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Helicity TMD distribution

gq
1 (x, k⊥) = q+ − q−

✦ How the polarization of the proton 
reflects on its internal structure in    
3 dimensions? 


✦ How the polarization of the quark 
distorts their transverse 
momentum?


✦ Do quarks with spin parallel to the 
proton’s spin have smaller or larger 
transverse momentum?

⦿
kx

ky

⊗
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Experimental Observables

Analysis of longitudinally polarized process

DOUBLE SPIN ASYMMETRY 

A1 =
dσ→← − dσ→→ + dσ←→ − dσ←←

dσ→← + dσ→→ + dσ←→ + dσ←←

M. Diehl and S. Sapeta, Eur. Phys. J. C 41, 515 (2005) 

SIDIS
ℓ⇄(l) + N⇆(P) → ℓ(l′￼) + h(Ph) + X

A. Bacchetta et al., Phys.Rev.D 70 (2004), 117504



A1(x, z, Q, |PhT | ) =
∑

a=q,q̄

e2
a ∫

+∞

0
d |bT |2 J0 ( |bT | |PhT |

z ) ̂ga
1(x, |bT |2 , Q) D̂a→h

1 (z, |bT |2 , Q)

∑
a=q,q̄

e2
a ∫

+∞

0
d |bT |2 J0 ( |bT | |PhT |

z ) ̂fa
1(x, |bT |2 , Q) D̂a→h

1 (z, |bT |2 , Q)

4

Interpretation in terms of TMDs

TMD factorization

✦ Large energy scale 


✦ Small transverse momentum 

Q2 ≫ M2

q2
T ≪ Q2

Experimental observables in terms of universal objects⇒
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Interpretation in terms of TMDs
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TMD factorization

✦ Large energy scale 


✦ Small transverse momentum 

Q2 ≫ M2

q2
T ≪ Q2

Experimental observables in terms of universal objects

unpolarized TMDs from MAP22 extraction

⇒
MAP Collaboration, Bacchetta et al., JHEP 10 (2022)



Parameterization

̂f1(x, |bT |2 , Q) = [Cf ⊗ f1](x, b⋆( |bT |2 )) fNP(x, |bT |2 , Q0) eS(μ2
b⋆,Q2) egK(bT)ln(Q2/Q2

0)

̂g1(x, |bT |2 , Q) = [Cg ⊗ g1](x, b⋆( |bT |2 )) gNP(x, |bT |2 , Q0) eS(μ2
b⋆,Q2) egK(bT)ln(Q2/Q2

0)

The evolution of the TMDs follows the CSS approach consistently:  

Analogously for D1(z, |bT |2 , Q)

5

Collins, Soper, Sterman, Nucl. Phys. B (1985)
Collins, Foundations of perturbative QCD (2011)
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from MAP22
DNP

Collins, Soper, Sterman, Nucl. Phys. B (1985)
Collins, Foundations of perturbative QCD (2011)

MAP Collaboration, Bacchetta et al., JHEP 10 (2022)
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Parameterization
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⊥
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knorm(x)

The evolution of the TMDs follows the CSS approach consistently:  

Analogously for D1(z, |bT |2 , Q)

from MAP22
DNP

Simple Gaussian  MAP22×

MAP Collaboration, Bacchetta et al., JHEP 10 (2022)

Collins, Soper, Sterman, Nucl. Phys. B (1985)
Collins, Foundations of perturbative QCD (2011)
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Positivity constraint

  crucial to satisfy ω1(x) → |g1 | ≤ f1

gNP(x, k2
⊥, Q0) = f MAP22

NP (x, k2
⊥, Q0)

e− k2
⊥

ω1(x)

knorm(x)

➤ Proportional to 


➤ x-dependent

f MAP22
NP

 knorm(x) → ∫ d2k⊥ gNP = 1
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Phenomenology: STATUS

✦ MAP22 kinematic cuts

✦ 291 fitted data points

✦ Perturbative order: NLO

Highest possible 
since  known up to NLO Cg

✦ Collinear PDFs: NNPDFPol, MMHT, DSS


✦ Perturbative accuracy: NLL & N2LL


✦ 3 fitted parameters  


✦ Error analysis with bootstrap method

 Airapetian et al. (HERMES), Phys. Rev. D (2019)

Gutiérrez-Reyes et al., Phys. Lett. B (2017)
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Phenomenology: STATUS

Theory vs Experimental data

|PhT | [GeV]

°0.2

°0.1

0.0

0.1

0.2

0.3

AK°

1, d

0.075 < x < 0.1

0.2 < z < 0.35

|PhT | [GeV]
°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

AK°

1, d

0.1 < x < 0.14

|PhT | [GeV]

0.35 < z < 0.5

|PhT | [GeV]

0.5 < z < 0.8

|PhT | [GeV]

°0.5

0.0

0.5

1.0

AK°

1, d

0.14 < x < 0.2

|PhT | [GeV] |PhT | [GeV]

|PhT | [GeV]

°1.0

°0.5

0.0

0.5

1.0

AK°

1, d

0.2 < x < 0.3

|PhT | [GeV] |PhT | [GeV]

|PhT | [GeV]

°3

°2

°1

0

1

2

3

AK°

1, d

0.3 < x < 0.4

|PhT | [GeV] |PhT | [GeV]

0.2 0.3 0.4 0.5 0.6

|PhT | [GeV]

°2

°1

0

1

2

3

4

5

6

AK°

1, d

0.4 < x < 0.6

0.2 0.3 0.4 0.5 0.6 0.7

|PhT | [GeV]
0.2 0.3 0.4 0.5 0.6

|PhT | [GeV]



|PhT | [GeV]

°0.2

°0.1

0.0

0.1

0.2

0.3

AK°

1, d

0.075 < x < 0.1

0.2 < z < 0.35

|PhT | [GeV]
°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

AK°

1, d

0.1 < x < 0.14

|PhT | [GeV]

0.35 < z < 0.5

|PhT | [GeV]

0.5 < z < 0.8

|PhT | [GeV]

°0.5

0.0

0.5

1.0

AK°

1, d

0.14 < x < 0.2

|PhT | [GeV] |PhT | [GeV]

|PhT | [GeV]

°1.0

°0.5

0.0

0.5

1.0

AK°

1, d

0.2 < x < 0.3

|PhT | [GeV] |PhT | [GeV]

|PhT | [GeV]

°3

°2

°1

0

1

2

3

AK°

1, d

0.3 < x < 0.4

|PhT | [GeV] |PhT | [GeV]

0.2 0.3 0.4 0.5 0.6

|PhT | [GeV]

°2

°1

0

1

2

3

4

5

6

AK°

1, d

0.4 < x < 0.6

0.2 0.3 0.4 0.5 0.6 0.7

|PhT | [GeV]
0.2 0.3 0.4 0.5 0.6

|PhT | [GeV]

|PhT | [GeV]

°0.1

0.0

0.1

0.2

0.3

0.4

0.5

Aº+

1, p

0.055 < x < 0.075

0.2 < z < 0.35

|PhT | [GeV]

0.0

0.1

0.2

0.3

Aº+

1, p

0.075 < x < 0.1

|PhT | [GeV]

0.35 < z < 0.5

|PhT | [GeV]

0.0

0.2

0.4

0.6

0.8

Aº+

1, p

0.1 < x < 0.14

|PhT | [GeV] |PhT | [GeV]

0.5 < z < 0.8

|PhT | [GeV]

0.0

0.2

0.4

0.6

0.8

Aº+

1, p

0.14 < x < 0.2

|PhT | [GeV] |PhT | [GeV]

|PhT | [GeV]

°0.2

0.0

0.2

0.4

0.6

0.8

1.0

Aº+

1, p

0.2 < x < 0.3

|PhT | [GeV] |PhT | [GeV]

|PhT | [GeV]
°1.0

°0.5

0.0

0.5

1.0

1.5

Aº+

1, p

0.3 < x < 0.4

|PhT | [GeV] |PhT | [GeV]

0.2 0.3 0.4 0.5 0.6

|PhT | [GeV]

°1

0

1

2

3

Aº+

1, p

0.4 < x < 0.6

0.2 0.3 0.4 0.5 0.6 0.7

|PhT | [GeV]
0.2 0.3 0.4 0.5 0.6

|PhT | [GeV]

|PhT | [GeV]

°0.2

°0.1

0.0

0.1

0.2

0.3

AK°

1, d

0.075 < x < 0.1

0.2 < z < 0.35

|PhT | [GeV]
°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

AK°

1, d

0.1 < x < 0.14

|PhT | [GeV]

0.35 < z < 0.5

|PhT | [GeV]

0.5 < z < 0.8

|PhT | [GeV]

°0.5

0.0

0.5

1.0

AK°

1, d

0.14 < x < 0.2

|PhT | [GeV] |PhT | [GeV]

|PhT | [GeV]

°1.0

°0.5

0.0

0.5

1.0

AK°

1, d

0.2 < x < 0.3

|PhT | [GeV] |PhT | [GeV]

|PhT | [GeV]

°3

°2

°1

0

1

2

3

AK°

1, d

0.3 < x < 0.4

|PhT | [GeV] |PhT | [GeV]

0.2 0.3 0.4 0.5 0.6

|PhT | [GeV]

°2

°1

0

1

2

3

4

5

6

AK°

1, d

0.4 < x < 0.6

0.2 0.3 0.4 0.5 0.6 0.7

|PhT | [GeV]
0.2 0.3 0.4 0.5 0.6

|PhT | [GeV]

8

Phenomenology: STATUS

Theory vs Experimental data
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Phenomenology: STATUS
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Phenomenology: STATUS
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Phenomenology: STATUS

Musch et al., Phys. Rev. D (2011)

✦  TMD ratio for  integrated over x , at NNLL


✦ Yellow and blue bands correspond to two lattice predictions 


✦ Milder slope but fair agreement

g1/f1 uv

Comparison to 
lattice calculation
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Phenomenology: CHALLENGES

Not many constraints on fitted parameters



11

Phenomenology: CHALLENGES

Not many constraints on fitted parameters

Experimental asymmetries  1 in several bins≥
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What does it 
happen at 
large x?

Need of precise data 
from JLab 22 GeV 

upgrade



End-of-Year 
Seminar

Backup



QCD in the Standard ModelMAP TMD fitting framework

https://github.com/MapCollaboration/NangaParbat
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QCD in the Standard ModelMAPTMD22 global fit: features

Global analysis of Drell-Yan and SIDIS data sets: 2031 data points 

Perturbative accuracy: N3LL−

Number of fitted parameters: 21

Agreement with data: χ2/Ndata = 1.06

MAP Collaboration, JHEP 10 (2022)

Normalization prefactor for SIDIS observables
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QCD in the Standard ModelStructure of a TMD

F̂ (x, b2T ;µ, ⇣) =

Z
d2k?
(2⇡)2

eibT ·k?F (x, k2?;µ, ⇣)

<latexit sha1_base64="3R8xfMjgo3f746u/6oCfkMAU9hM="></latexit>

TMD in Fourier space 

f̂q
1 (x, b

2
T ;µ, ⇣) =

X

j

Cq/j(x, b⇤;µb⇤ , µ
2
b⇤)⌦ f j

1 (x, µb⇤)

<latexit sha1_base64="8dZG1jMSfjV0ebPUA+4Wbkt+trc="></latexit>

: A

Perturbative TMD at the initial scale

⇥ exp

⇢
K(b⇤;µb⇤) ln

p
⇣

µb⇤

+

Z µ

µb⇤

dµ0

µ0


�F � �K ln

p
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QCD in the Standard ModelMAP22: Perturbative accuracy

Accuracy H and C K and γF γK PDF/FF and αS evol.
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QCD in the Standard ModelMAP22: NP parametrization
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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

– 10 –

gK(b2T ) = �g22
b2T
4
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Drell-Yan

Fixed-target low-energy DY

RHIC data

LHC and Tevatron data

SIDIS

HERMES data

COMPASS data

9 . Q . 11 GeV excluded (⌥ resonance)
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QCD in the Standard ModelMAP22: Kinematic cuts
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Role of Gaussian
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Role of Gaussian

gNP(x, k2
⊥, Q0) = f MAP22
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Positivity constraint

ω1(x) = fpos.(x) + N1g
(1 − x)α2

1g xσ1g

(1 − ̂x)α2
1g ̂xσ1g

✦   guarantees the positivity bound           fpos.(x)

fpos.(x) ≈ c + h2e− (x − μ)2

σ2

10−4 ≤ x ≤ 0.7

✦  are the free parameters of the fit,  N1g, α1g, σ1g ̂x = 0.1

at TMD level 

(interpolation function)
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Propagation of errors

 MMHT2014 set, DSS14, DSS17 sets 
f1(x) → D1(z) →

 NNPDFpol1.1:  100 MC members g1(x) →

100 replicas of  data points to be fittedA1

 i-th replica of  and the extracted  TMD 
associated with the same replica of unpolarized TMDs 

g1(x) g1

Uncertainty of extracted collinear PDF propagated onto TMD’s uncertainty


