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Recap of Lecture 1
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d̄(x,Q0)/ū(x,Q0) = c0 x
c1(1� x)c2 + (1 + c3x)(1� x)c4

k = uv, dv, g, ū+ d̄

s = s̄ = 0.2 (ū+ d̄)
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 Parton Distribution Functions - parameterisation @ initial scale (DGLAP initial condition)

 Parton Distribution Functions - Q dependance & evolution (DGLAP)

 all contributions together mix different PDF via DGLAP equations
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Theory
(partonic σ, F2 ...)

Theory calculations 
@ NLO, NNLO
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Fitting PDF
 Parton Distribution Functions

 how do we determine them ? What are the moving parts in a typical PDF fitting-machine ?

Choose PDF

input parameters
PDFs @ Q0 PDFs @ any Q

DGLAP

Experimental 
data

Compare 
theory & data (χ2)

Adjust 
initial parameters

2. 2.
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 Parton Distribution Functions - experimental data & theory

 which data are included in a fit ? Which PDFs do they constrain ?

 kinematic cuts on data 

 DY data (W,Z production) from Tevatron & LHC 

            (E602, E866, D0, CDF, ATLAS, CMS)

µ+

µ�p

p̄

Z

}N X

�µ

µ�

W+

 Neutrino DIS & di-muon

  (CDHSW, CHORUS,NuTeV)

 Jet data from Tevatron & LHC 

       (D0,CDF, ATLAS, CMS)

 Neutral current DIS 

  (HERA, SLAC, NMC, BCDMS)
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e�
�Z0

p

e�

 difference between global fits like CTEQ, MSTW, NNPDF and not so global HERApdf, ABM...
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 different observables used in the fit (HERA -         , fixed target -               )
d�

dxdy

F2(x,Q
2)

 motivation to still use fixed target is different coverage in x-Q2 plane & sensitivity to large-x

Fitting PDF
 DIS data from HERA & fixed target experiments (SLAC,NMC,BCDMS)
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Data coverage in x and Q – CJ12 (by category)

CJ12, ABM11

standard cut

x

W2>3 GeV2
W2>14 GeV2
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 DIS data from HERA & fixed target experiments (SLAC,NMC,BCDMS)

Fitting PDF
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e�  DIS @ low Q - dominated by photon exchange

 DIS @ high Q - dominated by photon-Z interference

sensitive to quark & anti-quark PDF @ LO
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 quarks & anti-quarks enter together with different weights depending on the exchange vector boson

 access interference comparing different helicity leptons & electrons/positrons
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 neutrino DIS contributes to                   and 

 different PDF combinations contribute to flavor separation together with NC DIS

 neutrino DIS data on protons are scarce and hard to come by (WA21/22)

 Neutrino DIS & di-muon (CDHSW, CHORUS,NuTeV)
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 neutrino DIS typically taken on nuclei - need for nuclear corrections 

 neutrino DIS can be replaced by CC DIS on protons (still experimentally challenging) 

 Charge current DIS on proton (HERA)
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 breaking of Bjorken scaling at small x driven by gluon PDF

 DIS @ NLO

sensitive to gluon PDF @ NLO
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Fitting PDF

 longitudinal structure function FL(x,Q
2)

FL(x,Q
2) = F2(x,Q

2)� 2xF1(x,Q
2) = 0

Callan-Gross relation @ LO

- gluon not subdominant in                 as in F2(x,Q
2)FL(x,Q

2)

- experimental separation of                 and

  requires measurements at different        - lower statistics     
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2) FL(x,Q
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p
s

 using differential cross-section in the fit - effective separation of 

   structure functions
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Fitting PDF
 Drell-Yan lepton pair production (W,Z production)
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 DY at the W & Z resonances - different PDF combinations
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 DY helps better determine (anti-)quark PDFs

Voica&Radescu& 14&

Flavour&decomposiDon&of&W&and&Z&and&the&LHC&

Measurements&of&W,&Z&producDon&differenDally&in#yZ&and&ηℓ&provide&informaDon&on&light&sea&
decomposiDon&

& & &&
  AddiDonal&constraints&on&PDFs&come&from&DY&and&jet&data&at&the&LHC&

probe&a&bi[linear&combinaDon&of&quarks&
&

DIS&2013,&Marseille&
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�W+ � �W�
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 different asymmetries & ratios sensitive to different combinations of PDFs

Fitting PDF

 Z cross-section + rapidity distribution used to extract strange quark PDF

s(x,Q) = s̄(x,Q)

s(x,Q) = rsd(x,Q)

Voica&Radescu& 21&

Strange&quark&from&W,&Z&measurements&at&ATLAS&

  Strange&quark&is&not&so&well&constrained:&!
▶  Neutrino&dimuon&data&favours&suppressed&strange&

  At&LHC,&Z&cross&secDons&together&with&yZ&shape&may&provide&

a&constraint&on&s[quark&density&and&it&can&be&&cross&checked&
by&W+charm&data.!
▶  The results for NNLO fits to inclusive W, Z differential data 

with free and fixed s:!

 For W+ and W-  there is little difference, helps to fix the 
normalisation.!

 For Z,  the cross section is increased and the shape is 
modified.!

&

ATLAS&result&is&the&kinemaDc&region&probed&by&LHC&

data&at&x~0.01&and&indicates&a&flavour&symmetric&

sea&with&an&enhanced&strangeness,&in&agreement&

with&the&CT10&(s/d~0.75)%
&

•  It&is&above&&of&MSTW08,&ABKM09,&NNPDF2.3&&&&&&&&

(s/d~0.5)&&

DIS&2013,&Marseille&

typical assumptions related to strange PDF (motivated by di-muon DIS data)

rs ⇠ 0.75
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▶  The results for NNLO fits to inclusive W, Z differential data 

with free and fixed s:!

 For W+ and W-  there is little difference, helps to fix the 
normalisation.!

 For Z,  the cross section is increased and the shape is 
modified.!

&

ATLAS&result&is&the&kinemaDc&region&probed&by&LHC&

data&at&x~0.01&and&indicates&a&flavour&symmetric&

sea&with&an&enhanced&strangeness,&in&agreement&
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 Drell-Yan lepton pair production (W,Z production)

µ+

µ�p

p̄

Z

arXiv:1203.4051 [hep-ex]
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Hadronic production of jets

 The qq subprocesses do dominate the high-E
T
 region

– But enough contribution from the gluons that data 

can be used to constrain the large-x gluon behavior
 

– Combined with the low-x data and the momentum sum rule

one has strong constraints on the gluon distribution

Fitting PDF
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 Jet data from Tevatron & LHC (D0, CDF, ATLAS, CMS)

 qq subprocess dominates high-Et jets but gluon important enough to

   allow jet data to put constraints on large-x gluon PDF

 combined with low-x constraints on gluon PDF from DIS and with 

   sum rules one has strong constraints on the gluon PDF

 additional direct probes of gluon PDF needed to constrain the  

   gluon PDF at mid-x and large-x for future searches e.g. SUSY @ LHC

 hadronic jet production at leading order proceeds through 

qq ! qq qg ! qg gg ! gg
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 Using LHC data in Parton Distribution Functions

 Motto:  “Yesterday’s signal is today’s background”

 Direct photons
additional, complementary probe of gluon PDF (same x as gg Higgs production)
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Figure 5. Left plot: the ratio of the NNPDF2.3 NNLO gluon PDF at Q2 = 100 GeV2 between
the default fit and after including the Tevatron and LHC top quark cross section data. Right plot:
the relative reduction of PDF uncertainties thanks to the inclusion of top data in the PDF fit.

negligible.

It is interesting to study the modifications of the theory predictions after the top

quark data have been added into the NNPDF2.3 fit. In Table 9 we show the tt̄ cross

section for NNPDF2.3, comparing the default prediction with the predictions after adding

different subsets of the top quark data. We show only the entries which correspond to pure

predictions. By including top data from lower energy colliders, we can provide arguably

the most accurate theoretical prediction for the total tt̄ cross section at higher energies,

given that PDF uncertainties will be reduced in the same kinematical range from lower

energy data.11

These predictions are collected in Table 9. As an illustration, the NNPDF2.3 prediction

including Tevatron and LHC 7 top data would be the best available theory prediction for

LHC 8 TeV. Note that not only PDF uncertainties are reduced, but that also the central

value is shifted to improve the agreement with the experimental data. As can be seen, the

precise 7 TeV data carry most of the constraining power, though of course improved power

of the 8 TeV data will be provided with the analysis of the full 2012 dataset.

Then in Table 10 we provide NNPDF2.3 χ2 compared to the top quark data, before

adding any data, after adding all Tevatron and LHC data and adding only the Tevatron

and LHC 7 TeV data points. The slight improvement of an already good quantitative

description can be seen. As expected, the agreement of the prediction with LHC8 data,

when only Tevatron and LHC7 data are used, is a non-trivial consistency check of the

whole procedure.12

Given that the constraints from top quark data in a global PDF fit such as NNPDF2.3

are already substantial, we expect even larger constrains in PDF sets based on reduced

11Note that, as shown by Fig. 1, the typical x ranges covered by the theory predictions at LHC 7, 8

and 14 TeV are quite similar, justifying the extrapolation of lower LHC energy data to improve the theory

predictions at higher LHC center of mass energies.
12The small change of the χ2 between TEV+LHC data and TEV+LHC7 data is due to statistical fluc-

tuations, reflecting the fact that the 8 TeV data are still not precise enough to provide constraints on the

gluon PDF.

– 13 –

 Top pair production
sensitive to gluon PDF at high-x

 very precise top pair production expected from LHC top-factory 

 ratios of top/anti-top cross-sections sensitive also to u/d

26 9 Results and comparisons with theoretical predictions
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Figure 10: Comparison of the theoretical predictions for s(W + c) computed with MCFM and
several sets of PDFs with the average of the experimental measurements. The top plot shows
the predictions for a pT threshold of the lepton from the W-boson decay of p`T > 25 GeV and
the bottom plot presents the predictions for p`T > 35 GeV. The uncertainty associated with scale
variations is ±5%.

CMS-SMP-12-002

 W+charm production
sensitivity to strange quark PDF (difficult to extract elsewhere)

Fitting PDF
arXiv:1301.7215
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 Theory predictions for relevant observables

 Theory predictions can be done at LO, NLO or NNLO (at the moment)

   - at each order PDF has modified meaning - need to use LO PDF with LO predictions etc.

 leading-order 

 next-to-leading-order 

 next-to-next-to-leading-order 

- hard scattering results simple but with no scale dependance (no cancellation - large scale dependance)

- LO PDF useful for some MC applications where only LO exists

- data descriptions unsatisfactory

- scale cancellation between hard scattering and PDF - lesser scale dependance

- hard scattering matrix elements complicated & need to be evaluated many times in a fit 

- NLO hard matrix elements together with NLO DGLAP - current state-of-the-art

- NNLO splitting functions known but not all relevant hard scattering matrix element known

  e.g. jets or other additional processes



Fitting PDF
 Theory predictions for relevant observables
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 NLO & NNLO theory predictions complicated functions - need a way how to evaluate them

   quickly & efficiently
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cn,i(xa, xb, µr, µf )⌦
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n
s (µr)Fi(xa, xb, µf )

⇤

�(µ) '
X

n,i,k,l,m

�̃n,i,k,l,m(µ)↵n
s (µ

(m))Fi(x
(k)
a , x

(l)
b , µ

(m))

 Full cross-section is a convolution of hard matrix elements with PDFs (or two convolutions)

 Old (but effective) method - use K-factors - lose some (N)NLO information about shape 

 Alternative - decouple PDFs and strong coupling dependance by putting everything on a 

   (x,Q) grid & pre-compute complicated matrix element once and for all

FastNLO APPLGRID
hep-ph/0609285 arXiv:0911.2985



Theory
(partonic σ, F2 ...)

Theory calculations 
@ NLO, NNLO
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Fitting PDF
 Parton Distribution Functions

 how do we determine them ? What are the moving parts in a typical PDF fitting-machine ?

Choose PDF

input parameters
PDFs @ Q0 PDFs @ any Q

DGLAP

Experimental 
data

Compare 
theory & data (χ2)

Adjust 
initial parameters

3.
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 Parton Distribution Functions - χ2-fit & errors

 Most PDF fitters use    - function to measure the goodness of the fit�2

standard definition

definition with correlated errors

covariance matrix

 Try to use all possible experimental information available

 statistical errors

 systematic errors - (un)correlated

 normalisation uncertainty (might be multiplicative)
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Useful PDF properties - 1

 The gluon dominates at low x and falls steeply as x increases
 

 Symmetric sea quarks: anti-q and q comparable at low x 

(and anti-q fall off in x even faster than the gluons)
 

 u and d dominate at large x with u > d ; at low x, u ≈  d   

Owens, AA, Melnitchouk, PRD 87, 094012 (2013)

Fitting PDF
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 Parton Distribution Functions - what do we get ?

 What are the features we see in a typical PDF result ?

 u&d quarks - valence & sea

 valence part causes u&d dominate all other PDF at large-x where u>d

 symmetric sea-quark: q & anti-q comparable at low-x

 at high Q - contribution of the sea component increases through gluon radiation (DGLAP)

 strange quarks

 strange quark PDF suppressed at initial scale but enhanced at high-Q arXiv:1212.1702
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Useful PDF properties - 1

 The gluon dominates at low x and falls steeply as x increases
 

 Symmetric sea quarks: anti-q and q comparable at low x 

(and anti-q fall off in x even faster than the gluons)
 

 u and d dominate at large x with u > d ; at low x, u ≈  d   

Owens, AA, Melnitchouk, PRD 87, 094012 (2013)

Fitting PDF
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 Parton Distribution Functions - what do we get ?

 What are the features we see in a typical PDF result ?

 gluon

 dominate at small-x but fall off steeply as x increases

 going to high-Q - gluon radiation reduces momenta of partons - everything shifts to smaller x

 gluon radiates q-qbar pairs or additional gluons - at small-x gluon PDF and sea quark PDF get steeper

 gluon can radiate even heavy quarks at high-Q so charm and bottom PDF are non-zero

arXiv:1212.1702
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 Parton Distribution Functions - what are PDF uncertainties

 error PDF  other uncertainties (not in error PDFs)

 uncertainty of experimental data can be  

   interpreted as uncertainty of the underlying

   PDF parameters

 different approaches how to translate              

   experimental uncertainties to PDFs

 choice of data sets or observables

   (include neutrino DIS or not, LHC or not ...)

 choice of kinematic cuts

   (looser cuts might constrain PDF better but ...)

 parameterisation bias

 pQCD choices (NLO vs NNLO, strong coupling)

 heavy-quark schemes (FFS, ZM-VFNS, VF-VFNS)

 higher-twist terms, nuclear corrections etc...
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 Parton Distribution Functions - χ2-fit & errors

 error PDFs are experimental errors translated to errors of free PDF parameters

 all approaches to determine error PDFs give approx. the same results in regions with data

alternative fits obtained by subjective tuning of selected degrees of freedom. Recent efforts to assess

the uncertainties objectively, using established statistical methods, have been mostly concerned with

the precision DIS experimental data [4–7], rather than the global analysis of all hard scattering data.

As mentioned in the introduction, there are formidable complications when standard statistical

methods are applied to global QCD analysis. The basic problem is that a large body of data from

many diverse experiments,1 which are not necessarily compatible in a strict statistical sense, is being

compared to a theoretical model with many parameters, which has its own inherent theoretical

uncertainties.

In recent papers [10–12], we have formulated two methods, the Hessian and the Lagrange,

which overcome a number of long-standing technical problems encountered in applying standard

error analysis to the complex global analysis problem. We are now able to characterize the behavior

of the χ2 function in the neighborhood of the global minimum in a reliable way. This provides a

systematic method to assess the compatibility of the data sets in the framework of the theoretical

model [27], and to estimate the uncertainties of the PDF’s and their physical predictions within

a certain practical tolerance. The basic ideas are summarized in the accompanying illustration,

adapted from [11]:

The behavior of the global χ2 function in the neighborhood of the minimum in the PDF parameter

space is encapsulated in 2Np sets of eigenvector PDF’s (where Np ∼ 20 is the number of free PDF

parameters), represented by the solid dots in the illustration. These eigenvectors are obtained by

an iterative procedure to diagonalize the Hessian matrix, adjusting the step sizes of the numerical

calculation to match the natural physical scales. This procedure efficiently overcomes a number of

long-standing obstacles2 encountered when applying standard tools to perform error propagation

in the global χ2 minimization approach. Details are given in [10, 11].

The uncertainty analysis for our new generation of PDF’s makes full use of this method. The

result is 2Np + 1 PDF sets, consisting of the best fit S0 and eigenvector basis sets in the plus and
1For our analysis, there are ∼ 1800 data points from ∼ 15 different sets of measurements with very different

systematics and a wide range of precision.
2The obstacles are due to difficulties in calculating physically meaningful error matrices by finite differences, in the

face of (i) vastly different scales of eigenvalues (∼ 107) in different, a priori unknown, directions in the high-dimension

parameter space, and (ii) numerical fluctuations due to (multi-dimensional) integration errors in the theoretical

(PQCD) calculation and round-off errors.

5

 Hessian method 
the most widely used technique to determine error PDFs
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Expansion of     :�2 Hessian diagonal Hessian

hep-ph/0201195

PDF uncertainties
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 Parton Distribution Functions - χ2-fit & errors

 error PDFs are experimental errors translated to errors of free PDF parameters

 all approaches to determine error PDFs give approx. the same results in regions with data
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Choice of                         :

ideal choice ��2 = 1 pragmatic choice
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0

Construct error PDFs for each parameter in 2 directions:

zi = ±
p

��2 X±
i (z) = X±

i (0, 0, . . . ,±
p
��2, . . . , 0, 0)

error PDFs

Calculate PDF uncertainty of cross-section

(��)2 ⇡ 1

4

NpX

i

⇣
�(X+

i )� �(X�
i )

⌘2

 Hessian method 
the most widely used technique to determine error PDFs

PDF uncertainties

��2 � 1 ��2 ⇠ 50� 100
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 Parton Distribution Functions - χ2-fit & errors

PDF uncertainties
 Parton Distribution Functions - χ2-fit & errors

 Hessian method - dynamical tolerance criterion 

Eigenvector number
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Figure 10: Tolerance for each eigenvector direction determined dynamically from the criteria
that each data set must be described within its 90% C.L. (Eq. (58)) (outer error bars) or 68%
C.L. limit (inner error bars). The labels give the name of the data set which sets the 90%
C.L. tolerance for each eigenvector direction.

6.3 Uncertainties on input PDFs

We use the values of the dynamic tolerance shown in Fig. 10 to generate the PDF eigenvector
sets according to (49), which can be written as

ai(S
±
k ) = a0

i ± t±k eik, (59)

where t±k is adjusted to give T±
k , with T±

k the values shown in Fig. 10. We provide two different
sets for each fit corresponding to either a 90% or 68% C.L. limit. Note that the ratio of the PDF
uncertainties calculated using these two sets is not simply an overall factor of

√
2.71 = 1.64, as

it would be if choosing the tolerance according to the usual parameter-fitting criterion. Even
in the simplest case, where the data set fixing the tolerance is the same for the 90% and 68%
C.L. limits, and assuming linear error propagation, then the ratio of the T±

k values would be
(ξ90 − ξ50)/(ξ68 − ξ50), which is a function of the number of data points N in the data set which
fixes the tolerance, and takes a value around 1.7 for typical N ∼ 10–1000.
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 Ideal case would require using                for one sigma (68% CL) or                    for 90% CL

   BUT we are fitting data from multiple not necessarily compatible experiments 

��2 = 1 ��2 = 2.71

dynamical tolerance by MSTW

PN (�2) =
(�2)N/2�1e��2/2

2N/2�(N/2)

Z ⇠90

0
d�2PN (�2) = 0.90

 Each experiment (N data points) have to be described 

   up to 90%CL for variations along one eigenvector

 For each eigenvector, take         where all experiments

   are described within 90% CL 

��2
n

 Translate         to (different) shifts in each parameter  ��2
n



 Parton Distribution Functions - χ2-fit & errors

 error PDFs are experimental errors translated to errors of free PDF parameters

 all approaches to determine error PDFs give approx. the same results in regions with data

50

 Monte Carlo method (as used by NNPDF)
new technique which allows for more flexible PDF x-shapes
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Misc topics in PDF
 Parton Distribution Functions - theory & related issues
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FIG. 6: PDF uncertainties for the CJ12mid u and d quark PDFs (solid) compared with the total

uncertainty from nuclear corrections (dashed) and with a fit excluding all deuterium data (dot-

dashed), relative to the reference CJ12mid set at Q2 = 100 GeV2.

behavior, have the characteristic that the d/u ratio tends either to zero or infinity as x

approaches one. Conversely, the use of the parametrization given in Eq. (2) allows d/u to

have any finite limiting value as x → 1. This is clear from the results in Fig. 7(b), where the

MSTW08 and ABKM09 d/u ratios tend to zero, while that for CT10 tends to infinity. This

behavior distorts the error bands so that the MSTW08 ratio appears to have an anomalously

small uncertainty, while the CT10 result is much larger. However, as the relative errors in

Fig. 7(c) show, the MSTW08 and CT10 bands are similar, as would be expected, while the

CJ12 and ABKM09 bands are somewhat reduced in size at larger values of x due to the

additional high-x data used in those analyses. The ABKM09 band then diverges again from

the CJ12 band because of the use of a conventional d quark parametrization.

As the magnitude of the nuclear corrections increases, the value of the d/u intercept

at x = 1 rises because of the mechanism discussed in Sec. IID. The central values of d/u

extrapolated to x = 1 are 0.012, 0.22, and 0.33 for the CJ12min, CJ12mid, and CJ12max

fits, respectively. Including the PDF errors we find

d/u −−−→
x→1

0.22± 0.20 (PDF)± 0.10 (nucl), (8)

where the first error is from the PDF fits and the second is from the nuclear correction mod-

els. These values encompass the range of available theoretical predictions [1–5]. However, it

is also clear that a relatively modest improvement in statistical precision and reduction of
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) values for which NNLO PDFs are provided by various groups. The larger

symbols denote the values used in subsequent plots.

3.1 Values and Uncertainties of Strong Coupling

An important issue which distinguishes PDF sets is the treatment of the strong coupling

αS(M2
Z). Because the value of αS is strongly correlated with PDFs, one should always use

in cross-section calculations PDFs which have been determined with the same value of αS

that is adopted for the calculation itself.

The value of αS(M2
Z), and its uncertainty, can either be determined simultaneously

with the PDFs or imposed as an external constraint. Furthermore, if the value of αS is

determined simultaneously with the PDFs, the quoted value of the PDF uncertainties may

refer strictly to the PDF-only uncertainty as αS is kept fixed at its best-fit value, or it may

also include the uncertainty due to the variation of αS itself.

The values of αS(M2
Z) used by different NNLO PDF fitting groups are shown in Fig-

ure 2, where the larger symbols represent the default value used by each group, that is used

for the determination of PDF uncertainties. For MSTW08, ABM11 and JR09, this value

is determined from the fit with uncertainties shown by the horizontal error bars, while for

CT it is chosen as a fixed value close to the PDG world average [112], also shown in the

plot. NNPDF do not have a default value and provide a full Monte Carlo replica set for

each of the αS values shown, though they have also presented an αS determination [113]

based on their previous NNPDF2.1 set, with results consistent with the PDG average. For

NNPDF, which does not have a default value, we arbitrarily choose αS(M2
Z) = 0.119 as

– 24 –

 theory calculations @ LO, NLO or NNLO include several important constants which can 

   have large impact on PDFs

 strong coupling αs  quark masses mc ,mb

     & heavy quark treatment

 treatment of deuterium

treated as an external parameter 

or fitted together with PDFs quark masses enter the evolution

& their treatment influences gluon PDFs

fixed target DIS experiments provide

important high-x constraints but done 

not on proton but deuterium

arXiv:1301.6754

arXiv:1304.3494

arXiv:1212.1702
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arXiv:1404.6469
µ2=1.9 GeV2, nf=3
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FIG. V.1: The 1σ band for the strange sea suppression factor rs = (s+  s)/2/  d as a function of the Bjorken
x obtained in the variants of present analysis based on the combination of the data by NuTeV/CCFR [2],
CHORUS [4], and NOMAD [3] (shaded area) and CHORUS [4], CMS [10], and ATLAS [11] (dashed lines),
in comparison with the results obtained by the CMS analysis [10] (hatched area) and by the ATLAS epWZ-
fit [9, 11] at different values of x (full circles). All quantities refer to the factorization scale µ2 = 1.9 GeV2.
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 strange quark PDF

 not many data constrain strange quark PDF - the best pre-LHC contraint comes from 

   neutrino DIS and di-muon subset of DIS (CHORUS, NuTeV, NOMAD)

 new measurements of W+c production from ATLAS & CMS provide new constraints 

Voica&Radescu& 21&

Strange&quark&from&W,&Z&measurements&at&ATLAS&

  Strange&quark&is&not&so&well&constrained:&!
▶  Neutrino&dimuon&data&favours&suppressed&strange&

  At&LHC,&Z&cross&secDons&together&with&yZ&shape&may&provide&

a&constraint&on&s[quark&density&and&it&can&be&&cross&checked&
by&W+charm&data.!
▶  The results for NNLO fits to inclusive W, Z differential data 

with free and fixed s:!

 For W+ and W-  there is little difference, helps to fix the 
normalisation.!

 For Z,  the cross section is increased and the shape is 
modified.!

&

ATLAS&result&is&the&kinemaDc&region&probed&by&LHC&

data&at&x~0.01&and&indicates&a&flavour&symmetric&

sea&with&an&enhanced&strangeness,&in&agreement&

with&the&CT10&(s/d~0.75)%
&

•  It&is&above&&of&MSTW08,&ABKM09,&NNPDF2.3&&&&&&&&

(s/d~0.5)&&

DIS&2013,&Marseille&

arXiv:1203.4051 [hep-ex]

rs =
1

2
(s+ s̄)/d̄

 with no handle on the strange quark - assumptions were introduced which tied strange 

   PDF to other sea quarks - now these assumptions can be tested

s = s̄ =


2
(ū+ d̄)
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Current PDFs
 Parton Distribution Functions - summary of existing PDFs

DATA Order HQ αs Params. Uncert.

CT14

MSTW08

NNPDF

CJ12

HERApdf

ABM11

global LO,NLO,
NNLO

GM-VFNS 
(s-ACOT) external 6 indep. PDFs

(26 params)
Hessian
(Δχ2~100)

global LO,NLO,
NNLO

GM-VFNS 
(TR) fit 7 indep. PDFs

(20 params)
Hessian
(Δχ2~25)

global LO,NLO,
NNLO

GM-VFNS 
(FONLL) external 7 indep. PDFs

(259 params)
Monte 
Carlo

global LO,NLO ZM-VFNS external 5 indep. PDFs
(22 params)

Hessian
(Δχ2=100)

DIS 
(HERA)

NLO
NNLO

GM-VFNS 
(TR) external 5 indep. PDFs

(14 params)
Hessian
(Δχ2=1)

DIS+DY NLO
NNLO FFN fit 6 indep. PDFs

(25 params)
Hessian
(Δχ2=1)
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GLUON FUSION VECTOR-BOSON FUSIONASSOCIATED PRODUCTION

 Parton Distribution Functions in Higgs production

 Higgs is pre-dominantly produced through gluon fusion - 

   gluon PDFs at x=MH/√s ~ 0.02 are crucial 
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Figure 5. NNLO gg luminosity functions taken as the ratio to MSTW08. (a) MSTW08 vs. CT10
vs. NNPDF2.3noLHC vs. NNPDF2.3, then (b) MSTW08 vs. ABM11 vs. HERAPDF1.5 vs. JR09.
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 sub-leading Higgs production via VBF is sensitive to quark & anti-quark PDFs

arXiv:1301.6754

Current PDFs
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Figure 5. NNLO gg luminosity functions taken as the ratio to MSTW08. (a) MSTW08 vs. CT10
vs. NNPDF2.3noLHC vs. NNPDF2.3, then (b) MSTW08 vs. ABM11 vs. HERAPDF1.5 vs. JR09.
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GLUON FUSION VECTOR-BOSON FUSIONASSOCIATED PRODUCTION

 Parton Distribution Functions in Higgs production

 Higgs is pre-dominantly produced through gluon fusion - 

   gluon PDFs at x=MH/√s ~ 0.02 are crucial 
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Figure 5. NNLO gg luminosity functions taken as the ratio to MSTW08. (a) MSTW08 vs. CT10
vs. NNPDF2.3noLHC vs. NNPDF2.3, then (b) MSTW08 vs. ABM11 vs. HERAPDF1.5 vs. JR09.
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 sub-leading Higgs production via VBF is sensitive to quark & anti-quark PDFs

arXiv:1301.6754

Current PDFs
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 Parton Distribution Functions in top quark pair production

T- CHANNEL
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Figure 5. NNLO gg luminosity functions taken as the ratio to MSTW08. (a) MSTW08 vs. CT10
vs. NNPDF2.3noLHC vs. NNPDF2.3, then (b) MSTW08 vs. ABM11 vs. HERAPDF1.5 vs. JR09.
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 Top quark pair production is dominated by s-channel diagrams where valence quarks & gluons 

   are important at x=2mt /√s ~ 0.05 
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Figure 7. (a) NNLO gg → H total cross sections for MH = 126 GeV, and (b) NNLOapprox.+NNLL
tt̄ total cross sections for mt = 173.18 GeV, both plotted as a function of αS(M2

Z
).
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 Parton Distribution Functions in SUSY production

SQUARK PRODUCTION

 production of SUSY coloured particles (squarks & gluinos) very sensitive to gluon PDF 

   at very high x=2mX /√s ~ 0.2-0.7
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Figure 5. NNLO gg luminosity functions taken as the ratio to MSTW08. (a) MSTW08 vs. CT10
vs. NNPDF2.3noLHC vs. NNPDF2.3, then (b) MSTW08 vs. ABM11 vs. HERAPDF1.5 vs. JR09.

– 28 –

very problematic
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PDF after LHC
 Parton Distribution Functions - new dedicated data

 new projects with large possible impact on PDFs

Ring‐Ring ep/eA 

Ee=Einj … 80 GeV.    Lep~10
33cm‐2s‐1 (100 Imes HERA) 

1/x and Q2 ~ 104(2) Imes larger in eA (ep) than so far  

F.Willeke 

B.Holzer 

et al 

LHeC
colliding electrons / positrons with LHC protons / nuclei

 unprecedented coverage in x-Q2 plane 

 precise determination of the gluon PDF

 interesting also for Higgs & BSM physics programs

 breakthrough machine for nuclear PDFs
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EIC
electron ion collider

 high-intensity precision machine with polarized beams

 good coverage in x-Q2 plane (down to x~10-4)

 precise determination of the gluon PDF

 breakthrough machine for nuclear PDFs, saturation, polarized PDFs...

eSTAR

eP
H

E
N

IX

30 G
eV

30 GeV

100 m

Li
na

c 
2.

45
 G

eV

Linac 2.45 G
eV

C
oh

er
en

t e
-c

oo
le

r

P
olarized

e-gun

B
eam

dum
p

0.60 GeV

5.50 GeV

10.4 GeV

15.3 GeV

20.2 GeV

25.1 GeV

30.0 GeV

3.05 GeV

7.95 GeV

12.85 GeV

17.75 GeV

22.65 GeV

27.55 GeV

0.6 G
eV

0.6 G
eV

27.55 GeV

New 
detector

Figure 1.8: Top: The schematic of eRHIC at BNL: require construction of an electron beam
facility (red) to collide with the RHIC blue beam at up to three interaction points. Botton:
The schematic of ELIC at JLab: require construction of the ELIC complex (red, black/grey) and
its injector (green on the top) around the 12 GeV CEBAF.

The EIC machine designs are aimed at achieving

• Highly polarized (⇠ 70%) electron and nucleon beams

• Ion beams from deuteron to the heaviest nuclei (Uranium or Lead)
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