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New Physics Found (20 years ago)?



Parton Distribution Functions

Needed for making theoretical 

calculations to compare with 

experimental data



Parton Distribution Functions (PDFs)



Parton Distribution Functions (PDFs) of the proton map out the longitudinal momentum 

distribution of proton’s constituent quarks and gluons.

PDFs depend on energy scale:

RG evolution (DGLAP) 

Hard scattering cross section

(short distance, perturbative):
Long distance,

nonperturbative

Factorization Theorem 

(QCD improved parton model)



Two trends in the modern PDF analysis

Proton PDFs For general-purpose 

nucleon PDFs, the 

goal is to determine 

very precise 

parametrizations for 

pQCD calculations up 

to (N)(N)NLO in 𝛼𝑠.  
The focus is on the 

high-Q data that is not 

sensitive to 

nuclear (NUCL), 

target mass corrections 

(TMC) and higher twists 

(HT) effects.

⇒ CT, MMHT, NNPDF PDFs for studying LHC physics. 



Selected Experimental Data in Global analysis
For nucleon PDFs, experimental measurements  are selected so as to reduce 

dependence on theoretical input beyond the leading power in perturbative QCD 

CT14:

only DIS data with 𝑄2 > 4 𝐺𝑒𝑉2 , 

𝑊2 > 12.5 𝐺𝑒𝑉2 (above the red 

line) are accepted to ensure stable 

perturbative predictions 

Still using data from DIS and DY 

on nuclear targets. CT14HERA2 

does not use NMC DIS on 

deuteron, will be replaced by

comparable future LHC/Tevatron

measurements on the proton



Precise knowledge of PDFs is important

Gluon-gluon channel for the production 

of a generic resonance X decaying to 

WW and ZZ diboson pairs. 

CT14 PDFs:1506.07443 

SENSITIVITY TO GLUON PDFs

Higgs boson production



G-G

q-qbar



LHC run 1 data  have some impact 

in recent global analyses.

Comparison of PDFs at 

Q^2 = 10^2 GeV^2

between the NNPDF3.0, 

CT14 and MMHT14 sets at NNLO, 

with αs (MZ ) = 0.118.

From PDF4LHC

arXiv: 1507.00556 (July 2015)

A lot of efforts in the past 2 years went

into comparisons and benchmarking:

“PDF4LHC recommendations 

for LHC run II”,  

arXiv: 1510.03865



Example: 𝑔𝑔 → 𝐻𝑆𝑀
0 at the LHC 

For example, 𝛿𝑃𝐷𝐹 on Higgs cross sections based on 3 latest global fits has reduced from 7% to 

within 3%, i.e., the PDF uncertainty is now of order of N3LO QCD scale uncertainty

This improvement is due to benchmarking of general-mass factorization schemes; but can there be 

hidden sources of uncertainties on 𝜎(𝑔𝑔 → 𝐻), e.g., associated with massive charm DIS 

contributions, cf. arXiv:1603.08906?

±7%

arXiv:1211.5142

2012
2015



Which PDF set to be used for

Making central prediction and 

Estimating its uncertainty due to PDF and 𝛼𝑠



Estimation of PDF uncertainties on LHC observables

The procedure for computing the PDF uncertainty 

must vary depending on the goals. The options may 

include

a) Using one individual set out of several 

similar ones (e.g., CT, MMHT, or NNPDF)

b) Using an envelope of all sets, including the outlier 

sets

c) New (arXiv:1510.03865): using a combined PDF4LHC15 

set constructed from CT14, MMHT14, NNPDF3.0
• A statistical combination of 3 sets

• Reproduces the total uncertainty with only 30-100 

error sets

• Eliminates redundant comparisons of 3 global sets

• can be used in many (not all) cases.Figure: K. Lipka

1603.08906

𝑝𝑝 → 𝑡  𝑡𝑋



PDF4LHC15 combined sets (900, 100, 30 replicas) vs. CT14, MMHT, NNPDF

900 900

900 900



CT, MMHT, NNPDF

 Provide the central set (giving the best fit to global analysis) 

of the PDFs

 Provide eigensets (or replica sets) to allow estimation of 

uncertainty induced by PDF errors for predicting any 

experimental observable.

 Provide information on (anti-) correlations among various 

parton flavors (quarks or gluon) at given x and Q values. 

 Trying their best to estimate the PDF errors in the small 

and large x regions, where PDFs are not yet well determined. 

Though they are generally in good agreement, some noticeable 

difference can appear in experimental observables, sensitive to 

some special combination of different parton flavors. 
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Data
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-1

CMS,  L = 4.7 fb

 Data is already more precise 

than CT10, NNPDF2.3 and 

MSTW2008 PDF uncertainties.

 Will help to determine u,d,ubar 

and dbar PDFs.

 Most useful for determining d/u 

and dbar/ubar.

 MSTW2008 NNLO PDFs are 

disfavored by this data set

LHC Run 1 Data  matters



CT14 Global QCD Analysis

Recent results

CT14NNLO

CT14NLO

CT14LO

CT14IC

CT14HERA2

CT14MC

CT14QED



Phenomenological parametrizations of PDFs are provided with estimated 

uncertainties of multiple origins (uncertainties of measurement, theoretical 

model, parametrization form, statistical analysis, …)

The shape of PDFs is optimized w.r.t. hundreds of nuisance parameters

CT14 PDFs



Overview of CT14 analysis

 CT10 includes only pre-LHC data

 CT14 is the first CT analysis including LHC Run 1 data

 CT14 also includes the new Tevatron D0 Run 2 data on 

W-electron charge asymmetry 

 CT14 uses a more flexible parametrization in the non-

perturbative PDFs.

 We have published its results at NNLO, NLO and LO.

Produce 90% C.L. error PDF sets from Hessian method, scaled by 1/1.645 to 

obtain 68% C.L. eigenvector sets.

For NNLO, Chi^2/d.o.f is about 1.1 for about 3000 data points included in the fits.



Theory Analysis in CT14

21

• CT14 has 26 shape parameters,  plus four extreme sets for describing 

s- and g-PDFs in small-x region. In comparison, CT10 has 24 shape 

parameters,  plus two extreme sets for describing g-PDFs in small-x 

region.

• More flexible parametrization – gluon, d/u at large x, and both d/u 

and dbar/ubar at small x, strangeness (assuming sbar = s)

• Non-perturbative parametrization form:

where Pa(x) is expressed as a linear combination of Bernstein 

polynomials to reduce the correlation among its coefficients.



Theory Analysis in CT14

22

• Choose experimental data with Q2 > 4 GeV2 and W2 > 12.5 GeV2

to minimize high-twist, nuclear correction, etc., and focus on 

perturbative QCD predictions. 

• PDFs are parametrized at Q=1.3 GeV.

• Take αs(Mz) = 0.118, but also provide αs-series PDFs.

• Use s-ACOT-χ prescription for heavy quark partons, and take pole 

mass Mc =1.3 GeV and Mb=4.75 GeV

• NNLO calculations for DIS, DY, W, Z, except jet (at NLO). 

• Correlated systematic errors are taken into account.

• Check Hessian method results by Lagrangian Multiplier method 

which does not assume quadratic approximation in chi-square. 



pre-LHC

CT14 has ≈3000 data points



Very important for PDF determination

















DiffTop DiffTop



Story about D0 Run 2 

W-electron rapidity asymmetry data

old data new data

68% C.L.
68% C.L.

CT10 was produced by fitting to old D0 data.

CT14 uses new D0 data, closer to CTEQ6.6 

than CT10 predictions in large rapidity.



Old D0 data disfavor CTEQ6.6 and requires CT10.

New D0 data disfavor CT10 and requires CT14.

new data

old data

Story about D0 Run 2 

W-electron rapidity asymmetry data



CT14IC

Intrinsic Charm PDFs



Intrinsic Charm: CT10IC and CT14IC



CT10IC PDFs

IC vs CT10 charm PDF

pp Zc at LHC may further constrain

valence-like model

SEA1/BHPS1:

SEA2:

BHPS2:

x
IC

= 0.57%

x
IC

=1.5%

x
IC

= 2.0%
arXiv:1309.0025



CT14IC PDFs

Charm PDFs Gluon PDFs



CT14HERA2

Impact of HERA combined Run 1 and Run 2 

data to CT14 PDFs



Impact of the new HERA run I+II measurements

H1 and ZEUS combination of DIS 

cross sections for NC and CC

H1 and ZEUS Coll. 1506.06042 EPJ2015 

So far, the most important 

measurements for PDF determination

Neutral Current                 |Charged 

Current

============================

e-p [Ep=920 GeV]   | [Ep=920 GeV]

e+p [Ep=920 GeV]   | [Ep=920 GeV]

e+p [Ep=460 GeV]   |

e+p [Ep=575 GeV]   |

e+p [Ep=820 GeV]   |

CT14HERA2



Most relevant changes due to HERA2 data in the PDFs and their ratios



CT14MC

Replica sets for CT14 PDFs



CT14 Monte-Carlo replica PDFs

Green: Hessian 68% c.l. errors

Blue and red: Asymmetric MC1 

and MC2 replicas

Tie-Jiun Hou, et al., arXiv:1607.06066

mcgen: a public code to convert Hessian eigenvector ensembles into Monte-

Carlo replica ensembles with several methods (http://metapdf.hepforge.org/mcgen/) 

CT14 MC1 and MC2: ensembles of PDF replicas (𝑁𝑟𝑒𝑝 = 1000) generated from 

CT14 Hessian ensemble

Asymmetric standard deviations of 

CT14 MC ensembles reproduce 

asymmetric CT14 Hessian 

uncertainties 

CT14 MC2 replicas are non-

negative: lead to positive physical 

cross sections

Can be used for combinations of 

PDF ensembles and PDF 

reweighting





CT14 MC2 replicas satisfy positivity

Scaled 

ratios of 

replicas to 

central 

CT14 

Hessian



Large 𝜒2 in replicas



CT14QED 

and

CT14QED_inc

 Photon as a parton inside proton

 Evolved at the NLO QED plus LO QED

 CT14QED for inelastic contribution

 CT14QED_inc for inclusive contribution  



Photon PDFs

CT14QED

1) Previous studies

a) MRST Martin et al., EPJC 39 (2005) 155

- Radiation off “primordial current quark” distributions

b) NNPDF    Ball et al., Nuc. Phys. B 877 (2013) 290

- parametrized fit, predominantly constrained by W,Z,g* Drell-Yan

c) Sadykov arXiv:1401.1133

- photon evolution in QCDNum

2) Photon evolution at LO in aand NLO in aS currently implemented in 

CTEQ-TEA global analysis package

a) Alternative parametrization approach

b) Constrain with DIS + photon data
arXiv:1509.02905



CT14QED

Photon PDFs (in proton)

Q = 3.2 GeV 0.05% 0.34%

Q = 85 GeV 0.22% 0.51%

pg (Q) g x,Q0( ) = 0 g x,Q0( )
CM

g momentum fraction:

g0

g0

gCM

gCM

g g

u
u

d d

c

c
b

ss
d d

uu

Q = 3.2 GeV Q = 85 GeV

Photon PDF can be larger

than sea quarks at large x!

Initial Photon PDF still

significant at large Q.

arXiv:1509.02905



Photon-Photon Luminosity

CT14QED_inc PDFs
arXiv:1603.04874



Some useful information for PDF users

For LHC and 100 TeV Collider



CT14 NNLO PDFs

PDF error bands

u and d PDFs are best known

currently no constraint for x below 1E-4

large error for x above 0.3

larger sea (e.g., ubar and dbar) quark 
uncertainties in large x  region

with non-perturbative parametrization form 
dependence in small and large x regions

PDF eigensets

useful for calculating PDF induced uncertainty 

sensitive to some special (combination of) parton 
flavor(s).  



When is LO PDFs to be used?

 LO PDFs were obtained in the global fits by using LO hard part 

cross sections. Hence, if you want to describe the fitted data using 

the LO calculation, you have to use LO PDFs. Similar arguments 

apply to NLO and NNLO PDFs.

 However, if you are studying a new physics process, or some 

process not been included in our global fits, you might argue to use 

NLO or NNLO PDFs in the LO calculation by noting that whatever 

the difference is at higher order (than LO prediction).

 CT14LO PDFs were obtained by fitting to the same set of LHC run-1 

data as done for CT14NLO and CT14NNLO.

 LO PDFs have much worse 𝜒2 in global fits than NLO and NNLO fits 

which have about the same 𝜒2 . Also, with much larger PDF errors.



CT14 LO vs. NLO and NNLO fits



Impact of PDF uncertainty to 

New Physics Search

For LHC and 100 TeV Collider



Some basics about PDFs

 Parton Distribution Function 

Given a heavy resonance with mass Q produced at 

hadron collider with c.m. energy 

What’s the typical x value?

at central rapidity (y=0)      

Generally,        

S

( ,Q)f x

Q
x

S
 

1 2

y yand
Q Q

x e x e
S S

 

1 2 2 cosh(y)
Q

x x
S

 
1 2max : 1y x x 



Kinematics of a 100 TeV SppC

• J. Rojo: kickoff meeting for FCC at CERN, Feb. 2014



On to a 100 TeV FCC

will access smaller x, larger Q2

currently have no 

constraints on PDFs

for x  values below

1E-4

we don’t know where

at low x, BFKL 

effects start to

become important

poor constraints 

(still) as well for 

high x PDFs

at high masses (Q2), 

rely on DLAP evolution; 

we know at large Q2,

EW effects also 

become important



PDF luminosities

PDF Luminosity  
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Uncertainties in physical cross sections induced by PDFs also vary.



Conclusions

 LHC unprecedented energies brought us in a new precision era.

Massive efforts are going on to constrain proton structure:

PDF uncertainties still remain a limiting factor for precision at the LHC.

 Finding new, highly sensitive measurements for constraining PDFs: 

Less inclusive, yet clean, processes (e.g. 𝑍 𝑝𝑇 at NNLO…etc.) 

Better constraints at x > 0.3 

Reliable flavor separation 

High precision data ⇒ control on subleading effects (NLO EM 

corrections, photon PDFs, off-shell resonant production…) and 

theoretical uncertainties (scale dependence, heavy-quark schemes) 


