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Level 1 - Global vs. local b*
Different implementations of   prescription: global vs. local 
local = replace  only in  and PDF but not logs 

affects low-  end of  spectrum 

b*
b → b* αs

qT



9

Level 1 - Global vs. local b*
Different implementations of   prescription: global vs. local 
local = replace  only in  and PDF but not logs 

affects low-  end of  spectrum 

b*
b → b* αs

qT



10

Level 1 - PDF evolution



10

Level 1 - PDF evolution
Coherent small oscillations in ratios: why?



10

Level 1 - PDF evolution
Coherent small oscillations in ratios: why?

reSolve, DYTurbo: backward evolution in Mellin space, no thresholds

SCETlib, NangaParbat, arTeMiDe: LHAPDF evolution, thresholds 



10

Level 1 - PDF evolution
Coherent small oscillations in ratios: why?

reSolve, DYTurbo: backward evolution in Mellin space, no thresholds

SCETlib, NangaParbat, arTeMiDe: LHAPDF evolution, thresholds 

Oscillations removed in DYTurbo plus LHAPDF



10

Level 1 - PDF evolution
Coherent small oscillations in ratios: why?

reSolve, DYTurbo: backward evolution in Mellin space, no thresholds

SCETlib, NangaParbat, arTeMiDe: LHAPDF evolution, thresholds 

Oscillations removed in DYTurbo plus LHAPDF



Level 1 - intermediate qT
<latexit sha1_base64="6BCqK8hd0xLcfHqEu77D+FMrmG4="></latexit>

d�

dqT
⇠ H(Q)S(Q,µb) [C(µb) ⌦ f(µb)]

2



Level 1 - intermediate qT
<latexit sha1_base64="6BCqK8hd0xLcfHqEu77D+FMrmG4="></latexit>

d�

dqT
⇠ H(Q)S(Q,µb) [C(µb) ⌦ f(µb)]

2

“Resummation scheme” dependence: freedom to redefine each factor



Level 1 - intermediate qT

0

1

2

3

4

d
æ

d
y
d
M

``
d
q

T

NangaParbatp
s = 13 TeV

M`` = MZ, y = 0

W/o mod. logs

Global b§

LL

NLL

NLL’

NNLL

NNLL’

N3LL

CSS scheme

CdFG scheme

20 40 60 80 100
qT [GeV]

0.9

1.0

1.1

R
a
ti
o

to
C

S
S

<latexit sha1_base64="6BCqK8hd0xLcfHqEu77D+FMrmG4="></latexit>

d�

dqT
⇠ H(Q)S(Q,µb) [C(µb) ⌦ f(µb)]

2

“Resummation scheme” dependence: freedom to redefine each factor



12

Resummed predictions of the transverse momentum
distribution of Drell–Yan lepton pairs in proton-proton

collisions at the LHC

Insert your name and institutional addressa

aWorld

Abstract

Placeholder
Keywords: Drell–Yan, Resummation, LHC

Contents

1 Introduction 2

2 Resummation formalism 3

3 Setup for benchmark predictions 4
3.1 Level 1 predictions . . . . . . . . . . . . . . . . . . . . . . . . . 4
3.2 Level 2 predictions . . . . . . . . . . . . . . . . . . . . . . . . . 4
3.3 Level 3 predictions . . . . . . . . . . . . . . . . . . . . . . . . . 4

4 Results for level 1 predictions 5
4.1 Landau pole regularization . . . . . . . . . . . . . . . . . . . . . 5
4.2 Resummation scheme . . . . . . . . . . . . . . . . . . . . . . . . 5
4.3 PDF evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

5 Results for level 2 predictions 6
5.1 Modified logarithms . . . . . . . . . . . . . . . . . . . . . . . . . 6
5.2 Perturbative scale variations . . . . . . . . . . . . . . . . . . . . 6

⇤Corresponding authors

Tuesday 15th June, 2021

6 Results for level 3 predictions 7
6.1 Fixed order predictions . . . . . . . . . . . . . . . . . . . . . . . 7
6.2 Perturbative scale variations . . . . . . . . . . . . . . . . . . . . 7
6.3 Matching uncertainties . . . . . . . . . . . . . . . . . . . . . . . 7
6.4 Heavy quark thresholds . . . . . . . . . . . . . . . . . . . . . . . 7

7 Non-perturbative contributions 8

8 Summary 9

Appendix A Description of resummation codes 10
Appendix A.1 ArTeMiDe . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.2 Cute-MCFM . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.3 DYRes/DYTURBO . . . . . . . . . . . . . . . . . . 10
Appendix A.4 NangaParbat . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.5 RadISH . . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.6 Resbos 2 . . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.7 reSolve . . . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.8 SCETLib . . . . . . . . . . . . . . . . . . . . . . . 10

1. Introduction1

2

Structure of  Yellow Report



12

Resummed predictions of the transverse momentum
distribution of Drell–Yan lepton pairs in proton-proton

collisions at the LHC

Insert your name and institutional addressa

aWorld

Abstract

Placeholder
Keywords: Drell–Yan, Resummation, LHC

Contents

1 Introduction 2

2 Resummation formalism 3

3 Setup for benchmark predictions 4
3.1 Level 1 predictions . . . . . . . . . . . . . . . . . . . . . . . . . 4
3.2 Level 2 predictions . . . . . . . . . . . . . . . . . . . . . . . . . 4
3.3 Level 3 predictions . . . . . . . . . . . . . . . . . . . . . . . . . 4

4 Results for level 1 predictions 5
4.1 Landau pole regularization . . . . . . . . . . . . . . . . . . . . . 5
4.2 Resummation scheme . . . . . . . . . . . . . . . . . . . . . . . . 5
4.3 PDF evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

5 Results for level 2 predictions 6
5.1 Modified logarithms . . . . . . . . . . . . . . . . . . . . . . . . . 6
5.2 Perturbative scale variations . . . . . . . . . . . . . . . . . . . . 6

⇤Corresponding authors

Tuesday 15th June, 2021

6 Results for level 3 predictions 7
6.1 Fixed order predictions . . . . . . . . . . . . . . . . . . . . . . . 7
6.2 Perturbative scale variations . . . . . . . . . . . . . . . . . . . . 7
6.3 Matching uncertainties . . . . . . . . . . . . . . . . . . . . . . . 7
6.4 Heavy quark thresholds . . . . . . . . . . . . . . . . . . . . . . . 7

7 Non-perturbative contributions 8

8 Summary 9

Appendix A Description of resummation codes 10
Appendix A.1 ArTeMiDe . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.2 Cute-MCFM . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.3 DYRes/DYTURBO . . . . . . . . . . . . . . . . . . 10
Appendix A.4 NangaParbat . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.5 RadISH . . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.6 Resbos 2 . . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.7 reSolve . . . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.8 SCETLib . . . . . . . . . . . . . . . . . . . . . . . 10

1. Introduction1

2

Level 2 
Still only resummed piece, no NP, no lepton cuts 

Modified logs  (or equivalent)  

Choose own scales (i.e. ) 

Scale variation: hard, since it requires a careful 
“mapping” of  different scales in different formalisms

L = log(Q2b2 /b2
0 + 1)

μres = mZ /2, mZ, …

Structure of  Yellow Report



13

Level 2 - Scale variation



13

Level 2 - Scale variation
Several sources of  theoretical uncertainties

Estimate through scale variation, BUT:



13

Level 2 - Scale variation
Several sources of  theoretical uncertainties

Estimate through scale variation, BUT:

PB &  - resummation: qT μr, μf , μres



13

Level 2 - Scale variation
Several sources of  theoretical uncertainties

Estimate through scale variation, BUT:

PB &  - resummation: qT μr, μf , μres

TMD:  (effectively reduce to 2 in DY case) (μ0, ζ0) → (μ, ζ)



13

Level 2 - Scale variation
Several sources of  theoretical uncertainties

Estimate through scale variation, BUT:

PB &  - resummation: qT μr, μf , μres

TMD:  (effectively reduce to 2 in DY case) (μ0, ζ0) → (μ, ζ)

SCET:  for each of  the  functions(μi, νi) → (μf , νf ) B, H, S



13

Level 2 - Scale variation
Several sources of  theoretical uncertainties

Estimate through scale variation, BUT:

PB &  - resummation: qT μr, μf , μres

TMD:  (effectively reduce to 2 in DY case) (μ0, ζ0) → (μ, ζ)

SCET:  for each of  the  functions(μi, νi) → (μf , νf ) B, H, S

Each scale has its own “central” value

How to compare different scale variations in different formalisms?



Example: TMD vs.  scalesqT



The factorisation scale μF present in  resummation is absent in 
the TMD formalism:

qT

Example: TMD vs.  scalesqT



The factorisation scale μF present in  resummation is absent in 
the TMD formalism:

qT

TMD: PDFs are computed at the low scale μ0 (varied around μb)

Example: TMD vs.  scalesqT



The factorisation scale μF present in  resummation is absent in 
the TMD formalism:

qT

TMD: PDFs are computed at the low scale μ0 (varied around μb)

 - res.: PDFs are evolved from exactly μb up to μF (varied around Q)qT

Example: TMD vs.  scalesqT



The factorisation scale μF present in  resummation is absent in 
the TMD formalism:

qT

TMD: PDFs are computed at the low scale μ0 (varied around μb)

 - res.: PDFs are evolved from exactly μb up to μF (varied around Q)qT

variations of  μ0 are typically much larger than variations of  μF because 
at the energies relevant to the benchmark αs(μ0) ≫ αs(μF)

Example: TMD vs.  scalesqT



The factorisation scale μF present in  resummation is absent in 
the TMD formalism:

qT

TMD: PDFs are computed at the low scale μ0 (varied around μb)

 - res.: PDFs are evolved from exactly μb up to μF (varied around Q)qT

variations of  μ0 are typically much larger than variations of  μF because 
at the energies relevant to the benchmark αs(μ0) ≫ αs(μF)

A careful (and not trivial) comparison of  the Sudakov integral in the 
two formalisms suggests that the renormalisation scale μR in  
resummation is to be (partly) identified with the scale μ in the TMD 
formalism

qT

Example: TMD vs.  scalesqT



Example: TMD vs.  scalesqT



Example: TMD vs.  scalesqT
In  - resummation, the Sudakov is computed analytically and written in terms of  
the functions gn:

qT

Z Q

µb

dµ0

µ0


A(↵s(µ

0)) ln

✓
Q

µ0

◆
+ B(↵s(µ

0))

�
= Lg0(↵sL) +

1X

n=1

↵n�1
s gn(↵sL)

= Lg0(↵sL) +
kX

n=1

↵n�1
s gn(↵sL) + O(↵k+n

s Ln)

<latexit sha1_base64="z8Xuc7TFPdEkSRJNtV7+HiGvaR0="></latexit>



Example: TMD vs.  scalesqT
In  - resummation, the Sudakov is computed analytically and written in terms of  
the functions gn:

qT

Z Q

µb

dµ0

µ0


A(↵s(µ

0)) ln

✓
Q

µ0

◆
+ B(↵s(µ

0))

�
= Lg0(↵sL) +

1X

n=1

↵n�1
s gn(↵sL)

= Lg0(↵sL) +
kX

n=1

↵n�1
s gn(↵sL) + O(↵k+n

s Ln)

<latexit sha1_base64="z8Xuc7TFPdEkSRJNtV7+HiGvaR0="></latexit>

The series in the r.h.s. is truncated according to the log accuracy and the   resummation scale  is introduced as follows: 
      The explicit  dependence gives an estimate of  missing subleading logs

μres

μres

L = ln ( Q
μb ) = ln ( μres

μb ) + ln ( Q
μres )



Example: TMD vs.  scalesqT

If  the Sudakov is computed exactly, no resummation scale appears: 

this is what we do in NangaParbat by computing the integral numerically 

therefore, we have no resummation scale dependence

In  - resummation, the Sudakov is computed analytically and written in terms of  
the functions gn:

qT

Z Q

µb

dµ0

µ0


A(↵s(µ

0)) ln

✓
Q

µ0

◆
+ B(↵s(µ

0))

�
= Lg0(↵sL) +

1X

n=1

↵n�1
s gn(↵sL)

= Lg0(↵sL) +
kX

n=1

↵n�1
s gn(↵sL) + O(↵k+n

s Ln)

<latexit sha1_base64="z8Xuc7TFPdEkSRJNtV7+HiGvaR0="></latexit>

The series in the r.h.s. is truncated according to the log accuracy and the   resummation scale  is introduced as follows: 
      The explicit  dependence gives an estimate of  missing subleading logs

μres

μres

L = ln ( Q
μb ) = ln ( μres

μb ) + ln ( Q
μres )



Estimate of  uncertainties



Theoretical uncertainty estimate on N3LL:
Estimate of  uncertainties



Theoretical uncertainty estimate on N3LL:
estimate of  subleading logarithmic corrections by including N4LL corrections 
in the Sudakov (mimicking resummation scale variations),

Estimate of  uncertainties



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,μr μf

Estimate of  uncertainties



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,μr μf

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

[G. Das, S.-O. Moch, A. Vogt, arXiv:1912.12920]

[A. Bacchetta et al., arXiv:1912.07550]

Estimate of  uncertainties



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,μr μf

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

[G. Das, S.-O. Moch, A. Vogt, arXiv:1912.12920]

[A. Bacchetta et al., arXiv:1912.07550]

Estimate of  uncertainties

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



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,μr μf

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

[G. Das, S.-O. Moch, A. Vogt, arXiv:1912.12920]

[A. Bacchetta et al., arXiv:1912.07550]

Estimate of  uncertainties

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



18

Resummed predictions of the transverse momentum
distribution of Drell–Yan lepton pairs in proton-proton

collisions at the LHC

Insert your name and institutional addressa

aWorld

Abstract

Placeholder
Keywords: Drell–Yan, Resummation, LHC

Contents

1 Introduction 2

2 Resummation formalism 3

3 Setup for benchmark predictions 4
3.1 Level 1 predictions . . . . . . . . . . . . . . . . . . . . . . . . . 4
3.2 Level 2 predictions . . . . . . . . . . . . . . . . . . . . . . . . . 4
3.3 Level 3 predictions . . . . . . . . . . . . . . . . . . . . . . . . . 4

4 Results for level 1 predictions 5
4.1 Landau pole regularization . . . . . . . . . . . . . . . . . . . . . 5
4.2 Resummation scheme . . . . . . . . . . . . . . . . . . . . . . . . 5
4.3 PDF evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

5 Results for level 2 predictions 6
5.1 Modified logarithms . . . . . . . . . . . . . . . . . . . . . . . . . 6
5.2 Perturbative scale variations . . . . . . . . . . . . . . . . . . . . 6

⇤Corresponding authors

Tuesday 15th June, 2021

6 Results for level 3 predictions 7
6.1 Fixed order predictions . . . . . . . . . . . . . . . . . . . . . . . 7
6.2 Perturbative scale variations . . . . . . . . . . . . . . . . . . . . 7
6.3 Matching uncertainties . . . . . . . . . . . . . . . . . . . . . . . 7
6.4 Heavy quark thresholds . . . . . . . . . . . . . . . . . . . . . . . 7

7 Non-perturbative contributions 8

8 Summary 9

Appendix A Description of resummation codes 10
Appendix A.1 ArTeMiDe . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.2 Cute-MCFM . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.3 DYRes/DYTURBO . . . . . . . . . . . . . . . . . . 10
Appendix A.4 NangaParbat . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.5 RadISH . . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.6 Resbos 2 . . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.7 reSolve . . . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.8 SCETLib . . . . . . . . . . . . . . . . . . . . . . . 10

1. Introduction1

2

Structure of  Yellow Report



18

Resummed predictions of the transverse momentum
distribution of Drell–Yan lepton pairs in proton-proton

collisions at the LHC

Insert your name and institutional addressa

aWorld

Abstract

Placeholder
Keywords: Drell–Yan, Resummation, LHC

Contents

1 Introduction 2

2 Resummation formalism 3

3 Setup for benchmark predictions 4
3.1 Level 1 predictions . . . . . . . . . . . . . . . . . . . . . . . . . 4
3.2 Level 2 predictions . . . . . . . . . . . . . . . . . . . . . . . . . 4
3.3 Level 3 predictions . . . . . . . . . . . . . . . . . . . . . . . . . 4

4 Results for level 1 predictions 5
4.1 Landau pole regularization . . . . . . . . . . . . . . . . . . . . . 5
4.2 Resummation scheme . . . . . . . . . . . . . . . . . . . . . . . . 5
4.3 PDF evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

5 Results for level 2 predictions 6
5.1 Modified logarithms . . . . . . . . . . . . . . . . . . . . . . . . . 6
5.2 Perturbative scale variations . . . . . . . . . . . . . . . . . . . . 6

⇤Corresponding authors

Tuesday 15th June, 2021

6 Results for level 3 predictions 7
6.1 Fixed order predictions . . . . . . . . . . . . . . . . . . . . . . . 7
6.2 Perturbative scale variations . . . . . . . . . . . . . . . . . . . . 7
6.3 Matching uncertainties . . . . . . . . . . . . . . . . . . . . . . . 7
6.4 Heavy quark thresholds . . . . . . . . . . . . . . . . . . . . . . . 7

7 Non-perturbative contributions 8

8 Summary 9

Appendix A Description of resummation codes 10
Appendix A.1 ArTeMiDe . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.2 Cute-MCFM . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.3 DYRes/DYTURBO . . . . . . . . . . . . . . . . . . 10
Appendix A.4 NangaParbat . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.5 RadISH . . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.6 Resbos 2 . . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.7 reSolve . . . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.8 SCETLib . . . . . . . . . . . . . . . . . . . . . . . 10

1. Introduction1

2

Structure of  Yellow Report
Level 3

matching with fixed order (full  - spectrum) qT

Each group uses its own matching formalisms

Introduce matching uncertainty in addition to 
perturbative ones

Still a (lot of) work in progress…



18

Resummed predictions of the transverse momentum
distribution of Drell–Yan lepton pairs in proton-proton

collisions at the LHC

Insert your name and institutional addressa

aWorld

Abstract

Placeholder
Keywords: Drell–Yan, Resummation, LHC

Contents

1 Introduction 2

2 Resummation formalism 3

3 Setup for benchmark predictions 4
3.1 Level 1 predictions . . . . . . . . . . . . . . . . . . . . . . . . . 4
3.2 Level 2 predictions . . . . . . . . . . . . . . . . . . . . . . . . . 4
3.3 Level 3 predictions . . . . . . . . . . . . . . . . . . . . . . . . . 4

4 Results for level 1 predictions 5
4.1 Landau pole regularization . . . . . . . . . . . . . . . . . . . . . 5
4.2 Resummation scheme . . . . . . . . . . . . . . . . . . . . . . . . 5
4.3 PDF evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

5 Results for level 2 predictions 6
5.1 Modified logarithms . . . . . . . . . . . . . . . . . . . . . . . . . 6
5.2 Perturbative scale variations . . . . . . . . . . . . . . . . . . . . 6

⇤Corresponding authors

Tuesday 15th June, 2021

6 Results for level 3 predictions 7
6.1 Fixed order predictions . . . . . . . . . . . . . . . . . . . . . . . 7
6.2 Perturbative scale variations . . . . . . . . . . . . . . . . . . . . 7
6.3 Matching uncertainties . . . . . . . . . . . . . . . . . . . . . . . 7
6.4 Heavy quark thresholds . . . . . . . . . . . . . . . . . . . . . . . 7

7 Non-perturbative contributions 8

8 Summary 9

Appendix A Description of resummation codes 10
Appendix A.1 ArTeMiDe . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.2 Cute-MCFM . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.3 DYRes/DYTURBO . . . . . . . . . . . . . . . . . . 10
Appendix A.4 NangaParbat . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.5 RadISH . . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.6 Resbos 2 . . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.7 reSolve . . . . . . . . . . . . . . . . . . . . . . . . . 10
Appendix A.8 SCETLib . . . . . . . . . . . . . . . . . . . . . . . 10

1. Introduction1

2

Structure of  Yellow Report
Level 3

matching with fixed order (full  - spectrum) qT

Each group uses its own matching formalisms

Introduce matching uncertainty in addition to 
perturbative ones

Still a (lot of) work in progress…

Bonus track: Level 3.5! 
Contribution of  intrinsic-  (TMD only)  
(Pseudo-data fit?)

kT



Impact on DY data @ LHC

19

0.03

0.04

0.05

0.06

1 æ

d
æ

d
q

T
[1

/
G

eV
]

p
s = 8 TeV

66 GeV < Q < 116 GeV

1.6 < |y| < 2

pT,` > 20 GeV, |¥`| < 2.4

ATLAS data

N3LL w/o N.P.

N3LL + PV19

0 2 4 6 8 10 12
qT [GeV]

1.0

1.1

R
a
ti
o

to
D

a
ta



Impact on DY data @ LHC

19

0.03

0.04

0.05

0.06

1 æ

d
æ

d
q

T
[1

/
G

eV
]

p
s = 8 TeV

66 GeV < Q < 116 GeV

1.6 < |y| < 2

pT,` > 20 GeV, |¥`| < 2.4

ATLAS data

N3LL w/o N.P.

N3LL + PV19

0 2 4 6 8 10 12
qT [GeV]

1.0

1.1

R
a
ti
o

to
D

a
ta

4

5

6

d
æ

d
q

T
[p

b
/
G

eV
]

p
s = 8 TeV

60 GeV < Q < 120 GeV

2 < y < 4.5

pT,` > 20 GeV, 2 < ¥` < 4.5

N3LL

LHCb data

0 2 4 6 8 10
qT [GeV]

0.9

1.0

1.1

R
a
ti
o

[PV19 fit]

0

10

20

30

d
æ

d
q

T

p
s = 13 TeV, 76 GeV < M`` < 106 GeV

CMS 2019 data

N3LL + PV19

100 101 102

qT [GeV]

0.8

1.0

1.2

R
a
ti
o

to
D

a
ta



Impact on DY data @ LHC

19

0.03

0.04

0.05

0.06

1 æ

d
æ

d
q

T
[1

/
G

eV
]

p
s = 8 TeV

66 GeV < Q < 116 GeV

1.6 < |y| < 2

pT,` > 20 GeV, |¥`| < 2.4

ATLAS data

N3LL w/o N.P.

N3LL + PV19

0 2 4 6 8 10 12
qT [GeV]

1.0

1.1

R
a
ti
o

to
D

a
ta

4

5

6

d
æ

d
q

T
[p

b
/
G

eV
]

p
s = 8 TeV

60 GeV < Q < 120 GeV

2 < y < 4.5

pT,` > 20 GeV, 2 < ¥` < 4.5

N3LL

LHCb data

0 2 4 6 8 10
qT [GeV]

0.9

1.0

1.1

R
a
ti
o

[PV19 fit]

0

10

20

30

d
æ

d
q

T

p
s = 13 TeV, 76 GeV < M`` < 106 GeV

CMS 2019 data

N3LL + PV19

100 101 102

qT [GeV]

0.8

1.0

1.2

R
a
ti
o

to
D

a
ta

Very good agreement in the TMD region



What we need



What we need

Perturbation
 theory breaking
and resonances



What we need

Old
fixed-target data

Perturbation
 theory breaking
and resonances



What we need

Precise data
from the LHC
and Tevatron

Old
fixed-target data

Perturbation
 theory breaking
and resonances



What we need

Precise data
from the LHC
and Tevatron

Less precise data
from the LHC that
extends to low qT

Old
fixed-target data

Perturbation
 theory breaking
and resonances



What we need

Precise data
from the LHC
and Tevatron

Less precise data
from the LHC that
extends to low qT

Old
fixed-target data

Perturbation
 theory breaking
and resonances

No low-qT data here  
but would be very

 welcome!

?



What we need

Precise data
from the LHC
and Tevatron

Less precise data
from the LHC that
extends to low qT

Old
fixed-target data

Perturbation
 theory breaking
and resonances

No low-qT data here  
but would be very

 welcome!

?

May we hope to get  
good low-  data here?qT

?



What we need

Precise data
from the LHC
and Tevatron

Less precise data
from the LHC that
extends to low qT

Old
fixed-target data

Perturbation
 theory breaking
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No low-qT data here  
but would be very
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?

May we hope to get  
good low-  data here?qT

?

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



Challenging measurements

[ATLAS, 1512.02192]

<latexit sha1_base64="VU4FO2QQ/7giIb4zRYsXcXfPDgU="></latexit>

�⇤
⌘ = tan

✓
⇡ ���`

2

◆s

1� tanh2
✓
�⌘`
2

◆

[Banfi et al., 1009.1580]



Challenging measurements

[ATLAS, 1512.02192]

<latexit sha1_base64="VU4FO2QQ/7giIb4zRYsXcXfPDgU="></latexit>

�⇤
⌘ = tan

✓
⇡ ���`

2

◆s

1� tanh2
✓
�⌘`
2

◆

[Banfi et al., 1009.1580]

Only angles: insanely precise!



Challenging measurements

[ATLAS, 1512.02192]

<latexit sha1_base64="VU4FO2QQ/7giIb4zRYsXcXfPDgU="></latexit>

�⇤
⌘ = tan

✓
⇡ ���`

2

◆s

1� tanh2
✓
�⌘`
2

◆

[Banfi et al., 1009.1580]

Only angles: insanely precise!

ϕ*η ≈
qT

M

qT ≈ 0.1 1 10



Challenging measurements

[ATLAS, 1512.02192]

<latexit sha1_base64="VU4FO2QQ/7giIb4zRYsXcXfPDgU="></latexit>

�⇤
⌘ = tan

✓
⇡ ���`

2

◆s

1� tanh2
✓
�⌘`
2

◆

[Banfi et al., 1009.1580]

Only angles: insanely precise!

ϕ*η ≈
qT

M

definitely relevant for hadron 
structure

qT ≈ 0.1 1 10



Challenging measurements

[ATLAS, 1512.02192]

<latexit sha1_base64="VU4FO2QQ/7giIb4zRYsXcXfPDgU="></latexit>

�⇤
⌘ = tan

✓
⇡ ���`

2

◆s

1� tanh2
✓
�⌘`
2

◆

[Banfi et al., 1009.1580]

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 ϕ*η
x, Q2

qT ≈ 0.1 1 10



W mass measurements



W mass measurements
   resummation + intrinsic-pTl ← qTW ← kT



W mass measurements

Tuning and validation with Z pT data
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Tuning of αs and intrinsic kT 

POWHEGPythia gives the best 
description after tuning and is 
therefore the basis of our central 
model.

⚠Would the resulting predictions of 
W pT distribution be reliable?

DYTurbo (at N2LL+N2LO) does OK out-of-
the-box for pT < 30 GeV.

Varied success with the event generators, 
but they can still be tuned…

[M.Vesterinen, CERN seminar, June 2021]

   resummation + intrinsic-pTl ← qTW ← kT

All analyses assume flavour-independence
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FIG. 5: Shifts induced on mW by the choice of di↵erent PDF sets, obtained through a template-fit performed on the
transverse mass mT (left) and the lepton pT (right) observables (figure from Ref. [39]).

In order to estimate the impact of the flavour dependence, it is necessary to first identify the “Z-equivalent”
sets of parameters, i.e., those sets in agreement with the Z transverse momentum distribution measured at hadron
colliders. To this extent:

• a single flavour-independent (i.e., using a version of Eq. (6) without a-dependence) qT -spectrum for the Z
boson is produced based on the parameters presented in Ref. [22];

• each bin of this flavour-independent spectrum is assigned an uncertainty equal to the one quoted by the CDF

and ATLAS experiments;

• several flavour-dependent sets for ga in Eq. (6) are generated randomly within a variation range consistent
with the information obtained in previous TMD fits (in particular, taking into account the estimate for the
flavour-independent contribution to the non-perturbative part of the evolution obtained in Ref. [22]);

• a flavour-dependent set is defined “Z-equivalent” if the associated qT spectrum for the Z has a ��2
 1 with

respect to one generated by the flavour-independent set.

The flavour-dependent sets for CDF and ATLAS who pass this filter are treated as the pseudodata of the template-fit
procedure, while the flavour-independent one is used for the generation of the templates at high statistics. The
number of events corresponds to 135M for the pseudodata and 750M for the templates. Only 9 sets out of the 30
ones which are “Z-equivalent” both with respect to CDF and ATLAS uncertainties have been investigated. The values
of the flavour-dependent parameters for each set are given in Tab. II. A summary of the shifts obtained through
this procedure is given in Tab. III.

Set uv dv us ds s
1 0.34 0.26 0.46 0.59 0.32
2 0.34 0.46 0.56 0.32 0.51
3 0.55 0.34 0.33 0.55 0.30
4 0.53 0.49 0.37 0.22 0.52
5 0.42 0.38 0.29 0.57 0.27
6 0.40 0.52 0.46 0.54 0.21
7 0.22 0.21 0.40 0.46 0.49
8 0.53 0.31 0.59 0.54 0.33
9 0.46 0.46 0.58 0.40 0.28

TABLE II: Values of the gaNP parameter in Eq. 6 for the flavours a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

The statistical uncertainty of the template-fit procedure has been estimated by considering statistically equivalent
those templates for which ��2 = �2

��2
min  1. Overall, the quoted statistical uncertainty on the results in Tab. III

is ±2.5 MeV.
Being the transverse mass mildly sensitive to the modeling of the W± transverse momentum, the corresponding

shifts are compatible with zero considering the statistical uncertainty of the template-fit procedure. On the contrary,

flavour-dependent widthsflavour-dependent widths
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• a single flavour-independent (i.e., using a version of Eq. (6) without a-dependence) qT -spectrum for the Z
boson is produced based on the parameters presented in Ref. [22];

• each bin of this flavour-independent spectrum is assigned an uncertainty equal to the one quoted by the CDF

and ATLAS experiments;

• several flavour-dependent sets for ga in Eq. (6) are generated randomly within a variation range consistent
with the information obtained in previous TMD fits (in particular, taking into account the estimate for the
flavour-independent contribution to the non-perturbative part of the evolution obtained in Ref. [22]);

• a flavour-dependent set is defined “Z-equivalent” if the associated qT spectrum for the Z has a ��2
 1 with

respect to one generated by the flavour-independent set.

The flavour-dependent sets for CDF and ATLAS who pass this filter are treated as the pseudodata of the template-fit
procedure, while the flavour-independent one is used for the generation of the templates at high statistics. The
number of events corresponds to 135M for the pseudodata and 750M for the templates. Only 9 sets out of the 30
ones which are “Z-equivalent” both with respect to CDF and ATLAS uncertainties have been investigated. The values
of the flavour-dependent parameters for each set are given in Tab. II. A summary of the shifts obtained through
this procedure is given in Tab. III.

Set uv dv us ds s
1 0.34 0.26 0.46 0.59 0.32
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3 0.55 0.34 0.33 0.55 0.30
4 0.53 0.49 0.37 0.22 0.52
5 0.42 0.38 0.29 0.57 0.27
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TABLE II: Values of the gaNP parameter in Eq. 6 for the flavours a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

The statistical uncertainty of the template-fit procedure has been estimated by considering statistically equivalent
those templates for which ��2 = �2
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min  1. Overall, the quoted statistical uncertainty on the results in Tab. III

is ±2.5 MeV.
Being the transverse mass mildly sensitive to the modeling of the W± transverse momentum, the corresponding

shifts are compatible with zero considering the statistical uncertainty of the template-fit procedure. On the contrary,

flavour-dependent widthsflavour-dependent widths

[Bacchetta et al., 1807.02101]

shifts in MW±

from pT lep distributions
ΔMW±

LHC 13 TeV
LHCb kinematic cuts
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1

�MW+ �MW�

Set mT pT ` pT⌫ mT pT ` pT⌫

1 0 -1 -2 -2 3 -3

2 0 -6 0 -2 0 -5

3 -1 9 0 -2 -4 -10

4 0 0 -2 -2 -4 -10

5 0 4 1 -1 -3 -6

6 1 0 2 -1 4 -4

7 2 -1 2 -1 0 -8

8 0 2 8 1 7 8

9 0 4 -3 -1 0 7

TABLE I: ATLAS 7 TeV

�MW+ �MW�

Set mT pT ` pT⌫ mT pT ` pT⌫

1 -1 -5 7 -1 -3 8

2 -1 -15 6 0 5 10

3 -1 1 8 -1 -7 5

4 -1 -15 6 0 -4 5

5 -1 -4 6 -1 -7 5

6 -1 -5 7 0 2 9

7 -1 -15 6 -1 -6 5

8 -1 0 8 0 3 10

9 -1 -7 7 0 4 10

TABLE II: LHCb 13 TeV

W mass shifts
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Let us start from CSS factorisation:
Resummation scheme

<latexit sha1_base64="6BCqK8hd0xLcfHqEu77D+FMrmG4="></latexit>

d�

dqT
⇠ H(Q)S(Q,µb) [C(µb) ⌦ f(µb)]

2

Arbitrary “perturbative” function:
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Choosing  defines the Catani-de Florian-Grazzini (CdFG) scheme:h = H
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TMD factorisation allows one to obtain the evolution equations:

TMD scale variations

To solve these equations we need to fix two pairs of  (i.e. four) scales: 

initial scales: 

final scales:

8
>>>><
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d lnF
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8
>>>><
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d lnµ
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The solution is unique and reads:

(µ0, ⇣0)
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The question is: how do we choose these four scales?
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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 (within a reasonable range) give an estimate of  HO corrs. 

In TMD factorisation (qT ≪ Q) 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:

µ0 =
p

⇣0 =
2e��E

bT
⌘ µb and µ =

p
⇣ = Q
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µ0 = C(1)
i µb,

p
⇣0 = C(2)

i µb, µ = C(1)
f Q,

p
⇣ = C(2)

f Q,
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µ0 ⇠
p

⇣0 ⇠ qT ⇠ b�1
T
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µ ⇠
p

⇣ ⇠ Q
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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
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It is easy to see that:

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

we choose ζ1 = ζ2 = Q2 but any other choice such that ζ1ζ2 = Q4 is identical. 

In addition, in NangaParbat we have chosen to set 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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f(⇣1⇣2) = f(Q4)
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