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How deep can we probe QCD?

~ 100 GeV

Which
observables

allow us to probe

the Deep IR?
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Perturbative QCD

Poor convergence of
perturbative QCD;
non-perturbative effects
likely relevant.

Non-perturbative QCD



How deep can we probe QCD?
Deep Inelastic Scattering

(and in general, collinear factorization)
~ 100 GeV

Energy scale

Proton (longitudinal)
Structure probed at scale Q
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How deep can we probe QCD?
Deep Inelastic Scattering

(and in general, collinear factorization)
~ 100 GeV

Energy scale

Proton (longitudinal)
Structure probed up to scale Q,

N

Ld
finGn@ = Y [ EPE? as(@),a5(@0). ) fin(2/ £.0)

k € \Z
~1-—2GeV 1
As low as Q) is large enough to not
violate collinear factorization ~ 300 — 400 MeV




How deep can we probe QCD?
Thrust distribution

(and in general, event-shape observables)
~ 100 GeV
[Dominated by |u| = 1/1’]

deQ2 Z (aS(Q))JZT[l

X Jj (“S(Q/M)» aS(Q)) 5(“5(Q/|u|)» as(Q))
X J5 (“S(Q/\/W)» “S(Q))

Strong coupling probed
in the Deep InfraRed

As low as 7 goes!

Energy scale




How deep can we probe QCD?
Thrust distribution

(and in general, event-shape observables)
~ 100 GeV

Energy scale

Fixed-order

[Dominated by |u| = 1/1’]

deQ2 Z (aS(Q))JZT[l

X Jj (“S(Q/\/M)» aS(Q)) 5(“5(Q/|u|)» as(Q))
X J5 (“S(Q/\/W)» “S(Q))

It requires a Deep IR (phenomenological) model |

for the strong coupling for analytical extension
 below 1-2 GeVs




How deep can we probe QCD?
TMD observables

(DY, SIDIS, e*e™ annihilation at small q7)
~ 100 GeV
[Dominated by qr = 1/bTJ

d” ET ibr-qr
T i G Z ) (@5(@) [ Gyee ™

x F; (“5(1/bT)» as(Q); fi(x1, 1/br) ) E(as(1/by), as(Q); f5(x,, 1/b1))

~1—2GeV

Strong coupling and PDFs
probed in the Deep InfraRed

As low as gt goes!

Energy scale




How deep can we probe QCD?

Energy scale

TMD observables

(DY, SIDIS, e*e™ annihilation at small q7)
~ 100 GeV

Fixed-order

[Dominated by qr = 1/bTJ

d’ ET ibr-qr
T i G Z ) (@5(@) [ Gyee ™

x F; (“5(1/bT)» as(Q); fi(x1, 1/br) ) E(as(1/by), as(Q); f5(x,, 1/b1))

~1—2GeV

It requires a Deep IR (phenomenological) model |

for the strong coupling and for the PDFs for
‘analytical extension below -2 GeVs




Transverse Momentum Dependent PDFs

Evolution equations:
o Renormalization group u
o Light-cone tilt (or rapidity regulator) y,

Collins-Soper kernel or

i dlog F:(x, br, 1, yn) rapidity anomalous dimension (RAD)
e = ¥r(as (), 10g(Q /1) + y)
- 3108 F (x Ifu ) dK (as(w), log(br u/c1)) v (as (1))
] ) ;.u-; « - 'K S
o = 2K (as(,log(br #/en) - d logu
= n

Associated with recoil of soft gluons

Setting the reference scale to the natural choice u, = ¢ /by

. . u hd ' ,
Fi(x, b1, 1, y) = Fj(x,br, up, pj Jexp {log (“—> K(as(up),0) + J TVF(as(.u); log(u/u ))}
b Ub

X exp {llog (%) + yn] K(as(u),log(by H/C1))}
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How far in b can we push perturbative QCD?

F}'(X' bTr Q' Qz)

~ as(Q) d as(Q) da
= F}'(X» br, p, 5 )exp {108 <§) K(as(up),0) + f . [Vf(a) — vk (a) f > IBQCZ (@) }

b l as(up) 2 Bocp(a)
1 . . .
as(up)? yM + - It can be integrated analytically, provided

that the integrand can be expanded in
powers of a, which inturn is valid as long as

\ 4

1
fien) + astu) | S ChL (?ub>+~- as(ip) is perturbative

Valid approximations as long as
as(up) is perturbative

U, =1GeV <——> bpr<1GeV?

We know the TMD up to around 1 GeV ™1
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How to get back in transverse momentum space?

Fixed-order

Resummation

Non-Perturbative

1/Q

1GeV~1

>bT

b

Problem: in order to get back to qr-space
and compare with data, we need to
integrate over the entire spectrum of by

1 GeV

—
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Standard approach

207Vn
) | —gK<|bT|>log(Q : )
F}'(X, |bT|' H, yn) — F}'(x' |bT| ,,Ll,yn) X FNP(x' |bT|'])e

T : (All effortsare )
| dedicated to
| E > |br| model and
For instance: bmax  Parametrize them
. |br| Completely : Black boxes that have to be
L 3 determined by i determined by imposing J
\/1 + @Ll perturbative QCD | agreement with data —
bmax :
~ 1GeV™?!
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 b,,,4, value) is fixed, not fitted
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Something is not working properly
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. . The impact of prescriptions in phenomenological extractions of
| m p a Ct Of p re S C rl pt I O n S Transverse Momentum Dependent distributions

Matteo Cerutti'[] and Andrea Simonelli2[{ 2 6 O 3 -1 90 8 8

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

4 GeV < Q <135 GelV > Energyis low but "still perturbative".

TMD extraction performed at N2LL and with a simple NP ansatz:
92,9 91,9

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

b7

\ 1+ o

max

9K

bSP (b2.) = buax[1 — exp (b3 /b%,.)] 7

I ax

4559 (b3)

* Different b,y

bmax = €1 ~ 1.12 GeV ™! bmax = €1/2
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https://inspirehep.net/literature/3131511

Impact of prescriptions
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It seems that the arbitrariness of our choice just
increases the uncertainty bands of the TMDs.
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Ambiguity at intermediate k
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Ambiguity at intermediate k
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Ambiguity at intermediate k
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i Completely unconstrained in standard approach.
Suspicious: resummation should do the job!
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Postdicting high-energy data

t

o
Fit bCSS

.| Fit b:f""ﬁ mod :
CDF Run I data 7

25 |

V3 = 1.96 TeV
66 GeV < @ < 116 GeV

I Fit b
T Fit bexpmed

! CDF Run I data -

4 i o] 10 12
lgr| [GeV]
XZ /Ndat
Dataset, Nda.t bSHS bSSS_IHUd brixp b{f{p —maod
CDF 1 25 0.83 6.16 0.57 2.87
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Postdicting high-energy data

Global fits mitigate but not solve the issue

x”/Naat
Dataset Nyat I peSS—mod by F pexp—mod
CDF I 25 0.83 6.16 0.57 2.87
x*/Naat

Dataset Ngat I peSS—mod by P pexp—mod
E288 130 0.98 0.89 1.01 0.96
E605 50 1.72 2.12 1.38 1.96
CDF 1 5 0.74 3.38 0.56 I 2.19
Total 205 1.13 1.49 1.04 1.36

The standard approach requires global fits:

* The low-energy data mainly constraint the NP region at very low k

* 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.]
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The standard way to get back to k¢

. NP black box
Fixed-order Resummation (pheno model)
| - by
1/Q 1 GeV™1

hAny prescription/modelintroduced in b space
in the standard way induces a hard to
Numeric Fourier effectin kr space. y

inversion /
@o (globa@
Spill-over

1 GeV Q

21



A cleaner alternative

Fixed-order Resummation Agnostic

| LL |

1/Q

> bT
1GeV~1

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

Analytic Fourier
A Simonelli 'nversion (saddle point)

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

Agnostic

1 GeV Q

22


https://inspirehep.net/literature/2967393
https://inspirehep.net/literature/2967393
https://inspirehep.net/literature/2967393

A cleaner alternative

Fixed-order Resummation Agnostic

| INLLI |

1/Q

> bT
1GeV~1

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

Analytic Fourier
A Simonelli 'nversion (saddle point)

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

Agnostic

1 GeV Q
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https://inspirehep.net/literature/2967393
https://inspirehep.net/literature/2967393
https://inspirehep.net/literature/2967393

A cleaner alternative

Fixed-order Resummation Agnostic

| - NNLL

1/Q

I | > bT
1GeV1

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

Analytic Fourier
A Simonelli 'nversion (saddle point)

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

Agnostic

1 GeV Q
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Analytic resummation in k space

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

102
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103

| fi(z, k2, Q, Q%)

1014

103

With the significative advantage of being |
completely perturbative and free from any 1w’}

\wFy(x, kp; p)|

=

T W TR TR NN WO TR N 1 A TR '

1 1 1 L I 1 1 L

B Fit bS8
o OPE
Analytic Resum.
xr = 0.1
Q =4 GeV
As well as the result from an actual fit
100 b j— 1 GeV =9 GeV — fixed-order LO
— resummation NLL
107! = ——  Phys.Rev.D 110
£ (2024) 7, 074016
0 1 2 | (HSO fit)
102

1 | 1 I 1 1 1 I L 1 1 | 1 1 1 l 1 1 L I 1

contamination due to prescriptions and 0 1 2

NP models (look at the size of the bands!)
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Analytic resummation

do /dqr [pb/GeV]

data/theory

fuby

o4

NO FIT

EH no systematics,

no NP models

B 1L resummation
B NLL resummation
¢ CDF-runl

Pt !

e PR R

1 I 1 1 1 1 I 1 1 1 1 |

|
5

10 15 20
gr [GeV]

Clear improvement from LL
to NLL precision

Below qr = 1 GeV the full-
perturbative cross-section

Is no longer applicable as it
stands.

Above g = 25 GeVthe
agreement with data
deteriorates. This indicates
the region where the
matching to fixed-order
collinear factorization
becomes relevant.
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Analytic resummation extra bonuses

no NP models

V]

do /dgr [pb/C

iy |
|

—— NLL resummation

NO FIT
I . ﬁ PDFs uncertainty
no systematics, -

Combined higher-order and PDF uncertainty
CDF - run I

data/theory

o sitgretF ot Fityy g ;

I L L ] ] | 1 1 1 1 |

I
0 ) 10

1 1 1 1 I 1
15 20 25 30
gr [GeV]

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

All data above g7 = @y can
be used to extract the usual
PDFs, which are thus
elevated from simple
inputs to active ingredients
of the phenomenology
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Analytic resummation extra bonuses

der(NLL)

ffy  d@daidy B

[0] 1‘ EE(Lm(hng{«‘i))
2G5

@f(z L)

EH X {[— Z(hl(}a) + %h,g(,x)) W\ L) —

15

do /dgr [pb/GeV]

qT,T}y pr;fq \/_p”?qT T{j U?Qg\ /

df(QTr Y

Q‘T?’T 'H) + ‘Ij,(/\ L)

dloggr

All data above g7 = @y can
be used to extract the usual

PDFs, which are thus

—
o
|

IIIE%EEIIEI iy tEtig g

—
|

elevated from simple
inputs to active ingredients
of the phenomenology

[
—
i)

LI LI B LI | LI | IIIIIIII T L | T

data/theory

I

] | 1 1 1 1 | 1 1 1 1 I

0 15 20 25
gr [GEV]

—
—_—
by

3(} 1 1 1 1

L
on
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Analytic continuation into the Deep Infrared

B L resummation
B NLL resummation
¢ CDF-runl

We know the function here

do /dgr [ph/GeV]

;_EiEIIIH%EIIIEIEHII;IEII} b pot :

1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 | 1 1 1 1 J 1 1 1 1 I 1 1 1 1

0 5} 10 15 20 25 30 35
qr [GeV]

data/theory

H
=




Analytic continuation into the Deep Infrared

—
25 B LL resummation
H{ B NLL resummation
. ) CDF -run I
20 We know the function here $

do /dgr [pb/GeV]

But what can
we say here?

2 O g g E ¥ byt 3¢ :
;1.[1-;@1—&:
u[\_IJEImIIUl!B.?::]Q[EdIU

gr [GE’V]

The region of g below Qo becomes larger and larger as the energy decreases,
making its proper description essential.



Analytic continuation into the Deep Infrared

Fixed-order Resummation Analytic continued TMD

| ] >

N
7

1/Q 1GeV™1

We need two Deep IR models:

o One for the QCD Beta function (e.g. a5 in the Deep IR)

d as(u)
d 1§gﬂz =ﬁ5§§D(u) - ﬁgcele)pm(#, Qo,pars) forQ < Q,

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

d f;(x, 1) _ ppQcD
d logu? J/k

k

(l'l)@fk(xuu) - Pi'DeepIR (M,QO,pClT'S)®fk(X,,Ll) fOrQ < QO
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For instance: effect on CS-kernel

ag

- | |

S i —— pQCD N3LL

[ | |
3| i

[ i - 5

o= (5 (2
== (04 = — _— —

oL | d logu? S "\an) Li\an) ™

[ =0

i " : 15[ .

: \ : : | —— pQCD N3LL
1 . I 10F | ¥ SVZES

: . i i i 3 LPC22

S —a— . 3 swz
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For instance: effect on CS-kernel

NSLL + ag freezing

Here we assumed the deep IR model:
e Qo =1.2GeV
* 450 MeV < my < 650 MeV

|
|
|
l — pQCD N3LL
1
|
| d ag
a3 )
Fop 1 @ logu? =
\ l
\ I
\ |
1 \\ :
A :
C 1 1 1 1 I 1 1 1 1 I -l--i__l 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
0.0 0.5 1.0 2.5 3.0

The freezing of alpha strong implies

the large b behavior:

K(as,brp/ci) = Ky +

Q [CeV]

1
K1

—— pQCD NSLL

N3LL + ag freezing
SVZES

LPC 22

SWZ

ETMC/PKU

e e FeH e




InfraRed PDFs as non-perturbative models in TMDs

o Consistency with DGLAP structure ____ Strongcoupling analytically
/ continued into the Deep IR
IR _ FIR input = o
P = [ LBl ) e/ 00
N 1':]”1\@[9('0&\] 2530 35 20
/ \ Input model at
DGLAP evolutor analytically continued into the Deep IR scale Q, (as usual)
Elf(z, alf, a )
Jk \“» 0
ﬁnstead of fitting generic unknown \
DGLAP kernels analytically non-perturbative factors, let’s
continued into the Deep IR. parametrize fundamental QCD
evolution at low scales
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InfraRed PDFs as non-perturbative models in TMDs

o Consistency with DGLAP structure

1 d z .
t
1o = [ B alt ) i 2 00)
X

Compare against standard approach:  F;(x, by, 1) =[fijCD (x, /J;;)P}-NP (x, bTﬂexp{S(,ub - u)}

) Effectively an (implicit) model for PDFs

IR — FPQCD (y  *\ENP -
j (x, 1) f] (x,u )F] (x, c1/1) < in the Deep IR, but not compatible
T with DGLAP structure (product instead
of convolution)

Obtained from (usual)
perturbative DGLAP evolution

(Instead of fitting F;'" let’s focus on A

finding the appropriate model for the
Uutomatic x and flavor ]/PGLAP splitting kernels Pj; at low scales/
|

dependence in the NP mode
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InfraRed PDFs as non-perturbative models in TMDs

o Consistency with inverse Fourier transform {F](x br, 1) o ijR(x, 1/by ), by = © ]

j’R(x, pn) — 0 when the scale goes to zero, i.e. u— 0

What should PDFs do at extremely low energies?

/ > Any hint from NRQCD?

Enhance valence quarks and suppress gluons and

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

*Note that the sole freezing of ag in the deep
IR is not sufficient to fulfil this constrain
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InfraRed PDFs as non-perturbative models in TMDs

o Consistency with Valence Sum Rule

1 Forinstance:
IR IR 1
JO dx EV (x;a ;a()) =1 > E‘I/R(x, ag‘R, aO) — 6(1 . x) + [VNP(X)]+
With the NP- delV
dolutorfor valence PDF analytically ! modet Viyp goes as

~1/(1 — tl
continued into the Deep IR /(1 —x) atlarge x

o Consistency with Momentum Sum Rule

1
f dx x (ER(x, alf, a) + ELS (x, alf, ) = 1 Gluon and Quark TMD PDFs are
0 > related through the singlet sector
of Deep IR DGLAP evolution

1
J dx x (EC’IS(x, alf, ay) + Ef (x, at, ay)) =1
0
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Analytic continuation into the Deep Infrared

Fixed-order Resummation Analytic continued TMD

| Il > b
T
1/Q 1GeV—1

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

Numeric Fourier

inversion The perturbative region (above = 1 GeV) is

minimally affected by non-perturbative modelling.

Induced Analytic
continued TMD

D — | >k
1 GeV Q
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How deep can we probe QCD with TMDs?

Energy scale

~ 100 Gel,

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 OCD.

Thank you!
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