-proton DIS

Proton PDFs and structure functions in DIS
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σe+p
CC ∝ x{(ū + c̄) + (1− y)2(d + s)}

σe−p
CC ∝ x{(u + c) + (1− y)2(d̄ + s̄)}

 W±  Exchange: Charged Current  ep → ν X  

sensitive to individual quark flavours

Proton PDFs and structure functions in DIS

PDFs extracted from structure function measurements in Deep Inelastic Scattering



Determination of parton density functions

x-dependence of PDFs is not calculable in perturbative QCD: 

   parameterize at a starting scale Q2
0 : f(x)=AxB(1-x)C(1+Dx+Ex2)

   evolve these PDFs using DGLAP equations to Q2>Q2
0

   construct structure functions from PDFs and coefficient functions: 

      predictions for every data point in (x, Q2) – plane

  χ2- fit to the experimental data

Structure function factorization: for the exchange of Boson V (γ, Z, W±) 

calculable in pQCDfrom measured 
cross sections

PDF

FV
2 (x,Q2) =

�

i=q,q̄,g

� 1

x
dz × CV,i

2 (
x

z
, Q2, µF , µR, αS)× fi(z, µF , µR)
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PDFs obtained from data of

fixed target, HERA, Tevatron 

HERA measurements: 
covers most of the (x,Q2) plane, 

best constraints at low, medium x

x

Q
2  / 

G
eV

2

Atlas and CMS (7 TeV)

Atlas and CMS rapidity plateau

D0 Central+Fwd. Jets

CDF/D0 Central Jets

H1

ZEUS

NMC

BCDMS

E665

SLAC
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HERA coverage in x

Tevatron

Experiments sensitive to PDFs

backbone of all available PDFs
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World-only ep collider

protons

electrons

Deep inelastic scattering at HERA

Central 
Tracker

• HERA I : 1992-2000

• HERA II: 2003-2007

• collider experiments 

H1 & ZEUS,√smax= 318 GeV

• integrated Luminosity 

            ~0.5 fb-1/ experiment

Ep=460-920 GeV Ee=27.6 GeV

HERA switched off June 2007, analyses ongoing on the way to final precision
H1 and ZEUS combine experimental data accounting for systematic correlations 
HERA performs the QCD analysis of (semi) inclusive DIS data (HERAPDF)
H1 and ZEUS collaborations provide/support the PDF Fitting Tool (HERAFitter)
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Neutral and charged current DIS at HERA

γ, Z : Neutral Current  ep → e X  

Isolated energetic scattered e±

Large missing energy due to ν

 W±  : Charged Current  ep → ν X  
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Recent results on HERA DIS Cross Sections

H1 and ZEUS
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Impressive precision up to high Q2 and high x

QCD analysis of combined HERA NC and CC data: HERAPDF 8



0.2

0.4

0.6

0.8

1

-410 -310 -210 -110 1

0.2

0.4

0.6

0.8

1

 HERAPDF1.5 (prel.) 

 exp. uncert.

 model uncert.
 parametrization uncert.
 

x

xf 2 = 10 GeV2Q

vxu

vxd

 0.05)×xS (

 0.05)×xg (

H
ER

A
 S

tr
uc

tu
re

 F
un

ct
io

ns
 W

or
ki

ng
 G

ro
up

Ju
ly

 2
01

0

H1 and ZEUS HERA I+II Combined PDF Fit
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HERA parton density functions

DGLAP fit at NLO

Heavy quarks: massive

Variable Flavour Number Scheme

Scales: µr = µf = Q2

Experimentally very precise

Parameterization at starting scale: 

HERAI +HERAII (prel.)

HERAPDF1.5: most precise DIS data, recommended PDF (HERA/PDF4LHC)

Model assumptions:

Q0
2=1.9 GeV2 , αs(MZ)=0.1176 

mc=1.4 GeV; mb=4.75 GeV; fs(Q0
2)=0.31
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HERAPDF1.5 NNLO
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HERAPDF1.5NNLO is based on HERA I + II inclusive DIS data 
uses more flexible parametrisation then NLO

HERAPDF1.5NNLO: eigenvectors available in LHAPDF
allows for many studies of parametrization and model parameters 
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Introduction Status of PDFs W and Z production Higgs and tt̄ production Summary

gg → H total cross sections versus αS(M2
Z )

)2
Z(MS!

0.114 0.116 0.118 0.12 0.122 0.124

  (
pb

)
H

"

0.12

0.14

0.16

0.18

0.2

0.22

68% C.L. PDF
MSTW08
CTEQ6.6
CT10
NNPDF2.1
HERAPDF1.0
HERAPDF1.5
ABKM09
GJR08

 = 180 GeVH = 1.96 TeV) for MsH at the Tevatron (#NLO gg

S!Outer: PDF+
Inner: PDF only
Vertical error bars

G
. W

at
t  

   
(S

ep
te

m
be

r 2
01

1)

)2
Z(MS!

0.114 0.116 0.118 0.12 0.122 0.124

  (
pb

)
H

"

0.12

0.14

0.16

0.18

0.2

0.22

)2
Z(MS!

0.114 0.116 0.118 0.12 0.122 0.124

  (
pb

)
H

"

4.4

4.6

4.8

5

5.2

5.4

68% C.L. PDF
MSTW08
CTEQ6.6
CT10
NNPDF2.1
HERAPDF1.0
HERAPDF1.5
ABKM09
GJR08

 = 180 GeVH = 7 TeV) for MsH at the LHC (#NLO gg

S!Outer: PDF+
Inner: PDF only
Vertical error bars

G
. W

at
t  

   
(S

ep
te

m
be

r 2
01

1)

)2
Z(MS!

0.114 0.116 0.118 0.12 0.122 0.124

  (
pb

)
H

"

4.4

4.6

4.8

5

5.2

5.4

)2
Z(MS!

0.111 0.112 0.113 0.114 0.115 0.116 0.117 0.118 0.119 0.12 0.121

  (
pb

)
H

"

0.15

0.2

0.25

0.3

0.35

68% C.L. PDF
MSTW08
NNPDF2.1
HERAPDF1.0
HERAPDF1.5
ABKM09
JR09

 = 180 GeVH = 1.96 TeV) for MsH at the Tevatron (#NNLO gg

S!Outer: PDF+
Inner: PDF only
Vertical error bars

G
. W

at
t  

   
(S

ep
te

m
be

r 2
01

1)

)2
Z(MS!

0.111 0.112 0.113 0.114 0.115 0.116 0.117 0.118 0.119 0.12 0.121

  (
pb

)
H

"

0.15

0.2

0.25

0.3

0.35

)2
Z(MS!

0.111 0.112 0.113 0.114 0.115 0.116 0.117 0.118 0.119 0.12 0.121

  (
pb

)
H

"

5.5

6

6.5

7

7.5

68% C.L. PDF
MSTW08
NNPDF2.1
HERAPDF1.0
HERAPDF1.5
ABKM09
JR09

 = 180 GeVH = 7 TeV) for MsH at the LHC (#NNLO gg

S!Outer: PDF+
Inner: PDF only
Vertical error bars

G
. W

at
t  

   
(S

ep
te

m
be

r 2
01

1)

)2
Z(MS!

0.111 0.112 0.113 0.114 0.115 0.116 0.117 0.118 0.119 0.12 0.121

  (
pb

)
H

"

5.5

6

6.5

7

7.5

• αS(M2
Z ) values can only partly explain low σH for ABKM09.G. Watt 18/24

Introduction Status of PDFs W and Z production Higgs and tt̄ production Summary

tt̄ total cross sections versus αS(M2
Z ) at the LHC
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• NNLO (approx.) using hathor code [Aliev et al., arXiv:1007.1327].
• Compare to single most precise current LHC measurements.

• CMS: σtt̄ = 164.4 ± 2.8(stat.) ± 11.9(syst.) ± 7.4(lumi.) pb
(e/µ+jets+b-tag) [CMS PAS TOP-11-003]

• ATLAS: σtt̄ = 179.0 ± 9.8(stat.+syst.) ± 6.6(lumi.) pb
(using kinematic information of lepton+jets events)
[ATLAS-CONF-2011-121]

• Tevatron: mt = 173.2± 0.9 GeV [TEVEWWG, arXiv:1107.5255].
Increasing mt by 2 GeV decreases predicted σtt̄ at LHC by 6%.

G. Watt 20/24

HERAPDF in benchmarking effort

Differences between the PDF groups: 

•  data used in the fit and estimation of uncertainties

•  choice of αS and running of strong coupling

•  different treatment of heavy quarks

HERAPDF

Dominant uncertainty on HERAPDF : parameterisation, model
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DIS:
- ep (HERA) data: quarks and gluon at small x (FL), jets (moderate x), 
flavour separation (in CC), heavy quark structure functions

- fixed target data: higher x

- neutrino DIS: flavor decomposition, x>0.01

Drell-Yan (γ,Z->l+l-): 
quark-antiquark annihilation ; high-x sea quarks, 
deuterium tagret: u/d asymmetry

High pT - jets (at colliders) : high-x gluon

W/Z production: different quark contributions

Data in PDF fits



PDF group landscape
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MSTW08 CTEQ6.6/CT10 NNPDF2.0/2.1 HERAPDF1.0/1.5 ABKM09/ABM11 GJR08/JR09

PDF Order LO

NLO

NNLO

LO

NLO

NNLO

LO

NLO

NNLO

NLO

NNLO

NLO

NNLO

NLO

NNLO

HERA DIS ✔ (old) ✔ (old/new) ✔ new ✔ (new/newest) ✔ (old/new) ✔ (old/new)

Fixed target DIS ✔ ✔ ✔ ✔ ✔ 

Fixed target DY ✔ ✔ ✔ ✔ ✔ 

Tevatron W, Z ✔ ✔ ✔ 

Tevatron jets ✔ ✔ ✔ ✔ ✔ 

HF Scheme RT GMVFNS S-ACOT GMVFNS FONLL GMVFNS RT GMVFNS

other implemented

BMSN FFNS

αS(Mz) NLO 0.120 0.118 0.119 0.1176 0.1179 0.1145

αS(Mz) NNLO 0.1171 0.118 0.1174 0.1176 0.1147 0.1124



HERAPDFs and HERAPDF approach

HERAPDF sets are based only on combined H1 and ZEUS data
                          proper correlations of the systematic uncertainties:
                          use Δχ2 =1 criterion for proper statistical uncertainties;
                          no need for nuclear corrections

HERAPDF tools allow for usage of different Heavy Flavour schemes
- close collaboration with theory groups MSTW, CTEQ, ABKM
- test and tune different pheomenological approaches

PDF fit is performed in line with the analysis of experimental data
- most precise inclusive DIS cross sections in the broad kinematic range
- semi-inclusive data provide further constraints
- test assumptions on the PDF parametrization and model parameters 
  

examples: • choice of αS and running of strong coupling

•  different treatment of heavy quarks
14



PDF fits using HERA jet data: fixed αS
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H1 and ZEUS HERA I+II PDF Fit with Jets 
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Inclusion of jet data into the PDF fit using fixed αS does not have large impact

Inclusive DIS data: 
combined HERAI+HERAII

Jet data:
H1 high Q2 , EPJ C65 (2010)  
      low Q2, EPJ C67 (2010)

ZEUS incl. jets PLB547 (2002) 
            incl.+2jets NP B765 (2007)

      
PDF Fit: 
- flexible parametrisation
- αs(MZ) fixed 

15



 PDF fits with free αS (MZ)
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Inclusion of jet data into the PDF fit decouples the gluon and αS (MZ)
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αS (MZ) from PDF fits including HERA jet data 
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From including the Jet data in the PDF fit: determine gluon and αS (MZ)  
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Charm data in the PDF fit
Charm production probes gluon directly. Do charm data influence the gluon? 
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Charm data in the PDF fit
Study the sensitivity of the PDF fit to the value of mc  
                          ➥ pin down the value of mc for different heavy quark schemes
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From including the charm data in the PDF fit decouple the g(x) and mc in the fit  
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Work in progress: 

using AB(K)M heavy quark scheme
➡ measurement of mc(mc) 



Value of mc in PDF important for W/Z at LHC
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From HERA to kinematics 
of Tevatron, LHC:

evolution in Q2 via DGLAP
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HERAPDF and measurements at Tevatron 
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Tool for PDF fits: HERAFitter
Developed/supported by HERA experts, follows HERAPDF approach:
✓ experimentalists perform QCD analysis of the PDF-sensitive data 
    and tune/test phenomenology
✓ very close collaboration with theory groups
✓ implies possibility to use different available heavy flavour schemes

Open source code, available on HEPForge:http://projects.hepforge.org/herafitter/

β-release includes 
DIS and some semi-inclusive data + examples how to include new data 
different statistical methods of uncertainty treatment, etc.. 

Already in use in ATLAS and CMS
24
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Tool for PDF fits: HERAFitter
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Summary/Outlook

 Understanding of the LHC data demands precise PDFs 

   HERA DIS data provide highest precision at low and medium x

 Heavy quarks and αS : quite some issue in QCD analyses  

    HERA charm and jet data provide constraints in PDF fits

 More to learn from the LHC: W&Z, top pair, jet production..

 Ready to fit LHC data: HERAFitter, more than just a tool..

26

Introduction Status of PDFs W and Z production Higgs and tt̄ production Summary

Future of PDF-fitting: elements for discussion

• Currently:
“Global” ≡ “HERA + fixed-target + Tevatron”.
Redefine:
“Global” ≡ “HERA + fixed-target + Tevatron + LHC”, or
“Global” ≡ “HERA + Tevatron + LHC”, or . . . ?

• Do we really need 6 (!) independent PDF groups updating their
fits with new LHC data (with still unaccounted discrepancies)?

• Old paradigm: wait for MRST(W)/CTEQ to incorporate new
data into their (clunky and private) ∼30-year-old fitting codes.

• New paradigm (?): open-source PDF fitting tools
(e.g. HERAFitter) with combined experiment/theory expertise,
allowing controlled studies of different approaches.

G. Watt 24/24

G. Watt (MSTW):
PDF4LHC 28.11.11
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PDF group landscape

12

MSTW08 CTEQ6.6/CT10 NNPDF2.0/2.1 HERAPDF1.0/1.5 ABKM09/ABM11 GJR08/JR09

PDF Order LO

NLO

NNLO

LO

NLO

NNLO

LO

NLO

NNLO

NLO

NNLO

NLO

NNLO

NLO

NNLO

HERA DIS ✔ (old) ✔ (old/new) ✔ new ✔ (new/newest) ✔ (old/new) ✔ (old/new)

Fixed target DIS ✔ ✔ ✔ ✔ ✔ 

Fixed target DY ✔ ✔ ✔ ✔ ✔ 

Tevatron W,Z ✔ ✔ ✔ 

Tevatron jets ✔ ✔ ✔ ✔ ✔ 

HF Scheme RT GMVFNS S-ACOT GMVFNS FONLL GMVFNS RT GMVFNS

other implemented

BMSN FFNS

αS(Mz) NLO 0.120 0.118 0.119 0.1176 0.1179 0.1145

αS(Mz) NNLO 0.1171 0.118 0.1174 0.1176 0.1147 0.1124



µi measured value at point i

δi statistical, uncorrelated systematic error

γj
j – correlated systematic error

bj – shift of correlated systematic error sources 

mi _ true value (corresponds to min χ2)

Measurements performed sometimes in slightly different range of (x,Q2) 

swimming to the common (x,Q2) grid via NLO QCD in massive scheme

Combination Procedure
Minimized value:



HERAPDF: Fit Improvements
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HERAPDF1.5f:

Two parametrisations are studied: a 10-parameter fit which corresponds to the preliminary
PDF fit of the NC and CC combined HERA I and HERA II data, HERAPDF1.5 [3], and a 14-
parameter fit, HERAPDF1.5f, which allows more flexibility, in particular for the low-x gluon
distribution. At the starting scale Q2

0 = 1.9 GeV2 the PDFs are parametrized as follows:

xg(x) = Agx
Bg · (1− x)Cg − A′

gx
B′

g(1− x)C
′

g (1)
xuv(x) = Auvx

Buv · (1− x)Cuv · (1 +Duvx+ Euvx
2) (2)

xdv(x) = Advx
Bdv · (1− x)Cdv (3)

xŪ(x) = AŪx
BŪ · (1− x)CŪ (4)

xD̄(x) = AD̄x
BD̄ · (1− x)CD̄ (5)

The parameters Ag, Auv , Adv are constrained by the sum rules. It is assumed that BŪ = BD̄,
C ′

g = 25, AŪ = AD̄(1− fs), where fs is the strangeness fraction.

In the 10-parameter fit additional four constraints are enforced: A′

g = B′

g = 0, Bdv = Buv

and Duv = 0. In both, the 10- and 14-parameter fits these choices define the central fit, while
further parameters are considered when evaluating the parametrization uncertainty, as described
in section 2.3.

Greater flexibility in the gluon density helps to avoid a parametrisation bias, when adding
more data that is sensitive to the gluon density, like charm or jet production. Therefore, the
14-parameter fit is preferred and used for HERAPDF1.6.

1.3 Theoretical predictions

The NLO cross sections of jet production were calculated using the NLOJET++ program [13].
The FastNLO [14] interface was used to efficiently convolute the matrix elements from NLO-
JET++ with the fitted PDFs.

In the prediction for the normalized jet cross sections [4] QCDNUM has been used to calcu-
late the corresponding inclusive cross sections. For the factorisation and renormalisation scales
the same variables as in relevant publications are used, the combination of Q2 and transverse
jet energy measured in the Breit frame ET (µf = µr =

√

(Q2 + E2
T )/2) for the H1 measure-

ments and transverse jet energy measured in the Breit frame (µf = µr =
√

E2
T ) for the ZEUS

measurements.

2 Determination of uncertainties

The total uncertainty of the parton density functions and the αsaccounts for the experimenal
uncertainties of the measurements and the variations of model and parametrisation assumptions,
as described in the following.

2

Two parametrisations are studied: a 10-parameter fit which corresponds to the preliminary
PDF fit of the NC and CC combined HERA I and HERA II data, HERAPDF1.5 [3], and a 14-
parameter fit, HERAPDF1.5f, which allows more flexibility, in particular for the low-x gluon
distribution. At the starting scale Q2

0 = 1.9 GeV2 the PDFs are parametrized as follows:

xg(x) = Agx
Bg · (1− x)Cg − A′

gx
B′

g(1− x)C
′

g (1)
xuv(x) = Auvx

Buv · (1− x)Cuv · (1 +Duvx+ Euvx
2) (2)

xdv(x) = Advx
Bdv · (1− x)Cdv (3)

xŪ(x) = AŪx
BŪ · (1− x)CŪ (4)

xD̄(x) = AD̄x
BD̄ · (1− x)CD̄ (5)

The parameters Ag, Auv , Adv are constrained by the sum rules. It is assumed that BŪ = BD̄,
C ′

g = 25, AŪ = AD̄(1− fs), where fs is the strangeness fraction.

In the 10-parameter fit additional four constraints are enforced: A′

g = B′

g = 0, Bdv = Buv

and Duv = 0. In both, the 10- and 14-parameter fits these choices define the central fit, while
further parameters are considered when evaluating the parametrization uncertainty, as described
in section 2.3.

Greater flexibility in the gluon density helps to avoid a parametrisation bias, when adding
more data that is sensitive to the gluon density, like charm or jet production. Therefore, the
14-parameter fit is preferred and used for HERAPDF1.6.

1.3 Theoretical predictions

The NLO cross sections of jet production were calculated using the NLOJET++ program [13].
The FastNLO [14] interface was used to efficiently convolute the matrix elements from NLO-
JET++ with the fitted PDFs.

In the prediction for the normalized jet cross sections [4] QCDNUM has been used to calcu-
late the corresponding inclusive cross sections. For the factorisation and renormalisation scales
the same variables as in relevant publications are used, the combination of Q2 and transverse
jet energy measured in the Breit frame ET (µf = µr =

√

(Q2 + E2
T )/2) for the H1 measure-

ments and transverse jet energy measured in the Breit frame (µf = µr =
√

E2
T ) for the ZEUS

measurements.

2 Determination of uncertainties

The total uncertainty of the parton density functions and the αsaccounts for the experimenal
uncertainties of the measurements and the variations of model and parametrisation assumptions,
as described in the following.

2

Two parametrisations are studied: a 10-parameter fit which corresponds to the preliminary
PDF fit of the NC and CC combined HERA I and HERA II data, HERAPDF1.5 [3], and a 14-
parameter fit, HERAPDF1.5f, which allows more flexibility, in particular for the low-x gluon
distribution. At the starting scale Q2

0 = 1.9 GeV2 the PDFs are parametrized as follows:

xg(x) = Agx
Bg · (1− x)Cg − A′

gx
B′

g(1− x)C
′

g (1)
xuv(x) = Auvx

Buv · (1− x)Cuv · (1 +Duvx+ Euvx
2) (2)

xdv(x) = Advx
Bdv · (1− x)Cdv (3)

xŪ(x) = AŪx
BŪ · (1− x)CŪ (4)

xD̄(x) = AD̄x
BD̄ · (1− x)CD̄ (5)

The parameters Ag, Auv , Adv are constrained by the sum rules. It is assumed that BŪ = BD̄,
C ′

g = 25, AŪ = AD̄(1− fs), where fs is the strangeness fraction.

In the 10-parameter fit additional four constraints are enforced: A′

g = B′

g = 0, Bdv = Buv

and Duv = 0. In both, the 10- and 14-parameter fits these choices define the central fit, while
further parameters are considered when evaluating the parametrization uncertainty, as described
in section 2.3.

Greater flexibility in the gluon density helps to avoid a parametrisation bias, when adding
more data that is sensitive to the gluon density, like charm or jet production. Therefore, the
14-parameter fit is preferred and used for HERAPDF1.6.

1.3 Theoretical predictions

The NLO cross sections of jet production were calculated using the NLOJET++ program [13].
The FastNLO [14] interface was used to efficiently convolute the matrix elements from NLO-
JET++ with the fitted PDFs.

In the prediction for the normalized jet cross sections [4] QCDNUM has been used to calcu-
late the corresponding inclusive cross sections. For the factorisation and renormalisation scales
the same variables as in relevant publications are used, the combination of Q2 and transverse
jet energy measured in the Breit frame ET (µf = µr =

√

(Q2 + E2
T )/2) for the H1 measure-

ments and transverse jet energy measured in the Breit frame (µf = µr =
√

E2
T ) for the ZEUS

measurements.

2 Determination of uncertainties

The total uncertainty of the parton density functions and the αsaccounts for the experimenal
uncertainties of the measurements and the variations of model and parametrisation assumptions,
as described in the following.

2

Two parametrisations are studied: a 10-parameter fit which corresponds to the preliminary
PDF fit of the NC and CC combined HERA I and HERA II data, HERAPDF1.5 [3], and a 14-
parameter fit, HERAPDF1.5f, which allows more flexibility, in particular for the low-x gluon
distribution. At the starting scale Q2

0 = 1.9 GeV2 the PDFs are parametrized as follows:

xg(x) = Agx
Bg · (1− x)Cg − A′

gx
B′

g(1− x)C
′

g (1)
xuv(x) = Auvx

Buv · (1− x)Cuv · (1 +Duvx+ Euvx
2) (2)

xdv(x) = Advx
Bdv · (1− x)Cdv (3)

xŪ(x) = AŪx
BŪ · (1− x)CŪ (4)

xD̄(x) = AD̄x
BD̄ · (1− x)CD̄ (5)

The parameters Ag, Auv , Adv are constrained by the sum rules. It is assumed that BŪ = BD̄,
C ′

g = 25, AŪ = AD̄(1− fs), where fs is the strangeness fraction.

In the 10-parameter fit additional four constraints are enforced: A′

g = B′

g = 0, Bdv = Buv

and Duv = 0. In both, the 10- and 14-parameter fits these choices define the central fit, while
further parameters are considered when evaluating the parametrization uncertainty, as described
in section 2.3.

Greater flexibility in the gluon density helps to avoid a parametrisation bias, when adding
more data that is sensitive to the gluon density, like charm or jet production. Therefore, the
14-parameter fit is preferred and used for HERAPDF1.6.

1.3 Theoretical predictions

The NLO cross sections of jet production were calculated using the NLOJET++ program [13].
The FastNLO [14] interface was used to efficiently convolute the matrix elements from NLO-
JET++ with the fitted PDFs.

In the prediction for the normalized jet cross sections [4] QCDNUM has been used to calcu-
late the corresponding inclusive cross sections. For the factorisation and renormalisation scales
the same variables as in relevant publications are used, the combination of Q2 and transverse
jet energy measured in the Breit frame ET (µf = µr =

√

(Q2 + E2
T )/2) for the H1 measure-

ments and transverse jet energy measured in the Breit frame (µf = µr =
√

E2
T ) for the ZEUS

measurements.

2 Determination of uncertainties

The total uncertainty of the parton density functions and the αsaccounts for the experimenal
uncertainties of the measurements and the variations of model and parametrisation assumptions,
as described in the following.

2

HERAPDF1.5 (10 parameter fit)

Two parametrisations are studied: a 10-parameter fit which corresponds to the preliminary
PDF fit of the NC and CC combined HERA I and HERA II data, HERAPDF1.5 [3], and a 14-
parameter fit, HERAPDF1.5f, which allows more flexibility, in particular for the low-x gluon
distribution. At the starting scale Q2

0 = 1.9 GeV2 the PDFs are parametrized as follows:

xg(x) = Agx
Bg · (1− x)Cg − A′

gx
B′

g(1− x)C
′

g (1)
xuv(x) = Auvx

Buv · (1− x)Cuv · (1 +Duvx+ Euvx
2) (2)

xdv(x) = Advx
Bdv · (1− x)Cdv (3)

xŪ(x) = AŪx
BŪ · (1− x)CŪ (4)

xD̄(x) = AD̄x
BD̄ · (1− x)CD̄ (5)

The parameters Ag, Auv , Adv are constrained by the sum rules. It is assumed that BŪ = BD̄,
C ′

g = 25, AŪ = AD̄(1− fs), where fs is the strangeness fraction.

In the 10-parameter fit additional four constraints are enforced: A′

g = B′

g = 0, Bdv = Buv

and Duv = 0. In both, the 10- and 14-parameter fits these choices define the central fit, while
further parameters are considered when evaluating the parametrization uncertainty, as described
in section 2.3.

Greater flexibility in the gluon density helps to avoid a parametrisation bias, when adding
more data that is sensitive to the gluon density, like charm or jet production. Therefore, the
14-parameter fit is preferred and used for HERAPDF1.6.

1.3 Theoretical predictions

The NLO cross sections of jet production were calculated using the NLOJET++ program [13].
The FastNLO [14] interface was used to efficiently convolute the matrix elements from NLO-
JET++ with the fitted PDFs.

In the prediction for the normalized jet cross sections [4] QCDNUM has been used to calcu-
late the corresponding inclusive cross sections. For the factorisation and renormalisation scales
the same variables as in relevant publications are used, the combination of Q2 and transverse
jet energy measured in the Breit frame ET (µf = µr =

√

(Q2 + E2
T )/2) for the H1 measure-

ments and transverse jet energy measured in the Breit frame (µf = µr =
√

E2
T ) for the ZEUS

measurements.

2 Determination of uncertainties

The total uncertainty of the parton density functions and the αsaccounts for the experimenal
uncertainties of the measurements and the variations of model and parametrisation assumptions,
as described in the following.

2

Two parametrisations are studied: a 10-parameter fit which corresponds to the preliminary
PDF fit of the NC and CC combined HERA I and HERA II data, HERAPDF1.5 [3], and a 14-
parameter fit, HERAPDF1.5f, which allows more flexibility, in particular for the low-x gluon
distribution. At the starting scale Q2

0 = 1.9 GeV2 the PDFs are parametrized as follows:

xg(x) = Agx
Bg · (1− x)Cg − A′

gx
B′

g(1− x)C
′

g (1)
xuv(x) = Auvx

Buv · (1− x)Cuv · (1 +Duvx+ Euvx
2) (2)

xdv(x) = Advx
Bdv · (1− x)Cdv (3)

xŪ(x) = AŪx
BŪ · (1− x)CŪ (4)

xD̄(x) = AD̄x
BD̄ · (1− x)CD̄ (5)

The parameters Ag, Auv , Adv are constrained by the sum rules. It is assumed that BŪ = BD̄,
C ′

g = 25, AŪ = AD̄(1− fs), where fs is the strangeness fraction.

In the 10-parameter fit additional four constraints are enforced: A′

g = B′

g = 0, Bdv = Buv

and Duv = 0. In both, the 10- and 14-parameter fits these choices define the central fit, while
further parameters are considered when evaluating the parametrization uncertainty, as described
in section 2.3.

Greater flexibility in the gluon density helps to avoid a parametrisation bias, when adding
more data that is sensitive to the gluon density, like charm or jet production. Therefore, the
14-parameter fit is preferred and used for HERAPDF1.6.

1.3 Theoretical predictions

The NLO cross sections of jet production were calculated using the NLOJET++ program [13].
The FastNLO [14] interface was used to efficiently convolute the matrix elements from NLO-
JET++ with the fitted PDFs.

In the prediction for the normalized jet cross sections [4] QCDNUM has been used to calcu-
late the corresponding inclusive cross sections. For the factorisation and renormalisation scales
the same variables as in relevant publications are used, the combination of Q2 and transverse
jet energy measured in the Breit frame ET (µf = µr =

√

(Q2 + E2
T )/2) for the H1 measure-

ments and transverse jet energy measured in the Breit frame (µf = µr =
√

E2
T ) for the ZEUS

measurements.

2 Determination of uncertainties

The total uncertainty of the parton density functions and the αsaccounts for the experimenal
uncertainties of the measurements and the variations of model and parametrisation assumptions,
as described in the following.
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 HERAPDF1.7: DIS+ low energy+jets+charm
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Including the jet and the charm data: decouple the gluon from αS and mc 
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FV
2 (x,Q2) =

�

i=q,q̄,g

� 1

x
dz × CV,i

2 (
x

z
, Q2, µF , µR, αS)× fi(z, µF , µR)

Heavy Quarks and PDF Fits

Factorization: 

i - number of active flavours in the proton: defines the factorization (HQ) scheme

• i  fixed : Fixed Flavour Number Scheme (FFNS) 

   only light flavours in the proton: i = 3 (4) 

   c- (b-) quarks massive, produced in boson-gluon fusion

   Q2 » mHQ
2 : can be less precise, NLO coefficients contain terms ~ 

•  i variable: Variable Flavour Number Scheme (VFNS) 

- Zero Mass VFNS: all flavours massless. Breaks down at Q2 ~mHQ
2

- Generalized Mass VFNS: different implementations provided by PDF groups
                           smooth matching with FFNS for Q2 →mHQ

2 must be assured

ln
� Q

mHQ

�

QCD analysis of the proton structure: treatment of heavy quarks essential



�
αS(µ)

Heavy Quark Mass Definition in PDFs

Usually HQ coefficient functions use a pole mass definition

BUT: pole mass defined for free quarks
Corrections due to loop integrals receive large contributions ~ O(ΛQCD) 

q 

 q

g(x)

    γe

p

q

g large higher order corrections
bad convergence of perturbative series

running coupling

running mass

Another way of defining quark mass: via renormalization 

mc (μ)



Heavy Quark Mass Meaning/Value in PDFs

Massive HQ coefficient functions are calculated at NLO using pole mass
Smith. et al NPB 395,162 (1993)

Used by the global fit groups: MSTW, CTEQ, ABKM, GJR, HERAPDF

ZMVFNS: mHQ defines a threshold at which HQ appears as an active flavour
GMVFNS: mHQ  is also used as a parameter at which FFNS turns into VFNS

PDF group        mc        mb       HQ scheme

PDG values:

PDF fits assume pole mass definition for heavy quarks

Values of mc as used by most PDF groups too low wrt. PDG

MSTW         1.4     /  4.75 GMVFNS
CTEQ       1.3     /  4.5 GMVFNS
JR      1.3    /  4.2 FFNS
ABKM      1.5    /  4.5 FFNS
HERAPDF 1.4         /  4.75 GMVFNS

1.66±0.18  / 4.79

 -0.05
+0.25



 HQ contributions to the proton structure function F2 : (e.g. charm) 

                      Direct test of HQ schemes in PDF fits

Heavy Quark Production at HERA
Heavy quarks in ep scattering produced in boson-gluon fusion

Contribution to total DIS cross section:

charm:   ~ 30% at large Q2 

beauty:  at most few %                   

 Gluon directly involved: 
      cross-check of g(x) from NC and CC DIS cross sections

c  (b)

 c  (b)

g(x)

    γe

p



Charm at HERA: Test Choice of mc in PDF

mc=1.4 GeV

mc=1.35 vs 1.65 GeV

                     PDG pole mass

Fc2 not included in HERAPDF1.0

but is well described

charm quark mass value varied

in the PDF Fit:

H1 and ZEUS
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 Measurement of mc (mc)

Recent theory developments: (AB(K)M group, DESY, arXiv:1011.5790)

HQ coefficient functions provided in MS scheme using running mHQ
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Consistent treatment of HQ in PDF fits
 

mc(mc) determined using DIS data 
   

HERA charm data will pin down the 

value of running charm mass

From including the charm data in the PDF fit we can learn about mc (mc)
20



 What is the Meaning of mc in PDF Fits?
Recent theory developments: (ABKM group, DESY, arXiv:1011.5790)

HQ coefficient functions provided in MS scheme using running mHQ
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Consistent treatment of HQ in PDF fits
 

mc(mc) determined using DIS data 
   

From including the charm data in the PDF fit we can learn about mc (mc)
30
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Charm Mass as a Model Parameter in PDF

F2+charmF2

Strong dependence on mc
 Weak dependence on mc

 

Study the sensitivity of the PDF fit to the value of mc 

PDF fit to inclusive DIS PDF fit to inclusive DIS + charm data



Value of mc : how different for various HQ schemes in PDF Fits?

 Different HQ Schemes in PDFs

Test different HQ schemes

(used by different PDF groups)
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RT : MSTW PDFs

ACOT: CTEQ PDFs

Different HQ schemes prefer

different optimal★ mc 

★ ★ ★★

Inclusion of charm data into the PDF fit decouples the gluon and mc

ZMVFNS does not describe data
not used any more by NNPDF



Prediction using mc=1.4 GeV

Error band: PDF uncertainty

Experimental error

Parametrization variation

Model assumptions 

including mc variation

Heavy Quarks in PDFs and W/Z at LHC

√s=14 TeV

rapidity

NLO ⊗ HERAPDF1.0

 Prediction of W± cross section @ LHC: dominant uncertainty due to PDF

mc  variation in PDF: significant uncertainty on W@LHC in central region
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 Vary the charm mass in the PDF. Use resulting PDFs for LHC predictions

Larger mc → more gluons, less charm → more light quarks → larger σW

Charm at HERA and W/Z at LHC
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 Vary the charm mass in the PDF. Use resulting PDFs for LHC predictions

Only one HQ scheme mc variation in PDF

1.4 < mc < 1.65 GeV
 

 3% uncertainty on W prediction 

Charm at HERA and W/Z at LHC
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 Vary the charm mass in the PDF. Use resulting PDFs for LHC predictions

Several HQ schemes mc variation in PDF

1.4 < mc < 1.65 GeV
 

 3% uncertainty on W prediction

Using different HQ schemes:

+ 7% uncertainty 

Large uncertainty on σW  prediction due to HQ treatment in PDFs

Charm at HERA and W/Z at LHC



(HERA)PDF and top quark at the LHC 
Top quark at CMS: cross section @ approx. NNLO

m
t
pole (GeV)

 t 
t_   

(p
b)

approx. NNLO (Langenfeld et al.) × HERAPDF15NNLO

only PDF uncertainties (68% CL):
experimental
parametrization
model variations: Q2 > 5 GeV2

CMS (Prel.) CMS-PAS-TOP-11-005 (2011)
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Dominant uncertainty: variation of Q2min imposed on data used in the fit 

top quark production at the LHC has potential to constrain the high-x gluon

Q2=4mt2

thanks A. Cooper-Sarkar

HERAPDF1.5NNLO


