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Digging into the deep 
infrared with TMDs
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How deep can we probe QCD?

IR-safe Fixed-order

Resummation

Transition Region

Deep 

InfraRed

≈ 100 𝐺𝑒𝑉

≈ 4 − 6 𝐺𝑒𝑉

≈ 1 − 2 𝐺𝑒𝑉

≈ 300 − 400 𝑀𝑒𝑉

Energy scale

Perturbative QCD

Poor convergence of 

perturbative QCD; 

non-perturbative effects 

likely relevant.

Non-perturbative QCD

Which 
observables 
allow us to probe 
the Deep IR?
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IR-safe Fixed-order

Resummation

Transition Region

Deep 

InfraRed

≈ 100 𝐺𝑒𝑉

≈ 4 − 6 𝐺𝑒𝑉

≈ 1 − 2 𝐺𝑒𝑉

≈ 300 − 400 𝑀𝑒𝑉

Energy scale

𝑑 𝜎

𝑑 𝑥 𝑑 𝑄2
=෍

𝑗
න
𝑥

1𝑑 𝜉

𝜉

𝑑 ො𝜎𝑗

𝑑 𝜉 𝑑 𝑄2
𝑓𝑗/ ℎ(𝑥/ 𝜉, 𝑄)

Proton (longitudinal) 
Structure probed at scale 𝑄

= 𝐶𝑗
0
𝜉 + 𝛼𝑆 𝑄 𝐶𝑗

1
𝜉 +⋯

How deep can we probe QCD? 
Deep Inelastic Scattering
(and in general, collinear factorization)
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IR-safe Fixed-order

Resummation

Transition Region

Deep 

InfraRed

≈ 100 𝐺𝑒𝑉

Energy scale

Proton (longitudinal) 
Structure probed up to scale 𝑄0

How deep can we probe QCD? 
Deep Inelastic Scattering
(and in general, collinear factorization)

𝑓𝑗/ ℎ 𝑧, 𝑄 =෍

𝑘

න
𝑧

1𝑑 𝜉

𝜉
𝐸𝑗/ 𝑘
𝐷𝐺𝐿𝐴𝑃 𝛼𝑆 𝑄 , 𝛼𝑆 𝑄0 , 𝜉 𝑓𝑘/ ℎ(𝑧/ 𝜉, 𝑄0)

As low as 𝑄0 is large enough to not 
violate collinear factorization ≈ 300 − 400 𝑀𝑒𝑉

≈ 4 − 6 𝐺𝑒𝑉

≈ 1 − 2 𝐺𝑒𝑉
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IR-safe Fixed-order

Resummation

Transition Region

Deep 

InfraRed

≈ 100 𝐺𝑒𝑉

≈ 4 − 6 𝐺𝑒𝑉

≈ 1 − 2 𝐺𝑒𝑉

Energy scale
How deep can we probe QCD? 
Thrust distribution
(and in general, event-shape observables)

≈ 300 − 400 𝑀𝑒𝑉

𝑑 𝜎

𝑑 𝜏 𝑑 𝑄2 = ෍

𝑗

𝐻𝑗 ҧ𝑗 𝛼𝑆 𝑄 න
𝑑 𝑢

2 𝜋 𝑖
𝑒𝑢 𝜏

× 𝐽𝑗 𝛼𝑆 𝑄/ |𝑢| , 𝛼𝑆 𝑄 𝑆 𝛼𝑆 𝑄/|𝑢| , 𝛼𝑆 𝑄

Dominated by |𝑢| ≈ 1/𝜏

× 𝐽 ҧ𝑗 𝛼𝑆 𝑄/ |𝑢| , 𝛼𝑆 𝑄
Strong coupling probed 
in the Deep InfraRed 

As low as 𝜏 goes!

𝐽𝑗

𝐽 ҧ𝑗

𝑆
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IR-safe Fixed-order

Resummation

Transition Region

Deep 

InfraRed

≈ 100 𝐺𝑒𝑉

≈ 4 − 6 𝐺𝑒𝑉

≈ 1 − 2 𝐺𝑒𝑉

Energy scale
How deep can we probe QCD? 
Thrust distribution
(and in general, event-shape observables)

≈ 300 − 400 𝑀𝑒𝑉

𝑑 𝜎

𝑑 𝜏 𝑑 𝑄2 = ෍

𝑗

𝐻𝑗 ҧ𝑗 𝛼𝑆 𝑄 න
𝑑 𝑢

2 𝜋 𝑖
𝑒𝑢 𝜏

× 𝐽𝑗 𝛼𝑆 𝑄/ |𝑢| , 𝛼𝑆 𝑄 𝑆 𝛼𝑆 𝑄/|𝑢| , 𝛼𝑆 𝑄

× 𝐽 ҧ𝑗 𝛼𝑆 𝑄/ |𝑢| , 𝛼𝑆 𝑄

It requires a Deep IR (phenomenological) model 

for the strong coupling for analytical extension

below 1-2 GeVs

Dominated by |𝑢| ≈ 1/𝜏
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IR-safe Fixed-order

Resummation

Transition Region

Deep 

InfraRed

≈ 100 𝐺𝑒𝑉

≈ 4 − 6 𝐺𝑒𝑉

≈ 1 − 2 𝐺𝑒𝑉

Energy scale
How deep can we probe QCD? 
TMD observables
(DY, SIDIS, 𝑒+𝑒− annihilation at small 𝑞𝑇)

≈ 300 − 400 𝑀𝑒𝑉

× ෨𝐹𝑗 𝛼𝑆 1/𝑏𝑇 , 𝛼𝑆 𝑄 ; 𝑓𝑗(𝑥1, 1/𝑏𝑇) ෨𝐹 ҧ𝑗 𝛼𝑆 1/𝑏𝑇 , 𝛼𝑆 𝑄 ; 𝑓 ҧ𝑗(𝑥2, 1/𝑏𝑇)

𝑑 𝜎

𝑑 𝑞𝑇 𝑑 𝑄
2 = ෍

𝑗

𝐻𝑗 ҧ𝑗 𝛼𝑆 𝑄 න
𝑑2 𝑏𝑇
2 𝜋 2 𝑒

𝑖𝑏𝑇∙𝑞𝑇

Strong coupling and PDFs 
probed in the Deep InfraRed 

Dominated by 𝑞𝑇 ≈ 1/𝑏𝑇

As low as 𝑞𝑇 goes!

≈ 1 − 2 𝐺𝑒𝑉
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IR-safe Fixed-order

Resummation

Transition Region

Deep 

InfraRed

≈ 100 𝐺𝑒𝑉

≈ 4 − 6 𝐺𝑒𝑉

≈ 1 − 2 𝐺𝑒𝑉

Energy scale
How deep can we probe QCD? 
TMD observables
(DY, SIDIS, 𝑒+𝑒− annihilation at small 𝑞𝑇)

≈ 300 − 400 𝑀𝑒𝑉

× ෨𝐹𝑗 𝛼𝑆 1/𝑏𝑇 , 𝛼𝑆 𝑄 ; 𝑓𝑗(𝑥1, 1/𝑏𝑇) ෨𝐹 ҧ𝑗 𝛼𝑆 1/𝑏𝑇 , 𝛼𝑆 𝑄 ; 𝑓 ҧ𝑗(𝑥2, 1/𝑏𝑇)

𝑑 𝜎

𝑑 𝑞𝑇 𝑑 𝑄
2 = ෍

𝑗

𝐻𝑗 ҧ𝑗 𝛼𝑆 𝑄 න
𝑑2 𝑏𝑇
2 𝜋 2 𝑒

𝑖𝑏𝑇∙𝑞𝑇

Dominated by 𝑞𝑇 ≈ 1/𝑏𝑇

≈ 1 − 2 𝐺𝑒𝑉

It requires a Deep IR (phenomenological) model 

for the strong coupling and for the PDFs for

analytical extension below 1-2 GeVs
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Transverse Momentum Dependent PDFs
Evolution equations:
o Renormalization group 𝜇
o Light-cone tilt (or rapidity regulator) 𝑦𝑛

Setting the reference scale to the natural choice 𝜇𝑏 = 𝑐1/𝑏𝑇

Collins-Soper kernel or 
rapidity anomalous dimension (RAD)

Associated with recoil of soft gluons

𝜕 log ෨𝐹𝑗(𝑥, 𝑏𝑇 , 𝜇, 𝑦𝑛)

𝜕log 𝜇
= 𝛾𝐹 𝑎𝑆 𝜇 , log 𝑄/𝜇 ± 𝑦𝑛

𝜕 log ෨𝐹𝑗(𝑥, 𝑏𝑇, 𝜇, 𝑦𝑛)

𝜕𝑦𝑛
= ±𝐾 𝑎𝑆 𝜇 , log(𝑏𝑇 𝜇/𝑐1)

𝑑𝐾 𝑎𝑆 𝜇 , log(𝑏𝑇 𝜇/𝑐1)

𝑑 log 𝜇
= −𝛾𝐾 𝑎𝑆(𝜇)

× 𝑒𝑥𝑝 log
𝑄

𝜇
± 𝑦𝑛 𝐾 𝑎𝑆 𝜇 , log(𝑏𝑇 𝜇/𝑐1)

෨𝐹𝑗 x, bT, 𝜇, 𝑦𝑛 = ෨𝐹𝑗 x, bT, 𝜇𝑏 , 𝜇𝑏
2 𝑒𝑥𝑝 log

𝜇

𝜇𝑏
𝐾 𝑎𝑆 𝜇𝑏 , 0 +න

𝜇𝑏

𝜇 𝑑 𝜇′

𝜇′
𝛾𝐹 𝑎𝑆 𝜇 , log 𝜇/𝜇′
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෨𝐹𝑗 x, bT, 𝑄, 𝑄
2

= ෨𝐹𝑗 x, bT, 𝜇𝑏, 𝜇𝑏
2 𝑒𝑥𝑝 log

𝑄

𝜇𝑏
𝐾 𝑎𝑆 𝜇𝑏 , 0 +න

𝑎𝑆(𝜇𝑏)

𝑎𝑆(𝑄) 𝑑 𝑎

2 𝛽𝑄𝐶𝐷(𝑎)
𝛾𝑓 𝑎 − 𝛾𝑘 𝑎 න

𝑎

𝑎𝑆(𝑄) 𝑑 𝑎′

2 𝛽𝑄𝐶𝐷(𝑎′)

𝑎𝑆 𝜇𝑏
2 𝛾𝑟

[1]
+⋯

𝑓𝑗 𝑥, 𝜇𝑏 + 𝑎𝑆(𝜇𝑏)න
𝑥

1𝑑 𝜉

𝜉
𝐶𝑗/𝑘
[1]

𝜉 𝑓𝑘
𝑥

𝜉
, 𝜇𝑏 +⋯

Valid approximations as long as 
𝑎𝑆 𝜇𝑏 is perturbative

It can be integrated analytically, provided 
that the integrand can be expanded in 
powers of 𝑎, which in turn is valid as long as
𝛼𝑆(𝜇𝑏) is perturbative

𝜇𝑏 ≳ 1 𝐺𝑒𝑉 bT ≲ 1 𝐺𝑒𝑉−1

We know the TMD up to around 1 𝐺𝑒𝑉−1

How far in 𝑏𝑇 can we push perturbative QCD?
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How to get back in transverse momentum space?

𝑏𝑇
1 𝐺𝑒𝑉−11/𝑄

Fixed-order Resummation Non-Perturbative

𝑘𝑇
1 𝐺𝑒𝑉 𝑄

Problem: in order to get back to 𝑞𝑇-space 
and compare with data, we need to 
integrate over the entire spectrum of 𝑏𝑇
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Standard approach

𝐹𝑗 𝑥, |𝒃𝑻|, 𝜇, 𝑦𝑛 = 𝐹𝑗 𝑥, |𝒃𝑻|
∗, 𝜇, 𝑦𝑛 ⊗𝐹𝑁𝑃 𝑥, 𝒃𝑻 , 𝑗 𝑒

−𝑔𝐾(|𝒃𝑻|)log
𝑄2𝑒−𝑦𝑛

𝜇

𝑏𝑚𝑎𝑥

|𝒃𝑻|

|𝒃𝑻|
∗ =

|𝒃𝑻|

1 +
|𝒃𝑻|

2

𝑏𝑚𝑎𝑥
2

For instance:

Black boxes that have to be 
determined by imposing 
agreement with data

Completely 
determined by 
perturbative QCD

≈ 1 𝐺𝑒𝑉−1

Standard hypothesis: the way the transition is implemented 
(how and where) is unphysical and should not affect the predictions.

The b* prescription (functional form and 𝑏𝑚𝑎𝑥 value) is fixed, not fitted

All efforts are 
dedicated to 
model and 
parametrize them
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Something is not working properly

ART25 

JHEP 11 (2025) 134 
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Impact of prescriptions

Data from E288 (130 pts) and E605 (50 pts) experiments:

TMD extraction performed at N2LL and with a simple NP ansatz:

We consider different 𝑏∗-prescriptions while keeping the same functional form for NP models.
• Different functional form:

• Different 𝑏𝑚𝑎𝑥:

Energy is low but "still perturbative".4 𝐺𝑒𝑉 ≤ 𝑄 ≤ 13.5 𝐺𝑒𝑉

2603.19088
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Impact of prescriptions

It seems that the arbitrariness of our choice just 
increases the uncertainty bands of the TMDs.
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Ambiguity at intermediate 𝑘𝑇

Constrained by data (fit)
See previous plot
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Ambiguity at intermediate 𝑘𝑇

Constrained by fixed-order (OPE)Constrained by data (fit)
See previous plot
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Ambiguity at intermediate 𝑘𝑇

Constrained by fixed-order (OPE)

Completely unconstrained in standard approach. 
Suspicious: resummation should do the job!

Constrained by data (fit)
See previous plot
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Postdicting high-energy data

19



Global fits mitigate but not solve the issue

The standard approach requires global fits:
• The low-energy data mainly constraint the NP region at very low 𝑘𝑇
• The high-energy data provide information about the intermediate region, helping to 

select the "proper prescription" at a given NP model.

Note that the global fit selects two “good” prescriptions.

Postdicting high-energy data
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The standard way to get back to 𝑘𝑇

𝑏𝑇
1 𝐺𝑒𝑉−11/𝑄

Fixed-order Resummation
NP black box 
(pheno model)

𝑘𝑇
1 𝐺𝑒𝑉 𝑄

Numeric Fourier 
inversion

Spill-over

Any prescription/model introduced in 𝑏𝑇 space 
in the standard way induces a hard to control 
effect in 𝑘𝑇 space. 

Pheno (global fits)
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A cleaner alternative

𝑏𝑇
1 𝐺𝑒𝑉−11/𝑄

Fixed-order Resummation Agnostic

𝑘𝑇
1 𝐺𝑒𝑉 𝑄

Analytic Fourier 
inversion (saddle point)

The inversion is performed without introducing 
anything by hand (no prescriptions, no models). 
The knowledge of TMDs from pQCD in 𝑏𝑇-space 
is mapped to a given accuracy in 𝑘𝑇-space 

Agnostic

LL

A.Simonelli

Eur.Phys.J.C 86 (2026) 3, 291
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A cleaner alternative

𝑏𝑇
1 𝐺𝑒𝑉−11/𝑄

Fixed-order Resummation Agnostic

𝑘𝑇
1 𝐺𝑒𝑉 𝑄

Analytic Fourier 
inversion (saddle point)

Agnostic

NLL

A.Simonelli

Eur.Phys.J.C 86 (2026) 3, 291

The inversion is performed without introducing 
anything by hand (no prescriptions, no models). 
The knowledge of TMDs from pQCD in 𝑏𝑇-space 
is mapped to a given accuracy in 𝑘𝑇-space 
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A cleaner alternative

𝑏𝑇
1 𝐺𝑒𝑉−11/𝑄

Fixed-order Resummation Agnostic

𝑘𝑇
1 𝐺𝑒𝑉 𝑄

Analytic Fourier 
inversion (saddle point)

Agnostic

NNLL

A.Simonelli

Eur.Phys.J.C 86 (2026) 3, 291

The inversion is performed without introducing 
anything by hand (no prescriptions, no models). 
The knowledge of TMDs from pQCD in 𝑏𝑇-space 
is mapped to a given accuracy in 𝑘𝑇-space 

24
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This expression reproduces one of the best curve of the DY stress test in the intermediate region

As well as the result from an actual fit

Phys.Rev.D 110 

(2024) 7, 074016 

(HSO fit)

With the significative advantage of being 
completely perturbative and free from any 
contamination due to prescriptions and 
NP models (look at the size of the bands!)

Analytic resummation in 𝑘𝑇 space
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Analytic resummation

• Clear improvement from LL 
to NLL precision

• Below 𝑞𝑇 ≈ 1 GeV the full-
perturbative cross-section 
is no longer applicable as it 
stands.

• Above 𝑞𝑇 ≈ 25 GeV the 
agreement with data 
deteriorates. This indicates 
the region where the 
matching to fixed-order 
collinear factorization 
becomes relevant.

NO FIT 
no systematics, 
no NP models
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Analytic resummation extra bonuses

• Simple estimate of missing 
higher-order corrections 
based on scale variation.
This is a new result, and it 
would be difficult to obtain 
within the standard 
approach.

• All data above 𝑞𝑇 ≈ 𝑄0 can 
be used to extract the usual 
PDFs, which are thus 
elevated from simple 
inputs to active ingredients 
of the phenomenology

NO FIT 
no systematics, 
no NP models
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Analytic resummation extra bonuses

• All data above 𝑞𝑇 ≈ 𝑄0 can 
be used to extract the usual 
PDFs, which are thus 
elevated from simple 
inputs to active ingredients 
of the phenomenology

NO FIT 
no systematics, 
no NP models

28



Analytic continuation into the Deep Infrared

We know the function here
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Analytic continuation into the Deep Infrared

We know the function here

But what can 
we say here?

The region of 𝑞𝑇 below 𝑄0 becomes larger and larger as the energy decreases, 
making its proper description essential.
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Analytic continuation into the Deep Infrared

𝑏𝑇
1 𝐺𝑒𝑉−11/𝑄

Fixed-order Resummation Analytic continued TMD

We need two Deep IR models:

o One for the QCD Beta function (e.g. 𝛼𝑆 in the Deep IR)

o One for DGLAP evolution (e.g. PDFs in the Deep IR)

𝑑 𝑓𝑗(𝑥, 𝜇)

𝑑 log 𝜇2
= 𝑃𝑗/𝑘

𝑝𝑄𝐶𝐷
𝜇 ⊗ 𝑓𝑘 𝑥, 𝜇 → 𝑃𝑗

𝑘

𝐷𝑒𝑒𝑝 𝐼𝑅
𝜇, 𝑄0, 𝑝𝑎𝑟𝑠 ⊗ 𝑓𝑘 𝑥, 𝜇

𝑑 𝛼𝑆(𝜇)

𝑑 log 𝜇2
= 𝛽𝑄𝐶𝐷

𝑝𝑄𝐶𝐷
𝜇 → 𝛽𝑄𝐶𝐷

𝐷𝑒𝑒𝑝 𝐼𝑅
𝜇, 𝑄0, 𝑝𝑎𝑟𝑠 for 𝑄 ≤ 𝑄0

for 𝑄 ≤ 𝑄0
31



𝑑 𝛼𝑆
𝑑 log 𝜇2

= 𝛽 𝛼𝑆 = −𝛽0
𝛼𝑆
4𝜋

2

෍

𝑗=0

3
𝛼𝑆
4𝜋

𝑗

𝑏𝑗

𝜇 = 2 𝐺𝑒𝑉

For instance: effect on CS-kernel

32



𝜇 = 2 𝐺𝑒𝑉

𝑑 𝛼𝑆
𝑑 log 𝜇2

= 𝛽 𝛼𝑆 = −𝛽0
𝛼𝑆
4𝜋

2

෍

𝑗=0

3
𝛼𝑆
4𝜋

𝑗

𝑏𝑗

Here we assumed the deep IR model:

• 𝑄0 = 1.2 𝐺𝑒𝑉
• 450 𝑀𝑒𝑉 ≤ 𝑚𝑔 ≤ 650 𝑀𝑒𝑉

𝐾 𝛼𝑆, 𝑏𝑇𝜇/𝑐1 = 𝐾0
∞ +

1

𝑏𝑇
2 𝐾1

∞ +⋯

The freezing of alpha strong implies 

the large 𝑏𝑇 behavior:

For instance: effect on CS-kernel
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InfraRed PDFs as non-perturbative models in TMDs

34

o Consistency with DGLAP structure

𝑓𝑗
𝐼𝑅(𝑥, 𝜇) = න

𝑥

1𝑑 𝑧

𝑧
𝐸𝑗𝑘
𝐼𝑅 𝑧, 𝛼𝑆

𝐼𝑅 , 𝛼0 𝑓𝑘
𝑖𝑛𝑝𝑢𝑡

(𝑥/𝑧, 𝑄0)

Strong coupling analytically 
continued into the Deep IR

DGLAP evolutor analytically continued into the Deep IR

𝑑 𝐸𝑗𝑘
𝐼𝑅(𝑧, 𝛼𝑆

𝐼𝑅 , 𝛼0)

𝑑 log 𝜇2
= න

𝑧

1𝑑 𝜉

𝜉
𝑃𝑗𝑙
𝐼𝑅 𝜉, 𝛼𝑆

𝐼𝑅 𝐸𝑙𝑘
𝐼𝑅(𝑥/𝜉, 𝛼𝑆

𝐼𝑅 , 𝛼0)

Input model at 
scale 𝑄0 (as usual)

DGLAP kernels analytically 
continued into the Deep IR. 

Instead of fitting generic unknown 
non-perturbative factors, let’s 
parametrize fundamental QCD 
evolution at low scales
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o Consistency with DGLAP structure

𝑓𝑗
𝐼𝑅(𝑥, 𝜇) = න

𝑥

1𝑑 𝑧

𝑧
𝐸𝑗𝑘
𝐼𝑅 𝑧, 𝛼𝑆

𝐼𝑅 , 𝛼0 𝑓𝑘
𝑖𝑛𝑝𝑢𝑡

(𝑥/𝑧, 𝑄0)

Compare against standard approach:

𝑓𝑗
𝐼𝑅(𝑥, 𝜇) = 𝑓𝑗

𝑝𝑄𝐶𝐷
𝑥, 𝜇∗ 𝐹𝑗

𝑁𝑃 𝑥, 𝑐1/𝜇

𝐹𝑗 𝑥, 𝑏𝑇 , 𝜇 = 𝑓𝑗
𝑝𝑄𝐶𝐷

𝑥, 𝜇𝑏
∗ 𝐹𝑗

𝑁𝑃 𝑥, 𝑏𝑇 𝑒𝑥𝑝 𝑆(𝜇𝑏 → 𝜇)

Effectively an (implicit) model for PDFs 
in the Deep IR, but not compatible 
with DGLAP structure (product instead 
of convolution)

Obtained from (usual) 
perturbative DGLAP evolution Instead of fitting 𝐹𝑗

𝑁𝑃 let’s focus on 
finding the appropriate model for the 
DGLAP splitting kernels 𝑃𝑗𝑘 at low scalesAutomatic 𝑥 and flavor 

dependence in the NP model
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o Consistency with inverse Fourier transform                             

𝑓𝑗
𝐼𝑅 𝑥, 𝜇 ⟶ 0 when the scale goes to zero, i.e.  𝜇 → 0

What should PDFs do at extremely low energies?

Enhance valence quarks and suppress gluons and 
sea? Perhaps recovering static quark model?

Any hint from NRQCD?

Is it correct to postulate that 
they vanish at zero energy?

𝐹𝑗 𝑥, 𝑏𝑇 , 𝜇 ∝ 𝑓𝑗
𝐼𝑅 𝑥, 1/𝑏𝑇 , 𝑏𝑇 → ∞

*Note that the sole freezing of 𝛼𝑆 in the deep 
IR is not sufficient to fulfil this constrain
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o Consistency with Valence Sum Rule

o Consistency with Momentum Sum Rule                            

න
0

1

𝑑𝑥 𝐸𝑉
𝐼𝑅(𝑥, 𝛼𝑆

𝐼𝑅 , 𝛼0) = 1

Evolutor for valence PDF analytically 
continued into the Deep IR

For instance:

With the NP-model 𝑉𝑁𝑃 goes as 
∼ 1/(1 − 𝑥) at large 𝑥

𝐸𝑉
𝐼𝑅 𝑥, 𝛼𝑆

𝐼𝑅 , 𝛼0 = 𝛿 1 − 𝑥 + 𝑉𝑁𝑃 𝑥 +

න
0

1

𝑑𝑥 𝑥 𝐸𝑞𝑞
𝐼𝑅 𝑥, 𝛼𝑆

𝐼𝑅 , 𝛼0 + 𝑬𝒈𝒒
𝑰𝑹 (𝑥, 𝛼𝑆

𝐼𝑅 , 𝛼0) = 1

න
0

1

𝑑𝑥 𝑥 𝐸𝑞𝑔
𝐼𝑅 𝑥, 𝛼𝑆

𝐼𝑅, 𝛼0 + 𝑬𝒈𝒈
𝑰𝑹 (𝑥, 𝛼𝑆

𝐼𝑅 , 𝛼0) = 1

Gluon and Quark TMD PDFs are 
related through the singlet sector 
of Deep IR DGLAP evolution



Analytic continuation into the Deep Infrared

𝑏𝑇
1 𝐺𝑒𝑉−11/𝑄

Fixed-order Resummation Analytic continued TMD

𝑘𝑇
1 𝐺𝑒𝑉 𝑄

The spillover effect is controlled by the analytic 
continuation rather than global fits.

The perturbative region (above ≈ 1 𝐺𝑒𝑉) is 
minimally affected by non-perturbative modelling.

Induced Analytic 
continued TMD

Numeric Fourier 
inversion

38



IR-safe Fixed-order

Resummation

Transition Region

Deep 

InfraRed

≈ 4 − 6 𝐺𝑒𝑉

≈ 1 − 2 𝐺𝑒𝑉

Energy scale
How deep can we probe QCD with TMDs?

≈ 300 − 400 𝑀𝑒𝑉

≈ 100 𝐺𝑒𝑉

TMD phenomenology can be used to probe 

the Deep IR regime of parton distributions

and of the strong coupling, opening a window 

onto the inner structure of QCD in a domain 

that is typically inaccessible.

In this perspective, the structure of the 

hadrons is an emergent property of QCD. 

Thank you!
39
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