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● Data: Global PDFs include 𝓞(5000) datapoints - more LHC data. 

● Methodology: Complex methodology and error analysis (CT, MSHT, NNPDF).

● Theory: State of the art is up to Approximate N3LO QCD PDFs + QED (MSHT, 
NNPDF). Include: theoretical uncertainties from missing higher orders (MHOUs).

Current Status

1



Data Progress: Global Dataset

● HERA - Valence quarks, 
some sea, low 𝓧 gluon.

● Fixed Target (and others) - 
Flavour decomposition.

● LHC - Sea quarks, flavour 
decomposition, 
medium-large 𝓧 gluon.

● Range of processes and 
colliders -> complementary 
constraints on PDFs.

HERA

LHC

Fixed 
Target

NNPDF4.0, arXiv: 2109.02653
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● Precision + complementarity of collider data 
results in reduced PDF uncertainties.

● Tensions between datasets + understanding of 
experimental systematics -> limits precision.

● More detailed knowledge and info on correlated 
systematics vital for PDF precision.

Data Challenges: Global Dataset

MSHT20, arXiv: 2012.04684

CT18, arXiv: 1912.10053 
+ joint CT-MSHT-exp 
study in 2306.03918

PDF4LHC21, arXiv: 2203.05506
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Methodological Progress

Harland-Lang et al, arXiv:2407.07944 
Del Debbio et al, [arXiv: 2111.05787]
Costantini et al [arXiv:2503.17447]

● Various studies of PDF parameterisation/methodology/uncertainty.

● Closure tests - validate PDF fit methodologies + assess faithfulness of PDF 
uncertainties (lower left, centre).

● Also check the effect of experimental/theoretical inconsistencies and how PDF fits 
can absorb/deal with it.

[Ablat et al, arXiv:2408.04020, Constantini et al arXiv:2404.10056, Hunt-Smith et al: arXiv: 2309.01454, etc…]

[Harland-Lang et al, arXiv:2407.07944, Constantini et al: arXiv:2503.17447]

4Ablat et al, arXiv:2408.04020



Theory Progress: Approximate N3LO PDFs
● PDF precision limits key processes, e.g. Higgs:

● Need Higher order PDFs + inclusion of theory 
uncertainties -> approximate N3LO (aN3LO) PDFs.

MSHT aN3LO
NNPDF aN3LO

MSHTxNNPDF 
aN3LO

Preliminary

DIS25, N3LO Combination Talk (TC)

MSHT20aN3LO - arXiv:2207.04739, NNPDFaN3LO - arXiv:2402.18635

FHMRUVV - arXiv:2410.08089, Ablinger et al - arXiv:2403.00513, etc…

● Relies on important progress in theory community.

● Recent updates with new info -> aN3LO PDFs stable.
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● Combine two existing aN3LO PDF 
determinations -> accounts for both 
individual sets’ uncertainties +  
differences in central values.

● aN3LO QCD + QED PDF sets also 
available (most accurate) and combined.

MSHT + NNPDF, arXiv: 2411.05373

Theory Progress: aN3LO PDF Combination

MSHT aN3LO QED: arXiv: 2312.07665 
NNPDF aN3LO QED: arXiv: 2406.01779 6



Proton PDFs are a crucial input for precision physics

ATLAS collaboration, arXiv: 2309.12986

CMS collaboration, arXiv: 2412.13872

CMS Mw 
determination
ΔTOT = 9.9 MeV   
ΔPDF = 4.4 MeV

ATLAS 𝛂S determination
ΔTOT = 0.0009,  ΔPDF = 0.0005 

CMS sin2θw 
determination
ΔTOT = 31 x 10-4      

ΔPDF = 27 x 10-4

CMS collaboration, arXiv: 2408.07622 7



PDFs vital for Standard Model Precision Parameters
● Differences between results for different 

PDFs often observed.

● Profiling of PDFs requires care - various 
assumptions + tolerance.

● Simultaneous PDF+parameter fit 
required where correlated, e.g. 𝛂S, mt 

● State of the art: Global PDF groups extract 
𝛂S at up to aN3LO (MSHT):

MSHT - arXiv:2404.02964.

CMS mW - arXiv:2412.13872.

Unscaled PDFs Scaled PDFs

MSHT - arXiv:2404.02964.

T.J. Hou et al - arXiv:1907.12177. Also TC 𝛂S DIS 2025 Talk

Forte, Kassabov  - arXiv:2001.04986
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ABMP  - arXiv:2407.00545, 
TC+Lim: arXiv:2306.14885



Proton PDFs crucial input for New Physics Searches

e. g. Heavy Z’ search in DY Forward-Backward asymmetry 

● Large-x PDF affected by large uncertainties.

● Reducing PDF uncertainties in large-x 
region is essential to characterise new 
physics and interpret deviations in the tails.

● Looking forward: HL-LHC (and FCC-hh).

Large x  ⟷ Large E and/or Large Y

High-mass final states 
⇔

Large-x PDFs
Ball et al arXiv: 2209.08115 
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Interplay between PDFs and deviations in the tails
● Imagine a new physics signal from a W’ boson, inject signal into HL-LHC data.

● Global Fit-quality is unchanged but qqbar luminosity shifts beyond PDF uncertainties 
because anti-quark PDFs at large-x “fit away” the effect of New Physics. 

● Complementary constraints on large-x from lower E observables (e.g. from EIC or 
FPF) can disentangle this in a global analysis .

E. Hammou, et al 2307.10370

Max bias allowed 
for W’ model by 
global PDF fit
without spoiling 
fit quality

If EIC and FPF data were included in global 
fit the NP absorption would be avoided

E. Hammou, et al 2410.00963

Also Gao et al 2211.01094
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Future Colliders - HL-LHC
● Huge statistics of HL-LHC will reduce PDF 

uncertainties across wide range by factor of 2-3.

● Quark-antiquark improvement -> precision SM  
mW, sin2θw.

● Gluon uncertainty improvement -> Higgs.

● Large x uncertainty reductions -> BSM searches.

● Caveats: 
- Only subset of HL-LHC processes!
- Depends on understanding of systematics + 

correlations within/between datasets
- Assumes consistency of data

Abdul Khalek et al arXiv:1810.03639 11

Perhaps time 
to update?



Future Colliders - Forward Physics Facility
● Exploit HL-LHC produced neutrinos.

● Production -> charm, gluon at high and low x.

● Interaction in 𝜈DIS -> strangeness.

● Significant uncertainty reductions and knock-on 
impacts on key LHC processes.

● Complementary with HL-LHC. Informs also FCC.

FPF Snowmass arXiv:2203.05090 

FPF Input to EPPSU arXiv:2503.19010
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Future Colliders - LHeC
● LHeC clean DIS environment - reduce PDF uncertainties, 

particularly at low x (mX). Informs FCChh (related FCCeh).

● Much of impact from initial 50 fb-1 (1 year of data).

● Combination of HL-LHC+LHeC complementary, 
reduction in PDF uncertainties from LHeC would    
improve SM precision at HL-LHC (+ also Higgs/BSM): 

- ΔMW = ±3 MeV

- Δsin2ϴW=±0.00008 

● Potential for DIS only PDFs - simpler systematics.

● Caveats: 
- Assumes consistency of data, upper plot          

tolerance of 1 and limited parameterisation.

LHeC Input to EPPSU arXiV:2503.17727

LHeC/FCC-eh Study Group 2007.14491
(see also Abdul Khalek et al 1906.10127) 13

N.B. Can also be 
constrained 

independently at 
LHeC as can 𝛂S

More info on Precision QCD at LHeC in 
Daniel Britzger’s talk in 2 weeks time



Future Colliders - EIC
● EIC clean DIS environment - precise, high x     

moderate Q2. Less sensitive to low Q2/W2 corrections.

● Significant uncertainty reductions in high x quarks, 
smaller reduction in gluon uncertainty - BSM/Higgs.

● Further constraints from deuteron (or positron) data, 
SIDIS, FL etc. Also scope to constrain 𝛂S.

● Complementary with HL-LHC and LHeC.

● Potential for DIS only PDFs - simpler systematics.

● Caveats: 
- Assume consistency of data
- Different approaches, e.g. inclusion of tolerance 

or not
LHeC Input to EPPSU arXiV:2503.17727

Armesto et al arXiv:2309.11269

EIC Yellow Report: arXiv:2103.05419

See also EIC Snowmass inputs 
arXiv:2203.13199, 2203.13923 14

(see Win Lin’s talk 
in 2 weeks’ time).



Progress, Challenges and Wishlist
PDFs are fundamental to huge range of key SM/BSM processes + often limit sensitivity. 

Progress possible on several fronts:

1. Data - Substantial potential from complementarity of upcoming/proposed colliders. 

Challenge - Understanding systematics, correlations, inconsistencies between experiments.

2. Methodology - Many developments on PDF methodology, parameterisation.

Challenge - Complexity and precision of global fits. Understanding origin/need for tolerance.

3. Theory - Moving towards N3LO PDFs, this + inclusion of theoretical uncertainties are crucial 
as precision demands increase.

Challenge - Understanding of theoretical uncertainties, higher order calculations.

4. Standard Model/BSM Parameters - PDF precision/accuracy improvements will drive 
advances in former.

Challenge - Understanding assumptions of profiling + impacts, need for simultaneous fits. 
Separating out BSM from PDFs - aided by complementary data from multiple colliders. 15


