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gq
1 (x) = q+ − q−

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

J. J. Ethier and E. R. Nocera, Ann. Rev. Nucl. Part. Sci. 70, 43 (2020)

Collinear component  is well known g1(x)
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HELICITY TMD PDF  g1

5

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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Analysis of longitudinally polarized process

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

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



Alessia Bongallino REF2024

HELICITY EXTRACTION: PROCESS AND OBSERVABLE

6

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
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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)

Invariant mass Q of exchanged  is the hard scale of the process 

Power corrections of the type ,  are neglected 

γ*
P2

hT /Q2, P2
hT /z2Q2 M2

h /Q2
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The evolution of the TMDs follows the CSS approach consistently:  

̂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)

J. C. Collins, D. E. Soper, and G. 
F. Sterman, Nucl. Phys. B 250, 
199 (1985) 

J. C. Collins, Foundations of 
perturbative QCD
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Analogously for .D1(z, |bT |2 , Q)
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Analogously for .D1(z, |bT |2 , Q)
A. Bacchetta et al., 
JHEP 10 (2022), 127

MAPTMD22 

Known only up to NLO 
D. Gutiérrez-Reyes et al., 
Phys. Lett. B 769, 84 (2017)
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L.A. Harland-Lang et 
al., Eur.Phys.J.C 75 

Same datasets as MAPTMD22 for 
unpolarized collinear functions  

✦ MMHT2014 set 

✦ DSS14,  
               DSS17 sets

f1(x) →

D1(z) → D. de Florian, et al., Phys. 
Rev. D 91 (2015) 014035  
D. de Florian, et al., Phys. 
Rev. D 95 (2017) 094019
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Parameterization of the nonperturbative part:

̂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)
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A. Bacchetta et al., 
JHEP 10 (2022), 127

MAPTMD22 
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 g{1A,1B,1C}(x) = N{1,2,3}
(1 − x)α2

{1,2,3} xσ{1,2,3}

(1 − ̂x)α2
{1,2,3} ̂xσ{1,2,3}

fMAP22
NP (x, k2

⊥, Q0) =
exp (− k2

⊥

g1A(x) ) + k2
⊥λ2exp (− k2

⊥

g1B(x) ) + λ2
2exp (− k2

⊥

g1C(x) )
π (g1A(x) + λ2g1B(x)2 + λ2

2 g1C(x))
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̂f1(x, |bT |2 , Q) = [Cf ⊗ f1](x, b⋆( |bT |2 )) f MAP22
NP (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)

A. Bacchetta et al., 
JHEP 10 (2022), 127

MAPTMD22 

DMAP22
NP

Parameterization of the nonperturbative part:
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gNP(x, k2
⊥, Q0) = f MAP22

NP (x, k2
⊥, Q0)

e− k2
⊥

ω1(x)

knorm(x)

Parameterization of the nonperturbative part:

̂f1(x, |bT |2 , Q) = [Cf ⊗ f1](x, b⋆( |bT |2 )) f MAP22
NP (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)
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https://github.com/MapCollaboration/NangaParbat

https://github.com/MapCollaboration/NangaParbat
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✦ Error analysis with bootstrap 
method
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 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 
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Uncertainty of extracted collinear PDF propagated onto TMD’s uncertainty
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B. U. Musch et al., Phys. Rev. D 83, 094507 (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
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At small-   :bT
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G1, f′￼→N (z, μb)
z2−2ε

+ 𝒪(μbT)

M. G. 
Echevarria et 
al., JHEP 09 
(2016), 004
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Lorentz structures 

Γ = γ+γ5

Γμν = iϵμν
T ≡ iϵ+−μν

(γ+γ5)Larin+ =
iϵαβ

T

2!
γ+γαγβ

D. Gutiérrez-Reyes, et al., 
Phys. Lett. B 769, 84 (2017) 

Scheme choice
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𝒞[1]
q→q(z, bT; μ, ζ) =

CFαs

4π
1
z2 [−2LT ( 2z

(1 − z)+
+ (1 − z)) + 2(1 − z) + δ(1 − z)(−L2

T + 2LTlζ − ζ2)]
𝒞[1]

q→g(z, bT; μ, ζ) =
CFαs

4π
1
z2 (−2LT(2 − z) − 4(1 − z))

𝒞[1]
g→q(z, bT; μ, ζ) =

Trαs

4π
1
z2 (−2LT(2z − 1) + 4(1 − z))

𝒞[1]
g→g(z, bT; μ, ζ) =

CAαs

4π
1
z2 [−2LT ( 1 + z

(1 − z)+
+ (3 − 4z)) − 8(1 − z) + δ(1 − z)(−L2

T + 2LTlζ − ζ2)]
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D. Gutiérrez-Reyes 
et al., Phys. Lett. B 
769, 84 (2017) 
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Ngq =
−1

1 − ϵ
Tr

CF

Nqq = Ngg = 1

Nqg = − (1 − ϵ)
CF

Tr

Δf→f′￼
(z, δ) =

−1
z

Nff′￼
Φf←f′￼

(z−1, δ)

M. G. Echevarria et al., JHEP 09 (2016), 004
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HELICITY TMD PDF 
✦ First extraction of the helicity TMD PDF for 

quarks at NLO with numerator-denominator 
compatibility, reaching NNLL perturbative 
accuracy  

✦ Positivity constraint fulfilled by construction   

✦ Helicity TMD shows a x-dependence and 
different behaviour from the unpolarized at 
large x

✦ Free parameters poorly constrained for 
limited size of the experimental dataset: 
new data will refine the model 

HELICITY TMD FF 
✦ First computation of the matching 

coefficients of the helicity TMD FF        
at NLO 

✦ Phenomenological analysis in the 
TMD context can be done with data 
from -production experiments (CC 
NOMAD, SIDIS COMPASS, 
HERMES, LEP ) 

Λ
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fMAP22
NP (x, k2

⊥, Q0) =
exp (− k2

⊥

g1A(x) ) + k2
⊥λ2exp (− k2

⊥

g1B(x) ) + λ2
2exp (− k2

⊥

g1C(x) )
π (g1A(x) + λ2g1B(x)2 + λ2

2 g1C(x))

NP PART OF THE UNPOLARIZED TMD PDF f1

The x-dependent gaussian widths are 

  g{1A,1B,1C}(x) = N{1,2,3}
(1 − x)α2

{1,2,3} xσ{1,2,3}

(1 − ̂x)α2
{1,2,3} ̂xσ{1,2,3}



Alessia Bongallino REF2024 40

knorm(x) = w1(x)

g1A(x)
g1A(x) + w1(x) + λ2 g2

1B(x)w1(x)
(g1B(x) + w1(x))2 + λ2

2
g1C(x)

g1C(x) + w1(x)

g1A(x) + λ2g2
1B(x) + λ2

2g1C(x)

EXPRESSION OF THE  FACTORknorm(x)
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Z[1]
q (μ, ζ) =

αsCF

2π (−
1

ε2
UV

−
1

εUV (2 + ln
μ2

ζ ))
Z[1]

g (μ, ζ) =
αsCA

2π (−
1

ε2
UV

−
1

εUV (1 + ln μ2

ζ ))

Z2 =
αsCF

4π (−
1

εUV
+

1
εIR )

Z3 =
αs

4π ( 1
εUV

−
1

εIR ) ( 5
3

CA −
4
3

Trnf) ≡
αs

4π ( 1
εUV

−
1

εIR ) 2 ( β0

2
− CA)

S[1] =
αsCF

2π [−
2

ε2
UV

+
2

εUV
ln δ+δ−

μ2
+ L2

T + 2LTln δ+δ−

μ2
+

π2

6 ]
ln(δ+δ−/μ2) → ln ( δ+

p+ )
2

ln ( ζ
μ2 )

WFR 

UV 
RENORMALIZATION 
CONSTANTS 

SOFT FUNCTION
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Wn(y) = P exp [ig∫
0

−∞
dλ n̄ ⋅ A(y + λn̄)e−δ+λ] = P ∫

dnk
(2π)n

e−iky −g n̄μta

k+ − iδ+
Ãa

μ(k)

Bμ
n⊥ =

1
g [W†

n(y)iDμ
n⊥Wn(y)] B(0)μν

n⊥ (k) = gμν
⊥ −

kμ
⊥n̄ν

k+ − iδ

Gq→N(z, bT) =
1

4zNc ∑
X

1
2 ∫

dξ−

2π
e−ip⋅ξ/2z < 0 |T [WT†

n qj]a
(ξ) |X, N > γ+

ij γ5 < X, N | T̄ [q̄iWT
n ]a

0 |0 >

Gg→N(z, bT) =
−p+z−2

(d − 2)(d − 3)(N2
c − 1)

iϵ⊥
μν ∑

X

1
2 ∫

dξ−

2π
e−ip⋅ξ/2z < 0 |T [Bμ

n⊥] (ξ) |X, N > < X, N | T̄ [Bν
n⊥] (0) |0 >

-REGULARIZATION  δ

QUARK AND GLUON FUNCTIONS


