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Most frequent citations @ LHC
❖ Gavin Salam looked at what experiments at the LHC cite the most: 

2

G. Salam, Crete-ICNFP 2016
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Proton’s Parton Distribution Functions
PDFs are understood as the probability of finding a parton of a given flavour 
that carries a fraction x of the total proton’s momentum (at LO pQCD)

Once QCD corrections included, PDFs become scheme dependent 

Shape and normalisation of PDFs are very different for each flavour, 
reflecting the different underlying dynamics that determines them.

PDFs cannot be calculated in perturbative QCD, however their evolution with the scale is predicted by pQCD 

[DGLAP equations]
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Search for new Physics

Interpretation of any cross section 
measurement which involves 

hadron in the initial state relies on 
factorisation concept:

direct searches
for new physics

indirect searches via
consistency test of SM

control of QCD background
and SM parameters

4

Improvement of PDFs precision demands high precision theory & experimental measurement:

[arXiv:1410.6810v2] Gfitter
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Last decade have seen a lot of developments:
❖ State of the art for many processes is now NNLO, there is N3LO Higgs (it needs N3LO PDFs) 
❖ Many automation tools which allowed for fixed order + PS, or resummations, etc..

[arXiv:1410.6810v2] Gfitter
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[credit G. Salam] 

6
—> enormous boost of precision to analyse data at % level

—> state of the art NNLO, however, need automation tools to speed up the computation for  a 
fit that requires ~2000 iterations (2000 x calculations per data point)

APPLGRID, FASTnlo, Apfelgrids, APPLfast, k-factors …
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Mechanism of extracting PDFs:
❖ Extraction of PDFs relies on precision measurements to challenge theory

7

~2000
 iterations

xFitter EPJC (2015), 75:304

1. Parametrise PDFs at the starting scale
multiple options for functional forms

Standard Polynomial, Chebyshev, etc

2. Evolve to the scale corresponding to data point 
QCD(DGLAP) evolution codes [QCDNUM, APFEL]
kt ordered evolution, Dipole models,    
QCD(DGLAP)+QED

3. Calculate the cross section
various heavy flavour schemes:

 RT, ACOT, FONLL, FFNS(ABM)
 fast grid techniques interfaced to DY: 

APPLGRID, FASTNLO, APFELgrids 

4. Compare with data via χ2:
multiple forms to account for correlations

5. Minimize χ2 with respect to PDF parameters
Profiling, reweighting 
Fit: MINUIT, data driven regularisation 

interplay between data and theory
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~2000
 iterations

xFitter EPJC (2015), 75:304

1. Parametrise PDFs at the starting scale
multiple options for functional forms

Standard Polynomial, Chebyshev, etc

2. Evolve to the scale corresponding to data point 
QCD(DGLAP) evolution codes [QCDNUM, APFEL]
kt ordered evolution, Dipole models,    
QCD(DGLAP)+QED

3. Calculate the cross section
various heavy flavour schemes:

 RT, ACOT, FONLL, FFNS(ABM)
 fast grid techniques interfaced to DY: 

APPLGRID, FASTNLO, APFELgrids 

4. Compare with data via χ2:
multiple forms to account for correlations

5. Minimize χ2 with respect to PDF parameters
Profiling, reweighting 
Fit: MINUIT, data driven regularisation 

Tools for QCD Fits: xFitter, APFEL, Alpos, OPENQCDRAD, QCDNUM …
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Fixed
Target

Data for studying  Proton Structure

LHC

HERA

Tevatron

•    The cleanest way to probe Proton 
Structure is via Deep Inelastic 
Scattering [DIS]: 

•     Precision of proton structure can 
be complemented by the Drell Yan 
[DY] processes at the collider 
experiments

JLAB

Persistent experimental effort over the last 
40 years both by fixed-target and collider 
experiments around the world supported 
by the intense theoretical developments

[credit PDG]
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Q2: resolving power of experiment
x: fraction of proton’s momentum

 Multiple precision measurements from Fixed target, HERA, 
Tevatron, and  LHC

Many PDF groups to analyse these data and extract PDFs
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PDF Groups
❖ The extraction of PDFs is subject to many choices —> many PDF Groups

❖ data selection
❖ data treatment (corrections, uncertainties)
❖ theory calculations for each process: formalism, automation, assumptions
❖ parametrisation of unknown and fit methodology
❖ treatment of uncertainties (from data to theory)

❖ Current Groups: 

10

CT14                 arXiv:1506.07443

MMHT14 arXiv:1412.3989

NNPDF3.0 arXiv:1410.8849

HERAPDF2.0 arXiv:1506.06042

CJ15 arXiv:1212.1702

ABM12 (ABMP15) arXiv:1310.3059

JR14 arXiv:1403.1852

Nuclear PDFs: nCTEQ, HKN, EPS, DSSZ arXiv:1509.00792, 0709.3038, 0902.4154, 1112.6324  
 

Dedicated PDF studies by LHC experiments, xFitter, Prosa
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Nuclear PDFs
❖ Analysis of nuclear data to extract nuclear PDFs relies on:

❖ Isospin symmetry

❖ Assumption that bound proton PDFs obey the same evolution equations and sum rules as 
the free proton PDFs

❖ nCTEQ framework: 
❖ use the framework of the free proton PDFs, where the observable is calculated using A, Z 
❖ data sets on different targets: NC DIS+DY, single pion production

11

W/Z Data from LHC on pPb can provide extra constraint on u,d quarks

At the moment,
LHC data uncertainty 

too large

[arXiv:1509.00792]

[credit: O. Kusina, DIS2016]
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Data sets for proton PDF sets:

12

CT14 MMHT14 NNPDF3.0 HERAPDF2.0 ABM12(ABMP)  CJ12(15) JR14

HERA data  HERA I+
 charm

HERA I
charm

jets

HERA I+
H1 and ZEUS II

charm
HERA I+II HERA I

charm HERA I
HERA I
charm

jets

Fix. Target DIS ✔ ✔ ✔ ❌ ✔ JLAB, high x ✔ JLAB, high x ✔

Tevatron W,Z ✔ ✔ ✔ ❌ ❌ /✔ ✔ ❌

Tevatron Jets ✔ ✔ ✔ ❌ ❌ ❌ ✔

Fix. Target DY ✔ ✔ ✔ ❌ ✔ ✔ ✔

LHC WZ ✔ ✔ ✔ ❌ ✔ ❌ ❌

LHC jets ✔ ✔ ✔ ❌ ❌ ❌ ❌

LHC top ❌ ✔ ✔ ❌ ✔ ❌ ❌

LHC charm ❌ ❌ ✔ ❌ ❌ /✔ ❌ ❌

References arXiv:1506.07443 arXiv:1412.3989 arXiv:1410.8849 arXiv:1506.06042 arXiv:1310.3059 arXiv:1212.1702 arXiv:1403.1852

Type of processes:
❖ inclusive / purely leptonic 
❖ processes with jets
❖ current precision of data  ~<5%
❖ The aim is to find more processes that could provide important feedback
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Data sets for PDF sets: HERA

HERA data is the basis of any PDF extraction 

HERAPDF is not a global PDF, but only from ep collider 
—> last word from HERA:

—> interesting set to test PDF universality
—> it is free of corrections related to the target,  nuclear medium 
and higher twist effects

13

CT14 MMHT14 NNPDF3.0 HERAPDF2.0 ABM12(ABMP)  CJ12(15) JR14

HERA data  HERA I+
 charm

HERA I
charm

jets

HERA I+
H1 and ZEUS II

charm
HERA I+II HERA I

charm HERA I
HERA I
charm

jets

Fix. Target DIS ✔ ✔ ✔ ❌ ✔ JLAB, high x ✔ JLAB, high x ✔

Tevatron W,Z ✔ ✔ ✔ ❌ ❌ ✔ ❌

Tevatron Jets ✔ ✔ ✔ ❌ ❌ ❌ ✔

Fix. Target DY ✔ ✔ ✔ ❌ ✔ ✔ ✔

LHC WZ ✔ ✔ ✔ ❌ ✔ ❌ ❌

LHC jets ✔ ✔ ✔ ❌ ❌ ❌ ❌

LHC top ❌ ✔ ✔ ❌ ✔ ❌ ❌

LHC charm ❌ ❌ ✔ ❌ ❌ ❌ ❌

References arXiv:1506.07443 arXiv:1412.3989 arXiv:1410.8849 arXiv:1506.06042 arXiv:1310.3059 arXiv:1212.1702 arXiv:1403.1852
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 HERAPDF2.0 NNLO
 uncertainties:
 experimental
 model
 parameterisation
 
 HERAPDF2.0AG NNLO 

x

xf 2 = 10 GeV2
f
µ

vxu

vxd

 0.05)×xS (

 0.05)×xg (

H1 and ZEUS 

However, PDFs extracted 
from HERA do not provide 

sea decomposition and
there is no data for x<10-4 

lack precision at high x 

[see talk by K. Tokushuku]
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CT14 MMHT14 NNPDF3.0 HERAPDF2.0 ABM12(ABMP)  CJ12(15) JR14
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References arXiv:1506.07443 arXiv:1412.3989 arXiv:1410.8849 arXiv:1506.06042 arXiv:1310.3059 arXiv:1212.1702 arXiv:1403.1852

Low x, Q2 region remains
an interesting exploration area!
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PDF differences:

15

The analyses differ in many areas:
• different treatment of quarks with masses
• inclusion of various data sets and account for possible tensions 
• different assumption on values of strong couplings
• different assumptions in procedure (parametrisation, corrections)

CT14 MMHT14 NNPDF3.0 HERAPDF2.0 ABM12(ABMP) CJ15 JR14

HQ scheme VFNS
(ACOT-χ)

VFNS
(TR opt)

VFNS
(FONLL)

VFNS
(TR opt)

FFNS Run mc
(ABM)

VFNS
(ACOT)

FFNS
(JR)

order in pQCD LO, NLO, NNLO LO, NLO, NNLO LO, NLO, NNLO LO, NLO, NNLO NNLO  NLO NLO, NNLO

α(Mz) fixed(fitted) fixed (fitted) fixed fixed fitted fixed fitted

α(Mz) LO
α(Mz) NLO
α(Mz) NNLO

0.1300
0.1180 (0.117)
0.1180 (0.115)

0.1350
0.1180 (0.1201)
0.1180 (0.1172)

0.1180
0.1180
0.1180

0.1300
0.1180
0.1180

-
-

0.1132

-
0.118

-

-
0.1158
0.1136

Nr param. Pol. Bernst. 28 Pol. Cheb. 25 NN (259) Pol. 14 Pol. 24 Pol. 22 Pol.25

PDF 
assumptions

ubar/dbar=1(x->0)
u/d=1 (x->0)

s-sbar=fit. 
dbar-ubar=fit. dbar-ubar=fit ubar=dbar (x->0)

sbar=0.67*dbar
s=sbar

dbar-ubar=fit
dv/uv=const

s+sbar=k(ubar+dbar)
dbar-ubar=fit

Stat. treatm.
Hessian 

2 stages: ∆χ2=100
90%CL region

Hessian
∆χ2 Dynamical

(68%CL)

Monte Carlo
(68%CL)

Hessian
∆χ2=1

(68%CL)

Hessian
∆χ2=1

(68%CL)

Hessian
∆χ2=1

(68%CL)

Hessian
∆χ2=1

(68%CL)

Q2min 2 2 3.5 3.5 2.5 1.69 2

References arXiv:1506.07443 arXiv:1412.3989 arXiv:1410.8849 arXiv:1506.06042 arXiv:1310.3059 arXiv:1212.1702 arXiv:1403.1852
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PDF differences:
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The analyses differ in many areas:
• different treatment of quarks with masses
• inclusion of various data sets and account for possible tensions 
• different assumption on values of strong couplings
• different assumptions in procedure (parametrisation, corrections)

uncert from single PDF 
+

uncert. from difference 
among PDFs 

CT14 MMHT14 NNPDF3.0 HERAPDF2.0 ABM12(ABMP) CJ15 JR14
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-

-
0.1158
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Monte Carlo
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Hessian
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Hessian
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(68%CL)

Q2min 2 2 3.5 3.5 2.5 1.69 2

References arXiv:1506.07443 arXiv:1412.3989 arXiv:1410.8849 arXiv:1506.06042 arXiv:1310.3059 arXiv:1212.1702 arXiv:1403.1852

...  differences in PDFs lead to the differences in the cross section predictions 
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PDF differences:
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References arXiv:1506.07443 arXiv:1412.3989 arXiv:1410.8849 arXiv:1506.06042 arXiv:1310.3059 arXiv:1212.1702 arXiv:1403.1852

used for PDF4LHC recommendation
arXiv:1510.03865 : PDF4LHC sets

—> Different settings of extracting PDFs
can lead to different results that 

could affect the real ambiguity of 
cross section certainty 

PDF4LHC sets: a statistical combination PDFsets

Credit: J. Rojo 
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PDFsets differences:
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CT14 MMHT14 NNPDF3.0 HERAPDF2.0 ABM12(ABMP) CJ15 JR14
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Stat. treatm.
Hessian 
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Q2min 2 2 3.5 3.5 2.5 1.69 2

References arXiv:1506.07443 arXiv:1412.3989 arXiv:1410.8849 arXiv:1506.06042 arXiv:1310.3059 arXiv:1212.1702 arXiv:1403.1852

reaction: a critique to PDF4LHC
recommendation —> arXiv:1603.08906 

—> advocates the use of all single PDF sets in fear to miss 
signal by having over-estimated PDF uncertainties for searches 

(here W’ interms of relative uncertainties for different Mass 
scenarios)
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Precise enough?
❖ Looking at the benchmarked PDFs [based on GMVFNS]:

in the region 
10-3 -10-1

a precision of <10%
on PDFs

however, in the 
outside this region 

very uncertain
PDFs

19

[plots credit: APFEL]
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In terms of Uncertainties on Partonic Luminosities 

With increased mass ranges the PDF 
uncertainties increase considerable 

(especially for gluon initiated processes)

hence there is need to improve the 
uncertainties for the high mass reaches 

—> precision measurements

20

M
as

s

rapidity
Credit: G. Salam

~5%

< 3%

> 25%
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The LHC measurements: ATLAS-CMS vs LHCb
❖ LHC provides an extended kinematic range in x by its three experiments:

❖ ATLAS, CMS and LHCb
❖ coverage in x is what’s needed, because QCD gives us Q2 dependence

21

❖ The main background for astrophysical 
neutrinos at IceCube is the flux of neutrinos 
from the decays of charm mesons in cosmic 
ray collisions in the atmosphere

❖ Heavy quark production data from LHC 
could validate calculations of the prompt 
neutrino flux

LHCb low x regime can be linked to 
neutrino sector
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Gluon Sensitivity from heavy quark production at low x
❖ LHCb brings advantage in covering low x region with its forward detector design

❖ A joint analysis of HERA heavy quark production with the LHCb following data:
❖ charm   [Nucl. Phys. B871 (2013) 1]

❖ beauty  [JHEP 08 (2013) 117]

Access to low x which reduces uncertainties on gluon and sea quarks
22

—> Heavy-quarks are produced in pp via gluon fusion 

confirmed by 
NNPDF analysis

Eur.Phys.J. C75 (2015) 8, 396
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The LHC measurements: ATLAS-CMS
❖ LHC provides an extended kinematic range in x by its three experiments:

❖ ATLAS, CMS and LHCb
❖ coverage in x is what’s needed, because QCD gives us Q2 dependence

❖ PDF discrimination 
by confronting theory with data 
❖ PDF improvement 
by using LHC data

23

NNLO calculations —> a boost to re-analyse jets !

At the LHC the QED effects start to 
bring an important contributions due to 

access to high scales processes: 
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Vector boson pT spectrum at the LHC
❖ ATLAS and CMS both studied the Z pT spectrum in rapidity bins

❖ high pT region:  f.o. calculations up to O(αS
2) and now even O(αS

3) + EW corrections

24

comparison to fixed order:

Higher Order corrections would improve 
data -theory agreement

Measurement with constraining powers for 
PDFs and alphas

arxiv:1605.04295

EPJC 76 (2016) 291 
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Vector boson pT spectrum at the LHC
❖ ATLAS and CMS both studied the Z pT spectrum in rapidity bins

❖ low pT region: dominated by the emission of soft gluons                                 
❖ fixed order calculations don't work —> resummation and shower models

25

comparison to MC: EPJC 76 (2016) 291 

MC with different PS models are compared
❖ Powheg+Pythia AZNLO [tuned to 7 TeV Z pT]

❖ Good description in the phase space of the tune 
(66<M<116 GeV and pT<100 GeV), but it fails at 
low masses and large rapidity

Precise data for MC tuning!

comparison to resummed calculations:
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New developments: Transverse Momentum Distributions

26

❖ Fixed order calculations dont always work and in order to improve the quality of PDF fits 
in small/high x regions —>a challenge to merge DGLAP, BFKL, cascade evolutions

❖ MC simulation combines f.o. partonic calculations with PS and hadronisation
—> needs reshuffling of kinematic variables after PS generations
—> TMDs are introduced for a proper simulation of parton showers:

• generalisation of QCD factorisation with an explicit dependence on transverse 
momentum and polarisations

• they obey the evolution equations which generalise the ordinary RGE of collinear PDFs

[using TMDs in xFitter] 
credit: H. Jung, F. 
Hautmann, A. Lelek

[Ref: ACTA PHYSICA POLONICA B: Vol. 46 (2015)]

—> results consistent 
with QCDNUM

next: NLO
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 New developments: PDFs from resummed calculations

27

❖ Fixed order calculations dont always work and in order to improve the quality of PDF fits in small/
high x regions there have been efforts in providing PDFs consistent with Resummed Computations

❖ PDF fits with threshold 
resummation tested [high x]
❖ sizeable effect at NLO+NLL, 

smaller effect at NNLO+NNLL 

❖ PDF fits with high-energy 
resummation show promising 
results  [low x]
❖ NLO+NLLx evolution

[using NNPDF framework] 

     [APFEL, FONLL, HELL]  

It would be interesting to see the effects combined: PDFs with resummed threshold and high-energy

[ref: M. Bonvini QCD@LHC2016]
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New Developments for PDF extraction: photon PDF

28

G. Salam

❖ It starts to become relevant implementation of 
combined QCD+QED evolution in determining 
a complete set of PDFs including photon PDFs.

❖  Studies that account for the photon PDF:
❖ Gluck, Pisano, Reya 2002
❖ MRST2004 QED
❖ NNPDF2.3 QED —> NNPDF3.0 QED

❖ fit to data
❖ CT14 QED, CT14 QED_inc
❖ Harland-Lang, Khoze, Ryskin 2016
❖ LUXqed 2016: Manohar, Nason, Salam, 

Zanderighi 
❖ use ep scattering and construct a 

hypothetical model for neutral lepton 

limited experimental
constraints
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Summary
◆ PDFs are very important as they still limit our knowledge of cross sections whether SM or BSM.

◆ Enormous progress achieved in pushing towards percent level precision on theory and experimental 
measurements:

◆ availability of NNLO state-of-the-art calculations
◆ inclusion of the QED effects
◆ special-purpose PDFs: 

◆ resummed calculations, parton showering, intrinsic charm 
◆ advanced statistical methods (MC, reweighting, profiling)
◆ discussions on inclusion of theoretical uncertainties in extracting PDFs: scales, schemes..

◆ pushing for precision measurements for constraining PDFs:
◆ clean processes (e.g. Z pT)
◆ reliable flavour separation
◆ correlation information to help cross-calibrate systematic uncertainties
◆ smaller bin size to provide more shape feedback to PDFs

◆ We don’t know what we will find, but  it will surely depend on how well we control all our parameters.

2929
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Nuclear PDFs

31

[credit: O. Kusina, DIS2016]
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[H. Jung, xFitter meeting]

. https://updfevolv.hepforge.org/  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New Developments for PDF extraction: photon PDF

33

Data has a lot of potential

❖ It starts to become relevant implementation of 
combined QCD+QED evolution in determining a 
complete set of PDFs including photon PDFs.

❖  Studies that account for the photon PDF:
❖ Gluck, Pisano, Reya 2002
❖ MRST2004 QED
❖ NNPDF2.3 QED —> NNPDF3.0 QED

❖ fit to data
❖ CT14 QED, CT14 QED_inc
❖ Harland-Lang, Khoze, Ryskin 2016
❖ LUXqed 2016: Manohar, Nason, Salam, 

Zanderighi 
❖ use ep scattering and construct a 

hypothetical model for neutral lepton 

arXiv:1606.0173 
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Role of PDFs in Neutrino Sector

❖ The physics prospects by DUNE at LBNF with 
high resolution and unprecedented statistics 
may lead to discoveries of new physics:

❖ it requires a good control of the cross 
section model which is used at the end for 
the determination of the event kinematics 

34

synergy between LBNF, LBL, CERN

http://lbnf.fnal.gov

❖ The main background for astrophysical 
neutrinos at IceCube is the flux of 
neutrinos from the decays of charm 
mesons in cosmic ray collisions in the 
atmosphere

❖ Heavy quark production data from LHC 
could validate calculations of the prompt 
neutrino flux

http://lbnf.fnal.gov
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Roles of PDFs in MC tuning
❖ Structure of an event at the LHC  (courtesy of Z. Nagy)
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Perturbative framework:
❖ LO: easy to calculate:  several matrix element generators are available:

❖ ALPGEN, HELAC, MADGRAPH, SHERPA
❖ Strong dependence on the unphysical scales
❖ well defined with LO PDF

❖ NLO is the New Standard: HELAC, MADGRAPH, SHERPA+BLACKHAT, AUTODIPOLE, TEVJET, AMC@NLO
❖ The scale dependence can be still big in some processes

❖ NNLO & NkLO:  Resummation - Parton Showers: POWEHEG
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State-of-the-art PDFs:
❖ Gluon-Gluon*                                                        Quark-Antiquark

36
*plots taken from PDF4LHC recommendation arxiv:1510.03865

Results are compatible with global PDFs HERAPDF2.0  is by 5% higher than global
PDFs in intermediate mass range

Absence of data at low and high mass range leads to blow-up in uncertainties
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Expectations from LHC data
❖ Gluon:

❖ Inclusive jets, dijets, trijets            —> medium/large x
❖ Isolated photon and photon+jets —> medium/large x
❖ ttbar production                             —> large x
❖ Zpt spectrum                                  —> small/medium x

❖ Quarks:
❖ W and Z rapidity spectra             —> medium x
❖ High pT W+jets                              —> medium /large x
❖ Low mass and high mass DY       —> small/large x
❖ W+c rapidity spectrum                 —> strange at medium x
❖ single top differential                    —> medium/high x

❖ Photon:
❖ WW production                           
❖ High Mass DY 

37

At the LHC the QED effects start to bring an important 
contributions due to access to high scales processes: 

❖  high mass DY, ttbar, di-boson, EW Higgs
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New Developments for PDF extraction: photon PDF
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—> interesting to confront 
these models with data

ra
tio

 to
 L

U
Xq

ed

G. Salam

❖ It starts to become relevant implementation of 
combined QCD+QED evolution in determining a 
complete set of PDFs including photon PDFs.

❖  Studies that account for the photon PDF:
❖ Gluck, Pisano, Reya 2002
❖ MRST2004 QED
❖ NNPDF2.3 QED —> NNPDF3.0 QED

❖ fit to data
❖ CT14 QED, CT14 QED_inc
❖ Harland-Lang, Khoze, Ryskin 2016
❖ LUXqed 2016: Manohar, Nason, Salam, 

Zanderighi 
❖ use ep scattering and construct a 

hypothetical model for neutral lepton 

limited experimental
constraints

[see D. Stump]
[see L. H-L]
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Search for new physics at high scales: 
[arXiv:1410.6810v2]
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high mass <—> high x

For masses >1 TeV,  PDF uncertainties 
increase to > 15%
—> can we then distinguish a possible signal?
—> scale uncertainties (missing HO) vs PDFs
PDFs then drive the main theory uncertainty
how to improve?

LHC data vs state-of-the-art theory (@NNLO)
❖ ttbar can be interesting channel
❖ high mass DY can extend to high lever arm reach
❖ jet data 



Voica Radescu | Oxford University

Fixed order calculations vs Resummed or + PS

40

❖ Fixed order calculations dont always work and in order to improve the quality of PDF fits in small/
high x regions there have been efforts in providing PDFs consistent with Resummed Computations

peak highlow

❖ high-qT region 
❖ it is expected to be described by f.o

❖ at low and peak qT
❖ QCD radiation not described by truncated pQCD
❖ it requires methods to resum arbitrary many parton 

emissions
 

There are different approaches to address the failure of f.o. calculations
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TMDs

41

New approach to solve coupled gluon and quark DGLAP evolution equation for Monte Carlos:

❖ Fixed order calculations dont always work and in order to improve the quality of PDF fits in small/
high x regions there have been efforts in providing PDFs consistent with Resummed Computations

 generalisation of QCD factorisation where now the explicit dependence on 
transverse momentum and polarisations —> TMDs 

they obey the evolution equations which generalise the ordinary RGE of collinear PDFs
—> allows resummations of large logs (M/qT) to all orders in alphas 

[using TMDs in xFitter] 
credit: H. Jung, F. Hautmann, A. Lelek

MC simulation combine f.o. partonic calculations with PS and hadronisation
—> need reshuffling of kinematic variables after PS generations required by 

energy-momentum conservation
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QCD Fit Open Source Packages:

42



Release xFitter1.2.2.tgz available at: 

❖ By default only final combined HERA I+II data are distributed 
❖ (xfitter-)getter.sh script to download data with corresponding theory files already adjusted for 

the xfitter format.
❖ A complete installation script is also provided (tested under different platforms)
❖ A release note to keep track of changes between releases is included

xFitter release: 1.2.2 [July 2016]

43

https://www.xfitter.org/xFitter/xFitter/DownloadPage 

https://www.xfitter.org/xFitter/xFitter/DownloadPage
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CT14 (90%CL)
❖ CT14 includes LHC data and only HERA I data
❖ It increased number of free parameters from 25 to 28 wrt CT10:  

❖ use of Bernstein polynomials
❖ mc=1.3 GeV (pole mass), alphas =0.118 (preferred though is 0.115)
❖ removed u/d ->1 assumption for x—>0 which made uncertainties 

increase at low x
❖ Tolerance: two step: 1) T~10  2) define the confidence region via penalty
❖ Theory:

❖ DIS SACOT-chi NNLO, NLO ME for neutrino CC 
❖ Resbos for W, Z and ptz
❖ jets @ NLO  (NLOJET++)with extra matrix for scale variations 

(using larger cone)
❖ LM DY using VRAP

44

1506.07443
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Towards NNPDF3.1

45
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MMHT14 (68%CL)
❖ MMHT includes LHC data, HERA I data
❖ comes with 25 eigenvector pairs:

❖ There are 37 free PDF parameters
❖ with alphas free (found 0.117)

❖ use of Chebyshev polynomial 
❖ change in the deuteron correction, improvement 

in the branching ratio Bμ which leads to larger 
uncertainty on strange

❖ dynamical tolerance criteria ( average ~3)
❖ Theory: based on APPLgrid mostly for LHC

❖ NLO for jets, studies of NNLO impact
❖ use of optimal RT GMVNS scheme

46

1412.3989
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First NNLO for jets @ H1, HERA

❖ This opens up a new avenue for PDF fits 
—> a boost to re-analyse Tevatron and LHC jets !

47

H1prelim-16-062
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The LHC measurements: ATLAS-CMS vs LHCb
❖ LHC provides an extended kinematic range in x by its three experiments:

❖ ATLAS, CMS and LHCb
❖ coverage in x is what’s needed, because QCD gives us Q2 dependence

48

❖ PDF discrimination 
by confronting theory with data 
❖ PDF improvement 
by using LHC data

—> can provide needed 
flavour separation

    and more insight into 
gluons 

48

3.5
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Fixed order calculations vs Resummed or + PS

49

❖ Fixed order calculations dont always work and in order to improve the quality of PDF fits in small/
high x regions there have been efforts in providing PDFs consistent with Resummed Computations

peak highlow

❖ high-qT region 
❖ it is expected to be described by f.o

❖ at low and peak qT
❖ QCD radiation not described by truncated pQCD
❖ it requires methods to resum arbitrary many parton 

emissions
 

There are different approaches to address the failure of f.o. calculations
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Expectations from LHC data
❖ Gluon:

❖ Inclusive jets, dijets, trijets            —> medium/large x
❖ Isolated photon and photon+jets —> medium/large x
❖ ttbar production                             —> large x
❖ Zpt spectrum                                  —> small/medium x

❖ Quarks:
❖ W and Z rapidity spectra             —> medium x
❖ High pT W+jets                              —> medium /large x
❖ Low mass and high mass DY       —> small/large x
❖ W+c rapidity spectrum                 —> strange at medium x
❖ single top differential                    —> medium/high x

❖ Photon:
❖ WW production                           
❖ High Mass DY

50



Voica Radescu | Oxford University

PDFs with resummed calculations
❖ Impact of the resummed  PDFs vs fixed order PDFs:

❖ Tools for fitting development:
❖ HELL: High-Energy Large Logarithms interfaced to APFEL

❖ based on the ABF approach for resummation
❖ which delivers resummed splitting functions and coefficient functions
❖ Therefore could be used for fitting using resummed evolution together with the 

resummed coefficient functions
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