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Wonderful measurements of Standard Model processes:

Introduction & Motivation

Rich program for the future both SM  
testing and new physics searches

Good agreement with theory predictions

LHC not only discovery machine, but also 
a precision machine!



Drell-Yan process has a special role:

Introduction & Motivation
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[CMS ‘24]

[CMS ‘24]

[ATLAS ‘23, ‘24]

αs(mZ)

sin2 θℓ
eff

mW

Three of the SM fundamental parameters measurements  
have been performed at LHC! 

Color singlet  spectrum crucial observableqT

https://arxiv.org/pdf/2408.07622
https://arxiv.org/pdf/2412.13872
https://arxiv.org/pdf/2309.12986
https://link.springer.com/article/10.1140/epjc/s10052-024-12438-w


Introduction: Drell-Yan  spectrumqT
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Wide-ranging applications, many precise measurements:

ATLAS '20,  ATLAS '24, CMS '17,  CMS '19,  LHCb '16, …

Many theory requirements to reach  level precision:𝒪(1%)

dσ = dσresum + 𝒪( q2
T

Q2 )
resummation                                          pert. corrections                    

nonpert. effects               

quark mass

 Parton Distribution Functions (PDFs)+

+𝒪(αISR/EW) + 𝒪(αFSR
em )

+𝒪( m2
q

q2
T )

+𝒪( Λ2
QCD

q2
T )

EW corrections

https://link.springer.com/article/10.1140/epjc/s10052-020-8001-z
https://link.springer.com/article/10.1140/epjc/s10052-024-12438-w
https://link.springer.com/article/10.1007/JHEP02(2017)096
https://link.springer.com/article/10.1007/JHEP12(2019)061
https://link.springer.com/article/10.1007/JHEP01(2016)155
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Introduction: Drell-Yan  spectrumqT
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Wide-ranging applications, many precise measurements:

ATLAS '20,  ATLAS '24, CMS '17,  CMS '19,  LHCb '16, …

Many theory requirements to reach  level precision:𝒪(1%)

dσ = dσresum + 𝒪( q2
T

Q2 )
resummation                                          pert. corrections                    

nonpert. effects               

quark mass

 Parton Distribution Functions (PDFs)+

N LL / approx N LL 3 ′￼
4

[Billis, Michel, Tackmann '25 - Moos, Scimeni, Vladimirov, Zurita '24 - Camarda, Cieri, Ferrera '23 - …]

+𝒪(αISR/EW) + 𝒪(αFSR
em )

+𝒪( m2
q

q2
T )

+𝒪( Λ2
QCD

q2
T )

EW corrections

https://link.springer.com/article/10.1140/epjc/s10052-020-8001-z
https://link.springer.com/article/10.1140/epjc/s10052-024-12438-w
https://link.springer.com/article/10.1007/JHEP02(2017)096
https://link.springer.com/article/10.1007/JHEP12(2019)061
https://link.springer.com/article/10.1007/JHEP01(2016)155
https://link.springer.com/article/10.1007/JHEP02(2025)170
https://link.springer.com/article/10.1007/JHEP05(2024)036
https://www.sciencedirect.com/science/article/pii/S0370269323004598?via=ihub


Theory Uncertainty
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Every theory prediction needs its theory uncertainty:

“quite embarrassing”

[nice overview of exp-theo status for DY SM@LHC25 Buonocore’s talk]

Major source of uncertainty: missing higher orders (MHO)

Theory uncertainty

Δtheo ≫ Δexp

Consider a series expansion in a small parameter :α f(α) = f0 + α f1 + α2 f2 + 𝒪(α3)

f(α) = ̂f0 + α ̂f1 ± Δf

f(α) = ̂f0 ± Δf

NLO :

LO : ̂f0

̂f0
̂f1

  uncertainty due to the series of  the unknown  
true values 

Δf
̂fn

https://conference.ippp.dur.ac.uk/event/1429/contributions/8211/attachments/6414/8721/SMatLHC25-LB.pdf
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Every theory prediction needs its theory uncertainty:

[nice overview of exp-theo status for DY SM@LHC25 Buonocore’s talk]

Major source of uncertainty: missing higher orders (MHO)

Theory uncertainty

Consider a series expansion in a small parameter :α f(α) = f0 + α f1 + α2 f2 + 𝒪(α3)

f(α) = ̂f0 + α ̂f1 ± Δf

f(α) = ̂f0 ± Δf

NLO :

LO : ̂f0

̂f0
̂f1

  uncertainty due to the series of  the unknown  
true values 

Δf
̂fn

Meaningful Theory Uncertainties:

must reflect our degree of knowledge (or ignorance) 

provide correct correlations for different predictions

have a statistical meaning needed for the interpretation of experimental measurements

“quite embarrassing”Δtheo ≫ Δexp

https://conference.ippp.dur.ac.uk/event/1429/contributions/8211/attachments/6414/8721/SMatLHC25-LB.pdf
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Scale variations approach
MHOs uncertainty always detemined  through:

‣ scale variations 
‣ scale variation with bayesian approach 
‣ series acceleration

based on the same approach, easy to implement and use 
but with many known limitations

[Cacciari, Houdeau ’11 - Bonvini ’20 - Duhr, Huss, Mazeliauskas, Szafron ’21]
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Scale variations approach
MHOs uncertainty always detemined  through:

‣ scale variations 
‣ scale variation with bayesian approach 
‣ series acceleration

based on the same approach, easy to implement and use 
but with many known limitations

Method: given , make a variable transformationf(α)
<latexit sha1_base64="k7Y2Nave67YzZMhxVSYuXLOVApU="></latexit>

↵̃(↵) = ↵[1 + b0↵+ b1↵
2 +O(↵3)]

<latexit sha1_base64="rZSO6taMHq48weGiVyHIsSBmRK4="></latexit>

f̃(↵̃) = f̃0 + f̃1↵̃+ f̃2↵̃
2 +O(↵̃3)

NLO :

LO : f̃(α̃) = f̃0 = ̂f0

f̃(α̃) = f̃0 + α̃ f̃1 = ̂f0 + ̂f1α + b0
̂f1α2 + b1

̂f2α3 + . . .̂f0
̂f1

̂f1α2 ̂f1α3

defining a different prediction 

f(α) = ̂f0 + α ̂f1 ± Δf

f(α) = ̂f0 ± Δf

NLO :

LO : ̂f0

̂f0
̂f1

[Cacciari, Houdeau ’11 - Bonvini ’20 - Duhr, Huss, Mazeliauskas, Szafron ’21]
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MHOs uncertainty always detemined  through:

‣ scale variations 
‣ scale variation with bayesian approach 
‣ series acceleration

based on the same approach, easy to implement and use 
but with many known limitations

Method: given , make a variable transformationf(α)
<latexit sha1_base64="k7Y2Nave67YzZMhxVSYuXLOVApU="></latexit>

↵̃(↵) = ↵[1 + b0↵+ b1↵
2 +O(↵3)]

<latexit sha1_base64="rZSO6taMHq48weGiVyHIsSBmRK4="></latexit>

f̃(↵̃) = f̃0 + f̃1↵̃+ f̃2↵̃
2 +O(↵̃3)

NLO :

LO : f̃(α̃) = f̃0 = ̂f0

f̃(α̃) = f̃0 + α̃ f̃1 = ̂f0 + ̂f1α + b0
̂f1α2 + b1

̂f2α3 + . . .̂f0
̂f1

̂f1α2 ̂f1α3

defining a different prediction 

f(α) = ̂f0 + α ̂f1 ± Δf

f(α) = ̂f0 ± Δf

NLO :

LO : ̂f0

̂f0
̂f1

Take the difference between the two “schemes”:

Δf(α) = b0 f1 α2+b1 f1 α3 + 𝒪(α4)̂f1
̂f1

Δf(α) = 0

NLO :

LO :

[Cacciari, Houdeau ’11 - Bonvini ’20 - Duhr, Huss, Mazeliauskas, Szafron ’21]
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Scale variations approach
Estimating MHOs uncertainty by approximating them by some linear combination of known  
lower-order terms     [    ]f2 ≈ b0 ̂f1

 is genuinely of higher orderΔf(α)
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Scale variations approach
Estimating MHOs uncertainty by approximating them by some linear combination of known  
lower-order terms     [    ]f2 ≈ b0 ̂f1

 is genuinely of higher orderΔf(α)

 generally more complex internal structure than fn+1 f≤n

correlation and shape uncertainties?

nothing guarantees this is any good 

 are not actual physical parameter with a true valuebn

 ( ) are just arbitrary constants and usually the same for any b0 bn f

 and why vary  by 2?μb0 =
β0

2π
ln

μ
μ0

,Now imagine  and :α ≡ αs(μ0) α̃ ≡ αs(μ)
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Scanning over scale variations that fill the band is like scanning over several ad hoc correlation models

correlation 
shape

For a differential spectrum, each bin is a separate prediction as it is a separate measurement! 
With scale variations:

scanning over 
scales

ρ12 ρ13 ρ23

0a 0−1
b 1 11
c 1 −1 −1

?
??

?

scale variations cannot give the correct shape (and therefore correlation):  
that’s why we take envelopes!

to get correct correlation: breakdown into independent uncertainty components required

Correlation with Scale Variations



Theory Nuisance Parameters 
 (TNPs)
 [Tackmann ’24]

https://inspirehep.net/files/abfbf4f9d50e77b667a093cec306b0f3
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Theory Nuisance Parameters (TNPs) in a nutshell
Parametrize the uncertainty by the missing highest piece

f pred(α, θ3) = ̂f0 + α ̂f1 + α2 ̂f2 + α3 f3 (θ3)N2+1LO :

using theory nuisance parameters  ;θn

̂f2
̂f1

̂f0

 have physical true value , such that  … and therefore encode correct theory correlationsθn
̂θn

̂fn = fn( ̂θn)

TNPs well-defined parameters with true but unknown value
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Theory Nuisance Parameters (TNPs) in a nutshell
Parametrize the uncertainty by the missing highest piece

f pred(α, θ3) = ̂f0 + α ̂f1 + α2 ̂f2 + α3 f3 (θ3)N2+1LO :

using theory nuisance parameters  ;θn

̂f2
̂f1

̂f0

TNPs well-defined parameters with true but unknown value

To define  , account for the internal structure of  : find a suitable parameterization and break down 
internal structure until remaining unknown  are numbers

θn f3
fn,i

Drell-Yan resummed  spectrum case: [considering SCET factorization]qT

qT
dσ
dqT

= [H × Ba ⊗ Bb ⊗ S](αS, L ≡ ln qT /mZ) + 𝒪 ( q2
T

m2
Z ) leading power  dependence  

known to all orders
qT

 have physical true value , such that  … and therefore encode correct theory correlationsθn
̂θn

̂fn = fn( ̂θn)
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Theory Nuisance Parameters (TNPs) in a nutshell
qT

dσ
dqT

= [H × Ba ⊗ Bb ⊗ S](αS, L ≡ ln qT /mZ) + 𝒪 ( q2
T

m2
Z )

 solution to RGE equationsF = {H, B, S} F(αS, L) = F(αS) exp∫
L

0
dL′￼{Γ[αS(L′￼)] L′￼+γF [αS(L′￼)]}

boundary conditions anomalous dimensions
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Theory Nuisance Parameters (TNPs) in a nutshell
qT

dσ
dqT

= [H × Ba ⊗ Bb ⊗ S](αS, L ≡ ln qT /mZ) + 𝒪 ( q2
T

m2
Z )

 solution to RGE equationsF = {H, B, S} F(αS, L) = F(αS) exp∫
L

0
dL′￼{Γ[αS(L′￼)] L′￼+γF [αS(L′￼)]}

boundary conditions anomalous dimensions

Identify a parameterization that captures correlations and tightens the theory constraint

F(αS) = 1 + ∑
n=1

( αS

4π )
n

Fn

Fn(θ f
n) = 4Cr(4CA)n−1(n − 1)! θ f

n

γ(αS) = ∑
n=0

( αS

4π )
n+1

γn

γn(θγ
n) = 4Cr(4CA)n θγ

n

where   leading color factor,    leading loop color factorCr Cn−1
A n−

Total of seven TNPs:  Γcusp , γμ , γν , H(αs) , S(αs) , Bqq , Bqg



11/30.

Theory Nuisance Parameters (TNPs) in a nutshell
Beam function non-trivial case: up to 5 one-dim functional series for beam functions* (+ DGLAP splitting function)

<latexit sha1_base64="DPmOYvRF4iQzMC6q/z/P1E/QFvg="></latexit>

b̃i(x,↵s) =
X

j

Z
dz

z


Îij,0(z) + Îij,1(z) + Iij,2

⇣
z, ✓

Bij

2

⌘�
fj

⇣x
z

⌘

* at the moment, using functional known form

to be changed in the future!
<latexit sha1_base64="5HnpHK2FUuOtwvYXxOKJ5PQ2oaE="></latexit>

Iij,n(z, ✓
Bij
n ) =

3

2
✓Bij
n Îij,n(z)
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Theory Nuisance Parameters (TNPs) in a nutshell

θn = 0 ± 1

[look at other known loop coefficients from population sample here]n−

With these normalizations, expected natural size | ̂θn | ≲ 1
 theory constraint 

68% theory CL
Δθn = 1

Beam function non-trivial case: up to 5 one-dim functional series for beam functions* (+ DGLAP splitting function)

<latexit sha1_base64="DPmOYvRF4iQzMC6q/z/P1E/QFvg="></latexit>
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pp ! Z (13 TeV)
MSHTaN3LO, Q=mZ, Y =0

N3+1LL
N3+0LL
N2+1LL
N1+1LL

Comparing different orders at 95% theory CL ( )Δθn = ± 2

TNPs for Drell-Yan  spectrumqT

N LL: N LL resummed structure, highest-order boundary conditions/anomalous dim. as TNPsk+1 k+1



Theory uncertainties in the extraction of   
from Drell-Yan at small 

αs

qT
[Cridge, GM, Tackmann ‘25]

https://inspirehep.net/files/40fccb4cdb817a8a4a7e21d66dc56831
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Measuring  from low  Drell-Yan spectrumαs(mZ) qT

LHC as precision machine: Drell-Yan has a special role

many theory inputs:

Description of the  spectrum at  level precision requiresqT 𝒪(1%)

PDFs
quark mass & EW corrections 

nonperturbative effects

perturbative corrections

resummation                                         

 is a -level shape effect!αs %
whether  is 0.5% or 2%  depends on correlationΔαs

Extraction of  is a theoretical game: 
need of accounting for bin-by-bin correlations!

αs



14/30.

Asimov fits: standard procedure to estimate expected uncertainties in a fully controlled setting, 
                         rationale similar to the closure tests

using pseudodata (or Asimov data, or toy-data)

results of the fits not affected by statistical fluctuations and possible subleading/higher-order effects present 
in the real data

study the dominant sources of uncertainty and their impact on the extracted αs

affecting the small  spectrum at few-  level,  their associated uncertainty is subdominant  
with respect to the dominant ones 

qT %

still necessary for fitting real data
In practice: 

nonsingular, quark mass and EW corrections 
neglected in our pseudodata and theory model

theory model correctly describes pseudodata with a minimum  (or very close)χ2 = 0

can neglect subleading effects:

Asimov Fits
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Our theory inputs:
SCETlib  and  only resummed contribution N3+1LL N4LL

Our toy data:

Data defined as central theory prediction  
[fixed nonp. params discussed later, MSHT20aN3LO PDF set]

[αs = 0.118]

Using ATLAS exp. uncert. and complete correlations 

72 data points in ATLAS binning:  
9  bins in  for each 8  bin in  
[integrated in ,  and ]

qT [0,29] GeV Y [0.0,3.6]
qT Y Q

Asimov Fits for  from Z  spectrumαs(mZ) qT

Using Minuit (and Minos) as minimizer for the fit

[arXiv:2309.09318]

https://arxiv.org/abs/2309.09318
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Perturbative uncertainty: scale variations

*uncertainties in units of 10−3

Fitting only  as a concrete example:αs(mZ)
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qT [GeV]
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ffe

re
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]

Æs = 0.117

Æs = 0.119

N4LL profile scale var.

pp ! Z (8 TeV), SCETlib
MSHTaN3LO, 80 < mll < 100 GeV, |Y | < 1.6

µFO

µf

matching
resummation

0 5 10 15 20 25 30 35 40 45
Nvar

0.116

0.117

0.118
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0.120

Æ
s
(m

Z
)

Z pT Asimov, SCETlib N4LL profile scale var.
MSHTaN3LO, 8 TeV ATLAS bins and unc.

µFO

µf

matching
resummation

exp. uncertainty
¬2/ndof ∏ 1.5

Sum envelopes of different types: 
Naive envelope:

 Δscale = 2.43
Δscale = 1.73

❌

ATLAS ‘23

This is not our final expected perturbative uncertainty!

Scale variations are just insufficient for this purpose!

https://arxiv.org/abs/2309.12986
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Perturbative uncertainty: TNP scanning
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SCETlib N3+1LL pp ! Z (8 TeV)
MSHTaN3LO, 80 < mll < 100 GeV, |Y | < 1.6

°cusp

∞µ

∞∫

H

S

Bqq

Bqg

*uncertainties in units of 10−3

Breakdown into independent sources of uncertainty, varying each TNP by (68% CL)Δθn = ± 1
encoding bin-by-bin correlation

0.116 0.117 0.118 0.119 0.120
Æs(mZ)

°cusp

∞µ

∞∫

H

S

Bqq

Bqg

total

Z qT Asimov
(ATLAS 8 TeV unc.)

N3+1LL pre-fit
exp. uncertainty

Repeat the  fit for every TNP variation [scanning or off-set]αs

Only fitting  
Data as N LL 
at 

αS
3+1

αs = 0.118

Sum in quadrature: Δexpect
pert = 1.75

Indication that SCETlib scale 
variations are realistic [ ]Δscale = 1.73
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Perturbative uncertainty: TNP profiling

Profiling: fitting  together with all TNPsαs

TNPs are proper parameters, included in the fit with Gaussian constraint  θn = 0 ± 1
allows data to constrain TNPs and thereby reduce theory uncertainty

χ2
total = ∑

ij

(yi − λi)TC−1
ij (yj − λj) + ∑

i

(θi − 0)2

Δθ2
i
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Perturbative uncertainty: TNP profiling

*uncertainties in units of 10−3

Profiling: fitting  together with all TNPsαs

TNPs are proper parameters, included in the fit with Gaussian constraint  θn = 0 ± 1
allows data to constrain TNPs and thereby reduce theory uncertainty
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SCETlib N3+1LL post-fit pp ! Z (8 TeV)
MSHTaN3LO, 80 < mll < 100 GeV, |Y | < 1.6
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H
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total
total pre-fit

°1.5 °1.0 °0.5 0.0 0.5 1.0 1.5
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∞∫
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Z qT Asimov
(ATLAS 8 TeV unc.)

N3+1LL

¢µn = 1
post-fit ¢Æs

°0.3 °0.2 °0.1 0.0 0.1 0.2 0.3
¢Æs(mZ) [10°3]

Only fitting  
Data as N LL 
at 

αS
3+1

αs = 0.118

Reduction in the uncertainty as expected: induced correlation between  and TNPs!αs Δexpect
pert = 0.45

grey:  
TNP down variation 

dashed grey: 
TNP up variation

χ2
total = ∑

ij

(yi − λi)TC−1
ij (yj − λj) + ∑

i

(θi − 0)2

Δθ2
i
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Perturbative uncertainty: TNP profiling

*uncertainties in units of 10−3

0 5 10 15 20 25 30
qT [GeV]

°2

°1

0

1

2

3

4

5

6

7

8

9

10

re
l.

di
ffe

re
nc

e
to

ce
nt

ra
lN

4
LL

[%
]

SCETlib N2+1LL vs N4LL post-fit
pp ! Z (8 TeV)

MSHTaN3LO, 80 < mll < 100 GeV, |Y | < 1.6
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°1.5 °1.0 °0.5 0.0 0.5 1.0 1.5
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∞µ
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H

S

Bqq
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Z qT Asimov
(ATLAS 8 TeV unc.)

N2+1LL vs N4LL

¢µn = 1
post-fit ¢Æs

°0.4 °0.2 0.0 0.2 0.4
¢Æs(mZ) [10°3]

N LL strongly pulled toward correct true values [ ]2+1 ⋆

Data: central  prediction at N4LL αs = 0.118

simulates the fit to real data, which contains the all-order result

Profiling lower order against higher order: N LL2+1

post-fit prediction for  spectrum driven by constraints from dataqT

indication that the order is not enough for the data

Δexpect
pert =+0.66

−0.62
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Perturbative uncertainty: TNP profiling

*uncertainties in units of 10−3
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¢Æs(mZ) [10°3]

N LL pulled toward correct true values [ ]3+1 ⋆
Δexpect

pert =+0.47
−0.50

Data: central  prediction at N4LL αs = 0.118Profiling lower order against higher order: N LL3+1

post-fit prediction for  spectrum driven by constraints from dataqT
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Perturbative uncertainty: TNP profiling with different Δθn

*uncertainties in units of 10−3

Change the prior theory constraint: using now  with  and fit againθn = 0 ± Δθn Δθn = 1, 2, 4

0.116 0.117 0.118 0.119 0.120
Æs(mZ)

¢µn = 1
+0.47
°0.50

¢µn = 2
+0.49
°0.48

¢µn = 4
+0.51
°0.47

Z pT Asimov
(ATLAS 8 TeV unc.)

SCETlib N3+1LL
against N4LL the effect relative to the theory constraint strongly depends 

on the power of the experimental constraint 

only slight difference in the uncertainties when relaxing the 
TNP constraint

data reduces dependence on theory constraint and 
associated potential bias

Precise theory constraint does not matter here

Data: central  prediction at N4LL αs = 0.118
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°1.5 °1.0 °0.5 0.0 0.5 1.0 1.5
post-fit constraint

°cusp

∞µ

∞∫

H

S

Bqq

Bqg

Z qT Asimov
(ATLAS 8 TeV unc.)

N3+1LL vs N4LL

¢µn = 1
post-fit ¢Æs

°0.3 °0.2 °0.1 0.0 0.1 0.2 0.3
¢Æs(mZ) [10°3]

°2 °1 0 1 2
post fit constraint

°cusp

∞µ

∞∫

H

S

Bqq

Bqg

Z qT Asimov
(ATLAS 8 TeV unc.)

N3+1LL vs N4LL

¢µn = 2
post-fit ¢Æs

°0.3 °0.2 °0.1 0.0 0.1 0.2 0.3
¢Æs(mZ) [10°3]

°4 °3 °2 °1 0 1 2 3 4
post fit constraint

°cusp

∞µ

∞∫

H

S

Bqq

Bqg

Z qT Asimov
(ATLAS 8 TeV unc.)

N3+1LL vs N4LL

¢µn = 4
post-fit ¢Æs

°0.3 °0.2 °0.1 0.0 0.1 0.2 0.3
¢Æs(mZ) [10°3]

Post-fit constraints on TNPs become even more consistent with true values!

Perturbative uncertainty: TNP profiling with different Δθn

Data: central  prediction at N4LL αs = 0.118



Nonperturbative uncertainty
For , can systematically expand nonperturbative effects in an OPE ΛQCD ≪ 1/bT ∼ qT ≪ Q

resummed perturbative part nonperturbative contributions to the CS kernel and TMD PDF

At small  :bT

γ̃np
ζ (bT) = λζ

2 b2
T + 𝒪(Λ4

QCD b4
T)

f̃ np
i (x, bT) = 1 + Λ2,i(x) b2

T + 𝒪(Λ4
QCD b4

T)

At large  , no constraint from OPE, following 
Collins and Rogers ’14:

bT

ln f̃ np
i (x, bT → ∞) = − const × bT

γ̃np
ζ (bT → ∞) = − const

23/30.

https://arxiv.org/pdf/1412.3820
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Every nonperturbative model has to satisfy the OPE expansion!

2γ̃np
ζ (bT) = − λ∞ tanh ( λ2

λ∞
b2

T +
λ4

λ∞
b4

T)f̃ np(bT) = exp[ − Λ∞ bT tanh( Λ2

Λ∞
bT +

Λ4

Λ∞
b3

T)]

 determine  behaviour,  quadratic/quartic small  coefficients λ∞ , Λ∞ bT → ∞ λ2,4, Λ2,4 bT

 Lattice QCD* constraints [details in Peter’s talk]+No prior constraint

*MIT, RQCD23, LPC

https://arxiv.org/pdf/1412.3820
https://indico.physics.lbl.gov/event/3051/contributions/9673/attachments/4926/6849/2025_03_13_SCET_Ploessl.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.114505
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.074519
https://link.springer.com/article/10.1007/JHEP08(2023)172
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Nonperturbative uncertainty

0.115 0.116 0.117 0.118 0.119 0.120 0.121
Æs(mZ)

no nonp. +0.47
°0.50

+0.06,
°0.06,

§2,4, ∏2

+1.41

°1.41

§2,4, ∏2,4
+ lattice

+0.69
°0.72

+0.24,
°0.26,

§2,4
+0.67

°0.71

+0.19,

°0.19,

Z qT Asimov
(ATLAS 8 TeV unc.)

N3+1LL vs N4LL
profiled TNPs
no TNPs

fit unc. only: fitting only  and nonp. 
profiled TNPs:  + nonp. + TNPs

αs

αs

*uncertainties in units of 10−3

TMD PDF +  and no further constraint leads  
to an unstable fit

λ2

CS kernel constrained by lattice QCD data allows to a 
joint fit between CS and TMD nonperturbative!

this is possible especially thanks to the constraining  
power of the data!!!

Data: central  prediction at N4LL αs = 0.118
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Nonperturbative uncertainty
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SCETlib N3+1LL vs N4LL post-fit
pp ! Z (8 TeV)

MSHTaN3LO, 80 < mll < 100 GeV, |Y | < 1.6

∏2

∏4

§2

§4

TNPs
nonpert.
TNPs © nonp.

°1.5 °1.0 °0.5 0.0 0.5 1.0 1.5
post fit constraint

°cusp

∞µ

∞∫

H

S

Bqq

Bqg

§2

§4

∏2

∏4

Z qT Asimov
(ATLAS 8 TeV unc.)

N3+1LL vs N4LL

¢µn = 1
post-fit ¢Æs

°0.6 °0.4 °0.2 0.0 0.2 0.4 0.6
¢Æs(mZ) [10°3]

N LL pulled toward correct true values [ ]3+1 ⋆

Δexpect
np =+0.24

−0.26

Fitting nonperturbative and including 
lattice QCD constraints

Data now also constrain nonp. params., therefore less constraint on TNPs

Data: central  prediction at N4LL αs = 0.118
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PDF uncertainty
Fitting only :αs(mZ)

 through scanning 
[scanning/off-set over PDF eigenvector variations]
Δexpect

PDF = 1.04

*uncertainties in units of 10−3

Data: central  prediction at N3+1LL αs = 0.118

PRELIMINARY
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PDF uncertainty
Fitting only :αs(mZ)

PRELIMINARY

*uncertainties in units of 10−3

 through incorrect profiling (fitting +PDFs) 
[exploiting the precision data to constrain also PDFs]
Δexpect

PDF = 0.43 αs T = 1

Data: central  prediction at N3+1LL αs = 0.118

 through scanning 
[scanning/off-set over PDF eigenvector variations]
Δexpect

PDF = 1.04

χ2
total = ∑

ij

(yi − λi)TC−1
ij (yj − λj) + ∑

i

(θi − 0)2

Δθ2
i

+ ∑
k

T2
k (θPDF

k )2
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PDF uncertainty
Fitting only :αs(mZ)

*uncertainties in units of 10−3

PDFs central value and uncertainties not substantially changed

PDFs uncertainties included consistently alongside the new data (  )Z qT

Large reduction in the uncertainty, just because we are including the wrong tolerance  factor(T)

PDFs uncertainty given by , and not by Δχ2 = T2 Δχ2 = 1

Data: central  prediction at N3+1LL αs = 0.118

 through scanning 
[scanning/off-set over PDF eigenvector variations]
Δexpect

PDF = 1.04

 through incorrect profiling (fitting +PDFs) 
[exploiting the precision data to constrain also PDFs]
Δexpect

PDF = 0.43 αs T = 1

Profiling requires:

PRELIMINARY
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PDF uncertainty
Fitting only :αs(mZ)

*uncertainties in units of 10−3

 through profiling (fitting +PDFs) 
and considering the correct tolerance
Δexpect

PDF = 0.74 αs

Adding the correct tolerance reduces both pull on central value and uncertainty reduction!

how to propagate it to  uncertainty? Two-step profilingαs

T ∼ 3

Data: central  prediction at N3+1LL αs = 0.118

 through scanning 
[scanning/off-set over PDF eigenvector variations]
Δexpect

PDF = 1.04

 through incorrect profiling (fitting +PDFs) 
[exploiting the precision data to constrain also PDFs]
Δexpect

PDF = 0.43 αs T = 1

PRELIMINARY
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Summary and next steps
Correlations are fundamental for the interpretation of precision measurements: 

        having meaningful theory uncertainty is as important as having meaningful experimental one!

Theory Nuisance Parameters perfect candidate to describe theory uncertainty and correlations

Highly relevant and needed for the extraction of  from the   spectrum: 
first applications work as advertised, very promising for the actual  fit!

αs Z qT

αs

Moving to real data: many things we need to add

nonsingular contribution [work in progress]

quark-mass effects: can generate a bias on  [work in progress]αs

QED/EW corrections

Δαexpect
s ≃ ± 0.5Sing.TNPs ±???nons ± ???mq

± ???QED/EW ±0.3nonp ± 0.7PDFs

perturbative uncertainty nonperturbative uncertainty+ PDFs

0.5Sing.TNPs 0.3nonp 0.7PDFs

*uncertainties in units of 10−3



Backup slides 
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<latexit sha1_base64="RiqfIPfcwd4YkwkZ8pKrMBLrLdo=">AAACHHicbVDLSsRAEJz4dn2tevQyuAgeZElE1IsgiuBRwfXBZg2dsVeHnUnCTEeUIb/gJ/gVXvXkTbwKHvwXs+sefNWpqOqmqyvOlLTk++/ewODQ8Mjo2HhlYnJqeqY6O3ds09wIbIhUpeY0BotKJtggSQpPM4OgY4UncWe3659co7EyTY7oNsOWhstEtqUAKqWounwTOViJC77Fw7YB4Q4Ltxe50GgudFFwPHdhpvlZEVVrft3vgf8lQZ/UWB8HUfUjvEhFrjEhocDaZuBn1HJgSAqFRSXMLWYgOnCJzZImoNG2XO+jgi/lFijlGRouFe+J+H3Dgbb2Vpe5lzTQlf3tdcX/vGZO7c2Wk0mWEyaie4ikwt4hK4wsq0J+IQ0SQTc5cplwAQaI0EgOQpRiXnZXKfsIfn//lxyv1oP1+vrhWm17p9/MGFtgi2yZBWyDbbN9dsAaTLA79sAe2ZN37z17L97r1+iA19+ZZz/gvX0CGauhkw==</latexit>

xa,b =
Q

Ecm
e±Y<latexit sha1_base64="lZR/AzUzqxhhD8B6qp2HBR8QrwQ="></latexit>

V V 0 = {��, �Z,Z�, ZZ,W+W+,W�W�}

leptonic tensor
hard function

soft functionbeam functions

Leading power cross section:

[from Michel’s talk]

Unprimed vs primed counting:

‣ primed orders boundary condition 
added to  higherαn

s

Resummation details

https://indico.cern.ch/event/1108518/contributions/4735214/attachments/2392863/4091727/Michel_EWWG_Status_Report_pTZ_Benchmark_2022-02-17.pdf
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Fn(θn) = 4Cr(4CA)n−1(n − 1)! θ f
n

-3 -2 -1 0 1 2 3
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

1 loop
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2 loop
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3 loop

-3 -2 -1 0 1 2 3
0.0

0.2

0.4

0.6

0.8
4 loop

Good fit to a Gaussian with  and θn ≈ 0 Δθn ≈ 1

TNPs for Boundary Conditions



-3 -2 -1 0 1 2 3
0.0

0.2

0.4

0.6

0.8

-3 -2 -1 0 1 2 3
0.0

0.2

0.4

0.6

0.8

-3 -2 -1 0 1 2 3
0.0

0.2

0.4

0.6

0.8

-3 -2 -1 0 1 2 3
0.0

0.2

0.4

0.6

0.8

33/30.

1 loop 2 loop

3 loop 4 loop

TNPs for Anomalous Dimensions
γn(θn) = 4Cr(4CA)n θγ

n

Good fit to a Gaussian with  and θn ≈ 0 Δθn ≈ 1
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SCETlib N3+1LL W +/Z (13 TeV)

MSHTaN3LO, Q=mV , Y =0

°cusp

∞µ

∞∫

H
S

Bqq

Bqg

Relative impacts on *:W/Z

uncertainties very similar for  and  processes: same TNPs for bothZ W

each TNP impacts are 100% correlated between the processes: 
nice cancellation in the ratio!

*just for illustration: only leading massless contribution

TNPs correlation for Drell-Yan  spectrumqT
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PDF uncertainty: two-step profiling

First profile PDFs including  factor to account for existing PDF uncertaintiesT

Perform a fit with  and obtain PDF uncertainty by scanning profiled PDFs from step 1 as 
 a new input set

Δχ2 = 1

χ2
total = ∑

i,j

(yi − λi)TC−1
ij (yj − λj) + ∑

i

(θi − 0)2

Δθ2
i

+ ∑
k

T2
k (θPDF

k )2
Very generically:

data theory model  
(containing also PDFs!)

obtain consistently profiled PDFs

PDF uncertainty on  enlarged relative to incorrectly profiled  case, 
but still reduced substantially relative to the simple scanned case

αs T = 1

[WIP]

To propagate the PDF uncertainty on the PoI:
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Perturbative uncertainties in the resummed prediction: N LL* SCETlib3+0

contribution of all theoretical and experimental uncert. before and after profiling

* used in the CMS  determinationmW

CMS  mass measurementW  [CMS-SMP-23-002]

https://cds.cern.ch/record/2910372/files/SMP-23-002-pas.pdf


37/30. from Long’s talk

N LL is an approximation of N LL:3+0 3+1

<latexit sha1_base64="XdMAeHCNJkCarl1sITgH4U1UFAA="></latexit>

f(↵, ✓4) = f̂0 + f̂1↵+ f̂2↵
2 + [f̂3 + ↵0f4(✓4)]↵

3

consider the N LL structure but absorb the N LL TNPs uncert. term into the N LL structure3 3+1 3

limited effect on the overall size of theory uncert. but correlation approximated by lower order structure

if possible prefer the N LL prescription!m+1

CMS  mass measurementW  [CMS-SMP-23-002]

https://indico.fnal.gov/event/66577/contributions/301676/attachments/184208/253317/2025_01_Long_CMSmW_Fermilab.pdf
https://cds.cern.ch/record/2910372/files/SMP-23-002-pas.pdf
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