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Where are we now?
Wonderful measurements of SM processes:

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

Good agreement with theory predictions

LHC not only discovery machine, but 
also precision machine!
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Drell-Yan production has a special role:

Color singlet  spectrum crucial observableqT

[ATLAS ‘23, ‘24]

[CMS ‘24]
[CMS ‘24]

Where are we now?

https://arxiv.org/pdf/2309.12986
https://link.springer.com/article/10.1140/epjc/s10052-024-12438-w
https://arxiv.org/pdf/2412.13872
https://arxiv.org/pdf/2408.07622
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Drell-Yan  spectrumqT
Wide-ranging applications, many precise measurements:

 mass measurement   W
weak mixing angle

determination of the strong coupling       αs

determination of PDFs at full N LO3

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

Higgs Yukawa couplings constraining  
to light quarks

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

 mass measurement   W
weak mixing angle

determination of the strong coupling       αs

determination of PDFs at full N LO3

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

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

PDFs

quark mass and EW corrections    , 𝒪 (m2
q /q2

T) (αem ∼ α2
S)

nonperturbative modeling                𝒪 (Λ2
NP/q2

T)
perturbative corrections                     𝒪 (q2

T /Q2)
resummation                                           𝒪 (log2n(qT /mZ)) N LL / approx N LL 3 ′ 

4

Billis, Michel, Tackmann '25,  
Moos, Scimeni, Vladimirov, Zurita '24,  
Camarda, Cieri, Ferrera '23, 
…
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Higgs Yukawa couplings constraining  
to light quarks

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
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Theory uncertainties
Every theory prediction needs its theory uncertainty:

<latexit sha1_base64="V6O7d49PHNtcqpDyLMRIKiAJ2hM=">AAACGnicbVC7TgJBFJ3FF+ILtbSZSDRWZNcYtCRqYYmJPBKWkLvDBSbMPjJz10g2/IGf4FfYamVnbG0s/BcXpEDwVCfn3Jt7z/EiJQ3Z9peVWVpeWV3Lruc2Nre2d/K7ezUTxlpgVYQq1A0PDCoZYJUkKWxEGsH3FNa9wdXYr9+jNjIM7mgYYcuHXiC7UgClUjt/7F6jImgnrvY59TEccbfX47MqPkSjdr5gF+0J+CJxpqTApqi0899uJxSxjwEJBcY0HTuiVgKapFA4yrmxwQjEAHrYTGkAPppWMskz4kexAQp5hJpLxScizm4k4Bsz9L100gfqm3lvLP7nNWPqXrQSGUQxYSDGh0gqnBwyQsu0KOQdqZEIxp8jlwEXoIEIteQgRCrGaXO5tA9nPv0iqZ0WnVKxdHtWKF9Om8myA3bITpjDzlmZ3bAKqzLBHtkze2Gv1pP1Zr1bH7+jGWu6s8/+wPr8AQiToQ4=</latexit>

�theo � �exp “quite embarrassing”

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

Major source of uncertainty: missing higher orders (MHO) 
Usually determined through ‣ scale variations

‣ scale variation with bayesian approach 
‣ series acceleration 
‣ using reference processes 

scale variations really easy to implement and use, but with many limitations

Other approaches scale variations based

Meaningful theory uncertainty:

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

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

  is due to the series of the unknown true values Δf ̂fn missing higher orders (MHOs)

̂f0

̂f0 ̂f1
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Scale variations approach
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 :

  is due to the series of the unknown true values Δf ̂fn missing higher orders (MHOs)

̂f0

̂f0 ̂f1

 Make now a variable transformation

and do again the expansion in 
<latexit sha1_base64="/m2DWq7fktDE/QXPOVxX9F8yswY=">AAACCnicbVC7SgNREL0bXzG+VgUbm4tBiE3YFYmWQRvLCOYBSQizN5PkkrsP7p0Vwpo/8CtstbITW3/Cwn9x8yg08TRzOGeGmTlepKQhx/myMiura+sb2c3c1vbO7p69f1AzYawFVkWoQt3wwKCSAVZJksJGpBF8T2HdG95M/PoDaiPD4J5GEbZ96AeyJwVQKnXsoxZJ1cWkBSoawLgwq2cdO+8UnSn4MnHnJM/mqHTs71Y3FLGPAQkFxjRdJ6J2ApqkUDjOtWKDEYgh9LGZ0gB8NO1kev+Yn8YGKOQRai4Vn4r4eyIB35iR76WdPtDALHoT8T+vGVPvqp3IIIoJAzFZlH6L00VGaJkGg7wrNRLB5HLkMuACNBChlhyESMU4TSqX5uEufr9MaudFt1Qs3V3ky9fzZLLsmJ2wAnPZJSuzW1ZhVSbYI3tmL+zVerLerHfrY9aaseYzh+wPrM8f546akg==</latexit>

↵̃(↵)

<latexit sha1_base64="k7Y2Nave67YzZMhxVSYuXLOVApU="></latexit>

↵̃(↵) = ↵[1 + b0↵+ b1↵
2 +O(↵3)]

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

f̃(↵̃) = f̃0 + f̃1↵̃+ f̃2↵̃
2 +O(↵̃3)

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

̂f2α3 + . . .

f̃(α̃) = f̃0 =

NLO :

LO : ̂f0

̂f0
̂f1 ̂f1α2 ̂f1α3
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Scale variations approach
To estimate the uncertainty, take the difference between the two “schemes”

Δf(α) = b0 f1 α2+b1 f1 α3 + 𝒪(α4)
Δf(α) = 0

NLO :
LO :

̂f1
̂f1

✓  is genuinely of higher orderΔf(α)

Estimating the MHOs uncertainty by approximating them by some linear combination  
of known lower-order terms [    ]f2 ≈ b0 ̂f1
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Scale variations approach
To estimate the uncertainty, take the difference between the two “schemes”

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

✓  is genuinely of higher orderΔf(α)
✓  nothing guarantees this is any good 
✓   generally more complex internal structure than  
✓   (and ) are just arbitrary constants and usually the same for any  
✓   or  are not actual physical parameter with a true value 
✓  correlation and shape uncertainties?

fn+1 f≤n

b0 bn f
μ b0

❌

❌

❌

❌

❌

why vary  by 2?μ

α ≡ αs(μ0) α̃ ≡ αs(μ)

b0 =
β0

2π
ln

μ
μ0

Best can be done is to assume some theoretically motivated but ad hoc correlation. 
Correlations are needed to correctly propagate the uncertainty

Estimating the MHOs uncertainty by approximating them by some linear combination  
of known lower-order terms [    ]f2 ≈ b0 ̂f1

Δf(α) = 0LO :
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Correlation examples
Extract g from the measure of the period of a pendulum: T = 2π

L
g

→ g = 4π2 L2

T2

Using two different pendulums with two different lengths :L1, L2

 will not have a correlated uncertaintyg1,2both lengths will have their  
uncertainty
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Correlation examples
Extract g from the measure of the period of a pendulum: T = 2π

L
g

→ g = 4π2 L2

T2

Using two different pendulums with two different lengths :L1, L2

 will not have a correlated uncertaintyg1,2both lengths will have their  
uncertainty

Using the same pendulum with length  mL = 1.00 ± 0.01

T1 = 2.02 ± 0.02 s T2 = 2.06 ± 0.03 s

g1 = 9.68 ± 0.19 ± 0.19 m /s2 g2 = 9.30 ± 0.19 ± 0.27 m /s2

uncertainties on  and  are correlated! g1 g2
uncertainty on  is  

inducing a correlation!
L

To have a final estimate of , take into account such correlation!  
(weighted average of , or more involved procedure as fits..)

g
g1,2
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Correlation and scale variations

points close to each other are  
not intrinsically correlated,  
only their uncertainty is!

Taking a differential spectrum, each bin as separate predictions and separate measurements
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Let’s be realistic: uncertainty band given by scale variations. What about its shape?
ρ12 ρ13 ρ23
0a 0−1

ρ12 ρ13 ρ23
0a 0−1

Correlation and scale variations

points close to each other are  
not intrinsically correlated,  
only their uncertainty is!

Taking a differential spectrum, each bin as separate predictions and separate measurements
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Let’s be realistic: uncertainty band given by scale variations. What about its shape?
ρ12 ρ13 ρ23
0a 0−1

b 1 11

Correlation and scale variations

points close to each other are  
not intrinsically correlated,  
only their uncertainty is!

Taking a differential spectrum, each bin as separate predictions and separate measurements
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Let’s be realistic: uncertainty band given by scale variations. What about its shape?
ρ12 ρ13 ρ23
0a 0−1

b 1 11
c 0 0 −1

every line  is a (anti-) correlated assumption(a, b, c) 100 %

Correlation and scale variations

points close to each other are  
not intrinsically correlated,  
only their uncertainty is!

Taking a differential spectrum, each bin as separate predictions and separate measurements
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Let’s be realistic: uncertainty band given by scale variations. What about its shape?
ρ12 ρ13 ρ23
0a 0−1

b 1 11
c 0 0 −1

every line  is a (anti-) correlated assumption(a, b, c) 100 %

no idea about the correct shape of scale variations (and therefore correlation):  
that’s why we take envelopes!

to get correct correlation: breakdown into independent uncertainty components required

points close to each other are  
not intrinsically correlated,  
only their uncertainty is!

Taking a differential spectrum, each bin as separate predictions and separate measurements

Correlation and scale variations
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Extraction of  with scale variationsΔαs
In the  spectrum each bin has its own theory predictionqT

point-by-point correlation crucial for the determination of the  uncertaintyαs
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qT [GeV]
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Æs = 0.119

N4LL profile scale var.

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

µFO

µf

matching
resummation

Each variation is a (anti-) correlated correlation model, strongly impacts the result!100 %

What are we used to do? Scale variations!
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Extraction of  with scale variationsΔαs
In the  spectrum each bin has its own theory predictionqT

point-by-point correlation crucial for the determination of the  uncertaintyαs

* explain later the setup of these fits

Sum envelopes of different “sources”: 
Naive envelope:

 Δscale = 2.3 × 10−3

Δscale = 1.9 × 10−3

Each variation is a (anti-) correlated correlation model, strongly impacts the result!100 %

What are we used to do? Scale variations!

❌

Only fitting *αS

SCETlib scales from Billis, Michel, Tackmann '25
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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

https://link.springer.com/article/10.1007/JHEP02(2025)170


Theory Nuisance Parameters 
 (TNPs)



Theory Nuisance Parameters
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Consider the same series expansion:

f(α) = f0 + α f1 + α2 f2 + α3 f3 + α4 f4 + 𝒪(α5)

all details here Tackmann '24!

https://arxiv.org/pdf/2411.18606


f(α) = f0 + α f1 + α2 f2 + α3 f3 + α4 f4 + 𝒪(α5)

What is the source of the uncertainty?

f(α) = ̂f0 + α ̂f1 + α2 ̂f2 ± ΔfNNLO : ̂f0
̂f1

̂f2

all details here Tackmann '24!

Theory Nuisance Parameters
Consider the same series expansion:

10/36.

https://arxiv.org/pdf/2411.18606


f(α) = f0 + α f1 + α2 f2 + α3 f3 + α4 f4 + 𝒪(α5)

What is the source of the uncertainty?

Parametrize and include the leading source of uncertainty:

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

using theory nuisance parameters  ;θn

 have physical true value , such thatθn
̂θn

TNPs well-defined parameters with true but unknown value

… and therefore encode correct theory correlations

f(α) = ̂f0 + α ̂f1 + α2 ̂f2 ± ΔfNNLO : ̂f0
̂f1

̂f2

̂f2
̂f1

̂f0

Consider the same series expansion:

Theory Nuisance Parameters

10/36.

̂fn = fn( ̂θn)

all details here Tackmann '24!

https://arxiv.org/pdf/2411.18606
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How to define these  ?θn

simplest case:    f3(θ3) ≡ θ3

better:   in general functions of different  dependencies 
               account for the internal structure of   

fn ≡ fn(x) x
f3

Theory Nuisance Parameters

✴discrete dependence : partonic channels, color factors, … 
✴continuous but discrete dependence : … 
✴ fully continuous dependence : , masses

Ecm, nf ,
pZ

T , Y , q2

Which dependencies to consider?

in which we need correlations

those helping to obtain better theory constraints

Strategy: break down internal structure until remaining unknowns  are numbers fn,i
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known functional form, for example  polynomial in fn(x) ln x

as point above, but only in some specific limit we can expand around

Three parameterization strategies:

Theory Nuisance Parameters

do not have enough information, perform an expansion in some complete 
functional basis {ϕn}

<latexit sha1_base64="EYqcW1WBt6OYxzCwXVoU9gfYDO4="></latexit>

fn(x) =
kX

i=0

fn,i ln
i x

<latexit sha1_base64="NbgxIwqinU+TXVPwk8k4lNCFatM="></latexit>

fn(x) = fn0(x) + fn1(x)✏+ fn2(x)✏
2 +O(✏3)

<latexit sha1_base64="fl7YsXW/xG8pzyrdCDqN8W0Kwxs="></latexit>

fn(x) =
X

i

fn,i �i(x)

strategy used for theoretical uncertainty from fixed-order Lim, Poncelet ‘24

Strongly depends on the case considered: resummation for Drell-Yan  spectrumqT

A.

B.

C.

https://arxiv.org/pdf/2412.14910
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TNPs for Drell-Yan  spectrumqT

Considering x ≡ qT

First apply strategy B. : expanding in ϵ = q2
T /Q2

And then strategy A. 

<latexit sha1_base64="G7PWA3/gbdrJhERT1QZoByYjbk0="></latexit>

f(↵;x) ⌘ d�

dqT
(↵s) =

d�(0)

dqT
+

d�(1)

dqT
+

d�(2)

dqT
+ ...

<latexit sha1_base64="oqE2xct+XdsrjXiMOP4S8n15iZU="></latexit>

d�(0)

dqT
= f0�(qT ) +

X

n

↵n
s

⇢
fn�(qT )+

X

m

fnm


lnm(qT /Q)

qT

�

+

�

Use SCET factorization to resum the series for 
<latexit sha1_base64="R3Jg+ZetDv2dXQ7qQ1FSwA1izvE=">AAACB3icbVC7TsNAEDzzDOFlSElzIkKiimyEAmUEDWWQyENKrOh82YRTzmfrbo0UWf4AvoIWKjpEy2dQ8C/YxgUkTDWa2b3ZGz+SwqDjfForq2vrG5uVrer2zu7evn1w2DVhrDl0eChD3feZASkUdFCghH6kgQW+hJ4/u8793gNoI0J1h/MIvIBNlZgIzjCTRnZtWLyRaBinyWSUqCBNR3bdaTgF6DJxS1InJdoj+2s4DnkcgEIumTED14nQS5hGwSWk1WFsIGJ8xqYwyKhiARgvKYJTehIbhiGNQFMhaSHC742EBcbMAz+bDBjem0UvF//zBjFOLr1EqChGUDwPQiGhCDJci6wVoGOhAZHllwMVinKmGSJoQRnnmRhnNVWzPtzF3y+T7lnDbTaat+f11lXZTIUckWNySlxyQVrkhrRJh3AyJ0/kmbxYj9ar9Wa9/4yuWOVOjfyB9fENBIeaNw==</latexit>

fnm

Leading power   dependence is known to all ordersqT

<latexit sha1_base64="Ck2fOtB95S0oMRhsMlMG0v5N4LU=">AAACAHicbVC7TgJBFJ3FF+ILtbSZSEywIbvGoCXRxk5M5JHASu4OF5ww+8jMXROyofErbLWyM7b+iYX/4i5SKHiqk3PuzT33eJGShmz708otLa+sruXXCxubW9s7xd29pgljLbAhQhXqtgcGlQywQZIUtiON4HsKW97oMvNbD6iNDINbGkfo+jAM5EAKoFS66/pA9wJUcj0pO8e9Ysmu2FPwReLMSInNUO8Vv7r9UMQ+BiQUGNNx7IjcBDRJoXBS6MYGIxAjGGInpQH4aNxkmnrCj2IDFPIINZeKT0X8vZGAb8zY99LJLKWZ9zLxP68T0+DcTWQQxYSByA6RVDg9ZISWaR3I+1IjEWTJkcuAC9BAhFpyECIV47SfQtqHM//9ImmeVJxqpXpzWqpdzJrJswN2yMrMYWesxq5YnTWYYJo9sWf2Yj1ar9ab9f4zmrNmO/vsD6yPb53PlpU=</latexit>

O(1)
<latexit sha1_base64="OYjUhkANjKYppoi+Ov+kqT4Jrg4=">AAAB83icbVDLSsNAFJ34rPVVdelmsAiCUBKR6rLoxmUL9gFtKJPpbR06mYSZO0IJ/QK3unInbv0gF/6LScxCW8/qcM693HNPEEth0HU/nZXVtfWNzdJWeXtnd2+/cnDYMZHVHNo8kpHuBcyAFAraKFBCL9bAwkBCN5jeZn73EbQRkbrHWQx+yCZKjAVnmEqt82Gl6tbcHHSZeAWpkgLNYeVrMIq4DUEhl8yYvufG6CdMo+AS5uWBNRAzPmUT6KdUsRCMn+RB5/TUGoYRjUFTIWkuwu+NhIXGzMIgnQwZPphFLxP/8/oWx9d+IlRsERTPDqGQkB8yXIu0AaAjoQGRZcmBCkU50wwRtKCM81S0aSXltA9v8ftl0rmoefVavXVZbdwUzZTIMTkhZ8QjV6RB7kiTtAknQJ7IM3lxrPPqvDnvP6MrTrFzRP7A+fgGEhiRPw==</latexit>

+
<latexit sha1_base64="w+TCO9dQif3Ec6DMM1UJbP6Or68=">AAACG3icbVC7TsNAEDyHVwivACXNiQgRmmAjBJQRNHSAlJcUh2h92YQT5wd3ayRk5RP4BL6CFio6REtBwb9ghxQQmGI1mtnV7o4XKWnItj+s3NT0zOxcfr6wsLi0vFJcXWuYMNYC6yJUoW55YFDJAOskSWEr0gi+p7DpXZ9kfvMWtZFhUKO7CDs+DALZlwIolbrFbdcHuhKgkrMhdxX2qcxvurXLPb7LL9Lqajm4oh3eLZbsij0C/0ucMSmxMc67xU+3F4rYx4CEAmPajh1RJwFNUigcFtzYYATiGgbYTmkAPppOMnpoyLdiAxTyCDWXio9E/DmRgG/Mne+lndn5ZtLLxP+8dkz9o04igygmDES2iKTC0SIjtEyTQt6TGokguxy5DLgADUSoJQchUjFOoyukeTiT3/8ljb2Kc1A5uNgvVY/HyeTZBttkZeawQ1Zlp+yc1Zlg9+yRPbFn68F6sV6tt+/WnDWeWWe/YL1/Ac/gn5Q=</latexit>

O
�
q2T /Q

2
�

<latexit sha1_base64="ulud9GdBpnVDkLmRXtblyHGfyWs="></latexit>

d�(0)

dqT
=

X

ab

Hab⇥Ba⌦Bb⌦S

�
(↵s, L = ln qT /Q)
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TNPs for Drell-Yan  spectrumqT

 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

 dependence predicted by resummation in terms of several independent series!qT

5 scalar series: 

up to 5 one-dim functional series for beam functions* (+ DGLAP splitting function)

<latexit sha1_base64="O8dfogyHY48wElbvC26CRaKcmHc="></latexit>

H (↵s) , S (↵s) and
<latexit sha1_base64="VlSV24vqmGvisX8sjPF2Rrm8vZk="></latexit>

� (↵s) , �µ (↵s) , �⌫ (↵s)

<latexit sha1_base64="DPmOYvRF4iQzMC6q/z/P1E/QFvg="></latexit>
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TNPs for Drell-Yan  spectrumqT

Still considering N LL:2+1
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TNPs for Drell-Yan  spectrumqT

Still considering N LL:2+1

How to vary ?θn With these normalizations, expected natural size | ̂θn | ≲ 1
look at other known loop coefficients from population sample and validation using known perturbative series heren−

θn = 0 ± 1
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Comparing different orders at 95% theory CL ( )Δθn = ± 2

TNPs breakdown for Drell-Yan  spectrumqT
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MSHTaN3LO, Q=mZ, Y =0
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Breakdown of all the TNPs at N LL:3+1

providing breakdown into independent sources of uncertainty

encoding correct point-by-point correlations

varying each TNP by (68% CL)Δθn = ± 1

TNPs breakdown for Drell-Yan  spectrumqT
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sum in quadrature!
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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



Towards  extraction from the   spectrumαs Z qT
WIP Cridge, Marinelli, Tackmann
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For the extraction of  from the   spectrum:αs Z qT

super precise ATLAS  spectrum measurement [arXiv:2309.09318]qT

correlations are fundamental: 
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Æs = 0.119

Æs = 0.117

many sources of theory uncertainties, major ones: perturbative, nonperturbative, PDFs

Why αs(mZ)?

using a differential spectrum to extract   
a parameter that is a shape effect

shape uncertainty is equivalent to 
how the uncert. at different points 

in the spectrum are correlated

https://arxiv.org/abs/2309.09318


Asimov fits
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Asimov fits: standard procedure to estimate expected uncertainties in a fully controlled setting

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 uncert. is subdominant  
wrt the dominant ones 

qT %

still necessary for fitting real data

neglected in our pseudodata and 
theory model

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

not concerned with subleading effects:



Asimov fits for  from  αS(mZ) Z qT
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Using Minuit (and Minos) as minimizer for the fit

Our theory inputs:
SCETlib  and  only resummed contribution  
[default central scales and variations, no mass corrections and nonsingular power corrections]

N3+1LL N4LL

Our toy data:

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

[αS = 0.118]

Using ATLAS exp. uncertainties and complete correlations for all 72 bins

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



Scanning TNPs

22/36.* uncertainties in units of 10−3
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SCETlib N3+1LL
exp. uncertainty

Repeat fit separately varying each TNP by Δθn = ± 1
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Only fitting αS

rather profiling 

still does not let the fit decide  
between moving  or theoryαS

providing breakdown into independent sources of uncertainty

encoding correct point-by-point correlations

can now sum in quadrature Δtotal = 1.7
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Profiling: fitting  together with all TNPs (allows the fit to decide what to do)αS

Pseudodata: central [ ]  predictionαs = 0.118 N4LL
simulates the fit to real data, which contains the all-order result

Perturbative uncertainty with profiling TNPs

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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Profiling: fitting  together with all TNPs (allows the fit to decide what to do)αS

Perturbative uncertainty with profiling TNPs

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

Pseudodata: central [ ]  predictionαs = 0.118 N4LL
simulates the fit to real data, which contains the all-order result

0.116 0.117 0.118 0.119 0.120
Æs(mZ)

N2+1LL +0.66
°0.62

N3+1LL +0.47
°0.50

Z pT Asimov
(ATLAS 8 TeV unc.)

SCETlib
profiled against N4LL

 theory model N2+1LL

 theory model N3+1LL

look at the post-fit constraints on TNPs

* uncertainties in units of 10−3



Post-fit constraints on N LL2+1
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SCETlib N2+1LL post-fit pp ! Z (8 TeV)
MSHTaN3LO, 80 < mll < 100 GeV, |Y | < 1.6
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Profiling lower order against higher order: N2+1LL

 strongly pulled, toward correct true values [ ]N2+1LL ⋆

post-fit prediction for  spectrum driven by constraints from dataqT

grey  TNP down variation, dashed grey  TNP up variation→ →
 and  have the largest remaining impact on  aer profilingγν Bqg αs(mZ)

indication that the order is not enough for the data
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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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Profiling lower order against higher order: N3+1LL

  pulled, toward correct true values [ ]N3+1LL ⋆

Post-fit constraints on N LL3+1

post-fit prediction for  spectrum driven by constraints from dataqT

 and  have the largest remaining impact on  aer profilingγν, S Bqg αs(mZ)

for the exact correlation between parameters, look at the post-fit covariance matrix!



Different theory constraints on TNPs

26/36.

What happens by changing the prior theory constraint?  
Using now  with θn = 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

Fit N LL against N LL data3+1 4

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

profiling substantially reduces the  
dependence on theory constraint 
(with scanning,  unc. directly depends on 
choice of )

αs

Δθn

* uncertainties in units of 10−3
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Using now  with θn = 0 ± Δθn Δθn = 1

[don’t be fooled by the different x-range!]

 start seeing the exp. constraintΔθn = 1

Fit N LL against N LL data3+1 4
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¢Æs(mZ) [10°3]

Different theory constraints on TNPs
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Using now  with θn = 0 ± Δθn Δθn = 2

Fit N LL against N LL data3+1 4

°2 °1 0 1 2
post fit constraint
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Different theory constraints on TNPs

[don’t be fooled by the different x-range!]

 it’s basically a factor  
 w.r.t 

Δθn = 2
2 Δθn = 1

 start seeing the exp. constraintΔθn = 1
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Using now  with θn = 0 ± Δθn Δθn = 4

 data can constrain TNPs moreΔθn = 4

 it’s basically a factor  
 w.r.t 

Δθn = 2
2 Δθn = 1

 start seeing the exp. constraintΔθn = 1

Fit N LL against N LL data3+1 4
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¢µn = 4
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¢Æs(mZ) [10°3]

Different theory constraints on TNPs

[don’t be fooled by the different x-range!]
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Nonperturbative uncertainty in Asimov fit
Collins-Soper (CS) kernel [  rapidity anomalous dimensions]:∼

Transverse Momentum Distributions (TMDs)[  intrinsic  of the partons inside the protons]:∼ kT

γ̃ν(bT) = γ̃pert
ν (b*6 (bT))+γ̃nonp

ν (bT) γ̃nonp
ν (bT) = − λ∞ fν ( λ2

λ∞
b2

T +
λ4

λ∞
b4

T)λ4λ2

f̃(bT) = f̃pert(bT)

ln (f̃nonp(bT)) = − Λ∞ bT f[ Λ2

Λ∞
bT + ( Λ4

Λ∞
+

1
3

Λ3
2

Λ3
∞ ) b3

T]
f̃nonp(bT)

Λ2 Λ4

λ2 λ4, and Λ2 , Λ4 quadratic/quartic small  coefficientsbT

 determine  behaviorλ∞ , Λ∞ bT → ∞

From Collins and Rogers ’14,   and  behaviorfν(x) f(x)

γ̃nonp
ν (bT → 0) ∼ b2

T , γ̃nonp
ν (bT → ∞) ∼ const

log (f̃nonp(bT → 0)) ∼ b2
T , log (f̃nonp(bT → ∞)) ∼ bT

https://arxiv.org/pdf/1412.3820
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What is used in our fits:

fν ( λ2

λ∞
b2

T +
λ4

λ∞
b4

T) = tanh ( λ2

λ∞
b2

T +
λ4

λ∞
b4

T)
f ( Λ2

Λ∞
bT +

Λ4

Λ∞
b3

T) = 2 tanh ( Λ2

Λ∞
bT +

Λ4

Λ∞
b3

T)Λ2 Λ4

λ2λ2 λ4λ4

Λ2Λ4

Nonperturbative uncertainty in Asimov fit

Also using inputs from lattice QCD for the CS kernel [some details in SCET24 Ploessl's talk]:

exploit lattice QCD calculations of the CS kernel to obtain good constraints 
on  ,  and  λ∞ λ2 λ4

 λ∞ = 1.7 ± 0.5
 λ2 = 0.09 ± 0.03
 λ4 = 0.007 ± 0.007

 full covariance matrix from  
lattice fit

+representative values:

https://indico.fis.ucm.es/event/20/contributions/553/attachments/370/643/2024_04_18_SCET_Ploessl.pdf
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fit unc. only: fitting only  and nonp. 
profiled TNPs:  + nonp. + TNPs

αS

αs

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

+2.35

°2.37

+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 pT Asimov
(ATLAS 8 TeV unc.)

N3+1LL vs N4LL
profiled TNPs
no TNPs

Nonperturbative uncertainty in Asimov fit

Fit only  and  (fixed )αS , Λ2 Λ4 γ̃nonp
ν

Not using lattice constraints   
parameters fitted: ,  , λ2 Λ2 Λ4

Using lattice constraints 
parameters fitted: , , , λ2 λ4 Λ2 Λ4

* uncertainties in units of 10−3

Fit N LL against N LL data3+1 4
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post fit constraint
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SCETlib N3+1LL vs N4LL post-fit
pp ! Z (8 TeV)

MSHTaN3LO, 80 < mll < 100 GeV, |Y | < 1.6
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∏4

§2
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TNPs
nonpert.
TNPs © nonp.

 vs N LL fitting nonp. and including lattice constraintsN3+1LL 4

  pulled, toward correct true values [ ]N3+1LL ⋆

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

 and  have the largest remaining impact on  aer profilingS, Λ4 Λ2 αs(mZ)

Post-fit constraints on N LL3+1



 determination from CMSmW
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CMS  mass measurementW
Recent CMS  mass measurement arXiv:2412.13872W

Theory input: N LL+NNLO  
(SCETlib and DYturbo) 

3+0

 modeling fundamental: uncertainties in the 
low  region affect the shape as  variation
pW

T

pT mW

theory correlations are crucial: 
uncertainty propagated from  to  to !pW

T pμ
T mW

https://arxiv.org/pdf/2412.13872
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CMS  mass measurementW
Perturbative uncertainties in the resummed prediction: N LL* SCETlib3+0

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

* used in the CMS  determinationmW



Summary

36/36.

Theory uncertainties including correct correlation are crucial for the interpretation 
of precision measurements: 
          having meaningful theory uncert. is as important as meaningful exp. uncert.!

Theory Nuisance Parameters perfect candidate
include correct point-by-point correlations across the  spectrum, different processes ,…qT

can be constrained by data reducing theory uncertainty

Perturbative uncertainty with TNPs

THANK YOU!

perturbative uncertainty can be correctly profiled

TNPs not “easy and cheap” as scale variation, but worth it!

First applications to Drell-Yan work as advertised

enabled recent precision  measurement by CMSmW

very promising extraction of  from   spectrumαs Z qT



Backup slides 
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Resummation details
<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

so function

beam functions

Leading power cross section:

[from Michel’s talk]

Unprimed vs primed counting:

‣ primed orders boundary condition 
added to  higherαn

s

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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TNPs for Boundary Conditions
Fn(θn) = 4Cr(4CA)n−1(n − 1)! θ f

n
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Good fit to a Gaussian with  and θn ≈ 0 Δθn ≈ 1
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γn(θn) = 4Cr(4CA)n θγ
n

TNPs for Anomalous Dimensions
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How to vary ?θn

θn = 0 ± 𝒪(1)

BC: F(αS) = 1 +
αS

4π
F1 + ( αS

4π )
2

F2 + ( αS

4π )
3

F3 + ( αS

4π )
4

F4 + 𝒪 (α5
S)

Cgg1 +4.9 −24.0 −4065.5 −123979.0
factorizing out ( αS

4π )
n

CV
qq̄1 −8.5 −48.6 −1386.7 −42014.9

1 +1.2 −1.5 −63.5 −484.3
factorizing out 4n

1 −2.1 −3.0 −21.7 −164.1

1 +0.4 −0.2 −2.4 −5.9
factorizing out CrCn−1

A
1 −1.6 −0.8 −1.8 −4.6

1 +0.4 −0.2 −1.2 −1.0
factorizing out (n − 1)!

1 −1.6 −0.8 −0.9 −0.8

Fn(θn) = 4Cr(4CA)n−1(n − 1)! θF
n

TNPs for Drell-Yan  spectrumqT

Validated using known perturbative series:



How to vary ?θn

θn = 0 ± 1

AD: γ(αS) =
αS

4π
γ1 + ( αS

4π )
2

γ2 + ( αS

4π )
3

γ3 + ( αS

4π )
4

γ4 + ( αS

4π )
5

γ5 + 𝒪 (α6
S)

factorizing out ( αS

4π )
n

factorizing out 4 ⋅ 4n

factorizing out CrCn
A

−γm /24.0 56.2 474.9 2824.8 42824.1

Γcusp5.3 36.8 239.2 141.2 70000.0

2.0 7.0 14.8 22.1 83.6

2.7 4.6 7.5 1.1 136.7

1.5 1.8 1.2 0.6 0.8

2.0 1.5 0.6 0.03 1.3

41/36.

γn(θn) = 4Cr(4CA)n θγ
n

Validated using known perturbative series:

TNPs for Drell-Yan  spectrumqT
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Application to Drell-Yan  spectrumqT
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Application to Drell-Yan  spectrumqT
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 determination from ATLASαs(mZ)
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based on N LO+N LLa from DYTurbo3 4
αS(mZ) = 0.1183 ± 0.0009

[arXiv:2309.12986]

Fit of strong coupling  constant using  in  GeVqT [0,29]

Breakdown of uncertainties on   
in units of :

αs

10−3

https://arxiv.org/pdf/2309.12986
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CMS  mass measurementW

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

https://indico.fnal.gov/event/66577/contributions/301676/attachments/184208/253317/2025_01_Long_CMSmW_Fermilab.pdf
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