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Motivation

• Predictions at particle colliders such as the LHC use two main ingredients: 
- Matrix elements (MEs) 
- Parton distribution functions (PDFs) 

• Much progress has been made in the computation of MEs at N￼ LO


• PDF uncertainties are a bottleneck for many LHC precision calculations


• Most widely used PDF sets are at NNLO and without theory uncertainties
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Sources of uncertainty for Higgs in gluon fusion

Dulat, Lazopoulos, Mistlberger, 1802.00827 
 
Much progress since this plot, in particular:


• NNLO top quark corrections Czakon et al., 2105.04436


• Mixed QDC-EW corrections 
 Becchetti et al., 2010.09451, Bonetti, et al., 2007.09813

σ = ∑
ij

fi ⊗ fj ⊗ ̂σij

pQCDExperiment PDF fit

https://arxiv.org/abs/1802.00827
https://arxiv.org/abs/2105.04436
https://arxiv.org/abs/2010.09451
https://arxiv.org/abs/2007.09813
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Final total uncertainty:


ΔPDF(MSHT20 only) = 4 × 10−4

ΔPDF(
1
2

(CT18A-NNPDF4.0)) = 10 × 10−4

ΔTOT = 9 × 10−4
• What is the PDF uncertainty that should be 

associated with this measurement?


• How to choose the baseline PDF?


• Is profiling of PDFs justified? What is the 
impact on other experiments in the global 
dataset?

￼  determination from ￼   at 8 TeV


ATLAS, 2309.12986

αs(mZ) ZpT

Weak mixing angle at 13 TeV

CMS, 2408.07622

Motivation

https://arxiv.org/abs/2309.12986
https://arxiv.org/abs/2408.07622


Motivation
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PDFs used in the analysis are rescaled to improve agreement among them. 
What is the impact on the global dataset?

CMS, 2412.13872

• W mass determination has received a lot of attention in 
recent years 


• CMS measurement similar precision to the CDF result


• PDFs remain a major part of the theory uncertainty 

https://arxiv.org/abs/2412.13872


‣ aN3LO PDFs



What do we need for PDFs at N3LO?
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A PDF fit requires several theory inputs:


• DGLAP splitting functions 
small-￼  and large-￼  limits 
Mellin moments


• Matching conditions for variable flavor number schemes  
Now exactly known but original aN3LO publications use approximations


• DIS coefficient functions  
Massless known, massive limits known


• Hadronic cross-section 
Not much is known

x x

Strategy:


• When N3LO theory is known, it is used


• When partial information is available, use it while accounting for 
parametrisation uncertainty 


• When it is unknown account for missing higher order uncertainty

E. Nocera, Workshop on Hadron Physics and Opportunities Worldwide 
Dalian, China, August 2024 

(More is known today!)

https://indico.ihep.ac.cn/event/21111/contributions/161005/attachments/80399/100731/NOCERA_Dalian.pdf
https://indico.ihep.ac.cn/event/21111/contributions/161005/attachments/80399/100731/NOCERA_Dalian.pdf
https://indico.ihep.ac.cn/event/21111/contributions/161005/attachments/80399/100731/NOCERA_Dalian.pdf
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Approximate N￼ LO splitting functions3
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• Good perturbative stability within 
uncertainties


• Small parametrisation uncertainty in 
large range of ￼  x

Dark blue: uncertainties due to parametrization of aN3LO 
contributions


Light blue: scale variations
Pgg

Pqg
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Approximate does not mean poorly known!

NNPDF, 2402.18635

https://arxiv.org/abs/2402.18635


Approximate N￼ LO splitting functions3
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Generally good agreement. MSHT was first so fewer moments known


Later results are within MSHT uncertainty, except ￼  


Results by Moch et al. will be the new default!

Pgq
For more info see the Les Houches benchmark paper 
Cooper-Sarkar et al., 2406.16188

Pgg

Pgq

Pqg Pqq

NNPDF, 2402.18635

https://arxiv.org/abs/2406.16188
https://arxiv.org/abs/2402.18635


How much do Mellin moments calculated since 
NNPDF/MSHT releases affect aN3LO PDFs?
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R. Thorne PDF4LHC December 2024

• Small changes in the gluon PDF


• Improved agreement between NNPDF and MSHT


https://indico.cern.ch/event/1435677/contributions/6133441/attachments/2977567/5242015/PDF4LHC2024.pdf


Fit quality
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• Without MHOUs the fit improves (lower ) with increasing perturbative order for both NNPDF and MSHT


• With MHOUs the fit depends only weakly on the perturbative order


• At N LO MHOUs have a small impact on the 

χ2

3 χ2

NNPDF, 2402.18635 MSHT, 2207.04739

https://arxiv.org/abs/2402.18635
https://arxiv.org/abs/2207.04739


Phenomenology

N LO PDFs result in a small suppression of the 
Higgs gluon fusion cross section compared to 
NNLO PDFs

3
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Generally perturbative convergence for Higgs in 
VBF and Drell-Yan


N3LO/NNLO ratio is similar for NNPDF and MSHT
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NNPDF, 2402.18635

https://arxiv.org/abs/2402.18635


• Photon subtracts momentum from the gluon PDF

• NNPDF: QED effect similar in magnitude to aN3LO corrections

• MSHT: larger aN3LO but smaller QED correction
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QED corrections and photon PDF
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￼Q = 100GeV

PDFs at ￼  with photon PDF is available from 
both NNPDF and MSHT representing the most accurate PDFs 

aN3LOQCD ⊗ NLOQED

MSHT, 2312.07665NNPDF, 2406.01779 

https://arxiv.org/abs/2312.07665
https://arxiv.org/abs/2406.01779


‣ MSHT+NNPDF aN3LO(+QED) 
combination

MSHT&NNPDF, 2411.05373

https://arxiv.org/abs/2411.05373


MSHT+NNPDF aN3LO combination
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• Same approach as PDF4LHC: 100 replicas from 
NNPDF and 100 replicas from MSHT 


• Both for aN3LO QCD and aN3LO + QED, together 
with NNLO baseline


• Usual differences in theory, methodology, and 
experiment remain ￼  conservative


• Can be extended if other PDFs at the same 
accuracy become available 

⇒



Higgs production
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For the combination:


• aN3LO correction -3%


• aN3LO+QED correction -5%

Inner error bars: PDF unc.


Outer error bars: PDF unc. + MHOU

MSHTxNNPDFnnlo

MSHTxNNPDFn3lo

NNPDF MSHT



Higgs production
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Without N3LO PDFs, uncertainty is approximated 


￼ 


How does this compare to the exact N3LO shift?


￼

Δapp
NNLO ≡

1
2

σNNLO
NNLO−PDF − σNNLO

NLO−PDF

σNNLO
NNLO−PDF

Δexact 
NNLO ≡

σN3LO
N3LO−PDF − σN3LO

NNLO−PDF

σN3LO
N3LO−PDF

ggF VBF

∆exact 3.3% 2.3%

∆approx 0.9% 0.5%

Previous estimates of the N3LO mismatch were underestimated



‣ ￼  extractionsαs(mZ)



￼  at aN3LO in MSHTαs(mZ)
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• First PDF  determination at aN3LO!


• Consistent with NNLO result

αs(mZ)

αs(mZ)aN3LO = 0.1171(14)αs(mZ)NNLO = 0.1170(16)

MSHT, 2404.02964 

https://arxiv.org/abs/2404.02964


￼  in NNPDF - closure test 
Work in progress
αs(mZ)
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• Generate data from theory predictions at ￼ 


• Verify that is is correctly reproduced in two independent fitting methodologies


• Discovered ``plausible’’ methodologies that fail the closure test 

αs(mZ)pseudodata = 0.118

￼αs(mZ) = 0.11800(4)



￼  determinationsαs(mZ)
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• Perturbative stability between NNLO and aN3LO (NNPDF 
and MSHT)


• At aN3LO only small upward shift due to QED corrections 
and photon PDF


• ￼ 


• Different groups use different data, theory, experiment 
(as in standard PDF fits), leading to differences in 
extracted ￼ 


αs(MZ)aN3LO,QED,MHOU = 0.1194(7)

αs(mZ)

PRELIMINARYMSHT, 2404.02964 

MSHT, 2404.02964 

NNPDF, WIP 

NNPDF, WIP 

NNPDF, WIP 

ABMPtt, 2407.00545 

CT18, 1912.10053 

https://arxiv.org/abs/2404.02964
https://arxiv.org/abs/2404.02964
https://arxiv.org/abs/2407.00545
https://arxiv.org/abs/2407.00545


Summary
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• aN3LO PDFs enable consistent N3LO calculations


• aN3LO evolution is close to exact


• N3LO cross sections are a long term goal


• Both N3LO QCD and NLO QED correction are relevant 
for Higgs in gluon fusion


• aN3LO+QED represents the most accurate PDFs 
currently available (NNPDF and MSHT)


• How should we deal with differences between PDFs? 


• Missing higher order uncertainties are computed via 
scale variations or NNLO-NLO shifts. Is there a better 
way?
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• aN3LO PDFs enable consistent N3LO calculations


• aN3LO evolution is close to exact


• N3LO cross sections are a long term goal


• Both N3LO QCD and NLO QED correction are relevant 
for Higgs in gluon fusion


• aN3LO+QED represents the most accurate PDFs 
currently available (NNPDF and MSHT)


• How should we deal with differences between PDFs? 


• Missing higher order uncertainties are computed via 
scale variations or NNLO-NLO shifts. Is there a better 
way?

Thank you for your attention!



Backup slides



Higgs production in VBF
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QED corrections and photon PDF

• So far we considered only QCD evolution, but ￼  so also photon 
initiated contributions may be relevant


• Modify the DGLAP running to account for QED corrections:


             


            


• Data does not provide strong constraints on the photon, but the photon PDF can 
be computed from DIS structure functions: Manohar, Nason, Salam, Zanderighi, 
[arXiv:1607.04266], [arXiv:1708.01256] 

 

• The momentum sum rule needs to account for the photon PDF: 

𝒪(α2
s ) ≈ 𝒪(αem)

P = PQCD + PQCD⊗QED

PQCD⊗QED = αemP(0,1) + αemαsP(1,1) + α2
emP(0,2)

xγ (x, μ2) =
2

α (μ2) ∫
1

x

dz
z ∫

μ2
1 − z

m2px2

1 − z

dQ2

Q2
α2(Q2) −z2FL (x /z, Q2) + (zPγq(z) +

2x2m2
p

Q2 ) F2 (x /z, Q2) − α2 (μ2) z2F2 (x /z, μ2)

∑
i=q,q̄,g,γ

∫
1

0
dxxfi (x, Q2) = 1.
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Theory uncertainties in PDFs
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Missing higher order uncertainties (MHOUs) are estimated through 7 point scale variations

5pt 7pt 9pt

• In a fit we minimize the ￼ : 
 

        ￼ 


• To account for MHOUs we treat the theory covmat on the same footing as the experimental covmat: ￼  
 

      ￼

χ2

P(T ∣ Dλ) ∝ exp (−
1
2

(T − D)TC−1(T − D)) ≡ exp (χ2)
C = Cexp + CMHOU

CMHOU,ij = nm
1

Vm ∑ (Ti(κf , κr) − Ti(0,0)) (Tj(κf , κr) − Tj(0,0))



Validating the MHOU covmat
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The MHOU covmat is validated by comparing the shifts from scale variations at NLO to the known NNLO-NLO shifts
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Data


