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Experimental results on TMDs 
and future perspectives



Transverse structure of the Nucleon

16/01/2023 XXIX Epiphany Conference 2

ℓ′

ℓ

Photon Virtuality Q2

Hard Scale
High Energy Probe

𝑊𝑊𝑝𝑝
𝑞𝑞 𝑥𝑥, 𝑘𝑘⊥,𝑏𝑏𝑇𝑇

Longitudinal 
momentum

Transverse 
momentum

Transverse 
position

Confinement Scale



Accessing TMD PDFs and FFs
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• TMD factorization works in the domain where there are two observed momenta in the 
process, such as SIDIS, DY, 𝑒𝑒+𝑒𝑒−. 𝑄𝑄 ≫ 𝑞𝑞𝑇𝑇: 𝑄𝑄 is large to ensure the use of pQCD, 𝑞𝑞𝑇𝑇 is 
much smaller such that it is sensitive to parton’s transverse momentum

• SIDIS off (un)polarized p, d, n targets

• (un)polarised Drell-Yan

• 𝑒𝑒+𝑒𝑒− → ℎ1ℎ2

HERMES 
COMPASS 
JLab12
future: EIC

COMPASS 
RHIC
FNAL
future: FAIR, JPark, NICA

𝜎𝜎ℓ𝑝𝑝→ℓ′ℎ𝑋𝑋~𝑞𝑞 𝑥𝑥 ⊗ �𝜎𝜎𝛾𝛾𝛾𝛾→𝑞𝑞 ⊗ 𝐷𝐷𝑞𝑞ℎ 𝑧𝑧

𝜎𝜎ℎ𝑝𝑝→𝜇𝜇𝜇𝜇~�𝑞𝑞ℎ 𝑥𝑥1 ⊗ 𝑞𝑞𝑝𝑝 𝑥𝑥2 ⊗ �𝜎𝜎 �𝑞𝑞𝑞𝑞→𝜇𝜇𝜇𝜇 𝑠̂𝑠
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TMD Distribution Functions
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DIS around the world
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SIDIS @ HERMES
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SIDIS @ COMPASS
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SIDIS at JLab12 

C12-20-002
π+,π−.π0,Κ+

Precision 
measurements 
of all SFs  in a 
wide range

Coverage of 
large Q2 and 
large PT
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Future SIDIS @ EIC

16/01/2023 XXIX Epiphany Conference 9



Kinematic coverage
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unpolarized
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Unpolarized SIDIS 
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• The cross section is proportional to 𝒞𝒞 𝑓𝑓1𝐷𝐷1
• 𝑓𝑓1 𝑥𝑥, 𝑘𝑘⊥,𝑄𝑄2

• 𝐷𝐷1 𝑧𝑧,𝑝𝑝⊥,𝑄𝑄2

• The azimuthal modulations in the unpolarised cross sections comes from:
• Intrinsic 𝑘𝑘⊥ of the quarks
• The Boer-Mulders PDF

• Difficult measurements where one has to correct for the apparatus 
acceptance



Intrinsic transverse motion; an old story

EMC experiment [1987]
Fit: Konig-Kroll model [1982]+Lund 

QCD 
alone

QCD + 
quark 
transvers
e motion• Cross section for SIDIS process expected to 

be
𝑑𝑑𝑑𝑑 ∼ 𝜎𝜎0[1 + 𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙ℎ + 𝐵𝐵 𝑐𝑐𝑐𝑐𝑐𝑐 2𝜙𝜙ℎ]

• Georgi and Politzer [1978]: azimuthal 
modulations of hadrons around the jet axis due 
to gluon radiation. Effect regarded as a clean 
QCD test [Phys.Rev.Lett. 40 (1978) 3].

• R.N. Cahn [1978]: same modulations can arise 
due to the quark intrinsic motion (𝑘𝑘⊥)
[ Phys.Lett.B 78 (1978) 269]
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Unpolarised Azimuthal Modulation

The cross-section is 𝑑𝑑𝜎𝜎ℓ𝑝𝑝→ℓ′ℎ𝑋𝑋 = ∑𝑞𝑞 𝑓𝑓𝑞𝑞 𝑥𝑥,𝑄𝑄2 ⊗ 𝑑𝑑𝜎𝜎ℓ𝑞𝑞→ℓ′𝑞𝑞 ⊗ 𝐷𝐷𝑞𝑞ℎ 𝑧𝑧,𝑄𝑄2 with the 
partonic process is given by 𝑑𝑑𝜎𝜎ℓ𝑞𝑞→ℓ′𝑞𝑞 = 𝑠̂𝑠2 + �𝑢𝑢2

In collinear PM 𝑑𝑑𝜎𝜎ℓ𝑞𝑞→ℓ′𝑞𝑞 = 𝑠̂𝑠2 + �𝑢𝑢2 ∝ 1 + 1 − 𝑦𝑦 2 , i.e. no 𝜙𝜙ℎ dependence. 

𝑠̂𝑠 ≔ ℓ + 𝑘𝑘 2~2ℓ � 𝑘𝑘
𝑘𝑘⊥=0 𝑠𝑠𝑠𝑠

�𝑢𝑢 ≔ ℓ′ − 𝑘𝑘 2~ − 2ℓ′ � 𝑘𝑘
𝑘𝑘⊥=0 − 𝑠𝑠𝑠𝑠 1 − 𝑦𝑦

𝑘𝑘 = 𝑥𝑥𝑥𝑥 + 𝑘𝑘⊥
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Unpolarised Azimuthal Modulation

When 𝑘𝑘⊥is taken into account:

𝑠̂𝑠 = 𝑠𝑠𝑠𝑠 1 − 2𝑘𝑘⊥
𝑄𝑄

1 − 𝑦𝑦 cos𝜙𝜙 + ℴ 𝑘𝑘⊥
2

𝑄𝑄
�𝑢𝑢 = 𝑠𝑠𝑠𝑠 1 − 𝑦𝑦 1 − 2𝑘𝑘⊥

𝑄𝑄 1−𝑦𝑦
cos𝜙𝜙 + ℴ 𝑘𝑘⊥

2

𝑄𝑄

and

𝑑𝑑𝜎𝜎ℓ𝑞𝑞→ℓ′𝑞𝑞 ∝ 𝑠̂𝑠2 + �𝑢𝑢2 ∝ 1 − 2𝑘𝑘⊥
𝑄𝑄

1 − 𝑦𝑦 cos𝜙𝜙
2

+ 1 − 𝑦𝑦 2 1 − 2𝑘𝑘⊥
𝑄𝑄 1−𝑦𝑦

cos𝜙𝜙
2

,

Resulting in the cos𝜙𝜙ℎ and cos 2𝜙𝜙ℎ modulations observed in the azimuthal 
distributions

𝑘𝑘 ≅ 𝑥𝑥𝑥𝑥, 𝑘𝑘⊥ cos𝜙𝜙 , 𝑘𝑘⊥ sin𝜙𝜙 , 𝑥𝑥𝑥𝑥

𝑘𝑘⊥ ≅ 0, 𝑘𝑘⊥ cos𝜙𝜙 , 𝑘𝑘⊥ sin𝜙𝜙 , 0
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Cahn: Phys.Lett.B 78 (1978) 269
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Semi Inclusive unpolarised DIS Cross Section 

The account of the transverse motion of the quark result in the following general form of the 
unpolarised semi-inclusive deep inelastic cross-section

𝑑𝑑5𝜎𝜎
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑃𝑃ℎ𝑇𝑇2 𝑑𝑑𝜙𝜙ℎ

=
𝛼𝛼2

𝑥𝑥𝑥𝑥𝑄𝑄2
1 − 𝑦𝑦 +

𝑦𝑦2

2
𝐹𝐹2 𝑥𝑥,𝑄𝑄2 ×

𝑀𝑀𝑈𝑈𝑈𝑈
ℎ 1 +

2 2 − 𝑦𝑦 1 − 𝑦𝑦
1 + 1 − 𝑦𝑦 2 𝐴𝐴𝑈𝑈𝑈𝑈

cos 𝜙𝜙ℎcos𝜙𝜙ℎ +
2 1 − 𝑦𝑦

1 + 1 − 𝑦𝑦 2 𝐴𝐴𝑈𝑈𝑈𝑈
cos 2𝜙𝜙ℎcos 2𝜙𝜙ℎ

Where we have introduced the amplitude of the azimuthal asymmetries as

𝐴𝐴𝑈𝑈𝑈𝑈
cos 𝑋𝑋𝜙𝜙ℎ 𝑥𝑥, 𝑧𝑧,𝑃𝑃ℎ𝑇𝑇2 ;𝑄𝑄2 =

𝐹𝐹𝑈𝑈𝑈𝑈
cos 𝑋𝑋𝜙𝜙ℎ 𝑥𝑥, 𝑧𝑧,𝑃𝑃ℎ𝑇𝑇2 ;𝑄𝑄2

𝐹𝐹𝑈𝑈𝑈𝑈ℎ 𝑥𝑥, 𝑧𝑧,𝑃𝑃ℎ𝑇𝑇2 ;𝑄𝑄2

An the angular independent ratio

𝑀𝑀𝑈𝑈𝑈𝑈
ℎ 𝑥𝑥, 𝑧𝑧,𝑃𝑃ℎ𝑇𝑇2 ;𝑄𝑄2 =

𝐹𝐹𝑈𝑈𝑈𝑈ℎ 𝑥𝑥, 𝑧𝑧,𝑃𝑃ℎ𝑇𝑇2 ;𝑄𝑄2

𝐹𝐹2 𝑥𝑥,𝑄𝑄2

Experimentally these are more difficult measurements than spin asymmetries, since we have to 
correct for the apparatus acceptance
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Positive vs Negative charged hadrons ( 6LiD)

𝑄𝑄2 = 9.78 GeV/𝑐𝑐 2and 𝑥𝑥 = 0.149
16/01/2023 XXIX Epiphany Conference 18

𝐹𝐹𝑈𝑈𝑈𝑈ℎ 𝑥𝑥, 𝑧𝑧,𝑃𝑃ℎ𝑇𝑇2 ; 𝑄𝑄2 = 𝑥𝑥�
𝑞𝑞

𝑒𝑒𝑞𝑞2 �𝑑𝑑2𝑘𝑘⊥𝑑𝑑2𝑝⃗𝑝⊥𝛿𝛿 𝑝⃗𝑝⊥ + 𝑧𝑧𝑘𝑘⊥ − 𝑃⃗𝑃ℎ𝑇𝑇 𝑓𝑓1
𝑞𝑞 𝑥𝑥, 𝑘𝑘⊥2 ;𝑄𝑄2 𝐷𝐷1

𝑞𝑞→ℎ 𝑧𝑧,𝑝𝑝⊥2 ;𝑄𝑄2



Positive vs Negative charged hadrons (𝐋𝐋𝐋𝐋𝟐𝟐)
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Unpolarized 𝒒𝒒𝑻𝑻 distributions
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Slope dependence 
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A Gaussian ansatz for 𝑘𝑘⊥ and 𝑝𝑝⊥ leads to  
𝑃𝑃ℎ𝑇𝑇2 = 𝑧𝑧2 𝑘𝑘⊥2 + 𝑝𝑝⊥2



Phenomenological fits
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arXiv:2206.07598v1 [hep-ph] 15 Jun 2022



𝒁𝒁𝟎𝟎 cross-section at STAR
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• Unpolarized TMDs are also accessed at pp collision



Unpolarised Azimuthal Modulation
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When looking at the content of the structure functions/modulations in terms of 
TMD PDFs for the cos𝜙𝜙ℎ and cos 2𝜙𝜙ℎ we can write:

In the cos 2𝜙𝜙ℎ Cahn effects enters only at twist4

𝐹𝐹𝑈𝑈𝑈𝑈
cos 𝜙𝜙ℎ = −

2𝑀𝑀
𝑄𝑄
𝐶𝐶

�ℎ � 𝑘𝑘⊥
𝑀𝑀 𝑓𝑓1𝐷𝐷1 −

𝑝𝑝⊥𝑘𝑘⊥
𝑀𝑀

𝑃𝑃ℎ𝑇𝑇 − 𝑧𝑧 �ℎ � 𝑘𝑘⊥
𝑧𝑧𝑀𝑀ℎ𝑀𝑀

ℎ1⊥𝐻𝐻1⊥ + twists > 3

𝐹𝐹𝑈𝑈𝑈𝑈
cos 2𝜙𝜙ℎ = 𝐶𝐶

�ℎ � 𝑘𝑘⊥ �ℎ � 𝑝⃗𝑝⊥ − 𝑝⃗𝑝⊥ � 𝑘𝑘⊥
𝑀𝑀𝑀𝑀ℎ

ℎ1⊥𝐻𝐻1⊥ + twists > 3

𝐹𝐹Cahn
cos 2𝜙𝜙ℎ ≈

2
𝑄𝑄2 𝐶𝐶 2 �ℎ � 𝑘𝑘⊥

2
− 𝑘𝑘⊥2 𝑓𝑓1𝐷𝐷1



Cahn cos𝝓𝝓𝒉𝒉 and Boer-Mulders cos𝟐𝟐𝝓𝝓𝒉𝒉 Asyms
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Single spin asymmetries
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HERMES 3D ssa - COLLINS
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HERMES 3D ssa - SIVERS
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Sivers change of sign – no conclusive status
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HERMES 3D ssa – WORM GEAR (II)
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Future Measurements/results
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Already on tape
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• COMPASS @ CERN:
• 2016-17 DVCS and SIDIS on LH2

• 2022 on transversely polarized 6LiD

• Jlab 12 – proton/deuteron unpolarised

Year Period Run Target Polarization Beam
2018 Spring-Fall RGA Proton - 10.6 GeV

Fall RGK Proton - 6.5-7.5 GeV

2019 Spring RGA Proton - 10.6 GeV

2019 Spring-Fall RGB Deuteron - 10.6 GeV
2020 Spring-Fall RGF Deuteron - 10.6 GeV

2021 Fall RGM Nuclear - Several GeV

2022 Spring-Fall RGC NH3-ND3 Longitudinal 10.6 GeV



Almost on tape
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• Jlab 12 – polarized 
• CLAS12

• Hall A - E12-09-018 Neutron transverse SSAs

Year Period Run Target Polarization Beam

> 2022 RGH HDice, NH3-ND3 Transverse 10.6 GeV

> 2022 3He Longitudinal 10.6 GeV

> 2022 RGG 7LiD, 6LiH Longiudinal 10.6 GeV



COMPASS deuteron data in 2022

• Expected gain in precision on u- and d-quark transversity
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COMPASS 2022 RUN – integrated stat
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JLAB12 More in the feauture
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• CLAS12 and SOLID



TMDs at the EIC
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• EIC will extend TMD studies toward smaller 𝑥𝑥 with high 
precision!

• EIC will allow precise extraction of TMDs of all quark 
flavours

• EIC will give access to TMDs of anti-quark and gluon 

• Multi-dimensional representation of observables leading 
to TMDs will be the standard tool

• Systematic study of evolution properties of TMDs will 
finally be possible



Glimps of the projected precision

16/01/2023 XXIX Epiphany Conference 38



Thank you



12 GeV Upgrade Physics Instrumentation
GLUEx (Hall D): exploring origin of  

confinement by studying hybrid mesons

CLAS12 (Hall B): understanding nucleon  
structure via generalized parton distributions

SHMS (Hall C): precision determination of  
valence quark properties in nucleons and nuclei

Hall A: nucleon form factors,
& future new experiments like Moller & SOLID
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The asymmetries
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• The asymmetries are:

• 𝐴𝐴𝑈𝑈 𝐿𝐿 ,𝑇𝑇
𝑤𝑤 𝜙𝜙ℎ,𝜙𝜙𝑆𝑆 𝑥𝑥, 𝑧𝑧,𝑝𝑝𝑇𝑇;𝑄𝑄2 =

𝐹𝐹𝑈𝑈 𝐿𝐿 ,𝑇𝑇
𝑤𝑤 𝜙𝜙ℎ,𝜙𝜙𝑆𝑆

𝐹𝐹𝑈𝑈𝑈𝑈,𝑇𝑇+𝜀𝜀𝐹𝐹𝑈𝑈𝑈𝑈,𝐿𝐿

• When we measure on 1D 

• 𝐴𝐴𝑈𝑈 𝐿𝐿 ,𝑇𝑇
𝑤𝑤 𝜙𝜙ℎ,𝜙𝜙𝑆𝑆 𝑥𝑥 =

∫𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚
2
𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚2

𝑑𝑑𝑄𝑄2 ∫𝑧𝑧𝑚𝑚𝑚𝑚𝑚𝑚
𝑧𝑧𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑑𝑑 ∫𝑝𝑝𝑇𝑇,𝑚𝑚𝑚𝑚𝑚𝑚

𝑝𝑝𝑇𝑇,𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑2𝑝⃗𝑝𝑇𝑇𝐹𝐹𝑈𝑈 𝐿𝐿 ,𝑇𝑇
𝑤𝑤 𝜙𝜙ℎ,𝜙𝜙𝑆𝑆

∫𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚
2
𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚2

𝑑𝑑𝑄𝑄2 ∫𝑧𝑧𝑚𝑚𝑚𝑚𝑚𝑚
𝑧𝑧𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑑𝑑 ∫𝑝𝑝𝑇𝑇,𝑚𝑚𝑚𝑚𝑚𝑚

𝑝𝑝𝑇𝑇,𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑2𝑝⃗𝑝𝑇𝑇 𝐹𝐹𝑈𝑈𝑈𝑈,𝑇𝑇+𝜀𝜀𝐹𝐹𝑈𝑈𝑈𝑈,𝐿𝐿



Hadron correlations
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common hadron sample for Collins and 2h analysis

Interplay between 
Collins and IFF 
asymmetries



Asymmetries for 𝑥𝑥 > 0.032 vs ∆𝜙𝜙 = 𝜙𝜙ℎ+ − 𝜙𝜙ℎ−

16/01/2023 XXIX Epiphany Conference 43

ratio of the integrals compatible with 4/𝜋𝜋

𝑎𝑎 =
𝜎𝜎1𝐶𝐶ℎ

+ℎ− Δ𝜙𝜙
𝜎𝜎𝑈𝑈 Δ𝜙𝜙

= −
𝜎𝜎2𝐶𝐶ℎ

+ℎ− Δ𝜙𝜙
𝜎𝜎𝑈𝑈 Δ𝜙𝜙

Hints for a common origin of 1h 
and 2h mechanisms



From Collins asymmetries to transversity
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• Following Physical Review D 91, 014034 (2015), in the valence region

𝑥𝑥ℎ1𝑢𝑢 =
1
5

1
�𝑎𝑎𝑃𝑃ℎ 1 − �𝛼𝛼

𝑥𝑥𝑓𝑓𝑝𝑝+𝐴𝐴𝑝𝑝+ − 𝑥𝑥𝑓𝑓𝑝𝑝−𝐴𝐴𝑝𝑝− +
1
3
𝑥𝑥𝑓𝑓𝑑𝑑+𝐴𝐴𝑑𝑑+ − 𝑥𝑥𝑓𝑓𝑑𝑑−𝐴𝐴𝑑𝑑−

𝑥𝑥ℎ1𝑑𝑑 =
1
5

1
�𝑎𝑎𝑃𝑃ℎ 1 − �𝛼𝛼

4
3
𝑥𝑥𝑓𝑓𝑑𝑑+𝐴𝐴𝑑𝑑+ − 𝑥𝑥𝑓𝑓𝑑𝑑−𝐴𝐴𝑑𝑑− − 𝑥𝑥𝑓𝑓𝑝𝑝+𝐴𝐴𝑝𝑝+ − 𝑥𝑥𝑓𝑓𝑝𝑝−𝐴𝐴𝑝𝑝−

With �𝑎𝑎𝑃𝑃ℎ and �𝛼𝛼 constants
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pT
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charged pions
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charged hadrons 
charged kaons

have to be taken into account

correlation coefficients 

x 

correlation coefficients 

correlation coefficients 

z 

x 

Statistical correlations
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Higher Twists

16/01/2023 XXIX Epiphany Conference 47



Beam Spin Asymmetry Measurements

16/01/2023 XXIX Epiphany Conference 48

𝐹𝐹𝐿𝐿𝐿𝐿
sin 𝜙𝜙ℎ =

2𝑀𝑀
𝑄𝑄
𝒞𝒞 −

�ℎ � 𝑘𝑘𝑇𝑇
𝑀𝑀ℎ

𝑥𝑥𝑥𝑥𝐻𝐻1⊥ +
𝑀𝑀ℎ
𝑀𝑀

𝑓𝑓1
�𝐺𝐺⊥

𝑧𝑧
+
�ℎ � 𝑝⃗𝑝⊥
𝑀𝑀

𝑥𝑥𝑔𝑔⊥𝐷𝐷1 +
𝑀𝑀ℎ
𝑀𝑀

ℎ1⊥
�𝐸𝐸
𝑧𝑧



Beam Spin Asymmetry Measurements

16/01/2023 XXIX Epiphany Conference 49



clas6

clas12clas12

ρ0

ω string
ρ+

Large Mππ pions 
with PT >0.5 GeV 

MC

2 hadron correlations in CFR  𝒆𝒆𝒆𝒆 → 𝒆𝒆𝒆𝝅𝝅+𝝅𝝅−𝑿𝑿

• Spin-azimuthal correlations in hadron pair production are very significant
• Hadron pairs in SIDIS (true from JLab to LHC) are dominated by VM decays

(therefore single hadron channel too)
• Direct pions dominate only at relatively high PT, (PT >0.6-0.7 GeV) 

16/01/2023 XXIX Epiphany Conference 50



Collins/Sivers for 𝝆𝝆𝟎𝟎
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• indication for a 
positive asymmetry 

• similar to 𝜋𝜋0 as 
expected from the 
models 

• indication for a positive 
asymmetry 

• opposite to 𝜋𝜋+ and 𝜋𝜋0 as 
predicted by the models 

• Large effect at small 𝑃𝑃𝑇𝑇
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Phys.Rev.Lett. 126 (2021) 6, 062002 Phys.Rev.Lett. 126 (2021) 152501
1st CLAS12 Publication!

CLAS12 𝜋𝜋+𝜋𝜋− 𝐴𝐴𝐿𝐿𝐿𝐿
sin 𝜙𝜙𝑅𝑅Updated CLAS6 𝜋𝜋+𝜋𝜋− 𝐴𝐴𝐿𝐿𝐿𝐿

sin 𝜙𝜙𝑅𝑅
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https://inspirehep.net/literature/1823746
https://inspirehep.net/literature/1840682
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