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I will focus on  
unpolarised quark TMDs
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DY data sets
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SIDIS data sets
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Compass
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Q > 1.4 GeV

0.2 < z < 0.7

(collinear factorisation)

(no exclusive processes)

(qT /Q < 0.2)
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SIDIS data sets
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covariance matrix

uncorrelated

multiplicativeadditive

mi ± �i,stat ± �i,unc ± �(1)
i,corr ± · · · ± �(k)

i,corr
<latexit sha1_base64="cQuXvHLbPbe26PIuv+zncpZ7N5c="></latexit>

correlated
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nX

i,j=1
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�1
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i,corr ⌘ �(l)i,corrmi

<latexit sha1_base64="hg1moKjyfkXlIGerd1jrZfsj7Us="></latexit>

Vij = s2i �ij +

 
kaX
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�(l)i,add�
(l)
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kmX
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�(l)i,mult�
(l)
j,mult

!
mimj
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Experimental uncertainties
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recover the form of   
the uncorrelated definition  

systematic shift

penalty term

di =
kX
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�↵�
(↵)
i,corr

<latexit sha1_base64="UXvWe4TtRvBs+gecXrvf4Z/H0IE="></latexit>

ti = ti + di
<latexit sha1_base64="M4PH0b/zBVTOsNOigwQlDR2dVeQ="></latexit>
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Shifted predictions



TMD global fits

+ brand new MAP24, N3LL, flavour-dependent, arXiv: 2405.13833



Global extractions: quick facts
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PV17 (NLL)

11 parameters

Nanga Parbat, Pakistan, 8126 m
JHEP 06 (2017) 081

SV19 (N3LL) MAP22 (N3LL) MAP24 (N3LL)

11 parameters 21 parameters 20(96) parameters

JHEP 06 (2020) 137 JHEP 10 (2022) 127 arXiv: 2405.13833

Functional forms

Collins-Soper kernel

SV MAP
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Fit quality: SIDIS

COMPASS

SV19
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Fit quality: Drell-Yan
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TMD PDFs
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Collins-Soper kernel
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Collins-Soper kernel
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Correlation matrix

• : weighted Gaussian important 
• : third Gaussian non-negligible 
•  very small standard deviation 
• correlation matrix nearly diagonal 

λ ∼ 2
λ2 ≠ 0
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Test: x-independent fit at N3LL with Davies, Webber, Stirling (1985) NP parameterisation:

with and without ATLAS data

 significantly higher for full dataset (1.339 vs. 1.020) 
-dependence  required  to describe data 

 significantly lower without ATLAS data 
-dependence at N3LL  driven by ATLAS data 

χ2

x
χ2

x

Test: x-dependence
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Test: dependence on qT cut
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(a) (b) (c) (d) (e)

configurations
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Test: convergence

NLL’ NNLL NNLL’ N3LLOrder

χ2 /d.o.f. 1.023.19 1.62 1.07
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Test: impact on LHC data
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Open problems: SIDIS
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Open problems: SIDIS

37

DY beyond NLLSIDIS beyond NLL

normalisation factor for SIDIS 
• computed a priori, before the fit  
• independent on the fitting parameters 
• dependent on collinear PDFs 
• alternatively: kinematic power 

corrections [Vladimirov, JHEP 12 (2023), 008 

almost constant factor!

 



A sensible choice of  the scales is important to allow perturbation theory 
to be reliable: 

no large unresummed logarithms should be introduced, 

each scale has to be set in the vicinity of  its natural (central) value, 

scale variations give an estimate of  h.o. corrections 

In TMD factorisation for DY the relevant scales are qT and Q:

natural to expect                                     and 

In fact, it turns out that (in the MS scheme) the central scales are: 

This choice nullifies all unresummed logs. One should thus consider:
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A note on TMD scales



To reason why variations of  ζ have no effect is that:

d�

dqT
/ H

✓
µ

Q

◆
F1(µ, ⇣1)F2(µ, ⇣2) with ⇣1⇣2

!
=Q

4

<latexit sha1_base64="Cmqps5kvbGTmR3mTTtf+IgtAqzI="></latexit>

It is easy to see that:

The single dependence on ζ1 and ζ2 drops in the combination: 

 i.e., ζ1 = ζ2 = Q2 but any other choice such that ζ1ζ2 = Q4 is identical. 

One can choose μ0 = √ζ0: 

not strictly necessary but probably a conservative choice. 

At the end of  the day, we have two scales to be varied:

µ0 =
p

⇣0 = Ciµb and µ = CfQ
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A note on TMD scales



Theoretical uncertainty estimate on N3LL: 
estimate of  subleading logarithmic corrections by including N4LL corrections 
in the Sudakov (mimicking resummation scale variations), 
variations of   and   by a factor 2 up and down w.r.t. Mll, 

inclusion of  non-perturbative effects as determined in the PV19 fit.
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Theoretical uncertainty estimate on N3LL: 
estimate of  subleading logarithmic corrections by including N4LL corrections 
in the Sudakov (mimicking resummation scale variations), 
variations of   and   by a factor 2 up and down w.r.t. Mll, 

inclusion of  non-perturbative effects as determined in the PV19 fit.

μr μf

1.5

2.0

2.5

3.0

3.5

4.0

d
æ

d
y

``
d
M

``
d
q

T

MMHT2014nnlo68cl

NangaParbat

b0/bmax = 1 GeV

Local b§ prescription

LHC
p

s = 13 TeV, M`` = MZ, y`` = 0

N3LL

µR 2 [1
2
, 2] M``

µF 2 [1
2
, 2] M``

N4LL in Sudakov (£2)

PV19 intrinsic kT fit

2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
qT [GeV]

0.95

1.00

R
a
ti
o

to
N

3
L
L

1

2

3

4

d
æ

d
y

``
d
M

``
d
q

T

MMHT2014nnlo68cl
NangaParbat
b0/bmax = 1 GeV
Local b§ prescription

LHC
p

s = 13 TeV, M`` = MZ, y`` = 0

N3LL

µR 2 [1
2
, 2] M``

µF 2 [1
2
, 2] M``

N4LL in Sudakov (£2)

PV19 intrinsic kT fit

10°1 100 101

qT [GeV]

0.8

1.0

R
a
ti
o

to
N

3
L
L

Estimate of  uncertainties



Future: matching with F.O.
Matching between TMD and collinear factorisations:

Well-understood procedure at the LHC energies where usually Q ≫ ΛQCD: 
clear separation of  TMD and collinear, non-perturbative confined to very low qT. 

Not so much so for current (and future) SIDIS data due to smaller Q: 
need to identify and study the transition region.

Collinear
region

TMD
region

Transition
region

Non-perturbative
region



Future: Exp. Measurements
TMD factorisation applies for qT ≪ Q: 

the region qT ≃ ΛQCD is relevant for hadron structure, no matter how large Q, 

As Q increases the cross section drops and low qT becomes hard to access.

Precise data
from the LHC
and Tevatron

Less precise data
from the LHC that
extends to low qT

Some poor old
fixed-target data

Perturbation
 theory breaking
and resonances

Low-qT data in this region
absent but would be very

 welcome!

Is qT ≃ ΛQCD attainable with
 good precision here?

? ?

Need as many (low-  + -binned) data as possible!qT y



Future: Exp. Measurements

[ATLAS, 1512.02192]

Small  is mapped onto small qT, this observable is expected to carry important 
information on hadron structure.

ϕ*
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Experimentally very clean because it only 
involves angles.
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Future: Exp. Measurements

[ATLAS, 1512.02192]

Small  is mapped onto small qT, this observable is expected to carry important 
information on hadron structure.
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Experimentally very clean because it only 
involves angles.

Only angles: insanely precise!

ϕ*η ≈
qT

M

definitely relevant for hadron 
structure

it might be interesting to check shape 
variation with rapidity and  at low 

(TMD ( )-dependence)
mll
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Future: Interplay of  P and NP
Understanding of  theoretical uncertainties is crucial to achieve a 
reliable extraction of  the non-perturbative components from data.
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Future: W mass measurements
   resummation + intrinsic-  

All analyses assume flavour-independence 
impact of  flavour-dependent intrinsic-  comparable to PDF variations

pTl ← qTW ← kT

kT
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Future: W mass measurements
   resummation + intrinsic-  

All analyses assume flavour-independence 
impact of  flavour-dependent intrinsic-  comparable to PDF variations

pTl ← qTW ← kT
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Thank you!


