
Lecture-3: Modern Parton Distribution Functions

And why they matter at the LHC

• Why do PDFs differ, what are the sources of uncertainty and what is the 

consequence for the LHC measurements?

• How well are we doing?

• Is there progress and how does the LHC contribute?

• How can we improve in future?
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When a collision happens at the LHC a parton from one of the protons (A) takes 

a fraction x1 of the momentum of this proton and a parton from the other proton 

(B) takes a fraction x2 of the momentum of this proton, such that the centre-of-

mass energy squared of this collision is not s =(13 TeV)2 it is x1x2s

Thus the energy involved in each collision– its scale- is different 

AND the probability of each collision depends on the joint probability that proton A 

contained a parton of momentum fraction x1 , fa(x1), and proton B contained a 

parton of momentum fraction x2 , fb(x2), and that these two partons were of the 

right type, or flavour to interact to make final state X (as embodied in the cross 

section for interaction σab→X).

The probabilities * momentum fractions:  x1fa(x1), x2fb(x2), are the parton 

momentum distributions or PDFs
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Drell-Yan is one of the simplest processes

Can get xa and xb and Q2 

from the kinematics of the 

process
a,b

=M2 Invariant mass squared of lepton pair



We evolve the PDFs from the HERA region up to the LHC region

And assuming the PDFs are universal we can predict LHC cross sections. 

We can also use SM LHC processes to improve the PDFs….
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We now use many other processes than 

deep-inelastic scattering for the 

determination of PDFs

We use many SM processes that can be 

reliably calculated to NNLO in fixed 

order QCD

• Drell-Yan data from fixed targets and 

the Tevatron and LHC

• W,Z rapidity spectra from Tevatron

and LHC

• Jet pT spectra from Tevatron and 

LHC

• Top-anti-top differential cross-

sections

• W and Z +jet spectra, or W,Z pt

spectra

• W and Z +heavy flavours

• Beware: there may be new physics at 

high scale that we ‘fit away’
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How do the PDFs look before/after LHC data?

Some change in shape

Some reduction in 

uncertainty

Illustration from NNPDF

But several groups extract PDFs and there are significant differences between them 

because of slightly different model choices:

• Exact choice of data entering fit and cuts impose on them

• Choice of heavy quark masses, heavy quark schemes

• Choice of starting scale for QCD evolution, Value of αS(MZ)

And differing methodology

• Use of parametrization, what parametrization

• Use of NN, what architecture, training, stopping etc

• How are uncertainties determined



This looks as if we are doing reasonably well –but look at ratios….

The ‘big three’ of PDF fitting groups are CT, NNPDF and MSHT

The latest CT18, NNPDF4.0, MSHT20. Be agnostic in the choice between these.

The one with the smallest uncertainties is not necessary the best. We want accuracy 

as much as we want precision
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Differences are more obvious in ratio. They are large at small-x and at high-x, where there is less 

data. The differing model choices matter. Different methodologies matter.

So also do theory choices, standard is NNLO, often using NNLO/NLO ‘k-factors’ but such 

calculations can differ. Even when using direct NNLO grids - treatment of grid uncertainties can 

differ. Now there is also progress on N3LO PDF analyses.

PDFs also differ in how they evaluate their uncertainties some use enhanced χ2 tolerances --

closer to the hypothesis testing criterion– but this is a whole lecture series in itself. 
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One way to see the impact of the uncertainties 

on the parton distribution functions is 

in terms of parton-parton luminosities, which 

are the convolution of the purely partonic part 

of the sub-process cross-section.

The quark-antiquark and gluon-gluon 

luminosities for various PDFs are 

compared here for 13 TeV LHC 

running in terms of the centre of 

mass energy of the parton 

sub- process MX

Small MX corresponds to small x and

Large MX to large x

So for quark-antiquark production of W or Z 

bosons ----at Mx ~80,90 GeV

Or for gluon-gluon production of Higgs at 

---Mx~125 GeV

the parton-parton luminosities are fairly well 

known- well this is as good as it gets--

This is not so for higher mass particles that 

could be produced by ‘Beyond’ Standard 

Model (BSM) physics



Uncertainty in the high-x sea?-one example

Current BSM searches in High Mass Drell-Yan are limited by high-x antiquark  

uncertainties as well as by high-x valence quark uncertainties
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Drell-Yan is a term for q-qbar → μ+ μ- collisions 

mediated by Z or virtual γ,Z bosons.

Some new theories predict higher mass Z’ 

states, these have been excluded up to 2 TeV

The main reason we cannot do better is that 

the PDF uncertainty on the ‘normal’ Standard 

Model background is too big.

q

q



What about the Higgs? Gluon-gluon to Higgs is the dominant 

channel

The uncertainty on the calculation for the SM Higgs cross section has substantial 

uncertainty from the PDFs– mainly the gluon PDF

All indications are that the Higgs boson that we have seen is the Higgs boson of the 

Standard Model (SM) , but measurements are not as yet very accurate.

Beyond Standard Model (BSM) physics can manifest itself as small discrepancies from 

SM predictions. We need to reduce uncertainties on our predictions. 
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As well as limiting our ability to identify BSM effects at high MX , uncertainties on 

PDFs also limit indirect observations of new physics which we may hope to 

make by measuring discrepancies from the Standard Model (SM) values for 

fundamental parameters such as mW – the W mass  

However, this  has been checked at the LHC- the new CMS measurement agrees with SM

The plot shows the latest measurements from ATLAS and CMS (2024).  

A major contribution to the uncertainty of these measurements is the PDF uncertainty, 

which comprises half the uncertainty in both cases. LHC uses p-p not p-pbar and its 

kinematic reach is such that most collisions producing W are sea-quark collisions. 

The W mass is predicted in the SM in terms of 

other SM parameters like the fine structure 

constant and the weak coupling G, but Δr 

represents higher order loops in the diagrams 

which are presently calculated with known particles 

like the top quark or Higgs, but could also contain 

BSM particles.

In that case the value of mW would differ from 

its SM value

And indeed that is what we saw in the 2022 CDF 

measurement from FermiLab
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What is our problem?

ATLAS αS(MZ)

CMS Mw

CMS sin2θW

ATLAS Mw
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As the uncertainties of each individual PDF decrease with the input of more 

information, the divergence of the PDFs from each other has increased

Gluon 

Uncertainties

Has there been progress in recent years? 
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The PDF4LHC group makes combinations of the PDFs from the three main 

fitting groups NNPDF, CT and MSHT (arxiv:2203.05506)

First try to understand differences by using a common data set and common 

settings for heavy quark masses and αS(MZ)

BUT It is not recommended to use these reduced fits, 

greater consistency does not mean greater accuracy—

the methodological differences in the main fits are there for a reason!

PDF4LHC21 combination uses the published PDFs with very little modification:

modified CT’ (HQ masses), NNPDF3.1’(closer to common data set) and MSHT (as published) 

but does not strive for common methodology
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The combination is a statistical combination  of the three input PDFs. 

Where the they are consistent the resulting PDF4LHC uncertainty represents an 

average of the the PDF set uncertainties—generally closest to, though smaller than,  

the largest uncertainty of the three, namely  CT18. 

But where there are discrepancies the PDF4LHC uncertainty can be larger than those 

of any of the individual sets since it includes the spread in the central prediction

These plots represent ratios of uncertainties 
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The PDF4LHC group makes 

combinations of the PDFs from the 

three main fitting groups NNPDF, 

CT and MSHT

The PDF4LHC15 combination has 

just been superseded by the 

PDF4LHC21 combination

There IS an improvement in 

uncertainty BUT this is not enough 

to reduce the PDF uncertainty on 

LHC measurement of 

mW , sin2θW, αS(MZ) dramatically
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Since the issue of PDF4LHC21 there has been the new PDF set from NNPDF4.0

This has a lot of new data from the LHC and considerable decrease in uncertainty, with 

respect to NNPDF3.1.

BUT the improvements in uncertainty are not so much due to the new data, they are 

more due to improvements in their procedure.

Unfortunately decrease in uncertainty of a single PDF does not help much if there are 

discrepancies with other PDFs.

The uncertainty on combination of PDFs will remain higher than the uncertainty of any 

individual PDF set

And there are other PDFs eg ABMP, which does not use jet data..

This could be important if we think that high energy jet data may 

actually contain hidden new physics.



There is a danger when fitting high 

scale data—such as high pT jet 

production– of ‘fitting away’ the very 

BSM effects you would like to look for, 

ie including the deviations BSM from 

SM in your PDF fit. 

Thus ATLAS also cut all data at scale >

500 GeV, ie Q2 > 250000 GeV2

From the fit and re-evaluated the PDFs.

We can see the difference if we look at 

very high-x. 

Differences only exceed 5% for x>0.5.

We cannot claim discovery of new physics 

on this basis, but we must be vigilant.

There are studies in which the new-

physics effect is fitted at the same tie as 

the PDF--- so far no definitive evidence.
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LHC data today consistents of many data sets analysed by different groups, with 

differing procedures for the evaluation of systematic uncertainties, which makes 

correlating systematic uncertainties between different measurements difficult.

Such correlations are not usually known/applied

Recent work by ATLAS uses many different types of LHC data, evaluating the 

largest correlations 

The larger correlations come between data sets such as: inclusive jets, W or Z boson 

+jets, t-tbar in lepton+jets mode

The difference between accounting for the correlations or not doing so is the shift 

from red to blue—shown in ratio here

It is not a big effect, but if you want ~1% accuracy on PDFs then it matters

There are further issues in the use of LHC data to fit PDFs



Another issue is that PDFs are extracted at finite order, 

the current state of the art is NNLO
How much difference does this make?

We use scale uncertainty as a measure of the missing higher 

order corrections. 

What does this mean?

The scale for DIS is Q, for other processes we make choices

The natural scale for W,Z boson production is the mass of the 

boson. This is varied by a factor of two to evaluate the scale 

uncertainty.

The plots show the change in the PDFs when including or not 

including scale uncertainty for W, Z boson production under two 

assumptions: 

• Scale uncertainties correlated between W and Z and between 

data taken at 7 and 8 TeV

• Scale uncertainties correlated between W and Z but not between 

data taken at 7 and 8 TeV

This is not a very big effect but it matters if we are striving for 

ultimate accuracy O(1%)



AND recently there has been a move to N3LO..which is not fully computed yet 

so MSHT and NNPDF have given approximate PDFs.

The differences between NNLO and aN3LO are larger than our estimates from 

MHOUs led us to believe, but also the two groups do not agree very well with each 

other, especially at low-x

NNLON3LO
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We now have two approximate N3LO PDFs from NNPDF and MSHT

Differing groups have different ways of implementing the aN3LO

For MSHT there is a 5% decrease in luminosity at the Higgs mass, for NNPDF this is 

more like 2%... BUT either way there is a significant difference. 

These come together a  bit more with recent updates on N3LO and with QED 

corrections, which are larger for NNPDF than for MSHT.

Furthemore aN3LO includes one more term of the ln(1/x) resummation, but what if we 

considered more terms? What are the consequences at the LHC?

And that translates to an effect on the low Mx region for the gluon-gluon luminosity 

and has a ‘knock-on effect’ on the luminosity in the Higgs region Mx =125 GeV



Full ln(1/x) BFKL resummation
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gg lumi

effect of small x resummation on LHC luminosity
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FIG. 1. All-order e↵ects on the Higgs cross sect ion computed at N3LO, as a funct ion of
p

s. The plot of the left shows the
impact of small-x resummat ion, while the one of the right of large-x resummat ion. The bands represent PDF uncertaint ies.

small-x [89]. This opens up the possibility of achieving

fully consistent resummed results. While we present ly

concent rate on the Higgs product ion cross sect ion, our

technique is fully general and can be applied to other

important processes, such as the Drell-Yan process or

heavy-quark product ion. We leave further phenomeno-

logical analyses to future work.

Let us start our discussion by int roducing the factor-

ized Higgs product ion cross sect ion
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where σ0 is the lowest -order partonic cross sect ion, L i j

are parton luminosit ies (convolut ions of PDFs), Ci j are

the perturbat ive partonic coefficient funct ions, ⌧= m2
H
/ s

is the squared rat io between the Higgs mass and the col-

lider center-of-mass energy, and the sum runs over all

parton flavors. Henceforth, we suppress the dependence

on renormalizat ion and factorizat ion scalesµR , µF . More-

over, because the Higgs couples to the gluon via a heavy-

flavor loop, (1) also implicit ly depends on any heavy vir-

tual part icle mass.

The general method to consistent ly combine large-

and small-x resummat ion of partonic coefficient funct ions

Ci j (x, ↵s) was developed in [85]. The basic principle is

the definit ion of each resummat ion such that they do

not interfere with each other. This statement can be

made more precise by considering Mellin (N ) moments

of (1). The key observat ion is that while in momen-

tum (x) spacecoefficient funct ionsaredist ribut ions, their

Mellin moments are analyt ic funct ions of the complex

variable N and therefore, they are (in principle) fully de-

termined by the knowledge of their singularit ies. Thus,

high-energy and threshold resummat ions are consistent ly

combined if they mutually respect their singularity st ruc-

ture. In [85], where an approximate N3LO result for Ci j

was obtained by expanding both resummat ions to O(↵3
s ),

thedefinit ion of the large-x logarithms from threshold re-

summat ion was improved in order to sat isfy the desired

behavior, and later this improvement was extended to

all orders in [45], leading to the so-called  -soft resum-

mat ion scheme. Thanks to these developments, double-

resummed partonic coefficient funct ions can be simply

writ ten as the sum of three terms [90]

Ci j (x, ↵s) = C fo
i j (x, ↵s)+ ∆ C lx

i j (x, ↵s)+ ∆ Csx
i j (x, ↵s), (2)

where the first term is the fixed-order calculat ion, the

second one is the threshold-resummed  -soft contribu-

t ion minus its expansion (to avoid double count ing with

the fixed-order), and the third one is the resummat ion of

small-x cont ribut ions, again minus its expansion. Note

that not all partonic channels cont ribute to all terms

in (2). For instance, the qg cont ribut ion is power-

suppressed at threshold but it does exhibit logarithmic

enhancement at small x.

Our result brings together the highest possible accu-

racy in all three cont ribut ions. The fixed-order piece is

N3LO [18–22], supplemented with the correct small-x be-

havior, as implemented in the public code ggHi ggs [49,

85, 91]. Threshold-enhanced cont ribut ions are accounted

for to next -to-next-to-next -to-leading logarithmic accu-

racy (N3LL) in the  -soft scheme, as implemented in

the public code TROLL [45, 49]. Finally, for high-energy

resummat ion we consider the resummat ion of the lead-

ing non-vanishing tower of logarithms (here LLx) to the

coefficient funct ions [62, 83], which we have now imple-

mented in the code HELL [86, 87]. The technical details of

the implementat ion will be presented elsewhere [92]. Our

calculat ion keeps finite top-mass e↵ects where possible.

In part icular, in the fixed-order part they are included

effect of small x resummation on 

ggH cross section for LHC, HE-

LHC, FCC 



25

SO HOW MAY WE ACTUALLY DO MUCH BETTER?

One thing that has always made PDF fitters agree better with each other is 

better data. We need New DIS machines… 

LHeC may be considered as a 

‘bridge’ project to any possible future 

FCC arXiv:2503.17727



The Electron Ion Collider

at Brookhaven

AND this one WILL 

definitely happen !

One of the issues with LHC 

data is that realistically it 

involves the combination of 

many data sets analysed by 

different groups and with 

differing procedures for the 

evaluation of systematic 

uncertainties, which makes 

cross-correlating them 

difficult.

A new DIS machine would 

instead give a consistent data 

set across a wide x, Q2 range



Consider the kinematic reach of each of these

The EIC will reach higher x than 

HERA could reach

The proposed LHeC and FCC-eh 

machines reach lower x than HERA 

could reach



The LHeC would 

extend sensitivity to 

gluon and sea at low x

• FL measurement will improve

• Explore low-x QCD DGLAP vs BFKL or 

non-linear evolution

Consider the EIC

This time the big impact is 

at high x

And this is only to mention the impact on 

Parton Distribution Functions which are 

afunction of the fractional longitudinal 

momentum of the parton. 

The EIC is about much more, transverse 

momentum distributions, spin, generalized 

parton distribution functions etc



Summary
What have we learnt about/from the deep structure of the proton in the last 

40 years?
•It’s full of partons- quarks, antiquarks and gluons

•The harder you look the more of them you see

•Established Quantum-Chromo-Dynamics as the theory of the strong interaction

•Measurement of its essential parameters: Parton Distribution Functions, the strong coupling 

parameter, αs(MZ ) and the running of αs with scale

•Sets the background for discovery physics at the LHC

But the PDF uncertainties need to be reduced

•Precision PDFs are needed reduce the background in searches for BSM physics- both at the 

LHC and any FCC-hh

•They are also needed for precision measurements of SM parameters, where small deviations 

from SM values may indicate BSM physics

•The measurements from the High Luminosity –LHC should improve on our current knowledge 

•But a dedicated Deep Inelastic Scattering machine such as an LHeC/FCCeh or EIC could do 

better --- and EIC will definitely happen!

• And I have only spoken about the longitudinal momemtum distributions of the partons, the 

EIC will also probe transverse momentum and spin distributions 

• And we should learn more about QCD beyond the DGLAP formalism– gluon saturation, 

BFKL resummation. 



extras
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Since the issue of PDF4LHC21 there has been 

a new PDF set from NNPDF4.0

This has a lot of new data from the LHC

Nevertheless the improvements in uncertainty are 

not much due to these data, they are more due 

to improvements in their procedure

The top plot compares the uncertainties of 

NNPDF4.0 and 3.1 data sets using the SAME 

new methodology

The bottom plot shows the impact of the 

methodology on the SAME new data set 

4.0 shows new methodology and 3.1 here shows 

old methodology on new data-set

There has been a lot of debate in the PDF 

community over the new methodology. 

But if we just accept it this still does not help 

much if one is trying to combine with other PDFs 

MSHT20 and CT18 with different central values
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SO how can we improve PDFs?-A study of potential improvements has been made 

using processes which are now statistics limited, where the High-Luminosity LHC (HL-

LHC) should help

Pseudo-data is generated for these processes assuming luminosity of 3 ab -1 for 

CMS and ATLAS and 0.3 ab -1 for LHCb

Pessimistic and Optimistic assumptions are made about systematic uncertainties

based on experience with real data

Both about the effect of correlations-- typically, f corr = 1, 0.25

And about possible reduction in uncertainty typically, f red = 1, 0.4

This is about as good as you can do with pseudo-data but let’s not forget that 

this is a somewhat ideal situation
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Where scenario A is pessimistic and scenario C is optimistic

--Such improvements could give up to a factor 2 improvement in the PDF 

uncertainty on something like mW

So we see potential improvements in the PDFs at the HL-LHC





Gluon at small x
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no current data much below x=5⨉10-5

LHeC provides single, precise and 

unambiguous dataset down to x=10-6

FCC-eh probes to even smaller x=10-7

explore low x QCD:

DGLAP vs BFKL; non-linear evolution;

gluon saturation; implications

for ultra high energy neutrino cross sections

LHeC
FCC-eh

Even if your specific interest is not in low-x physics 

do not be complacent in thinking that this region 

does not affect you…

PDFs are going to N3LO –

where the first of the BFKL (ln(1/x) resummation) 

terms matter..

This has a significant  effect 

on the low-x gluon 
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Effect of small x resummation on 

predictions for DIS F2 and FL

Prospects for FL measurement at LHeC


