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• properties  

• ways to extract it from exp. data 

• current knowledge  

• tensor charge: comparison with lattice 

• new data available  

• future data and related impact

Transversity overview:

In 30 min., overview far from exhaustive…



Transversity properties



The  quark TMD “zoo”  at leading twist Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)
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each TMD is connected to a specific measurable SIDIS spin asymmetry

deformations induced by spin-momentum correlations

• Complete momentum spectrum of single particle 

• Transverse momentum size as function of x (3D map) 

• Spin-Spin and Spin-Orbit Correlations of partons 

• Information on parton orbital angular momentum  
(no direct model-independent relation)

Key information from Transverse Momentum Dependent PDFs 

*similar classification for gluon TMDs
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• Complete momentum spectrum of single particle 

• Transverse momentum size as function of x (3D map) 

• Spin-Spin and Spin-Orbit Correlations of partons 

• Information on parton orbital angular momentum  
(no direct model-independent relation)

Key information from Transverse Momentum Dependent PDFs 
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quark polarization

f1 h⊥
1 , f⊥

1T g1T , h⊥
1L , h⊥

1T

similar table 
for gluons



The  quark TMD “zoo”  at leading twist Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)

5/23/2015 CIPANP 2015 6

Quark polarization

Unpolarized
(U)

Longitudinally Polarized 
(L)

Transversely Polarized 
(T)

N
uc
le
on

Po
la
riz
at
io
n

U

L

T

✘

✘

T-odd



The  quark TMD “zoo”  at leading twist Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)
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Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)
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Integrating kT : the collinear quark PDFs 



Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)
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Quark polarization

Unpolarized
(U)

Longitudinally Polarized 
(L)

Transversely Polarized 
(T)

N
uc
le
on

Po
la
riz
at
io
n

U

L

T

transversity

- the only chiral-odd structure that survives in collinear kinematics 

- only way to determine the tensor charge δq(Q2) = ∫
1

0
dx hq−q̄

1 (x, Q2)

Integrating kT : the collinear quark PDFs 
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boosted Nucleon

helicity                       transversity      

Transversity properties 

both defined in  
Infinite Mom. Frame
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boosted Nucleon

helicity                       transversity      

Transversity properties 

Non-relativistic theory:  
boosts & rotations commute Differences  

=>  info on relativistic motion of quarks

both defined in  
Infinite Mom. Frame

=
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boosted Nucleon

helicity                       transversity      

Transversity properties 

Non-relativistic theory:  
boosts & rotations commute Differences  

=>  info on relativistic motion of quarks

In a spin-1/2 hadron,  
no transversity of gluons singlet and  

non-singlet 
evolution

both defined in  
Infinite Mom. Frame

=

only  
non-singlet 
evolution

In a spin-1 hadron, gluon transversity possible  
because transverse tensor polariz. => Δλ=2 
but   is only a TMD and T-oddhg

1,TT ≡ hg
1

What about gluons?

At leading twist there is no gluon transversity distribution for the proton


For spin-1 hadrons, such as the deuteron, there is such a distribution: 

Jaffe, Manohar, 1989

there is a contribution solely from gluons
In the transverse tensor polarization case

not yet measured - an objective of EIC

Artru, Mekhfi, 1990

Bacchetta, Mulders, 2000

h1TT (x)
<latexit sha1_base64="J5zbmGOJ+w3MhbjeMAbsHMuPnNQ=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0Wom5CkLU12RTcuK7S22IYymU7aoZNJmJmIJfQv3LhQxK1/486/cfoQVPTAhcM593LvPUHCqFSW9WHk1tY3Nrfy24Wd3b39g+Lh0Y2MU4FJG8csFt0AScIoJ21FFSPdRBAUBYx0gsnl3O/cESFpzFtqmhA/QiNOQ4qR0tLteJDZrdasfH8+KJYs0/K8qutATdy6V6tp4npuxalB27QWKIEVmoPie38Y4zQiXGGGpOzZVqL8DAlFMSOzQj+VJEF4gkakpylHEZF+trh4Bs+0MoRhLHRxBRfq94kMRVJOo0B3RkiN5W9vLv7l9VIVun5GeZIqwvFyUZgyqGI4fx8OqSBYsakmCAuqb4V4jATCSodU0CF8fQr/JzeOaVdM57paalys4siDE3AKysAGddAAV6AJ2gADDh7AE3g2pPFovBivy9acsZo5Bj9gvH0CP9KQqA==</latexit>
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�2G(x)
<latexit sha1_base64="E7vb+OhZDnurOAHlTROEhoRWGa8=">AAAB83icdVDLSsNAFJ3UV62vqks3g0Wom5CkLU12RQVdVrC10IQymU7aoZNJmJmIpfQ33LhQxK0/486/cfoQVPTAhcM593LvPWHKqFSW9WHkVlbX1jfym4Wt7Z3dveL+QVsmmcCkhROWiE6IJGGUk5aiipFOKgiKQ0Zuw9H5zL+9I0LShN+ocUqCGA04jShGSku+f0GYQj3nsnx/2iuWLNPyvKrrQE3culeraeJ6bsWpQdu05iiBJZq94rvfT3AWE64wQ1J2bStVwQQJRTEj04KfSZIiPEID0tWUo5jIYDK/eQpPtNKHUSJ0cQXn6veJCYqlHMeh7oyRGsrf3kz8y+tmKnKDCeVppgjHi0VRxqBK4CwA2KeCYMXGmiAsqL4V4iESCCsdU0GH8PUp/J+0HdOumM51tdQ4W8aRB0fgGJSBDeqgAa5AE7QABil4AE/g2ciMR+PFeF205ozlzCH4AePtE1vMkUI=</latexit>
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1TT (x)

<latexit sha1_base64="W8P0IwWE4xy+5viTO+Cpx1sl8V4=">AAAB83icdVDLSsNAFJ3UV62vqks3g0Wom5CkLU12RTcuK7S20MYymU7aoZNJmJmIJfQ33LhQxK0/486/cfoQVPTAhcM593LvPUHCqFSW9WHk1tY3Nrfy24Wd3b39g+Lh0Y2MU4FJG8csFt0AScIoJ21FFSPdRBAUBYx0gsnl3O/cESFpzFtqmhA/QiNOQ4qR0lJ/PMjsVmt2Oyrfnw+KJcu0PK/qOlATt+7Vapq4nltxatA2rQVKYIXmoPjeH8Y4jQhXmCEpe7aVKD9DQlHMyKzQTyVJEJ6gEelpylFEpJ8tbp7BM60MYRgLXVzBhfp9IkORlNMo0J0RUmP525uLf3m9VIWun1GepIpwvFwUpgyqGM4DgEMqCFZsqgnCgupbIR4jgbDSMRV0CF+fwv/JjWPaFdO5rpYaF6s48uAEnIIysEEdNMAVaII2wCABD+AJPBup8Wi8GK/L1pyxmjkGP2C8fQK8QJGB</latexit>

Jaffe & Manohar (1989), Artru & Mekhfi (1990), Bacchetta & Mulders (2000)
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Transversity properties 

Non-relativistic theory:  
boosts & rotations commute Differences  

=>  info on relativistic motion of quarks

In a spin-1/2 hadron,  
no transversity of gluons singlet and  

non-singlet 
evolution

both defined in  
Infinite Mom. Frame

=

only  
non-singlet 
evolution

Soffer bound:  |h1 | ≤ 1
2 ( f1 + g1) for any (x,Q2) 

In a spin-1 hadron, gluon transversity possible  
because transverse tensor polariz. => Δλ=2 
but   is only a TMD and T-oddhg

1,TT ≡ hg
1

What about gluons?

At leading twist there is no gluon transversity distribution for the proton


For spin-1 hadrons, such as the deuteron, there is such a distribution: 

Jaffe, Manohar, 1989

there is a contribution solely from gluons
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Transversity properties 

⟨P, S | q̄ σμν q |P, S⟩ = P[μ Sν] δq(Q2)

=1h ��=g
1

helicity                                                 transversity      

= P[μ Sν] ∫
1

0
dx hq−q̄

1 (x, Q2)

charges connected to hadronic matrix elements of local operators (calculable on lattice)      

tensor current <=> tensor charge      

connected to C-odd structure      

⟨P, SL | q̄ γμγ5 q |P, SL⟩ = SLPμ gq
A

axial current <=> axial charge      

= SLPμ ∫
1

0
dx gq+q̄

1 (x, Q2)

connected to C-even structure      
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Transversity properties 

⟨P, S | q̄ σμν q |P, S⟩ = P[μ Sν] δq(Q2)
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helicity                                                 transversity      

= P[μ Sν] ∫
1

0
dx hq−q̄

1 (x, Q2)

charges connected to hadronic matrix elements of local operators (calculable on lattice)      

tensor current <=> tensor charge      

connected to C-odd structure      

⟨P, SL | q̄ γμγ5 q |P, SL⟩ = SLPμ gq
A

axial current <=> axial charge      

= SLPμ ∫
1

0
dx gq+q̄

1 (x, Q2)

connected to C-even structure      

anomalous dim.       Δγ(1) = 0

=>  gAq is constant     

anomalous dim.       δγ(1) = − CF /2
CF =

N2
c − 1
2Nc=>  δq scales with Q2     
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Transversity properties 

⟨P, S | q̄ σμν q |P, S⟩ = P[μ Sν] δq(Q2)
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helicity                                                 transversity      

= P[μ Sν] ∫
1

0
dx hq−q̄

1 (x, Q2)

charges connected to hadronic matrix elements of local operators (calculable on lattice)      

tensor current <=> tensor charge      

connected to C-odd structure      

⟨P, SL | q̄ γμγ5 q |P, SL⟩ = SLPμ gq
A

axial current <=> axial charge      

= SLPμ ∫
1

0
dx gq+q̄

1 (x, Q2)

connected to C-even structure      

anomalous dim.       Δγ(1) = 0

=>  gAq is constant     

anomalous dim.       δγ(1) = − CF /2
CF =

N2
c − 1
2Nc=>  δq scales with Q2     

  helicity  and    transversity    are  very  different !

≠
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Potential for BSM discovery ? 

 Tensor (and chiral-odd) structures do not appear 
in the Standard Model Lagrangian at tree level.

β-decays and BSM physics

Ten effective couplings

E << Λ

1/Λ2  GF ~ g2Vij/Mw2 ~1/v2

• In the SM,  W exchange (V-A, universality)

Is it a possible low-energy footprint  
of BSM physics at higher scale ?
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Potential for BSM discovery ? 

 Tensor (and chiral-odd) structures do not appear 
in the Standard Model Lagrangian at tree level.

β-decays and BSM physics

Ten effective couplings

E << Λ

1/Λ2  GF ~ g2Vij/Mw2 ~1/v2

• In the SM,  W exchange (V-A, universality)

Is it a possible low-energy footprint  
of BSM physics at higher scale ?

neutron β-decay 
  n → p e− νe

−
LSM ⇠ GF Vud ē�µ(1� �5)⌫e hp|ū�µ(1� �5)d|ni∼ GF Vud ēγμ(1 − γ5)νe p̄γμ(1 − γ5)n

+Le↵ ⇠ GFVud

X

�

h
✏� ē� ⌫eL hp|ū�d|ni + . . .

i
∼ GF Vud gT εT ēσμννe p̄σμνn

gT εT ≈
M2

W

M2
BSM

BSM coupling

precision => BSM scale
?

gT = δu − δd
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Potential for BSM discovery ? 

 Tensor (and chiral-odd) structures do not appear 
in the Standard Model Lagrangian at tree level.

β-decays and BSM physics

Ten effective couplings

E << Λ

1/Λ2  GF ~ g2Vij/Mw2 ~1/v2

• In the SM,  W exchange (V-A, universality)

Is it a possible low-energy footprint  
of BSM physics at higher scale ?

neutron β-decay 
  n → p e− νe

−
LSM ⇠ GF Vud ē�µ(1� �5)⌫e hp|ū�µ(1� �5)d|ni∼ GF Vud ēγμ(1 − γ5)νe p̄γμ(1 − γ5)n

+Le↵ ⇠ GFVud

X

�

h
✏� ē� ⌫eL hp|ū�d|ni + . . .

i
∼ GF Vud gT εT ēσμννe p̄σμνn

gT εT ≈
M2

W

M2
BSM

BSM coupling

precision => BSM scale

SMEFT with strong CP violation 

 permanent Electric Dipole Mom.
neutron EDM

LCPV � ie
X

f=u,d,s,e

df f̄ �µ⌫�5 f Fµ⌫→ ∑
f=u,d,s,c

df ψ̄f σμνγ5 ψf Fμν
SMEFT

dn = δu du+δd dd+δs ds + . .

exp. data + tensor charge  => constrain amount 
                                               of CP violation

?

?

gT = δu − δd



How to extract 
transversity  

from exp. data
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Available dataset is scarce… 

unpolarized f1 helicity g1 transversity h1

thousands hundreds tenths
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Analyzers of transversity at leading twist 

 Ideal situation:  fully transversely polarized Drell-Yan _

p↑ p̄↑ → ℓ + ℓ̄ + X

 not technically doable 
at the moment..
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Analyzers of transversity at leading twist 

 Ideal situation:  fully transversely polarized Drell-Yan

p↑ p↑ → ℓ + ℓ̄ + X

_

ATT =
dσ(p↑p↑) − dσ(p↑p↓)
dσ(p↑p↑) + dσ(p↑p↓)

= |ST1
| |ST2

|
sin2 θ cos 2ϕℓ

1 + cos2 θ

∑q e2
q hq

1(x1) h̄1
q̄(x2) + (1 ↔ 2)

∑q e2
q f q

1(x1) f̄1
q̄(x2) + (1 ↔ 2)

p↑ p̄↑ → ℓ + ℓ̄ + X

 not technically doable 
at the moment..

Alternative (at RHIC)

But h̄1
q̄ ≪ hq

1 |hq
1 | ≤ 1

2 ( f q
1 + gq

1) make ATT too small..

Martin et al., P.R.D60 (99) 117502



ST ⋅k×PhT

Collins effect

Collins, N.P. B396 (93) 161

∝ h1(x, k⊥) ⊗ H⊥
1 (z, P⊥)

TMD framework
SIDIS

Analyzers of transversity at leading twist 



ST ⋅k×PhT

Collins effect

Collins, N.P. B396 (93) 161

Ph

quark

ΦR

RT ST ⋅P2×P1 = ST ⋅Ph×RT

di-hadron mechanism

Collins et al., N.P. B420 (94) 

∝ h1(x, k⊥) ⊗ H⊥
1 (z, P⊥)

TMD framework

∝ h1(x) H∢
1 (z, R2

T)

SIDIS

collinear framework

SIDIS 
p p↑

Analyzers of transversity at leading twist 



ST ⋅k×PhT

Collins effect

Collins, N.P. B396 (93) 161

Ph

quark

ΦR

RT ST ⋅P2×P1 = ST ⋅Ph×RT

di-hadron mechanism

Collins et al., N.P. B420 (94) 

 j2
T ≪ Q2 = (Pjet

T )2

hadron-in-jet Collins effect

∝ h1(x, k⊥) ⊗ H⊥
1 (z, P⊥)

TMD framework

∝ h1(x) H∢
1 (z, R2

T)

∝ h1(x) [C(z, μ) ⊗ H⊥
1 (zh, jT, Pjet

T r)]

SIDIS

collinear framework

SIDIS 
p p↑

Ph

r

p Jetj⏊

y

x

z

^

^

^

s⏊

hybrid framework SIDIS    p p↑
Yuan, P.R.L. 100 (08) 

Analyzers of transversity at leading twist 



ST ⋅k×PhT

Collins effect

Collins, N.P. B396 (93) 161

Ph

quark

ΦR

RT ST ⋅P2×P1 = ST ⋅Ph×RT

di-hadron mechanism

Collins et al., N.P. B420 (94) 

 j2
T ≪ Q2 = (Pjet

T )2

hadron-in-jet Collins effect

∝ h1(x, k⊥) ⊗ H⊥
1 (z, P⊥)

TMD framework

∝ h1(x) H∢
1 (z, R2

T)

∝ h1(x) [C(z, μ) ⊗ H⊥
1 (zh, jT, Pjet

T r)]

5

FIG. 2: Definition of the azimuthal angles φ1 and φ2 of the
two hadrons, between the scattering plane and their transverse
momenta Phi⊥ around the thrust axis n̂. The angle θ is defined
as the angle between the lepton axis and the thrust axis.

momentum of the quark-antiquark pair is known. The
quark directions are, however, not accessible to a direct
measurement and are thus approximated by the thrust
axis. The thrust axis n̂ maximizes the event shape vari-
able thrust:

T
max
=

∑

h |PCMS
h

· n̂|
∑

h |PCMS
h |

, (3)

where the sum extends over all detected particles. The
thrust value varies between 0.5 for spherical events and
1 for tracks aligned with the thrust axis of an event. The
thrust axis is a good approximation to the original quark-
antiquark axis as described in Section III A. The first
method of accessing the Collins asymmetry, M12 is based
on measuring a cos(φ1 + φ2) modulation of hadron pairs
(N(φ1 + φ2)) on top of the flat distribution due to the
unpolarized part of the fragmentation function. The un-
polarized part is given by the average bin content ⟨N12⟩.
The normalized distribution is then defined as

R12 :=
N(φ1 + φ2)

⟨N12⟩
. (4)

The corresponding cross section is differential in both az-
imuthal angles φ1,φ2 and fractional energies z1,z2 and
thus reads [25]:

dσ(e+e− → h1h2X)

dΩdz1dz2dφ1dφ2
=

∑
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where the summation runs over all quark flavors acces-
sible at the center-of-mass energy. Antiquark fragmen-
tation is denoted by a bar over the corresponding quark

FIG. 3: Definition of the azimuthal angle φ0 formed between
the planes defined by the lepton momenta and that of one
hadron and the second hadron’s transverse momentum P ′

h1⊥
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fragmentation function; the charge-conjugate term has
been omitted. The fragmentation functions do not ap-
pear in the cross section directly but as the zeroth ([0])
or first ([1]) moments in the absolute value of the corre-
sponding transverse momenta [26]:

F [n](z) =

∫

d|kT |2
[

|kT |
M

]n

F (z,k2
T ) . (6)

In this equation the transverse hadron momentum
has been rewritten in terms of the intrinsic transverse
momentum of the process: Ph⊥ = zkT . The mass M is
usually set to be the mass of the detected hadron, in the
analysis presented here M will be the pion mass.

A second way of calculating the azimuthal asymme-
tries, method M0, integrates over all thrust axis direc-
tions leaving only one azimuthal angle. This angle is de-
fined as the angle between the planes spanned by one
hadron momentum and the lepton momenta, and the
transverse momentum of the second hadron with respect
to the first hadron momentum. This angle in the opposite
jet hemisphere is displayed in Fig. 3, and is calculated as

φ0 = sgn [Ph2 · {(ẑ × Ph2) × (Ph2 × Ph1)}]

× arccos

(

ẑ × Ph2

|ẑ × Ph2|
·

Ph2 × Ph1

|Ph2 × Ph1|

)

. (7)

The corresponding normalized distribution R0, which is
defined as

R0 :=
N(2φ0)

⟨N0⟩
, (8)

contains a cos(2φ0) modulation. The differential cross
section depends on fractional energies z1, z2 of the two
hadrons, on the angle φ0 and the transverse momentum
QT = |qT | of the virtual photon from the e+e− annihila-
tion process in the two hadron center-of-mass system. At
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momentum of the quark-antiquark pair is known. The
quark directions are, however, not accessible to a direct
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where the sum extends over all detected particles. The
thrust value varies between 0.5 for spherical events and
1 for tracks aligned with the thrust axis of an event. The
thrust axis is a good approximation to the original quark-
antiquark axis as described in Section III A. The first
method of accessing the Collins asymmetry, M12 is based
on measuring a cos(φ1 + φ2) modulation of hadron pairs
(N(φ1 + φ2)) on top of the flat distribution due to the
unpolarized part of the fragmentation function. The un-
polarized part is given by the average bin content ⟨N12⟩.
The normalized distribution is then defined as
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fragmentation function; the charge-conjugate term has
been omitted. The fragmentation functions do not ap-
pear in the cross section directly but as the zeroth ([0])
or first ([1]) moments in the absolute value of the corre-
sponding transverse momenta [26]:

F [n](z) =

∫

d|kT |2
[

|kT |
M

]n

F (z,k2
T ) . (6)

In this equation the transverse hadron momentum
has been rewritten in terms of the intrinsic transverse
momentum of the process: Ph⊥ = zkT . The mass M is
usually set to be the mass of the detected hadron, in the
analysis presented here M will be the pion mass.

A second way of calculating the azimuthal asymme-
tries, method M0, integrates over all thrust axis direc-
tions leaving only one azimuthal angle. This angle is de-
fined as the angle between the planes spanned by one
hadron momentum and the lepton momenta, and the
transverse momentum of the second hadron with respect
to the first hadron momentum. This angle in the opposite
jet hemisphere is displayed in Fig. 3, and is calculated as
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The corresponding normalized distribution R0, which is
defined as

R0 :=
N(2φ0)

⟨N0⟩
, (8)

contains a cos(2φ0) modulation. The differential cross
section depends on fractional energies z1, z2 of the two
hadrons, on the angle φ0 and the transverse momentum
QT = |qT | of the virtual photon from the e+e− annihila-
tion process in the two hadron center-of-mass system. At
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measurement and are thus approximated by the thrust
axis. The thrust axis n̂ maximizes the event shape vari-
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where the sum extends over all detected particles. The
thrust value varies between 0.5 for spherical events and
1 for tracks aligned with the thrust axis of an event. The
thrust axis is a good approximation to the original quark-
antiquark axis as described in Section III A. The first
method of accessing the Collins asymmetry, M12 is based
on measuring a cos(φ1 + φ2) modulation of hadron pairs
(N(φ1 + φ2)) on top of the flat distribution due to the
unpolarized part of the fragmentation function. The un-
polarized part is given by the average bin content ⟨N12⟩.
The normalized distribution is then defined as

R12 :=
N(φ1 + φ2)
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. (4)

The corresponding cross section is differential in both az-
imuthal angles φ1,φ2 and fractional energies z1,z2 and
thus reads [25]:
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fragmentation function; the charge-conjugate term has
been omitted. The fragmentation functions do not ap-
pear in the cross section directly but as the zeroth ([0])
or first ([1]) moments in the absolute value of the corre-
sponding transverse momenta [26]:

F [n](z) =

∫

d|kT |2
[

|kT |
M

]n

F (z,k2
T ) . (6)

In this equation the transverse hadron momentum
has been rewritten in terms of the intrinsic transverse
momentum of the process: Ph⊥ = zkT . The mass M is
usually set to be the mass of the detected hadron, in the
analysis presented here M will be the pion mass.

A second way of calculating the azimuthal asymme-
tries, method M0, integrates over all thrust axis direc-
tions leaving only one azimuthal angle. This angle is de-
fined as the angle between the planes spanned by one
hadron momentum and the lepton momenta, and the
transverse momentum of the second hadron with respect
to the first hadron momentum. This angle in the opposite
jet hemisphere is displayed in Fig. 3, and is calculated as
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|ẑ × Ph2|
·

Ph2 × Ph1

|Ph2 × Ph1|

)

. (7)

The corresponding normalized distribution R0, which is
defined as

R0 :=
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⟨N0⟩
, (8)

contains a cos(2φ0) modulation. The differential cross
section depends on fractional energies z1, z2 of the two
hadrons, on the angle φ0 and the transverse momentum
QT = |qT | of the virtual photon from the e+e− annihila-
tion process in the two hadron center-of-mass system. At
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∝ h⊥
1 (x1, k⊥ 1) ⊗ h1(x2, k⊥ 2)
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Framework e+e- SIDIS AN Lattice Soffer bound

Anselmino 2015 
P.R. D92 (15) 114023 parton model ✔ ✔ ✘ ✘ ✔

Kang et al. 2016 
P.R. D93 (16) 014009 TMD / CSS ✔ ✔ ✘ ✘ ✔

Lin et al. 2018 
P.R.L. 120 (18) 152502 parton model ✘ ✔ ✘ ✔ gT ✘

D’Alesio et al. 2020 (CA) 
P.L. B803 (20) 135347 parton model ✔ ✔ ✘ ✘ ✘ , ✔

JAM3D-20 
P.R. D102 (20) 054002 parton model ✔ ✔ ✔ ✘ ✘

JAM3D-22 
P.R. D106 (22) 034014 parton model ✔ ✔ ✔ ✔ gT

✔  

Boglione et al. 2024 (TO) 
P.L. B854 (24) 138712 parton model ✔ ✔

✔ 
reweighing ✘

✔ 
a posteriori

Collins effect 

most recent extractions

≤ Δf1, Δg1

+ point-by-point extraction from data
Martin et al., P.R. D91 (15) 014034

see talk by Bradamante 
in the afternoon 



e+e-   
unpol. dσ0

e+e- 
asymmetry

SIDIS p-p 
collisions Lattice Soffer bound

Radici & Bacchetta 2018 
P.R.L. 120 (18) 192001

PYTHIA 
(separately)

✔  
(separately) ✔ ✔ ✘ ✔ 

Benel et al. 2020 
E.P.J. C80 (20) 5

PYTHIA 
(separately)

✔  
(separately) ✔ ✘ ✘

✔ 

JAMDIFF 2024 
P.R.L. 132 (24) 091901 ✔ ✔ ✔ ✔ ✔ δu, δd ✔ 

Di-hadron mechanism

≤ Δf1, Δg1

≤ Δf1, Δg1

available extractions

see round table on Tuesday afternoon 
for discussion on use of SB, lattice data.. 

see talk by Schnell (and Vossen?) on 
Thursday for di-hadron fragmentation
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Results - transversity & Collins
M. Boglione, U. D’Alesio, CF, J.O. Gonzalez-Hernandez, F. Murgia, A. Prokudin, PLB 854 (2024) 138712
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• consistency of di�erent hq1 extractions within di�erent approaches exploiting a variety of
experimental data
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• consistency of phenomenological extractions from a 
variety of exp. data with different approaches

• increasing precision see talk by Flore 
in the afternoon 

C. Flore, QCD Evolution 24



Pheno — Lattice : transversity

courtesy of F. Steffens

COMPARISON OF FULL TRANSVERSITY PDF WITH LATTICE QCD

�32
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Alexandrou, at al. arXiv:1902.00587 
Radici, Bacchetta, arXiv:1802.05212 
Lin et al., arXiv:1710.09858 

global fits

lattice calculation  
(quasi-PDF approach)

plot courtesy of F. Steffens

data

(JAM18)
Radici 2018

h1

u-d

Q=2 GeV

direct calculation on lattice of x-dependence using LaMET

JAM18 = Lin et al., P.R.L. 120 (18) 152502

Alexandrou et al., P.R. D99 (19) 114504

Transversity from lattice QCD

Large-Momentum Effective Theory (LaMET) 

X. Ji, 2013

Results by various other groups are available

Liu et al., 2018 (LP3 Collab.) Egerer et al., 2022 (HadStruc Collab.)

Pz up to 2.46 GeV

(JAM18)

HadStruc 22

HadStruc22 = Egerer et al., P.R. D105 (22) 034507
JAM20 = Cammarota et al., P.R. D102 (20) 054002

Radici & Bacchetta, P.R.L. 120 (18) 192001
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�2/Npts. = 647/634 = 1.02

Lattice data on gT at the physical pion mass                                            
from ETMC (Alexandrou, et al. (2019))

Pz=2.46 GeV

= 1.4 GeV



Lattice : chiral-odd GPD

direct calculation of x-dependence using LaMET 
at ξ = 0, 1/3

Alexandrou et al. (ETMC), P.R. D105 (22) 034501
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g1(x) = H̃(x, 0, 0)

Q2=0.69 GeV2

<latexit sha1_base64="ccVNBIAOm1LRTNjMCaMtB8e4kMc="></latexit>

323 ⇥ 64 a=0.0938(3)(2) fm mN = 1.050(8) GeV
L = 3.0 fm m⇡ ⇡ 260 MeV m⇡L ⇡ 4.0

C. A. et al. (ETMC) Phys. Rev. Lett. 125 (2020) 262001,2008.10573 
C.A. et al.( ETMC) , Phys.Rev.D 105 (2022) 3, 034501,  2108.10789

New developments of  expressing GPDs in terms of  Lorentz invariant amplitudes allows easier access to a range 
of  momentum transfers in lattice QCD calculations

S. Bhattacharya et al. Phys. Rev. D 106  (2022) 114512, 2209.05373 for unpolarized  
S. Bhattacharya et al. Phys. Rev. D 109  (2024) 034508, 2310.13114 for helicity

see next talk by 
Alexandrou 
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Nucleon isovector (u-d) tensor charge

Continuum limit 
directly at physical 
pion mass

Precision results on the isovector tensor charge - input for phenomenology e.g. JAM3D-22 analysis 
Phys.Rev.D 106 (2022) 3, 034014, arXiv:2205.00999 
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Evaluate both connected and  disconnected contributions 
Obtain flavor diagonal  tensor charge for the first time in the continuum 
using only physical point ensembles - input for phenomenology 
JAM3D-22: gTu=0.78(11) and gTd=-0.12(11), arXiv:2306.12998

Flavor diagonal tensor charge

15

Only calculation in the continuum limit directly at the physical point

Precision era of lattice QCD for first Mellin moments including flavor diagonal

Thanks to Daniel Pitonyak

gT = δu - δd

δu δd δs

green  Nf=2+1+1

yellow  Nf=2+1

open symbols = no continuum extrapolation

JAMDiFF
JAM3D*
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χ2/dof = 1.76 ± 0.11 χ2/dof = 2.29 ± 0.25

���

���

� �� �� �� ��
�

���

���

���

���

���
χ�

�
��

���

���

��

� �� �� �� ��
�

���

���

���

���

���
χ�

probability density function of χ2 distribution

���

���

��

� �� �� �� ��
�

���

���

���

���

���
χ�

χ2/dof = 1.82 ± 0.25
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INT 18-3    Oct. 1 - Nov. 16  2018, Seattle   

Eds. Y. Hatta, Y.V. Kovchegov, C. Marquet, A. Prokudin   

arXiv:2002.12333

Radici & Bacchetta, 
P.R.L. 120 (18) 192001

PNDME18  Gupta et al., P.R. D98 (18) 034503
ETMC17    Alexandrou et al., P.R. D95 (17) 114514
                                            E P.R. D96 (17) 099906

lattice   

tension between pheno and lattice  
is an old story; my exercise of 2018:
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 JAMDiFF (no LQCD) agrees within errors with JAM3D* (no LQCD) and 
Radici, Bacchetta (2018) for the tensor charges

 Similar to the JAM3D analysis, JAMDiFF also finds compatibility with 
lattice once that data is included in the fit (as a Bayesian prior), and can still 
describe the experimental data well

adapted from D. Pitonyak, QCD Evolution 24

• approximate compatibility of JAM with other phenomenology when 
using both Collins effect and di-hadron mechanism but not including 
lattice results in the fit

• including lattice as prior, JAM still compatible with exp. data with 
both Collins effect and di-hadron mechanism 

see talks by Pitonyak & Sato in the afternoon 
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• lattice = 4 pts vs. total = 1475 pts. => statistical weight irrelevant    
=> does not alter quality of fit on exp. data…

      

  

D. Pitonyak
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 JAMDiFF (no LQCD) agrees within errors with JAM3D* (no LQCD) and 
Radici, Bacchetta (2018) for the tensor charges

 Similar to the JAM3D analysis, JAMDiFF also finds compatibility with 
lattice once that data is included in the fit (as a Bayesian prior), and can still 
describe the experimental data well

see round table on Tuesday afternoon 
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 JAMDiFF (no LQCD) agrees within errors with JAM3D* (no LQCD) and 
Radici, Bacchetta (2018) for the tensor charges

 Similar to the JAM3D analysis, JAMDiFF also finds compatibility with 
lattice once that data is included in the fit (as a Bayesian prior), and can still 
describe the experimental data well

• χ2~8.7 on δu of PNDME => compatibility ??

see round table on Tuesday afternoon 



Hadron-in-jet Collins effect

Bernd Surrow

Results / Status - Collins Asymmetry measurements (4)

STAR: Collins asymmetry AUT at 500GeV compared to model calculations

14

5th International Workshop on Transverse Polarization Phenomena - Transversity 2017 
INFN Frascati, Italy, December 11-15, 2017

Models based on SDIS and e+/e- assuming robust factorization  and universality of the Collins function 

DMP / KPRY: No TMD evolution 

KPRY-NLL: TMD evolution up to NLLG 

General agreement between data and model calculations is consistent with assumptions of robust TMD-factorization and 

universality of the Collins function

DMP+2013: 

M. Anselmino, M. Boglione, 
U. D’Alesio, S. Melis,
F. Murgia, and A. Prokudin, 
Phys. Rev. D 87, 094019
(2013). 

U. D’Alesio, F. Murgia, and 
C. Pisano, Phys. Rev. D 83,
034021 (2011). 

U. D’Alesio, F. Murgia, and 
C. Pisano, arXiv:
1707.00914.

L. Adamczyk et al. (STAR Collaboration), arXiv:1708.07080. 

KPRY / KPRY-NLL: 

Z.-B. Kang, A. Prokudin, 
F. Ringer, and F. Yuan,
arXiv:1707.00913.

𝜋𝜋± Azimuthal Distributions in Jets (200 GeV)

¾ Theoretical expectations: DMP+2013 model  
combines quark transversity from SIDIS with 
the Collins FF from                  collisions.

¾ Collins TMD FF is 
sensitive to the (𝑗𝑗T, z) 
dependence.

¾ The results slightly favor 
the KPRY model than 
DMP+2013.

¾ Sizable differences 
between data and both 
theoretical calculations.

DMP+2013 model: 
Umberto D’Alesio et.al., 
PLB 773, 300 (2017)
KPRY model: Zhong-Bo 
Kang et. al.,PLB 774, 635 
(2017)
Both assume universality 
and factorization.

24W. W. Jacobs / Transversity 2022

Submitted to arXiv May ‘22
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Μ. Grosse-Perdekamp, Transversity 2022

see talk by Murgia (?) on Tuesday 



Λ  spin transferTransversity from spin transfer

COMPASS, 2021

ℓ + p↑ → ℓ′ + Λ(Λ̄)↑ + X

SΛ =
1

fPT DNN(y)
dσ(Λ↑) − dσ(Λ↓)
dσ(Λ↑) + dσ(Λ↓)

=
∑q e2

q hq
1 HΛ

1q

∑q e2
q f q

1 DΛ
1q

COMPASS   Alexeev et al., P.L. B824 (22) 136834

Transversity from spin transfer

COMPASS, 2021
Λ polarisation carried 
only by s quark

r = (strange suppression factor) )-1

Transversity from spin transfer

COMPASS, 2021

Λ polarisation described in 
quark-diquark model



New available exp. data



New data : Compass SIDIS with deuteron target

9 April 2024 B. Parsamyan

SIDIS TSAs: Collins effect and Transversity
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• Measured on P/D in SIDIS and dihadron SIDIS
• Extensive phenomenological studies and various global fits by 

different groups
• New deuteron data crucial to constrain d-quark transversity

New!
JAM Collaboration, 
PRD 106 (2022) 3, 034014

COMPASS 2022 run – highly successful data-taking!
• 2nd COMPASS deuteron measurements conducted in 2022: unique SIDIS data for the next decades

44

See S. Asatryan’s slides

Collins effect

di-hadron mechanism

COMPASS  Alexeev et al.,  
arXiv:2401.00309

B. Parsamyan, DIS 2024

Also updated HERMES data 
Airapetian et al., JHEP 12 (20) 010 
used by Boglione et al. 24

DIS-2024 conference, 10 April, 2024, Grenoble, FranceSiranush Asatryan 15

DIHADRON COLLINS ASYMMETRIES 

Highly improved precision, signal at large x

NEW!

Alternative way to access transversity PDF (collinear approach)

S. Asatryan, DIS 2024

New!

see talks by Vijayakumar (afternoon)  
            and Parsamyan (Tuesday) 



New data : Compass (π- N) Drell-Yan

Transversity
DY TSA

Transverse spin-dependent asymmetries at COMPASS experiment10 IV 24, M.Niemiec 21/32

Transversity SIDIS TSA 𝐴𝑈𝑇
sin 𝜙h+𝜙S ∝ ℎ1,𝑁

𝑞 ⨂𝐻1q⊥ℎ

TSA Results: Transversity (SIDIS and DY)AT
sin 2𝜑−𝜑S ∝ ℎ1,𝜋

𝑞⊥ ⊗ ℎ1,𝑁
𝑞

[COMPASS, PLB 770 (2017) 138]

[COMPASS, hep-ex/2312.17379]

π− + p↑ → ℓ ℓ̄ + X

COMPASS  Alexeev et al., arXiv:2312.17379

AT =
dσ(p↑) − dσ(p↓)
dσ(p↑) + dσ(p↓)

∝
h⊥

1 π ⊗ h1 p

f1 π ⊗ f1 p

see talk by Quintans 
on Wednesday
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𝑞⊥ ⊗ ℎ1,𝑁
𝑞

[COMPASS, PLB 770 (2017) 138]

[COMPASS, hep-ex/2312.17379]

π− + p↑ → ℓ ℓ̄ + X

COMPASS  Alexeev et al., arXiv:2312.17379

AT =
dσ(p↑) − dσ(p↓)
dσ(p↑) + dσ(p↓)

∝
h⊥

1 π ⊗ h1 p

f1 π ⊗ f1 p

Similar spin asymmetry will be explored at: 
- AMBER (including also K beams) 
- FermiLab “LongQuest” (with proton-deuteron Drell-Yan) 
- LHCspin (with proton-proton Drell-Yan)

see talk by Quintans 
on Wednesday

see talk by Denisov on Friday



New data : STARCollins asymmetry for )± in jets

Spin-dependent modulation of f± in jets at mid-rapidity (|hHIJ| < j):
• Significant Collins asymmetries for R± measured with high precision
• Stringent constraints on theoretical calculations of transversity and Collins FF
• New results show weak energy dependence and provide important constraints 

on the scale evolution for Collins asymmetry

STAR, PRD 106, 072010 (2022)

Highlight in 2023 LRP for NP

Xiaoxuan Chu DIS 2024 16

See Yike Xu’s talk, WG5, Wed 4:20pm

R)

R(

R k2

5A > 0

)-: pion’s momentum 
transverse to the jet axis

jet

Apr. 09, 2024 Yi Yu from Shandong University

Transverse spin transfer  in p+p collisionsDTT

24

• Transversity: least known leading twist parton 
distribution functions 

•  can probe transversityDTT

NS65CH18-Yuan ARI 9 September 2015 14:34
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Figure 14
Comparison between the leading-order transverse momentum–dependent (TMD) extraction of (a) the
quark Sivers function from Reference 145 and (b) the full QCD extraction with TMD evolution effects taken
into account (92).

in Reference 152, the nonperturbative function was modified in the original fit. Further
improvements should achieve a consistent full QCD analysis for Sivers SSAs in SIDIS.

5.2. Global Analysis of Collins Asymmetries with Full QCD Dynamics
In a series of publications, the Torino group conducted a leading-order analysis for Collins asym-
metries in SIDIS and e+e− annihilation processes (Figure 15) (146, 147). Again in these analyses,
simple Gaussian assumptions were made for TMD distribution and fragmentation functions.
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Figure 15
Extractions of (a) quark transversity distributions and (b) Collins fragmentation functions from existing experimental data. The results
from References 146 and 147 provide the leading-order transverse momentum–dependent (TMD) analysis, whereas those from
Reference 153 are full QCD analyses for which TMD evolution and next-to-leading-order corrections have been taken into account.
Modified from Reference 148.
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- Transversity involves helicity flip, thus no access in inclusive DIS process.  

l Possible experimental measurements on dq(x):
- Via Collins function (SIDIS, p+p), di-hadron production (SIDIS and p+p)
- Transversely polarized Drell-Yan process 
- Transverse spin transfer to hyperons (DIS, p+p) 

Proton spin 

 ¯

Transverse spin structure of nucleon

  

€ 

δq(x,Q2) =  q↑ (x,Q2) − q↓ (x,Q2)

• Transversity- least known pdf  
among 3 leading twist pdfs.

momentum

Qinghua Xu, SPIN2023Sep 26, 2023

δf(x) = f ↑(x) − f↓(x)
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[STAR], Phys. Rev. D 109, 012004 (2024).

directly probe polarized FFs below prediction at high pT

model prediction 
Q. H. Xu, Z. T. Liang, Phys. Rev. D 70, 034015 (2004). 
Q. H. Xu, Z. T. Liang, and E. Sichtermann, Phys. Rev. D 73, 077503 (2006).

p↑ + p → jet + π± + X
hadron-in-jet Collins effect

2017 preliminary   GeVs = 500π-
π+

X. Chu, DIS 2024

p↑ + p → Λ↑ + X

DTT =
dσ(Λ↑) − dσ(Λ↓)
dσ(Λ↑) + dσ(Λ↓)

∝
ha

1 ⊗ f b
1 ⊗ δσab→cd ⊗ Hc

1

fa
1 ⊗ f b

1 ⊗ σab→cd ⊗ Dc
1

2012-15  GeVs = 200

Λ spin transfer

STAR, P.R. D109 (24) 012004

Λ
Λ̄

see talks by Eyser, Aboona, 
Jeongsu (sPHENIX) today

see talk by Zaccheddu on Tuesday



New data : STAR
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31st International Workshop on DIS and Related Subjects - DIS2024 
Grenoble, France, April 8 - 12, 2024
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di-hadron mechanism p↑ + p → π+ π− + X
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Future (and its impact)



Future:  SoLID @JLab12SoLID-SIDIS Projections and Impact

q Fit Collins and Sivers asymmetries in SIDIS and e+e- 

annihilation
q World data from HERMES, COMPASS 
q e+e- data from BELLE, BABAR, and BESIII
q Monte Carlo method is applied
q Includes both systematic and statistical uncertainties
q World data according to SoLID (2019) preCDR

https://solid.jlab.org/DocDB/0002/000282/001/solid-precdr-2019Nov.pdf

D'Alesio et al., Phys. Lett. B 803 (2020)135347
Anselmino et al., JHEP 04 (2017) 046
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Z. Meziani, DIS 2024

see talks by Avagyan, Gao, Diehl  
on Tuesday afternoon

SoLID IMPACT on TENSOR CHARGE
Tensor charge

q An intrinsic nucleon property as fundamental 

as the electric charge, the axial charge… 

q  A moment of the transversity distribution 

dominated by valence quarks

q Precision lattice QCD benchmark

q Probe of new physics when combined with 

EDMs

11

SoLID Projections
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D. Pitonyak

20

 JAMDiFF (no LQCD) agrees within errors with JAM3D* (no LQCD) and 
Radici, Bacchetta (2018) for the tensor charges

 Similar to the JAM3D analysis, JAMDiFF also finds compatibility with 
lattice once that data is included in the fit (as a Bayesian prior), and can still 
describe the experimental data well
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SoLID

see talks by Avagyan, Gao, Diehl  
on Tuesday afternoon
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Future:  EIC impact

D. Pitonyak

Gamberg, Kang, DP, Prokudin, Sato, Seidl, PLB 816 (2021) 

22

L=10 fb-1 , 8223 data pts. 
proton [GeV]:  
5x41, 5x100, 10x100, 18x275 
3He [GeV]:  
5x41, 5x100, 18x100

Collins effect
Gamberg et al., P.L. B816 (21) 
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di-hadron mechanism

1) ETMC ’19 

2)   Mainz ’19 

3) LHPC ’19 

4) JLQCD ’18 

5) PNDME ’18 

6) ETMC ’17 

7) RQCD ’14 

8) LHPC ‘12 Green et al., P.R. D86 (12) 114509

Alexandrou et al., P.R. D95 (17) 114514; (E)  P.R. D96 (17) 099906 

Gupta et al., P.R. D98 (18) 034503

Hasan et al., P.R. D99 (19) 114505

Yamanaka et al., P.R. D98 (18) 054516

Harris et al., P.R. D100 (19) 034513

Alexandrou et al., arXiv:1909.00485

Bali et al., P.R. D91 (15) 054501

Lattice results

Gamberg et al., P.L. B816 (21) 

Abdul-Khalek et al. (EIC Yellow Report), 
N.P. A1026 (22) 122447

current data
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Future:  EIC impact

hadron-in-jet Collins effect

136 7.2. MULTI-DIMENSIONAL IMAGING OF NUCLEONS, NUCLEI, AND MESONS
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Figure 7.58: Left: Electron-jet Sivers asymmetry. Right: Hadron-in-jet Collins asymmetry.
The error bars represent the expected precision, whereas the bands represent current uncer-
tainties of the Sivers, transversity and Collins TMDs. Note that in this case the observables
are calculated in the laboratory frame where qT corresponds to the transverse momentum
imbalance between scattered electron and jet. Figures adapted from Ref. [29, 597, 598].

where the sum runs over all the hadrons in the final states and fla is the azimuthal
angle between the final-state lepton l and hadron a measured in a plane transverse
to the collision axis in the lab frame. Recently, this observable has been evaluated
to the highest resummed accuracy in DIS [622] — N3LL matched with the NLO
cross section for the production of a lepton and two jets. Figure 7.59 shows the
precision of successive orders in the nearly back-to-back TEEC limit for EIC and
HERA center-of-mass energies as a function of t = (1 + cos f)/2.
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Figure 7.59: Resummed TEEC distributions in the back-to-back limit as a function of
t = (1 + cos f)/2, which describes the deviation of the scattered lepton and the produced
hadrons from being back-to-back in the transverse plane. The orange, blue, and green bands
are the predictions with scale uncertainties at NLL, NNLL and N3LL, respectively. The left
and right panels are for EIC and HERA energies, respectively.

The TEEC cross section can be factorized as the convolution of a hard function,
beam function, jet function and soft function in the back-to-back limit. A close con-
nection to TMD factorization is established, as the beam function, when combined

pe
T

p jet
T

ST

jT

electron - hadron-in-jet azimuthal correlations

Arratia et al., P.R. D102 (20) 074015

theory uncertainty 
bands from

π+

π-
see overview of EIC by Aschenauer 

on Tuesday afternoon

factorization theorem|pe
T + p jet

T | ≪ |pe
T − p jet

T | /2 ⇒



Future:  EIC new channelParallels between SIDIS and HQ pair production

φT  is the angle of the sum momentum

A heavy quark pair will not be exactly 
back-to-back in the transverse plane: 

K? = (KQ? �KQ̄?)/2
<latexit sha1_base64="XV25dPx8Jg8P0BC4KiRBOmIgeIs=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0WoiDWpgm6EohuhmxbsA5oQJtNJO3TyYGYilJCPcOOvuHGhiFsX7vwbp2kW2npg4Nxz7uXOPW7EqJCG8a0VlpZXVteK66WNza3tHX13ryPCmGPSxiELec9FgjAakLakkpFexAnyXUa67vh26ncfCBc0DO7lJCK2j4YB9ShGUkmOftJwrIjwCF7DSsNJWlmRwlOoCstFPGmlM+n4rOboZaNqZICLxMxJGeRoOvqXNQhx7JNAYoaE6JtGJO0EcUkxI2nJigWJEB6jIekrGiCfCDvJjkrhkVIG0Au5eoGEmfp7IkG+EBPfVZ0+kiMx703F/7x+LL0rO6FBFEsS4NkiL2ZQhnCaEBxQTrBkE0UQ5lT9FeIR4ghLlWNJhWDOn7xIOrWqeV6ttS7K9Zs8jiI4AIegAkxwCergDjRBG2DwCJ7BK3jTnrQX7V37mLUWtHxmH/yB9vkDmHqdSw==</latexit>

qT = KQ? +KQ̄?
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There is a “Collins” sin(φT + φS) asymmetry (EIC) that arises from h1g

Boer, Pisano, Mulders, J. Zhou, 2016

SIDIS - Fragmentation functions HQ pairs - calculable amplitudes 

e + p↑ → Q + Q̄ + X

K⊥ = (KQ⊥ − KQ̄⊥)/2
qT = KQ⊥ + KQ̄⊥

factorization theorem|qT | ≪ |K⊥ | ⇒

“Collins”    asymmetrysin(ϕqT
+ ϕS)

Parallels between SIDIS and HQ pair production

φT  is the angle of the sum momentum

A heavy quark pair will not be exactly 
back-to-back in the transverse plane: 

K? = (KQ? �KQ̄?)/2
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There is a “Collins” sin(φT + φS) asymmetry (EIC) that arises from h1g

Boer, Pisano, Mulders, J. Zhou, 2016

SIDIS - Fragmentation functions HQ pairs - calculable amplitudes 
Boer et al., JHEP 08 (16) 001

since standard convolution model for deuteron  
does not reproduce data for the tensor struct. fnct. b1(x)

Discovering the mechanism for the gluon transversity could help in 
solving the puzzle…

?

Gluon transversity ΔT g

b1  (δTq,  δT g) ≠ 0 ⇔  still ΔT g = 0

S + D waves

p

n

What would be the mechanism(s) 
for creating ΔT g ≠ 0?

Helicity amplitude A(Λ i ,λi ,  Λ f ,λ f ),    conservation Λ i − λi = Λ f − λ f

Longitudinally-polarized quark in nucleon:  Δq(x) ~  A + 1
2
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2
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2
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2
⎛
⎝

⎞
⎠ − A + 1
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Quark transversity in nucleon:                     ΔTq(x) ~  A + 1
2
+ 1

2
,  − 1

2
− 1

2
⎛
⎝

⎞
⎠ ,     λi = + 1

2
→ λ f = − 1

2
 quark spin flip (Δs = 1) 

Gluon transversity in deuteron:                    ΔT g(x) ~  A +1 +1,  −1 −1( ) ,            A + 1
2
+1,  − 1

2
−1⎛

⎝
⎞
⎠  not possible for nucleon

Note: Gluon transversity does not exist for spin-1/2 nucleons.

Δs = 1

Note on our notations:
Tensor-polarized gluon distribution:  δT g
Gluon transversity:  ΔT g

Standard model prediction for b1 of deuteron

D
N

q

γ * Wµν = 1
π

 Im Tµν

Standard model
of the deuteron

b1(x) =
dy
y∫ δT f (y)F1

N (x / y,  Q2 ),      y = Mp ⋅ q
MNP ⋅ q

!
2p−

P−

      δT f (y) = f
0 (y) − f

+ (y) + f − (y)
2

                  = d 3p y − 3
4 2π

φ0 (p)φ2 (p) +
3
16π

|φ2 (p) |
2⎡

⎣⎢
⎤
⎦⎥∫ (3cos2θ −1)δ y − p ⋅ q

MNν
⎛
⎝⎜

⎞
⎠⎟

      Nucleon momentum distribution:  

                   f H (y) ≡ f↑
H (y) + f↓

H (y) = d 3p y |φ H (
!
p) |∫

2
δ y − E − pz

MN

⎛
⎝⎜

⎞
⎠⎟

      D-state admixture: φ H (
!
p) = φℓ=0

H (
!
p) + φℓ=2

H (
!
p)

   

S-D term D-D term

W. Cosyn, Yu-Bing Dong, SK, M. Sargsian,
Phys. Rev. D 95 (2017) 074036.

Standard convolution model does not
work for the deuteron tensor structure!?
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 b1(theory) ≪ b1(HERMES)
  at  x < 0.5

?

G. A. Miller,  PRC 89 (2014) 045203,
Interesting suggestions: 

hidden-color, 6-quark, · · ·
6q = NN + ΔΔ + CC + ⋅ ⋅ ⋅

?

see talk by Boer on Wednesday



61

Enjoy the workshop


