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TMDs: 3D maps

2

Wigner distribution 
⇢ (x,kT ,bT )
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TMD PDFs 
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polarization
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polarization
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TMD FFs quark polarization
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polarization

Parton Distribution Functions

Fragmentation Functions
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TMD 
UNIVERSALITY

in these cases, TMD factorization is well understood
see, e.g., Ji, Ma, Yuan, PRD 71  
Collins, “Foundations of Perturbative QCD”   
Rogers, Aybat, PRD 83  
Echevarria, Idilbi, Scimemi JHEP 1207  

TMD FFs

TMD PDFs
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Semi-Inclusive Deep Inelastic Scattering
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nucleon

hadron

quark

photon

k

Ph

q

k⊥

k⊥

PhT

P⊥

p

∼ zk⊥

q

TMD PDFs

TMD FFs
Semi-Inclusive Deep Inelastic Scattering

Y term W term

W term dominates in the region where PhT ≪ Q
  Y term not included in the Pavia analyses



Behavior at large b   

9

when bT becomes large

invalidates perturbative  
calculations

αs(μb) = α ( 2e−γE

b ) ≫ 1

integration up to infinity

<latexit sha1_base64="T1n4G+cWnHcRKVELggx+4HmTrNs="></latexit>

d�

dqT
/

Z
d2b

4⇡
eib·qT fq

1 (x1,b)f
q̄
1 (x2,b)

α s

αs(Q2)

0 Q2

necessary to introduce a  
prescription

T
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Non perturbative function depends on 
 the choice of b*-prescription

and definition of

non perturbative
⌘ fNP(x, b, ⇣)F (x, b⇤(b);µ, ⇣)

<latexit sha1_base64="B+TI0u+q8iJKnUBkPG1U0gkY6pU="></latexit>

fit to data

perturbative
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f(x, b;µ, ⇣) =
h

f(x,b;µ,⇣)
f(x,b⇤(b);µ,⇣)

i
f(x, b⇤(b);µ, ⇣)

fNP
b* prescription 
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when bT becomes largebTbTbT invalidates perturbative  
calculationsαs(μb) = α ( 2e−γE

b ) ≫ 1 ⇒ bmax

Models - bT prescription

23

b̄?(bT ; bmin, bmax) = bmax

✓
1� e�b4T /b4max

1� e�b4T /b4min

◆

These choices guarantee that for
Q=1 GeV the TMD coincides with 

the NP model 

bmax , bT ! +1

bmin , bT ! 0

bmax = 2e��E

bmin = 2e��E/Q

 Nonperturbative TMD evolution

Collins, Soper, Sterman, N.P. B250 (85)

choice!

0.0 0.5 1.0 1.5 2.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

b̄⇤ = bmax

 
1� e�b4T /b4max

1� e�b4T /b4min

! 1
4

b̄⇤
bmax

bT (GeV-1)

large bT → μb gets frozen → nonperturbative evolution sets in 
small bT → μb is prevented from becoming larger than Q

fq
1 (x, bT ;Q

2) =
X

i

�
Cq/i ⌦ f i

1

�
(x, b⇤;µb) e

S(b⇤;µb,Q) egK(bT ) log Q
Q0 fq

NP(x, bT ;Q
2
0)

Q=2 GeV

Q=5 GeV

Q=20 GeV

original choice: the CSS scheme b⇤ =
bTp

1 + b2T /b
2
max

other choices: Bacchetta et al., JHEP 1511 (15) 076

b⇤[bc(bT )] Collins et al., arXiv:1605.00671

µb = Q0 + qT
b⇤ = bT

D’Alesio et al.,  
JHEP 1411 (14)

µb =
C1

b̄⇤

C1 = 2 e��E bmax = C1 bmin =
C1

Q

b⇤(b) = bmax

0

@
1� exp

⇣
� b4

b4max

⌘

1� exp
⇣
� b4

b4min

⌘

1

A

1
4
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bmin = 2e��E/Q
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d�

dqT
/

Z
d2b
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eib·qT fq

1 (x1,b)f
q̄
1 (x2,b)

b* prescription 

B-MIN CHOICE
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p
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X
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unpolarized Transverse Momentum Dependent Parton Distribution Functions
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collinear PDFs
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unpolarized Transverse Momentum Dependent Parton Distribution Functions
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perturbative  
evolution

collinear PDFsmatching to the 
collinear region

<latexit sha1_base64="PkEE5bd3jUiWbAo22wSgpunv4Ps="></latexit>

fq
1 (x, b;µ, ⇣) =

X

j

�
Cq/j ⌦ f j

�
(x, b⇤;µb)

⇥ exp

⇢
K(µ0) ln

p
⇣p
⇣0

+

Z µ

µ0

dµ0

µ0


�F � �K ln

p
⇣

µ0

��

⇥ fNP(x, b; ⇣)

F (x,b;µ) =
X

j

�
Cj ⌦ f j

�
(x, b⇤;µb)e

R(b⇤;µb,µ)fNP(x, b)

<latexit sha1_base64="rQ3lgX7woildTF4W64ybnyaXx5Q="></latexit>

perturbative expansion
αs(μ)in 

unpolarized Transverse Momentum Dependent Parton Distribution Functions



TMD PDFs

12

perturbative  
evolution

collinear PDFsmatching to the 
collinear region
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L = ln
Q2

µ2
b
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perturbative expansion
αs(μ)in 

resummation of large  
logarithms

unpolarized Transverse Momentum Dependent Parton Distribution Functions



TMD PDFs

12

perturbative  
evolution non perturbative  

transverse content

parametrized  
and fitted to data

collinear PDFsmatching to the 
collinear region
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perturbative expansion
αs(μ)in 

resummation of large  
logarithms

unpolarized Transverse Momentum Dependent Parton Distribution Functions



Logarithmic accuracy
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Perturbative convergence
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from Valerio Bertone’s talk at  
https://indico.cern.ch/event/849342/
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Bacchetta, Delcarro, Pisano, Radici, Signori 
arXiv:1703.10157

SIDIS

Drell-Yan

Z production
with normalization 

coefficients

χ2= 1.55global

http://arxiv.org/abs/arXiv:1703.10157
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A. Bacchetta, V. Bertone,  C. Bissolotti,  G.  Bozzi,  F.  Delcarro,  F.  Piacenza,  M. Radici
JHEP 07 (2020) 117 e-Print: 1912.07550
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New extraction of unpolarized quark TMDs
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Extremely good description:

N  LL 3 -

GLOBAL ANALYSIS of Drell-Yan and Semi-Inclusive DIS data sets

data points2031 
Perturbative accuracy:

of SIDIS multiplicities beyond NLLNormalization 

  

  

  

  χ2
/Ndata ≃ 1

in preparation



Global analysis of DY and SIDIS data sets
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hQi > 1.3 GeV
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Perturbative accuracy: N  LL
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3 -

Hard factor and 
matching coefficient

Ingredients in perturbative 
Sudakov form factor

Accuracy H and C K and γF γK PDF and αS evol.

LL 0 - 1 -
NLL 0 1 2 LO
NLL’ 1 1 2 NLO

NNLL 1 2 3 NLO
NNLL’ 2 2 3 NNLO
N3LL 2 3 4 NLO (FF only)
N3LL 2 3 4 NNLO
N3LL’ 3 3 4 N3LO

-

Orders in powers of αs



Extraction of unpolarized quark TMDs
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Source of W term suppression
Hard factor

𝒪(αs)introducing terms
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reduces the structure function to  
about 60% of its original value. 



Source of W term suppression

Full Hard Factor Hard Factor = 1
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inary
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Hard factor
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COMPASS multiplicity 24

reduces the structure function to  
about 60% of its original value. 



Normalization of SIDIS multiplicities
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Introduction of a normalization prefactor
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Introduction of a normalization prefactor
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Introduction of a normalization prefactor

Z
W

����
O(↵S)

= �0

X

f,f 0

e2
f

z2
(�f 0f + �f 0g)

↵S

⇡

⇥
Dh/f

0

1 ⌦ Cf
0
f

TMD ⌦ ff/N

1

⇤
(x, z,Q)

<latexit sha1_base64="MyKVoCAovhHjG1sZIQup314k1J0="></latexit>

d�h

dxdQ2dz

����
O(↵S)

= �0

X

f,f 0

e2
f

z2
(�f 0f + �f 0g)

↵S

⇡

⇢⇥
Dh/f

0

1 ⌦ Cf
0
f

1 ⌦ ff/N

1

⇤
(x, z,Q)

<latexit sha1_base64="YRmXd8FNxMKjNy3ZBCxQcpz6Q5w="></latexit>

+
1� y

1 + (1� y)2
⇥
Dh/f 0

1 ⌦ Cf 0f
L ⌦ ff/N

1

⇤
(x, z,Q)

�

<latexit sha1_base64="Dd8BMVFkIW/hAxsV87s+3+pc61Y="></latexit>

nonmix.

PREFACTOR(x, z,Q) =

d�h

dxdQ2dz

��
nonmix.R

Wd2qT

<latexit sha1_base64="zT/ZOEy+5WM0IOQdf0NDdy04j1c="></latexit>

computed a priori, before the fit

independent of the fitting

Depends on the collinear PDFs

parameters



Non-perturbative part of TMDs

28

J
H
E
P
0
6
(
2
0
1
7
)
0
8
1

from the presence of components of the quark wave function with angular momentum
L = 1 [67–71]. Similar features occur in models of fragmentation functions [38, 67, 72].

The Gaussian width of the TMD distributions may depend on the parton flavor
a [23, 38, 73]. In the present analysis, however, we assume they are flavor independent.
The justification for this choice is that most of the data we are considering are not suffi-
ciently sensitive to flavor differences, leading to unclear results. We will devote attention
to this issue in further studies.

Finally, we assume that the Gaussian width of the TMD depends on the fractional
longitudinal momentum x according to

g1(x) = N1
(1− x)α xσ

(1− x̂)α x̂σ
, (2.38)

where α, σ, and N1 ≡ g1(x̂) with x̂ = 0.1, are free parameters. Similarly, for fragmentation
functions we have

g3,4(z) = N3,4
(zβ + δ) (1− z)γ

(ẑβ + δ) (1− ẑ)γ
, (2.39)

where β, γ, δ, and N3,4 ≡ g3,4(ẑ) with ẑ = 0.5 are free parameters.
The average transverse momentum squared for the distributions in eq. (2.36) and (2.37)

can be computed analytically:

〈
k2
⊥
〉
(x) =

g1(x) + 2λg21(x)

1 + λg1(x)
,

〈
P 2
⊥
〉
(z) =

g23(z) + 2λF g34(z)

g3(z) + λF g24(z)
. (2.40)

3 Data analysis

The main goals of our work are to extract information about intrinsic transverse momenta,
to study the evolution of TMD parton distributions and fragmentation functions over a large
enough range of energy, and to test their universality among different processes. To achieve
this we included measurements taken from SIDIS, Drell-Yan and Z boson production from
different experimental collaborations at different energy scales. In this section we describe
the data sets considered for each process and the applied kinematic cuts.

Table 1 refers to the data sets for SIDIS off proton target (Hermes experiment) and
presents their kinematic ranges. The same holds for table 2, table 3, table 4 for SIDIS
off deuteron (Hermes and Compass experiments), Drell-Yan events at low energy and
Z boson production respectively. If not specified otherwise, the theoretical formulas are
computed at the average values of the kinematic variables in each bin.

3.1 Semi-inclusive DIS data

The SIDIS data are taken from Hermes [74] and Compass [75] experiments. Both data
sets have already been analyzed in previous works, e.g., refs. [23, 76], however they have
never been fitted together, including also the contributions deriving from TMD evolution.

The application of the TMD formalism to SIDIS depends on the capability of identifying
the current fragmentation region. This task has been recently discussed in ref. [39], where
the authors point out a possible overlap among different fragmentation regions when the

– 10 –
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from the presence of components of the quark wave function with angular momentum
L = 1 [67–71]. Similar features occur in models of fragmentation functions [38, 67, 72].

The Gaussian width of the TMD distributions may depend on the parton flavor
a [23, 38, 73]. In the present analysis, however, we assume they are flavor independent.
The justification for this choice is that most of the data we are considering are not suffi-
ciently sensitive to flavor differences, leading to unclear results. We will devote attention
to this issue in further studies.

Finally, we assume that the Gaussian width of the TMD depends on the fractional
longitudinal momentum x according to

g1(x) = N1
(1− x)α xσ

(1− x̂)α x̂σ
, (2.38)

where α, σ, and N1 ≡ g1(x̂) with x̂ = 0.1, are free parameters. Similarly, for fragmentation
functions we have

g3,4(z) = N3,4
(zβ + δ) (1− z)γ

(ẑβ + δ) (1− ẑ)γ
, (2.39)

where β, γ, δ, and N3,4 ≡ g3,4(ẑ) with ẑ = 0.5 are free parameters.
The average transverse momentum squared for the distributions in eq. (2.36) and (2.37)

can be computed analytically:

〈
k2
⊥
〉
(x) =

g1(x) + 2λg21(x)

1 + λg1(x)
,

〈
P 2
⊥
〉
(z) =

g23(z) + 2λF g34(z)

g3(z) + λF g24(z)
. (2.40)

3 Data analysis

The main goals of our work are to extract information about intrinsic transverse momenta,
to study the evolution of TMD parton distributions and fragmentation functions over a large
enough range of energy, and to test their universality among different processes. To achieve
this we included measurements taken from SIDIS, Drell-Yan and Z boson production from
different experimental collaborations at different energy scales. In this section we describe
the data sets considered for each process and the applied kinematic cuts.

Table 1 refers to the data sets for SIDIS off proton target (Hermes experiment) and
presents their kinematic ranges. The same holds for table 2, table 3, table 4 for SIDIS
off deuteron (Hermes and Compass experiments), Drell-Yan events at low energy and
Z boson production respectively. If not specified otherwise, the theoretical formulas are
computed at the average values of the kinematic variables in each bin.

3.1 Semi-inclusive DIS data

The SIDIS data are taken from Hermes [74] and Compass [75] experiments. Both data
sets have already been analyzed in previous works, e.g., refs. [23, 76], however they have
never been fitted together, including also the contributions deriving from TMD evolution.

The application of the TMD formalism to SIDIS depends on the capability of identifying
the current fragmentation region. This task has been recently discussed in ref. [39], where
the authors point out a possible overlap among different fragmentation regions when the
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from the presence of components of the quark wave function with angular momentum
L = 1 [67–71]. Similar features occur in models of fragmentation functions [38, 67, 72].

The Gaussian width of the TMD distributions may depend on the parton flavor
a [23, 38, 73]. In the present analysis, however, we assume they are flavor independent.
The justification for this choice is that most of the data we are considering are not suffi-
ciently sensitive to flavor differences, leading to unclear results. We will devote attention
to this issue in further studies.

Finally, we assume that the Gaussian width of the TMD depends on the fractional
longitudinal momentum x according to

g1(x) = N1
(1− x)α xσ

(1− x̂)α x̂σ
, (2.38)

where α, σ, and N1 ≡ g1(x̂) with x̂ = 0.1, are free parameters. Similarly, for fragmentation
functions we have

g3,4(z) = N3,4
(zβ + δ) (1− z)γ

(ẑβ + δ) (1− ẑ)γ
, (2.39)

where β, γ, δ, and N3,4 ≡ g3,4(ẑ) with ẑ = 0.5 are free parameters.
The average transverse momentum squared for the distributions in eq. (2.36) and (2.37)

can be computed analytically:

〈
k2
⊥
〉
(x) =

g1(x) + 2λg21(x)

1 + λg1(x)
,

〈
P 2
⊥
〉
(z) =

g23(z) + 2λF g34(z)

g3(z) + λF g24(z)
. (2.40)

3 Data analysis

The main goals of our work are to extract information about intrinsic transverse momenta,
to study the evolution of TMD parton distributions and fragmentation functions over a large
enough range of energy, and to test their universality among different processes. To achieve
this we included measurements taken from SIDIS, Drell-Yan and Z boson production from
different experimental collaborations at different energy scales. In this section we describe
the data sets considered for each process and the applied kinematic cuts.

Table 1 refers to the data sets for SIDIS off proton target (Hermes experiment) and
presents their kinematic ranges. The same holds for table 2, table 3, table 4 for SIDIS
off deuteron (Hermes and Compass experiments), Drell-Yan events at low energy and
Z boson production respectively. If not specified otherwise, the theoretical formulas are
computed at the average values of the kinematic variables in each bin.

3.1 Semi-inclusive DIS data

The SIDIS data are taken from Hermes [74] and Compass [75] experiments. Both data
sets have already been analyzed in previous works, e.g., refs. [23, 76], however they have
never been fitted together, including also the contributions deriving from TMD evolution.

The application of the TMD formalism to SIDIS depends on the capability of identifying
the current fragmentation region. This task has been recently discussed in ref. [39], where
the authors point out a possible overlap among different fragmentation regions when the
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from the presence of components of the quark wave function with angular momentum
L = 1 [67–71]. Similar features occur in models of fragmentation functions [38, 67, 72].

The Gaussian width of the TMD distributions may depend on the parton flavor
a [23, 38, 73]. In the present analysis, however, we assume they are flavor independent.
The justification for this choice is that most of the data we are considering are not suffi-
ciently sensitive to flavor differences, leading to unclear results. We will devote attention
to this issue in further studies.

Finally, we assume that the Gaussian width of the TMD depends on the fractional
longitudinal momentum x according to

g1(x) = N1
(1− x)α xσ

(1− x̂)α x̂σ
, (2.38)

where α, σ, and N1 ≡ g1(x̂) with x̂ = 0.1, are free parameters. Similarly, for fragmentation
functions we have

g3,4(z) = N3,4
(zβ + δ) (1− z)γ

(ẑβ + δ) (1− ẑ)γ
, (2.39)

where β, γ, δ, and N3,4 ≡ g3,4(ẑ) with ẑ = 0.5 are free parameters.
The average transverse momentum squared for the distributions in eq. (2.36) and (2.37)

can be computed analytically:

〈
k2
⊥
〉
(x) =

g1(x) + 2λg21(x)

1 + λg1(x)
,

〈
P 2
⊥
〉
(z) =

g23(z) + 2λF g34(z)

g3(z) + λF g24(z)
. (2.40)

3 Data analysis

The main goals of our work are to extract information about intrinsic transverse momenta,
to study the evolution of TMD parton distributions and fragmentation functions over a large
enough range of energy, and to test their universality among different processes. To achieve
this we included measurements taken from SIDIS, Drell-Yan and Z boson production from
different experimental collaborations at different energy scales. In this section we describe
the data sets considered for each process and the applied kinematic cuts.

Table 1 refers to the data sets for SIDIS off proton target (Hermes experiment) and
presents their kinematic ranges. The same holds for table 2, table 3, table 4 for SIDIS
off deuteron (Hermes and Compass experiments), Drell-Yan events at low energy and
Z boson production respectively. If not specified otherwise, the theoretical formulas are
computed at the average values of the kinematic variables in each bin.

3.1 Semi-inclusive DIS data

The SIDIS data are taken from Hermes [74] and Compass [75] experiments. Both data
sets have already been analyzed in previous works, e.g., refs. [23, 76], however they have
never been fitted together, including also the contributions deriving from TMD evolution.

The application of the TMD formalism to SIDIS depends on the capability of identifying
the current fragmentation region. This task has been recently discussed in ref. [39], where
the authors point out a possible overlap among different fragmentation regions when the
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from the presence of components of the quark wave function with angular momentum
L = 1 [67–71]. Similar features occur in models of fragmentation functions [38, 67, 72].

The Gaussian width of the TMD distributions may depend on the parton flavor
a [23, 38, 73]. In the present analysis, however, we assume they are flavor independent.
The justification for this choice is that most of the data we are considering are not suffi-
ciently sensitive to flavor differences, leading to unclear results. We will devote attention
to this issue in further studies.

Finally, we assume that the Gaussian width of the TMD depends on the fractional
longitudinal momentum x according to

g1(x) = N1
(1− x)α xσ

(1− x̂)α x̂σ
, (2.38)

where α, σ, and N1 ≡ g1(x̂) with x̂ = 0.1, are free parameters. Similarly, for fragmentation
functions we have

g3,4(z) = N3,4
(zβ + δ) (1− z)γ

(ẑβ + δ) (1− ẑ)γ
, (2.39)

where β, γ, δ, and N3,4 ≡ g3,4(ẑ) with ẑ = 0.5 are free parameters.
The average transverse momentum squared for the distributions in eq. (2.36) and (2.37)

can be computed analytically:

〈
k2
⊥
〉
(x) =

g1(x) + 2λg21(x)

1 + λg1(x)
,

〈
P 2
⊥
〉
(z) =

g23(z) + 2λF g34(z)

g3(z) + λF g24(z)
. (2.40)

3 Data analysis

The main goals of our work are to extract information about intrinsic transverse momenta,
to study the evolution of TMD parton distributions and fragmentation functions over a large
enough range of energy, and to test their universality among different processes. To achieve
this we included measurements taken from SIDIS, Drell-Yan and Z boson production from
different experimental collaborations at different energy scales. In this section we describe
the data sets considered for each process and the applied kinematic cuts.

Table 1 refers to the data sets for SIDIS off proton target (Hermes experiment) and
presents their kinematic ranges. The same holds for table 2, table 3, table 4 for SIDIS
off deuteron (Hermes and Compass experiments), Drell-Yan events at low energy and
Z boson production respectively. If not specified otherwise, the theoretical formulas are
computed at the average values of the kinematic variables in each bin.

3.1 Semi-inclusive DIS data

The SIDIS data are taken from Hermes [74] and Compass [75] experiments. Both data
sets have already been analyzed in previous works, e.g., refs. [23, 76], however they have
never been fitted together, including also the contributions deriving from TMD evolution.

The application of the TMD formalism to SIDIS depends on the capability of identifying
the current fragmentation region. This task has been recently discussed in ref. [39], where
the authors point out a possible overlap among different fragmentation regions when the
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Extremely good description:

N  LL 3 -

MAP22 GLOBAL FIT - A new extraction of quark TMDs

Global analysis of Drell-Yan and Semi-Inclusive DIS data sets

data points2031 
Perturbative accuracy:

of SIDIS multiplicities beyond NLLNormalization 

in preparation

Number of parameters: 21 

  

  

  

  

  χ2
/Ndata ≃ 1
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x-dependence

11 free parameters
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COMPASS multiplicities

constant factor 
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sensitivity coefficients  

reweighing  

new fit with EIC pseudo data  
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PV17 TMDs
predictions using global fit  

of Pavia 2017

EIC pseudodata

we took the average kinematic variables of each point  
and the relative uncertainty on the observable
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REWEIGHING
from NNPDF Collaboration

arXiv:1108.1758

200 replicas are compared with pseudodata

χ2
distribution with 50  
degrees of freedom 

histogram of          distribution of 200 replicas χ2

too few replicas survive
with n= n.of points

x = 0.1
Q = 2 GeV
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