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At the LHC we are colliding protons

But it is not the protons that are doing the interacting

It is their constituents—quarks, antiquarks, gluons --collectively known as partons

We need to know how these partons are distributed in momentum at the energy scales 

of the collisions in order to understand LHC physics.

These parton momentum distributions are known as PDFs—Parton Distribution 

Functions– and are a field of study in their own right.

It is now the case that the uncertainties on Parton Distribution Functions are a major 

contributor to the background to discovery physics

• Searches at the highest energy scales- of a few TeV--for physics beyond our 

Standard Model are limited by  PDF uncertainty

• Precision measurements of standard model parameters, like  mW, sin2θW, which can 

provide indirect evidence for BSM physics, are also limited by PDF uncertainty, 

even though PDFs are much better known at these scales, mW ~80 GeV



Deep Inelastic Scattering (DIS) is the best tool to probe proton structure

Gluon from the scaling violations: DGLAP 

equations tell us how the partons evolve

QCD fit starts at minimum Q2 =3.5 GeV2

LO expressions



Parton momentum distributions 

change with the scale of the probe: 

Q2=~10 GeV2 is typical scale for low 

energy experiments

Whereas Q2=~104-6 GeV2 are the 

scales that we are now  probing at the 

Large Hadron Collider

And at these scales 

the proton is pretty 

well all glue

The valence quarks 

are radiating gluons 

and the gluons are 

splitting into quark-

antiquark pairs

And the harder we hit the more of 

this activity we see- rather than 

seeing further sub-structure

Quantum Chromodynamics

You just need to know what the PDFs are at a starting scale Q2
0 – and QCD will tell you 

what they are for any scale Q2 > Q2
0



How do you know what the PDFs are at the starting scale?

You don’t, you have to parametrise them at a starting scale Q2
0

Where Pi(x) can be ordinary polynomials of x, or √x, or Chebyshevs, Bernstein 

polynomials, typically ~20-30 parameters---- or even a neural net

qi

Some parameters are fixed through conservation of the total amount of momentum 

and the number of quarks of each flavour  - but others are model choices-

Model choices Form of parametrization at Q2
0, value of Q2

0, which data are accepted for 

the fit, what kinematic cuts are applied to the data, what heavy quark scheme, what heavy 

quark masses

Use perturbative QCD to ‘evolve’ these PDFs to higher scale Q2 >Q2
0

Construct predictions for the measurable structure functions in terms of PDFs for 

~3000 data points across the x,Q2 plane.

These days the state of the art is NNLO pQCD.

Perform χ2 fit to the data to determine tha parameters of the PDFs.

But there will be both experimental, model and parametrisation uncertainties.

Nevertheless, the fact that so few parameters allows us to fit so many data points 

established QCD as the THEORY OF THE STRONG INTERACTION and provided 

the first measurements of the strong interaction coupling, αs(MZ). 



where X=W, Z,  Higgs, high-ET jets, or something new

and     is known in the Standard Model perturbative 

QCD and ElectroWeak theories, or it is a ‘new-physics’ 

cross section

pA

pB

fa

fb

x1

x2

̂ X

The uncertainties on Parton Distribution Functions  (PDFs) 

limit our knowledge of all cross sections- whether Standard 

Model or Beyond- because we are colliding protons

But it is the partons doing the interacting

So when it comes to the LHC the  Standard Model is not as well known 

as you might think in the strong interaction sector

The lines labelled y indicate the rapidity of the 

observed X, if it is produced at central rapidity, then 

both partons which made it will have similar x 

values, but if it is produced at high rapidity the one 

parton will have low-x and the other high-x.

LHC thus probes low an high-x together (But only 

LHCb probes extreme rapidity at present)
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BUT what could HERA not do?

High-x gluon and sea flavour detail s,c

What other data can we use?

• Drell-Yan data from fixed target DIS 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 

from LHC

• W and Z +jet spectra, or Z pt spectra 

from LHC

• W and Z +heavy flavours from LHC

• Beware: there may be new physics at 

high scale that we ‘fit away’

• Further warning, this additional 

information comes from many different 

groups– often there is no clarity on the 

correlations of experimental systematic 

uncertainties

The HERA data are the 

‘backbone of all PDF fits 



Several groups extract PDFs and there are significant differences because of slightly 

different model choices:

• Exact choice of data entering fit

• Choice of heavy quark masses, heavy quark schemes

• Choice of starting scale for QCD evolution, choice of parametrisation…etc, etc

Let’s see how we are doing--- PDF comparisons at NNLO in pQCD
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Differences are more obvious in ratio

They are large at small-x and at high-x

where x is the fractional momentum of the struck parton
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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

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

10

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



Consequence of uncertainty in the high-x gluon?-one example

Many interesting processes at the LHC are gluon-gluon initiated

…BSM processes like gluon-gluon → gluino-gluino
And the high-scale needed for this involves the high-x gluon

The gluon-gluon luminosity at high-scale is not well-known

This leads to uncertainties on the gluino pair production cross section

11
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But 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  

Well it can be checked at the LHC. 

The most accurate LHC measurement to date is from ATLAS and is shown on the plot. 

A major contribution to its uncertainty of 19MeV is the PDF uncertainty of 10 MeV. 

LHC uses p-p not p-pbar and its kinematic reach is such that most collisions producing 

W are sea-quark collisions. It is not clear that the PDF uncertainties can be improved 

quickly…….

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 see in the latest 

Fermilab measurement!

BUT how can this be checked?
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So let’s see how much LHC data has improved PDFs  

NNPDF3.1 includes modern LHC data on W,Z + jets + top + Zpt from 7 and 8 TeV

running.   Compare PDFs with and without LHC

FURTHERMORE, this looks good BUT specific choices were made by NNPDF e.g

which top-quark differential distributions are used and of which jet data distributions are 

used etc., and what are the correlations between systematic uncertainties

Other PDF groups are making slightly different choices—such differences could even 

increase the total uncertainty due to differences between PDF sets

(I will come back to NNPDF4.0)

Some of the data input to 

NNPDF3.1 –like the 

ATLAS W,Z data have 

already reached a limit of 

how accurate they could 

be. 

The uncertainties of 

O(1%) are limited by 

experimental systematics 

not by statistics. This will 

not get better in the 

foreseeable future with 

the High Luminosity LHC
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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
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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 

now been superseded by the 

PDF4LHC21 combination (issued 

in 2022!) arxiv: 2203.05506

There IS an improvement in 

uncertainty BUT this is not enough 

to reduce the PDF uncertainty on 

on LHC measurement of mW

sufficiently -10 MeV could 

decrease to ~8MeV- we need 

more than this…
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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 is 

new methodology and 3.1 is old here

There is currently a lot of debate in the PDF 

community over the new methodology. But even 

if it is accepted this does not help much if one is 

trying to combine with other PDFs MSHT20 and 

CT18 with different central values and larger 

uncertainties.
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A study of potential improvements has been made using processes for 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 ----but such estimates are unlikely to be fully realistic…

So we see potential improvements in the PDFs
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Are we being a little too optimistic with these pseudo-data projections?

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.Such correlations are not usually known/applied

But recent work by ATLAS uses many different types of LHC data, (W,Z, jets, direct 

photon, top-antitop, V+jets), evaluating the largest correlations (arXiv:2112.11266)

The larger systematics come from jet energy scales and are correlated 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
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What if we are fitting away new physics effects ?

ATLAS made a fit cutting data for which the scale > 500 GeV,    to check if 

the PDFs differ if we cut out possible hidden new physics in the high scale data

This cut mostly removes 

inclusive jet production data.

The effect is only seen at 

high x –note linear x scale-

PDFs are not significantly 

changed

These changes would barely 

show up on our usual log 

scale in x

gluon ratio

dvalence ratiouvalence ratio

s ratio 
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This is corroborated by a CMS study arXiv:2111.10431 in which parameters for BSM 

physics are fitted simultaneously with PDF parameters (and mtop and αS(MZ) ) using Jet 

data and top-antitop production data

PDFs almost unchanged with or without 

the BSM term 
BSM parameters close to zero

NOTE study is NLO in pQCD



There is a further issue: Impact of scale 

uncertainties

PDFs are extracted at finite order, the current 

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

We use the variation of uncertainties on the choice of 

scale for the process as a measure of the missing 

higher order corrections (e.g. N3LO and higher)

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

Again this is not a very big effect but it matters if we 

are striving for ultimate accuracy
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A recent development is N3LO calculations for the DIS and Drell-Yan processes

We now have approximate N3LO PDFs

This has an astounding effect on the low-x 

gluon at low scales

Which persists to LHC scales

Contrast the MSHT20 NNLO 

With the MSHT20aN3LO

And consider the gluon-gluon luminosity

Note especially the ‘knock-on’ effect of the 

rise in gluon luminosity at low scale to a 

decrease of ~5% at the Higgs scale…

This will matter more and more as we go to 

higher energy and/or to more forward physics
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The Electron Ion Collider

to be at Brookhaven—

And this one WILL be built

SO HOW MAY WE ACTUALLY DO MUCH BETTER?

New DIS machines

With kinematic reach to high x
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And more speculatively

With kinematic reach to low-x
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Summary

• 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!
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Back ups
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pA

pB

fa

fb

x1

x2

̂ X

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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A further example is the uncertainty on the electro-weak mixing angle sin2θW

The plot shows the projected decrease in the statistical uncertainty on sin2θW

with future data 

But the PDF uncertainty will not decrease much

Unless some further constraints can be applied
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A somewhat broader selection 

of PDFs is shown here

Including NNPDF4.0, which is in 

agreement with NNPDF3.1 with 

rather smaller uncertainties---

But this is more due to their new 

procedures than due to the extra 

LHC data (justify)

Unfortunately this does not help 

if one is trying to combine with 

other PDFs MSHT20 and CT18 

which are further away with 

larger uncertainties.
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Flavour----1. Strangeness
The information on strangeness has often been 

presented at a single x,Q2 point and compared 

to the result of global PDFs

Note that older PDFs CT14, 

MMHT14,NNPDF3.0 all had Rs~0.5 at low scale 

(Q2=1.9GeV2) BUT this has moved up to ~0.8 

for CT18A, MSHT20, and NNPDF3.1_strange 

after ATLAS W,Z 7 TeV data was included (not 

for CT18 which does not include these data)

ATLAS older fits had Rs~1.0 and have moved 

down to Rs~0.8 due to input of new data, V+jets

and W,Z 8 TeV and greater flexibility of low-x 

parametrisation

See the more interesting shape of 

the strangeness ratio at higher scale 

mW
2 compared to CT18 and CMS

strange/light quarks strange/light quarks
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Flavour 2. Charm

The kinematic reach of LHCb

goes to both higher and lower 

rapidity and hence to higher and 

lower x than CMS or ATLAS 

(labelled as GPD general 

purpose detectors)

Hence they may be able to look 

into intrinsic charm in the 

nucleon

(Find a diagram)
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Consider possible future Deep Inelastic Scattering Machines

Boo



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

HERA sensitivity stops at x > 5 10-4

Below that  uncertainties depend on the 

parametrisation

LHeC goes down to 10-6

• FL measurement will also contribute

• Explore low-x QCD DGLAP vs BFKL or 

non-linear evolution

• Important for high energy neutrino cross 

sections – Auger etc.

THEN

NOW



The LHeC would extend sensitivity to gluon and sea at low x

HERA sensitivity stops at x > 5 10-4

Below that  uncertainties depend on the 

parametrisation

LHeC goes down to 10-6

• FL measurement will also contribute

• Explore low-x QCD DGLAP vs BFKL or 

non-linear evolution

• Important for high energy neutrino cross 

sections – Auger etc.

THEN

NOW
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There is a further issue: Impact of scale uncertainties

For the inclusive W,Z production at 7 and 8 TeV the experimental uncertainties are 

comparable to the scale uncertainties and thus the scale uncertainties are included 

as theoretical uncertainties in the fit.  By default they are correlated between the W 

and Z data and between the 7 and 8 TeV data in the ATLASpdf21 fit.

Here we show the ratios of the gluon, d-valence and dbar PDFs with (red) and without 

(blue) these scale uncertainties included

In green we show the effect of including scale uncertainties but not correlating them 

between 7 and 8 TeV data

Clearly scale uncertainties can be important if 1% precision is sought

gluon ratio dvalence ratio d ratio
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Why do PDF sets differ?

•Data sets included 

•Cuts applied to remain in kinematic region of DGLAP evolution:Q2 cut, W2 cut, x cuts?

•Form of parametrization at Q2
0, value of Q2

0

•Assumptions on flavour structure of sea and valence  

•heavy flavour scheme, heavy quark masses

•the value of αS(MZ) assumed, or fitted

PDFs also differ in how they evaluate their uncertainties:

some include variations of model and parametrisation assumptions

some use inflated χ2 tolerances --closer to the hypothesis testing criterion–

but this is a whole lecture in itself
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A recent development is N3LO calculations for the DIS and Drell-Yan processes

We now have approximate N3LO PDFs

This has an astounding effect on the low-x 

gluon at low scales
Which persists to LHC scales

Contrast the MSHT20 NNLO 

With the MSHT20aN3LO

But also note it is much stronger than the 

changes of CT18 to either CT18sx or 

CT18X– although there are similarities in 

a rise of the low-x gluon

And note in passing that the uncertainties 

are larger because there is an attempt to 

include uncertainty from yet higher orders
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How about LHC parton-parton luminosities in these newer variants?

q-qbar left and g-g right, in ratio to CT18

Note especially the ‘knock-on’ effect of the rise in gluon luminosity at low scale for N3LO 

to a decrease of ~5% at the Higgs scale…

Clearly we are going to have to consider low-x both

• If we go forward to FPF

• And if we go to higher energy—when the kinematic region moves to lower-x

But ALSO – we need to worry about the consequences at the Higgs scale


