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 𝑒𝑒+𝑒𝑒− → ℎ1 ℎ2 + 𝑋𝑋: theory
 TMD helicity formalism
 TMD fragmentation functions for Spin-½ hadrons 
 Transverse Λ polarization

 Phenomenology
 Fit of Belle data and extraction of the polarizing FF
 Predictions for SIDIS@EIC  

 Concluding remarks
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 Complete results for the azimuthal and polarization observables
Boer, Jakob, Mulders 1997

 TMD factorization for small relative transverse momenta w.r.t. 𝑄𝑄2

Collins 2011 - Echevarria, Idilbi Scimemi 2012



 Phenomenology: direct access to the intrinsic transverse momentum dependence

 Theory: recent developments on TMD factorization, role of soft factors, universality

Kang, Shao, Zhao 2020 – Boglione,Simonelli 2021 - Gamberg, Kang, Shao, Terry, Zhao 2021
 Simplified model: check for consistency (see also Anselmino, Kishore, Mukherjee 2019) 

U. D'Alesio  University and INFN Cagliari        QCD evolution 2021, May, 10-14 3

jet 𝑋𝑋
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Helicity scatt. Amplitude
(hard)

Master formula

Fragm. Funct.
(soft)

Helicity density matrix

Hadron frame
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product of fragm. 
amplitudes

𝑞𝑞, λ𝑞𝑞

λ𝑋𝑋

Hadron helicity 
density matrix

Collinear unpolarized 
fragm.  function

polarization components 
in the hadron helicity frame
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8 TMD-FFs

Polarizations in the
hadron helicity frame
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Quark helicity density matrix real real (q) / imm (g)

8 real quantities 
by parity

complex
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Euclidean tensors
rank 1,2,…

Scalar functions,…
depending only on

as developed for SIDIS Anselmino et al. 2011
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Unpol. cross section

in agreement with Boer, Jakob, Mulders 1997

Tensorial analysis
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From the helicity to the lab frame

Polarizing FF
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Projection along the normal to the hadron plane [lab frame] (phenom.)

By integrating over        ,  the term is washed out, leaving

Access to 
the polarizing FF
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 TMD polarizing fragmentation function    Boer, Jakob, Mulders 1997

 First attempt to describe 𝑃𝑃𝑇𝑇(Λ) data in unpolarized hadron-hadron collisions

within a phenomenological TMD model Anselmino, Boer, UD, Murgia 2001

 Twist-three approach: Kanazawa, Koike 2001

2019

 Belle data for 𝑃𝑃𝑇𝑇(Λ) in 𝑒𝑒+𝑒𝑒− → Λ↑ ℎ + 𝑋𝑋 and 𝑒𝑒+𝑒𝑒− → Λ↑(jet) + 𝑋𝑋

Guan et al. (Belle Coll.)  2019
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orthogonal to the thrust plane

jet 𝑋𝑋 within a simplified TMD scheme     



 Unpol. FFs: DSS07 for 𝜋𝜋/𝐾𝐾 , AKK08 for Λ

 Polarizing FF
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Data selection:
 Λ + 𝜋𝜋/𝐾𝐾: 𝑧𝑧𝜋𝜋.𝐾𝐾 = [0.5 − 0.9] excluded → 96/128 data points
 Λ jet :       𝑧𝑧Λ = [0.5 − 0.9] excluded → 24/32 data points

flavour separation

Positivity bound

GeV2

 No TMD evolution (fixed-scale analysis)
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Full-data fit : 𝜒𝜒dof
2 = 1.94

Λ + 𝜋𝜋/𝐾𝐾 data fit : 𝜒𝜒dof
2 = 1.26

Similar analysis in Callos, Kang, Terry 2020

2σ uncertainty (250K sets)
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Full-data (including Λ (jet))  and Λ-had extractions
Consistency: central lines and (overlapping) uncertainty bands!!!

|Ratios| of the first moments 
w.r.t. their bounds

First moments of the polarizing FF

up

down strange sea
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Associated production 

• simpler fits with only two pFFs (u=d, s and no sea)         higher 
• pion well described (also including the highest z bin)
• kaon, some tension (data?, unpol FFs?,  parametrization of polFF?)  
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Inclusive Λ production [full-data analysis]

Not included

• Less good description…but not bad!
• Theory 

 Polarization = 0 at 𝑝𝑝⊥= 0 
 𝑃𝑃 Λ = 𝑃𝑃(�Λ)  

• not clearly visible in the data
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EIC kinematics

Transverse w.r.t.
the target-Λ plane



 General helicity formalism for 𝑒𝑒+𝑒𝑒− → ℎ1 ℎ2 + 𝑋𝑋

 Classification of all leading-twist quark (and gluon) 
TMD-FFs for spin-1/2 hadrons 

 Fit of Belle 𝑒𝑒+𝑒𝑒− data on transverse Λ polarization and 
extraction of the polarizing FF

 Polarizing FF
 three different valence polFFs (up, down and strange) + sea
 relative sign between up and down polFFs
extraction of the 𝑝𝑝⊥ dependence within a Gaussian ansatz  

 SIDIS measurements @EIC important to complement 
these results
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THANKS for the ATTENTION 
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Extension of the
Trento Convention results

Bacchetta, UD, Diehl, Miller 2004

Projection of the 
correlator                    

Polarizing FF

Collins FF
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𝑧𝑧π
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𝑧𝑧𝐾𝐾
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𝑧𝑧π
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𝑧𝑧𝐾𝐾
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Full data fit : 𝜒𝜒dof
2 = 1.94

Λ + 𝜋𝜋/𝐾𝐾 data fit : 𝜒𝜒dof
2 = 1.26

Similar analysis (associated production) Callos, Kang, Terry 2020

Errors correspond to
2σ uncertainty (250K sets)
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Associated production [full-data analysis]

• simpler fits with only two pFFs (u=d and s and no sea)         higher 
• pion well described (also including the highest z bin)
• kaon, some tension (data, FFs?)
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 Measured along  �𝒏𝒏 = (hadron frame)

 Proper projection from the hadron helicity frame

 By integrating over Φ1
 the transverse component along 𝑋𝑋 is washed out
 the contribution from the Collins FF is washed out

Collins FF

Polarizing FF



 𝑝𝑝𝑝𝑝 collisions (late 70’s)  
- fixed target exp.s - 𝐸𝐸 ∽ 400 GeV
 Λ self-analyzing: a powerful tool 
 Transverse  Λ polarization w.r.t. the production plane

 large and negative
 increasing up to 𝑝𝑝𝑇𝑇 ∼ 1 GeV then a plateau 
 increasing with 𝑥𝑥𝐹𝐹 in the plateau regime
 �Λ no polarization
 Almost zero in collinear pQCD at leading twist
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