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Transversity 2022  in numbers 

65 registered 
49 in person, 16 remote 

57 talks, 8 from remote 
16  short talks  

+  
Piet Mulders’ fest for  

his 70th birthday



Semi-Inclusive Deep-Inelastic Scattering (SIDIS)

Transversity 2022  outline 

Mostly focus on  

with various final states “h” :   
    light- / heavy-quark hadrons 
    jets, hadron-in-jet, etc..
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What do we know about them ? 
Where do we learn more ?



The  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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- chiral-odd structure also in collinear kin. 
- only way to determine the tensor charge  

- no chiral-odd structures in SM Lagrangian; potential doorway to BSM

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

Example: in SMEFT’s, neutron EDM dn is source of strong CP violation

dn = �u du + �d dd + �s dsbounds from exp.

δq(Q2) = ∫
1

0
dx hq−q̄

1 (x, Q2)

tensor charges



Mechanisms for transversity

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) transversity as PDF

 hybrid factorisation: j2
T ≪ Q2 = (Pjet

T )2

hadron-in-jet Collins effect

h1(x, k⊥) ⊗ H⊥
1 (z, P⊥)

transversity as TMD

h1(x) H∢
1 (z, R2

T)

h1(x) [C(z, μ) ⊗ H⊥
1 (zh, jT, Pjet

T R)]
transversity as PDF

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
=

∑

q,q̄
3α2

Q2

e2
q

4 z2
1z

2
2

{

(1 + cos2 θ)Dq,[0]
1 (z1)D

q,[0]
1 (z2)

+ sin2 θ cos(φ1 + φ2)H
⊥,[1],q
1 (z1)H

⊥,[1],q
1 (z2)

}

, (5)

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⊥

relative to the first hadron.

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

Λ p

π

e-

p↑

Λ spin transfer h1(x) H1(z)
transversity as PDF

and also in π p   Drell-Yan↑

h⊥
1 (x1, k1⊥) ⊗ h1(x2, k2⊥)

transversity as TMD



Mechanism Framework SIDIS e+e- p-p collisions N pts

PV 2018   arXiv:1802.05212 collinear DiFF LO ✔ ✔ ✔ 78
JAM 2020  arXiv:2002.08384 Collins effect generalized parton model ✔ ✔ ✔ 517
MEX 2019  arXiv:1912.03289 collinear DiFF LO ✔ ✔ ✘ 68
CA 2020   arXiv:2001.01573  Collins effect generalized parton model ✔ ✔ ✘ 76
JAM 2022  arXiv:2205.00999 Collins effect generalized parton model ✔ ✔ ✔ 634

most recent extractions

Phenomenology of Transversity 

http://arxiv.org/abs/arXiv:1802.05212
http://arxiv.org/abs/arXiv:1912.03289
http://arxiv.org/abs/arXiv:2001.01573
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other works with STAR data

D’Alesio et al.,  
P.L. B773 (17) 300

Kang et al.,  
P.L. B774 (17) 635KPRY

DMP

05 OCT 2021 S. Fazio 17

Spin-dependent modulation of hadrons in jets
Collins function (TMD FF)

Di-hadron correlation measurements
“interference FF”

Transversity

DIS2021 DIS2021

o Significant Collins asymmetries have been observed from 
200 GeV data:
• Collinear transversity is probed most directly in the 

jet 4T dependence;
• Collins TMD FF is sensitive to the (5$, z) dependence.

hadron-in-jet 
Collins effect

di-hadron mechanism

PV 2018

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

talks by M. Grosse-Perdekamp 
             W.W. Jacobs

http://arxiv.org/abs/arXiv:1802.05212
http://arxiv.org/abs/arXiv:1912.03289
http://arxiv.org/abs/arXiv:2001.01573


talk by D. Pitonyak δq(Q2) = ∫
1

0
dx hq−q̄

1 (x, Q2) gT = δu - δd

Q=2 GeV

Tensor charge 

PV 2018

- JAM22 includes Soffer bound => δd similar to others, δu still larger (effect of AN data?) 

- JAM22 includes lattice gT results in the fit => statistically compatible by construction 

- JAM22 and PV 2018 do not => tension with lattice  why??

S. Bacchio - 27/05/22 - Transversity 2022, Pavia

Comparison with other results

15

talk by S. Bacchio
arXiv:2202.09871



What  about  gluons ?

+

max ΔsL = |S’L-SL|
in spin-1/2 proton → no gluon transversity

-

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
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in spin-1 deuteron → gluon “transversity” 
because for transverse tensor polarization  
it can be ΔsL = 2

what is the mechanism for the gluon transversity h1TTg(x) (or ΔTg(x) ) ?

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

?

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
+ 1

2
,  + 1

2
+ 1

2
⎛
⎝

⎞
⎠ − A + 1

2
− 1

2
,  + 1

2
− 1

2
⎛
⎝

⎞
⎠

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

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

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 + ⋅ ⋅ ⋅

talks by D. Boer and  S. Kumano

?

an objective of the EIC 



New and future data for transversity studies

- new 3-D analysis of Collins effect from Hermes, with final h = π , K, p, pbar
Airapetian et al., JHEP12 (2020) 010talk by G. Schnell

- Collins effect for ρ0 measured by Compass talks by A. Bressan 
             F. Bradamante- transversity induced by Λ polarization P.L. B824 (22) 136834

- π p   DY by Compass:  ↑ h⊥
1,π ⊗ h1,p

talk by R. Longo

Riccardo Longo 05/27/202223

DY HM TSA RESULTS VS PREDICTIONS

S
iv

e
r
s

P
r
e

t
z
e

lo
s
it

y
T

r
a

n
s
v

e
r
s
it

y

• Curves taken from JHEP 02, 166 (2021) 

• Results in general agreement with available theory predictions 
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New and future data for transversity studies

- new 3-D analysis of Collins effect from Hermes, with final h = π , K, p, pbar
Airapetian et al., JHEP12 (2020) 010talk by G. Schnell

- Collins effect for ρ0 measured by Compass talks by A. Bressan 
             F. Bradamante- transversity induced by Λ polarization P.L. B824 (22) 136834

- Compass run with transversely polarized 6LiD => will improve h1d

- JLab12 Hall-A TSSA with “neutron target” (SoLID) => improve h1u,d

- π p   DY by Compass:  ↑ h⊥
1,π ⊗ h1,p

talk by R. Longo

Riccardo Longo 05/27/202223

DY HM TSA RESULTS VS PREDICTIONS
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• Curves taken from JHEP 02, 166 (2021) 

• Results in general agreement with available theory predictions 
Nx

2−10 1−10

) Sφ −
CSφ

sin
(2

TA 

0.2−

0.1−

0

preliminaryCOMPASS 
 data3Drell-Yan, NH

JHEP 02(2021)166
LFCQM
SPM
LFC-JAM20
SPM-JAM20

Nx
2−10 1−10

) Sφ +
CSφ

sin
(2

TA 

0.1−

0

preliminaryCOMPASS 
 data3Drell-Yan, NH

JHEP 02(2021)166
LFCQM
SPM
LFC-LP15
SPM-LP15

Nx
2−10×4 1−10 1−10×2

) Sφ
sin

(
TA 

0.1−

0

0.1
preliminaryCOMPASS 

 2015+2018 data3Drell-Yan, NH

JHEP 02(2021)166
LFCQM
SPM
JAM20
Torino

2−10 1−10 1

) Sφ
sin

(
T

A 

0.2−

0

0.2
COMPASS
preliminary

LFCQM
SPM
JAM20
Torino

JHEP 02(2021)166

1−10 1

) Sφ
sin

(
T

A 

0.2−

0

0.2
3Drell-Yan, NH

2015+2018 data

0 0.2 0.4 0.6 0.8

) Sφ
sin

(
T

A 

0.2−

0

0.2

) < 8.5 2c/(GeV/µµM4.3 < 

0.5 1 1.5 2 2.5 3

) Sφ
sin

(
T

A 

0.2−

0

0.2

4 5 6 7 8

) Sφ
sin

(
T

A 

0.2−

0

0.2

2−10 1−10 1

) Sφ +
CSφ

sin
(2

T
A 0.2−

0

0.2

LFCQM
SPM
LFC-LP15
SPM-LP15

JHEP 02(2021)166

1−10 1

) Sφ +
CSφ

sin
(2

T
A 0.2−

0

0.2

0 0.2 0.4 0.6 0.8

) Sφ +
CSφ

sin
(2

T
A 0.2−

0

0.2

0.5 1 1.5 2 2.5 3

) Sφ +
CSφ

sin
(2

T
A 0.2−

0

0.2

4 5 6 7 8

) Sφ +
CSφ

sin
(2

T
A 0.2−

0

0.2

Nx
2−10 1−10 1

) Sφ −
CSφ

sin
(2

T
A 0.2−

0

0.2

LFCQM
SPM
LFC-JAM20
SPM-JAM20

JHEP 02(2021)166

πx
1−10 1

) Sφ 
−

CSφ
sin

(2

T
A 0.2−

0

0.2

Fx
0 0.2 0.4 0.6 0.8

) Sφ 
−

CSφ
sin

(2

T
A 0.2−

0

0.2

)c(GeV/ 
T
q

0.5 1 1.5 2 2.5 3

) Sφ 
−

CSφ
sin

(2

T
A 0.2−

0

0.2

)2c(GeV/ µµM
4 5 6 7 8

) Sφ −
CSφ

sin
(2

T
A 0.2−

0

0.2

}

- FermiLab “LongQuest” spin-1 => pD   => ↑ h⊥
1,p ⊗ h1,D

talk by N. Wuerfel
- Amber => π , K  DY  => h⊥

1,π,K ⊗ h1,p

- LHCspin => p-p  DY  => ↑ h⊥
1,p ⊗ h1,p talk by P. Di Nezza



The EIC impact 
Community Effort to Define EIC Detector

• ~400 authors / ~150 institutions / ~900 pages with strong international contributions!

• Review, community input, and editorial process completed:     
https://arxiv.org/abs/2103.05419

• Best reference guide for EIC detector requirements and technologies

arXiv:2103.05419,  
N.P.A in press
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Figure 7.54: Top: Expected impact on the up and down quark transversity distributions
and favored and unfavored Collins function first moment when including EIC Collins effect
SIDIS pseudodata from e+p and e+He collisions [526]. Bottom left: Plot of the truncated
integral g[xmin ]

T vs. xmin. Also shown is the ratio DEIC/DJAM20 of the uncertainty in g[xmin ]
T for

the re-fit that includes pseudodata from the EIC to that of the original JAM20 fit [241]. Note
that the results from two recent lattice QCD calculations [527,528] are for the full gT integral
(i.e., xmin = 0) and have been offset for clarity. Bottom right: The impact on the up quark
(du), down quark (dd), and isovector (gT) tensor charges and their comparison to the lattice
data.

culations (see, e.g., Ref. [527, 528]). As such, potential discrepancies may become
relevant for searches of physics beyond the Standard Model [529, 530]. We also
mention that there is a significant reduction in the uncertainty for the Collins
function (see Fig. 7.54), which will be an important test of universality with re-
sults from e+e� annihilation. (Theoretical considerations suggest that TMD frag-
mentation functions are universal, based on the specific kinematics of the frag-
mentation process — see, for example, Refs. [448, 531].) In addition, Fig. 7.54
shows g[xmin]

T vs. xmin, where g[xmin]
T is the following truncated integral: g[xmin]

T ⌘

Collins effect

L=10 fb-1 , 8223 data pts. 
proton [GeV]: 5x41, 5x100, 10x100, 18x275 
3He [GeV]: 5x41, 5x100, 18x100
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Figure 7.54: Top: Expected impact on the up and down quark transversity distributions
and favored and unfavored Collins function first moment when including EIC Collins effect
SIDIS pseudodata from e+p and e+He collisions [526]. Bottom left: Plot of the truncated
integral g[xmin ]
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culations (see, e.g., Ref. [527, 528]). As such, potential discrepancies may become
relevant for searches of physics beyond the Standard Model [529, 530]. We also
mention that there is a significant reduction in the uncertainty for the Collins
function (see Fig. 7.54), which will be an important test of universality with re-
sults from e+e� annihilation. (Theoretical considerations suggest that TMD frag-
mentation functions are universal, based on the specific kinematics of the frag-
mentation process — see, for example, Refs. [448, 531].) In addition, Fig. 7.54
shows g[xmin]

T vs. xmin, where g[xmin]
T is the following truncated integral: g[xmin]

T ⌘
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di-hadron mechanism
L=10 fb-1 , 3852 data pts, proton&3He [GeV]: 10x100

hadron-in-jet Collins effect
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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

Arratia et al., arXiv:2007.07281



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

5/23/2015 CIPANP 2015 6
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Sivers Function

Tools to measure Sivers:
Transverse single-spin asymmetry amplitude (azimuthal modulation)

8 Transverse Momentum Dependent distribtion fnc.s (TMDs) are allowed 
by gauge invariance
The TMD knows as Sivers function is 
o sensitive to transverse proton spin – parton transverse motion 

correlations
o predicted not to be universal between SIDIS & p+p

§ SiversDIS = - Sivers (DY or W or Z)
o Weak bosons: 
• less background compared to DY
• higher =* = T/* : can test evolution effects 
• sensitive to sea quarks
• but: need for reconstructing produced boson’s kinematics

SP kT,q
p

p

Sivers fct.

(% ≈
,3↑ − ,3↓
,3↑ + ,3↓

ST⋅kT × P

data exist (0.01 . x . 0.3) should be taken with due care. At variance with previous studies, in the denominator of
the asymmetries in Eqs. (4) and (12) we are using unpolarized TMDs that were extracted from data in our previous
Pavia17 fit, with their own uncertainties. Therefore, our uncertainty bands in Fig. 1 represent a realistic estimate of
the statistical error of the Sivers function.

x = 0.1

u
�u

p�

�1.0 �0.5 0.0 0.5 1.0

kx (GeV)

2

4ky = 0
2 4

�1.0

�0.5

0.0

0.5

1.0

k y
(G

eV
)

kx = 0

1

2

3

4

x = 0.1

d
�d

p�

�1.0 �0.5 0.0 0.5 1.0

kx (GeV)

1
2
3ky = 0

1 2 3
�1.0

�0.5

0.0

0.5

1.0

k y
(G

eV
)

kx = 0

0.5

1.0

1.5

2.0

2.5

3.0

Figure 2: The density distribution ⇢a
p"

of an unpolarized quark with flavor a in a proton polarized along the +y direction and moving towards the

reader, as a function of (kx, ky) at Q2 = 4 GeV2. Left panels for the up quark, right panels for the down quark. Upper panels for results at x = 0.1,
lower panels at x = 0.01. For each panel, lower ancillary plots represent the 68% uncertainty band of the distribution at ky = 0 (where the e↵ect
of the distortion due to the Sivers function is maximal) while left ancillary plots at kx = 0 (where the distribution is the same as for an unpolarized
proton). Results in the contour plots and the solid lines in the projections correspond to replica 105 (see text).

In Fig. 2, we show the density distribution ⇢a
p" of an unpolarized quark a in a transversely polarized proton defined

in Eq. (1), at x = 0.1 (upper panels) and x = 0.01 (lower panels) and at the scale Q2 = 4 GeV2. The proton is moving
towards the reader and is polarized along the +y direction. Since the up Sivers function is negative, the induced
distortion is positive along the +x direction for the up quark (left panels), and opposite for the down quark (right
panels).

At x = 0.1 the distortion due to the Sivers e↵ect is evident, since we are close to the maximum value of the
function shown in Fig. 1. The distortion is more pronounced for down quarks, because the Sivers function is larger
and at the same time the unpolarized TMD is smaller. The peak positions are approximately (kx)max ⇡ 0.1 GeV for
up quarks and �0.15 GeV for down quarks. At lower values of x, the distortion disappears. These plots suggest that
a virtual photon hitting a transversely polarized proton e↵ectively “sees” more up quarks to its right and more down
quarks to its left in momentum space.

8

Bacchetta et al., P.L. B827 (22) 136961, arXiv:2004.14278

ST

y

x

distortion of quark momentum distribution by nucleon spin



Sivers 

the quark Sivers TMD  is not universal !

ξ-  

ξT
ξ  

T

-

SIDIS

e
h

P
final 
state

in SIDIS, gauge link structure  
is “future pointing”  describes  

residual color final-state interactions
→

Drell-Yan
p

p l+

linitial 
state

in Drell-Yan, gauge link structure  
is “past pointing”  describes  
color initial-state interactions

→

ξ-  

ξT ξ  
T

-

Prediction of QCD:  
Sivers TMD (SIDIS) = - Sivers TMD (Drell-Yan)
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Figure 1: The first transverse moment x f?(1)
1T of the Sivers TMD as a function of x for the up (left panel) and down quark (right panel). Solid

band: the 68% confidence interval obtained in this work at Q2 = 4 GeV2. Hatched bands from PV11 [15], EIKV [17], TC18 [18], JAM20 [20]
parametrizations, and at di↵erent Q2 as indicated in the figure.

to notice, as a check of the results validity, that our predictions well describe also the z and PhT distributions, even if
those projections of the data were not included in the fit (see Appendix B for more details).

The agreement with vector-boson-production STAR measurements [52] is worse than the SIDIS case, with a �2 =
13.97±0.6 for 7 points. However, the lower number of points (see Fig. B.8) indicates that STAR data have less influence
on the global fit than the SIDIS data. In any case, we observe that our predictions follow the sign of the measurements,
being negative for W+ and positive for W� and Z0. The agreement is similar for the data points projected in pT not
included in the fit (see Appendix B for more details).

In Fig. 1, we show the first transverse moment x f?(1)
1T (Eq. (9), multiplied by x) as a function of x at Q0 = 2 GeV

for the up (left panel) and down quark (right panel). We compare our results (solid band) with other parametrizations
available in the literature [15, 17, 18, 20] (hatched bands, as indicated in the figure). In agreement with previous
studies, the distribution for the up quark is negative, while for the down quark is positive and both have a similar
magnitude. The Sivers function for sea quarks is very small and compatible with zero.

The authors of Ref. [21] also find results very similar to the ones in Fig. 1 when they fit the same SIDIS data and
COMPASS Drell–Yan data with pion beams [58]. In this case, they also compute predictions for W± and Z0 production
at STAR kinematics which are very close to our fitted bands displayed in Fig. B.8. Their strategy is very similar to
the one adopted in this work but at higher perturbative accuracy, although their unpolarized TMDs are not obtained
from an actual fit. However, when they include the STAR data in the global fit they artificially increase the statistical
weight of those data by a factor ⇠ 13. Their global �2 largely deteriorates and the uncertainty on the Sivers function
significantly increases. Our finding is that because of large experimental errors STAR data does not a↵ect much our
final results when including them in the global fit, as discussed in detail in Appendix B.

The authors of Ref. [23] also perform a consistent extraction of both unpolarized and Sivers TMDs, and build
contour plots of the density distribution in Eq. (1) similar to Fig. 2 below. A direct comparison is more di�cult because
the evolution of TMDs is achieved in a di↵erent framework, and the classification of the perturbative accuracy does
not match the standard described in Ref. [10]. The displayed x-dependence of their Qiu-Sterman function (or related
first kT -moment of the Sivers function as in Eq. (9)) is roughly similar, at least for up and down quarks. However,
the sea-quark channel shows large oscillations at large x, which entail a strong breaking of the positivity constraint of
Eq. (20).

In general, the result of a fit is biased whenever a specific fitting functional form is chosen at the initial scale. In
our case, we tried to reduce this bias by adopting a flexible functional form, as it is evident particularly in Eq. (23).
Nevertheless, we stress that our extraction is still a↵ected by this bias and extrapolations outside the range where
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parametrizations, and at di↵erent Q2 as indicated in the figure.

to notice, as a check of the results validity, that our predictions well describe also the z and PhT distributions, even if
those projections of the data were not included in the fit (see Appendix B for more details).

The agreement with vector-boson-production STAR measurements [52] is worse than the SIDIS case, with a �2 =
13.97±0.6 for 7 points. However, the lower number of points (see Fig. B.8) indicates that STAR data have less influence
on the global fit than the SIDIS data. In any case, we observe that our predictions follow the sign of the measurements,
being negative for W+ and positive for W� and Z0. The agreement is similar for the data points projected in pT not
included in the fit (see Appendix B for more details).

In Fig. 1, we show the first transverse moment x f?(1)
1T (Eq. (9), multiplied by x) as a function of x at Q0 = 2 GeV

for the up (left panel) and down quark (right panel). We compare our results (solid band) with other parametrizations
available in the literature [15, 17, 18, 20] (hatched bands, as indicated in the figure). In agreement with previous
studies, the distribution for the up quark is negative, while for the down quark is positive and both have a similar
magnitude. The Sivers function for sea quarks is very small and compatible with zero.

The authors of Ref. [21] also find results very similar to the ones in Fig. 1 when they fit the same SIDIS data and
COMPASS Drell–Yan data with pion beams [58]. In this case, they also compute predictions for W± and Z0 production
at STAR kinematics which are very close to our fitted bands displayed in Fig. B.8. Their strategy is very similar to
the one adopted in this work but at higher perturbative accuracy, although their unpolarized TMDs are not obtained
from an actual fit. However, when they include the STAR data in the global fit they artificially increase the statistical
weight of those data by a factor ⇠ 13. Their global �2 largely deteriorates and the uncertainty on the Sivers function
significantly increases. Our finding is that because of large experimental errors STAR data does not a↵ect much our
final results when including them in the global fit, as discussed in detail in Appendix B.

The authors of Ref. [23] also perform a consistent extraction of both unpolarized and Sivers TMDs, and build
contour plots of the density distribution in Eq. (1) similar to Fig. 2 below. A direct comparison is more di�cult because
the evolution of TMDs is achieved in a di↵erent framework, and the classification of the perturbative accuracy does
not match the standard described in Ref. [10]. The displayed x-dependence of their Qiu-Sterman function (or related
first kT -moment of the Sivers function as in Eq. (9)) is roughly similar, at least for up and down quarks. However,
the sea-quark channel shows large oscillations at large x, which entail a strong breaking of the positivity constraint of
Eq. (20).

In general, the result of a fit is biased whenever a specific fitting functional form is chosen at the initial scale. In
our case, we tried to reduce this bias by adopting a flexible functional form, as it is evident particularly in Eq. (23).
Nevertheless, we stress that our extraction is still a↵ected by this bias and extrapolations outside the range where
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Bacchetta et al., arXiv:2004.14278

sea-quarks ~ O(10-3) smaller

all parametrizations are in fair 
agreement for valence flavors

Sivers  Phenomenology 

Framework SIDIS DY W/Z 
production e+e- N of points

JAM 2020 
arXiv:2002.08384

extended  
parton model ✔ ✔ ✔ ✔ 517

Pavia 2020 
arXiv:2004.14278

LO+NLL ✔ ✔ ✔ ✘ 150

EKT 2020 
arXiv:2009.10710

NLO+N2LL ✔ ✔ ✔ ✘ 243

BPV 2020 
arXiv:2012.05135
arXiv:2103.03270

ζ prescription ✔ ✔ ✔ ✘ 76

most recent extractions of quark Sivers
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• comparison with other fits will be added as they become available

o Current STAR data not yet significant enough to make claims on the sign-change
• Expect ~400 pb-1 more data from run 2022, with η coverage extended by STAR iTPC

05 OCT 2021 S. Fazio 14

AN in weak boson production
PANIC 2021

o Statistics much improved after run 2017 (350pb-1) compared to run 2011 (25pb-1)
o Prediction by Bury, Prokudin, and Vladimirov PRL 126, 112002 (2021) – assumes sign change
• Extraction includes SIDIS, DY and run 2011
• comparison with other fits will be added as they become available

o Current STAR data not yet significant enough to make claims on the sign-change
• Expect ~400 pb-1 more data from run 2022, with η coverage extended by STAR iTPC

0.88 1.00
Bury et al., arXiv:2103.03270

BPV 2020

predictions on recent STAR DY data

Pavia 2020

The Sign Change Puzzle 

- π p   DY by Compass:    

compatible with sign change

↑ f1,π ⊗ f⊥
1T,p

talk by R. Longo

talk by W.W.  Jacobs

Riccardo Longo 05/27/202220

COMPASS HM DY result for 
Sivers asymmetry 

is consistent with the 
predicted change of sign for 

the Sivers function

sign change 

no sign change 

Nx
2−10×4 1−10 1−10×2

) Sφ
sin

(
TA 

0.1−

0

0.1
preliminaryCOMPASS 

 2015+2018 data3Drell-Yan, NH

JHEP 02(2021)166
LFCQM
SPM
JAM20
Torino

DY HM TSA RESULTS: SIVERS 

COMPASS, 2015 + 2018  Full Data Sample NEW!

Nx
2−10 1−10 1

) Sφ
sin

(
TA 

0.2−

0

0.2

COMPASS
preliminary

πx
1−10 1

) Sφ
sin

(

T
A 

0.2−

0

0.2
3Drell-Yan, NH

2015+2018 data

Fx
0 0.5

) Sφ
sin

(

T
A 

0.2−

0

0.2

)<8.5 2c/(GeV/µµM4.3<

)c(GeV/ 
T
q

1 2 3

) Sφ
sin

(

T
A 

0.2−

0

0.2

)2c(GeV/ µµM
4 6 8

) Sφ
sin

(
T

A 

0.2−

0

0.2

DY - HM range

BPV 2020



05 OCT 2021 S. Fazio 14

AN in weak boson production
PANIC 2021

o Statistics much improved after run 2017 (350pb-1) compared to run 2011 (25pb-1)
o Prediction by Bury, Prokudin, and Vladimirov PRL 126, 112002 (2021) – assumes sign change

• Extraction includes SIDIS, DY and run 2011
• comparison with other fits will be added as they become available

o Current STAR data not yet significant enough to make claims on the sign-change
• Expect ~400 pb-1 more data from run 2022, with η coverage extended by STAR iTPC

05 OCT 2021 S. Fazio 14

AN in weak boson production
PANIC 2021

o Statistics much improved after run 2017 (350pb-1) compared to run 2011 (25pb-1)
o Prediction by Bury, Prokudin, and Vladimirov PRL 126, 112002 (2021) – assumes sign change
• Extraction includes SIDIS, DY and run 2011
• comparison with other fits will be added as they become available

o Current STAR data not yet significant enough to make claims on the sign-change
• Expect ~400 pb-1 more data from run 2022, with η coverage extended by STAR iTPC

still not enough to confirm 
sign change:

0.88 1.00
Bury et al., arXiv:2103.03270

BPV 2020

predictions on recent STAR DY data

Pavia 2020

The Sign Change Puzzle 

- π p   DY by Compass:    

compatible with sign change

↑ f1,π ⊗ f⊥
1T,p

talk by R. Longo

talk by W.W.  Jacobs

Riccardo Longo 05/27/202220

COMPASS HM DY result for 
Sivers asymmetry 

is consistent with the 
predicted change of sign for 

the Sivers function

sign change 

no sign change 

Nx
2−10×4 1−10 1−10×2

) Sφ
sin

(
TA 

0.1−

0

0.1
preliminaryCOMPASS 

 2015+2018 data3Drell-Yan, NH

JHEP 02(2021)166
LFCQM
SPM
JAM20
Torino

DY HM TSA RESULTS: SIVERS 

COMPASS, 2015 + 2018  Full Data Sample NEW!

Nx
2−10 1−10 1

) Sφ
sin

(
TA 

0.2−

0

0.2

COMPASS
preliminary

πx
1−10 1

) Sφ
sin

(

T
A 

0.2−

0

0.2
3Drell-Yan, NH

2015+2018 data

Fx
0 0.5

) Sφ
sin

(

T
A 

0.2−

0

0.2

)<8.5 2c/(GeV/µµM4.3<

)c(GeV/ 
T
q

1 2 3

) Sφ
sin

(

T
A 

0.2−

0

0.2

)2c(GeV/ µµM
4 6 8

) Sφ
sin

(
T

A 

0.2−

0

0.2

DY - HM range

BPV 2020



What about gluons ?

- TMDs are related to hadronic matrix elements of bilocal operators; color gauge links  
  must connect the two points to restore color gauge invariance;  
  gluons have a more complicated structure than quarks:

3

(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 1: A number of gauge link structures [U,U ′] illustrated. In these figures, the two big dots represent the coordinates of 0
and ξ. The horizontal axis is the light-cone direction n− and the vertical axis represents the transverse directions. The four
simplest gauge link structures are (a) the [+,+†] gauge link, (b) the [−,−†] gauge link, (c) the [+,−†] gauge link and (d)
the [−,+†] gauge link. Another structure occurring for type 1 correlators is the (e) [+!,+†

!
†] gauge link. In (f) the type 2

gauge link structure [+,+†(!)] can be seen. Two gauge link structures corresponding to correlators of the third type are (g)
[(F (0)!), (F (ξ)!†)] and (h) [(F (0)!†), (F (ξ)!)].

A. Correlators of the first type

The first type of operator structures contains one color trace and therefore has the simplest gauge link structure that
is possible for gluon correlators. This color trace contains both the gluon field operators F (0) and F (ξ) with gauge
links running between these two fields and appears when the color in a diagram contributing to the full amplitude
flows in just a single color loop. Examples of processes containing such a color structure are processes with colorless
particles in the final state, such as the gluon Drell-Yan process and Higgs production through gluon fusion (gg → H),
of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For

these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−†], Γ[−,+†] and Γ[+,+†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2 → 2 process is the gauge link structure in the correlator Γ[+!,+†

!
†],

which is illustrated in Fig. 1e.
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TMDs ! 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 
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New and future data for Sivers studies

- new 3-D analysis of Collins effect from Hermes, with final h = π , K, p, pbar
Airapetian et al., JHEP12 (2020) 010talk by G. Schnell

- Sivers effect for ρ0 measured by Compass talks by A. Bressan 
             F. Bradamante

- π p   DY by Compass:  ↑ f1,π ⊗ f⊥
1T,p

talk by R. Longo

Riccardo Longo 05/27/202220
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- FermiLab E1039  “SpinQuest” => pp  & pD   => ↑ ↑ f1,p ⊗ f⊥
1T,p,D talk by N. Wuerfel

- LHCspin => p-p  DY  => ↑ f1,p ⊗ f⊥
1T,p talk by P. Di Nezza
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Probing the gluon Sivers function



126 7.2. MULTI-DIMENSIONAL IMAGING OF NUCLEONS, NUCLEI, AND MESONS

ments will also play a key role in the study of the flavor structure of TMDs, which
is currently almost unconstrained [489], making it difficult to estimate the impact
of the EIC.

Quark Sivers and Collins measurements

Figure 7.53: Expected impact on up and down quark Sivers distributions as a function of the
transverse momentum kT for different values of x, obtained from SIDIS pion and kaon EIC
pseudodata, at the scale of 2 GeV. The green-shaded areas represent the current uncertainty,
while the blue-shaded areas are the uncertainties when including the EIC pseudodata.

Sivers function measurements: The determination of the quark Sivers functions,
f ?q
1T (x, kT), is one of the major goals for TMD physics. It can be extracted most di-

rectly from the transverse SSA proportional to the sin(fh � fS) modulation of the
SIDIS cross section, which is expressed through the structure function Fsin(fh�fS)

UT
(see Eq. (7.27)). The Sivers function is a T-odd TMD [490], that turns into the Qiu-
Sterman matrix element [212, 491] in the regime of small b [492, 493]. The extrac-
tion of the Sivers TMD was performed by many groups [494–506]. However, the

GeV+ EIC  5 × 41
18 × 275

Bury et al.,  
P.R.L. 126 (21) 112002

The EIC Impact 
Community Effort to Define EIC Detector

• ~400 authors / ~150 institutions / ~900 pages with strong international contributions!

• Review, community input, and editorial process completed:     
https://arxiv.org/abs/2103.05419

• Best reference guide for EIC detector requirements and technologies

arXiv:2103.05419,  
N.P.A in press
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rectly from the transverse SSA proportional to the sin(fh � fS) modulation of the
SIDIS cross section, which is expressed through the structure function Fsin(fh�fS)

UT
(see Eq. (7.27)). The Sivers function is a T-odd TMD [490], that turns into the Qiu-
Sterman matrix element [212, 491] in the regime of small b [492, 493]. The extrac-
tion of the Sivers TMD was performed by many groups [494–506]. However, the
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ments will also play a key role in the study of the flavor structure of TMDs, which
is currently almost unconstrained [489], making it difficult to estimate the impact
of the EIC.

Quark Sivers and Collins measurements

Figure 7.53: Expected impact on up and down quark Sivers distributions as a function of the
transverse momentum kT for different values of x, obtained from SIDIS pion and kaon EIC
pseudodata, at the scale of 2 GeV. The green-shaded areas represent the current uncertainty,
while the blue-shaded areas are the uncertainties when including the EIC pseudodata.
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UT
(see Eq. (7.27)). The Sivers function is a T-odd TMD [490], that turns into the Qiu-
Sterman matrix element [212, 491] in the regime of small b [492, 493]. The extrac-
tion of the Sivers TMD was performed by many groups [494–506]. However, the

electron-jet azimuthal correlations

| ⃗q T | = | ⃗p e
T + ⃗p jet

T | ≪ | ⃗p jet
T |

AUT ~ dσ(ST) - dσ(-ST) 
Sivers effect free from TMD FF
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Figure 3.13: Left: Sensitivity for lepton-jet Sivers asymmetry (FastSim). Right: Sensitivity for di-charm Sivers
asymmetry. These are representative examples of measurements probing (sea) quark TMDs and gluon TMDs,
respectively (FastSim).

(the jet axis as well as the ‚⇤ axis), which can be used to probe TMD PDFs and TMD FFs in an independent
and controlled way [77] For example, by fixing the pT of the jet with respect to the photon axis while varying
the pT of the hadrons with respect to the jet axis decouples those e↵ects and o↵ers great flexibility to constrain
TMDs and their evolution [78] ATHENA’s precision calorimetry, tracking, and PID capabilities enable good
energy flow reconstruction and are crucial for these measurements.

Performance requirements for fragmentation functions are similar to those for jet correlations accessing
TMDs. However, fragmentation function measurements also require excellent PID over the entire x , z , Q2

phase space. Figure 3.14 shows the projected precision for hadron-in-jet Collins asymmetry measurements,
which probe quark transversity, TMD fragmentation functions, and TMD evolution. This measurement is
representative of an entire class of possible jet substructure measurements.

Figure 3.14: Projection for
hadron-in-jet Collins asymmetry
measurement for charged pions,
kaons and protons. This is rep-
resentative of the class of jet sub-
structure measurements (Fast-
Sim).

3.2.4 Transverse spatial imaging of quarks and gluons
Deeply virtual Compton scattering (DVCS, ‚⇤N ! N 0‚) and timelike Compton scattering (TCS, ‚N ! N 0‚⇤ !
N 0l+l�) are among the most discussed exclusive reactions that can lead to the extraction of Generalized Parton
Distribution (GPD) functions. ATHENA is designed especially to reconstruct the entire final state with superior
precision. In DVCS, a virtual photon is exchanged in the scattering with its virtuality well in the perturbative
regime (Q2 > 1 GeV2) and a high-energy real photon is emitted. Conversely, in TCS, a real photon absorbed

39

th uncertainty
projected precision

Arratia et al., arXiv:2007.07281

also access to gluon Sivers TMD from   , charm di-jets 
                                                      and  J/ψ  production

D0D̄0 Zheng et al., arXiv:1805.05290

Rajesh et al., arXiv:2108.04866

Community Effort to Define EIC Detector

• ~400 authors / ~150 institutions / ~900 pages with strong international contributions!

• Review, community input, and editorial process completed:     
https://arxiv.org/abs/2103.05419

• Best reference guide for EIC detector requirements and technologies

arXiv:2103.05419,  
N.P.A in press

opportunities with jets and Heavy Flavors

GeV+ EIC  5 × 41
18 × 275

Bury et al.,  
P.R.L. 126 (21) 112002
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The EIC Impact 
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The  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) 
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• Information on parton orbital angular momentum  
(no direct model-independent relation)

Key information from Transverse Momentum Dependent PDFs 
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the best known TMD  (most recent fits)

Framework HERMES COMPASS DY Z 
production N of points χ2/Npoints

PV 2017 
arXiv:1703.10157 NLL ✔ ✔ ✔ ✔ 8059 1.5

SV 2017 
arXiv:1706.01473 NNLLʹ ✘ ✘ ✔ ✔ 309 1.23

BSV 2019 
arXiv:1902.08474 NNLL’ ✘ ✘ ✔ ✔ 457 1.17

SV 2019 
arXiv:1912.06532 N3LL ✔ ✔ ✔ ✔ 1039 1.06

PV 2019 
arXiv:1912.07550 N3LL ✘ ✘ ✔ ✔ 353 1.07
SV19 + flavor dep. 
arXiv:2201.07114 N3LL ✘ ✘ ✔ ✔ 309 <1.08>

MAPTMD 2022 
arXiv:2206.07598 N3LL ✔ ✔ ✔ ✔ 2031 1.06

Transverse size in momentum space
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Bacchetta, Delcarro, Pisano, Radici, Signori, arXiv:1703.10157

Q2 = 1 GeV2

ky 

kx 

x 

PV 2017 
Bacchetta, Delcarro, Pisano, Radici, Signori,  
JHEP 06 (17) 081

tomography in  
momentum space

• non-perturbative kT dependence is not 
a simple Gaussian

• average <kT2>  strongly depends on x, and 
might depend on flavor (in particular for 
fragmentation; recent attempt on SV19)

• Gaussian non perturbative evolution seems 
preferred

• modern fits can reach N3LL+NNLO 
perturbative accuracy with reduced χ2 ~ 1 
on thousands data points

The unpolarized quark TMD f1q

Lessons to be learnt :

http://arxiv.org/abs/arXiv:1703.10157


• NNNLL comparisons: SCETlib, Resolve(NNLLp), CuTe, NangaParbat, Radish, 
DYRES (NNLLp?), Artemide 
• ReSolve PDF evolution is not through LHAPDF

Q=MZ, Y=0, level-1, gen=5
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same accuracy as PDF 
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G. Bozzi, I. Scimemi (eds.) et al.,  
Yellow Report of CERN EW WG, in preparation

Transverse size in momentum space
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The unpolarized quark TMD f1q
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The MAPTMD22 fit

the best known TMD  (most recent fits)
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production N of points χ2/Npoints

PV 2017 
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arXiv:1912.07550 N3LL ✘ ✘ ✔ ✔ 353 1.07
SV19 + flavor dep. 
arXiv:2201.07114 N3LL ✘ ✘ ✔ ✔ 309 <1.08>

MAPTMD 2022 
arXiv:2206.07598 N3LL ✔ ✔ ✔ ✔ 2031 1.06

the new MAPTMD22 fit

Bacchetta et al., arXiv:2206.07598
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The MAPTMD22 fit
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The MAPTMD22 fit
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The TMD evolution of f1q

Collins-Soper kernel    drives the evolution in rapidity ζ  
(including the unknown non perturbative part); can be computed on lattice

K = γζ = − 2𝒟

talk by M. Wagman 

TMD(x, bT; μf , ζf ) = Evo(μf , ζf; μi, ζi) TMD(x, bT; μi, ζi)

Evo(μf , ζf; μi, ζi) = exp[Spert(μf , μi; ζf )] exp[ 1
2 K(bT, μb) ln(ζf /ζi)]

25

Phenomenological comparison
Results can be compared with phenomenology

Warning - no continuum extrapolation, 
unquantified systematics remain

Lattice artifacts at small        ? Underestimated Fourier transform systematics? 
Further studies needed!
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The TMD evolution of f1q

Collins-Soper kernel    drives the evolution in rapidity ζ  
(including the unknown non perturbative part); can be computed on lattice

K = γζ = − 2𝒟

talk by M. Wagman 
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Phenomenological comparison
Results can be compared with phenomenology

Warning - no continuum extrapolation, 
unquantified systematics remain

Lattice artifacts at small        ? Underestimated Fourier transform systematics? 
Further studies needed!
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TMD(x, bT; μf , ζf ) = Evo(μf , ζf; μi, ζi) TMD(x, bT; μi, ζi)

Evo(μf , ζf; μi, ζi) = exp[Spert(μf , μi; ζf )] exp[ 1
2 K(bT, μb) ln(ζf /ζi)]

Bacchetta et al.,  
arXiv:2206.07598

Shanahan et al., arXiv:2107.11930

Martinez & Vladimirov,  
arXiv:2206.01105



What  about gluons ?

- useful channels: heavy-quarkonium production
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Quarkonium production as a tool to probe (gluon) TMDs

•Several processes proposed to access (un)polarized gluon TMDs 

•Several measurements exist (e.g. di-onium@LHC), data on tape (di-onium asymmetries at LHC), 
future experiments promising (EIC, FT@LHC,…)
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Factorization 
proven

Ansatz: factorization of  2 soft mechanisms in the processes: 
soft gluon resummation and formation of  bound state 

—> See talks by Cristian, Luca & Raj

Quarkonium production is both an opportunity and a challenge!! 
Need to improve the theory to properly deal with TMDs…

+ more…

factorization proven

ansatz  
2 soft mechanisms: 
   - soft gluon resum. 
   - formation of bound  
     state

talk by M. Echevarria 



Boer et al., arXiv:2004.06740

D’Alesio et al., arXiv:2110.07529
Boer et al., arXiv:2102.00003

What  about gluons ?

- useful channels: heavy-quarkonium production

GLUON TMDS

�56

3

⌘i=� ln
⇥
tan( 12✓i)

⇤
, ✓i being the polar angles of the final

partons in the virtual photon-hadron cms frame. Note
that A now also receives a contribution from �⇤q ! gq,
leading to somewhat smaller asymmetries.
Since the observables involve final-state heavy quarks

or jets, they require high energy colliders, such as a future
Electron-Ion Collider (EIC) or the Large Hadron electron
Collider (LHeC) proposed at CERN. It is essential that
the individual transverse momentaKi? are reconstructed
with an accuracy �K? better than the magnitude of the
sum of the transverse momenta K1? +K2? = qT . Thus
one has to satisfy �K? ⌧ |qT | ⌧ |K?|.
An analogous asymmetry arises in QED, in the ‘tri-

dents’ processes `e(p) ! `µ+µ�e0(p0 orX) or µ�Z !

µ�`¯̀Z [18–21]. This could be described by the distribu-
tion of linearly polarized photons inside a lepton, pro-
ton, or atom. QCD adds the twist that for gluons inside
a hadron, ISI or FSI can considerably modify the result
depending on the process, for example, in HQ produc-
tion in hadronic collisions: p p ! QQ̄X, which can be
studied at BNL’s Relativistic Heavy Ion Collider (RHIC)
and CERN’s LHC, and p p̄ ! QQ̄X at Fermilab’s Teva-
tron. Since the description involves two TMDs, breaking
of TMD factorization becomes a relevant issue, cf. [14]
and references therein. The cross section for the process
h1(P1)+h2(P2)!Q(K1)+Q̄(K2)+X can be written in a
way similar to the hadroproduction of two jets discussed
in Ref. [13], in the following form

d�

dy1dy2d2K1?d2K2?
=

↵2
s

sM2
?

⇥

h
A(q2

T ) +B(q2
T )q

2
T cos 2(�T � �?)

+ C(q2
T )q

4
T cos 4(�T � �?)

i
. (7)

Besides q2
T , the terms A, B and C will depend on other,

often not explicitly indicated, variables as z, M2
Q/M

2
?

and momentum fractions x1, x2 obtained from x1/2 =
(M1? e±y1 +M2? e±y2 ) /

p
s .

In the most naive partonic description the terms A, B,
and C contain convolutions of TMDs. Schematically,

A : fq
1 ⌦ f q̄

1 , fg
1 ⌦ fg

1 ,

B : h? q
1 ⌦ h? q̄

1 ,
M2

Q

M2
?
fg
1 ⌦ h? g

1 ,

C : h? g
1 ⌦ h? g

1 .

Terms with higher powers in M2
Q/M

2
? are left out. In

Fig. 1 the origin of the factorM2
Q/M

2
? in the contribution

of h? g
1 to B is explained.

The factorized description in terms of TMDs is prob-
lematic though. In Ref. [14] it was pointed out that for
hadron or jet pair production in hadron-hadron scatter-
ing TMD factorization fails. The ISI/FSI will not allow
a separation of gauge links into the matrix elements of

the various TMDs. Only in specific simple cases, such
as the single Sivers e↵ect, one can find weighted expres-
sions that do allow a factorized result, but with in gen-
eral di↵erent factors for di↵erent diagrams in the partonic
subprocess [22, 23]. Even if this applies to the present
case for A and B as well, actually two di↵erent func-

tions h?g(2)
1 (x) (and fg(1)

1 (x)) will appear, corresponding
to gluon operators with the color structures fabe fcde and
dabe dcde, respectively [23, 24]. This is similar to what
happens for single transverse spin asymmetries (AN ) in
heavy quark production processes [25–29]. Because there
too two di↵erent (f and d type) gluon correlators arise,
the single-spin asymmetries in D and D̄ meson produc-
tion are found to be di↵erent. However, in the unpo-
larized scattering case considered in this letter the situ-
ation is simpler, since only one operator contributes or
dominates. In the �⇤g ! QQ̄ subprocess only the ma-
trix element with the f f -structure appears, while in the
g g ! QQ̄ subprocess relevant for hadron-hadron colli-
sions the d d-structure dominates (the ff -contribution is
suppressed by 1/N2). A side remark on pT broadening
[30–32]: because of the two di↵erent four-gluon opera-

tors for fg(1)
1 (x) we expect the broadening �p2T in SIDIS,

(�p2T )DIS ⌘ hp2T ieA �hp2T iep, to be di↵erent from the one
in hadron-hadron collisions, (�p2T )hh ⌘ hp2T ipA � hp2T ipp.

In case weighting does allow for factorized expres-
sions, we present here the relevant expressions for B =
B
qq̄!QQ̄ + (M2

Q/M
2
?)B

gg!QQ̄, where

B
qq̄!QQ̄ =

N2
� 1

N2
z2(1� z)2
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FIG. 1: Examples of subprocesses contributing to the cos 2�
asymmetries in e p ! e0 QQ̄X and p p ! QQ̄X, respec-
tively. As the helicities of the photons and gluons indicate,
the latter process requires helicity flip in quark propagators
resulting in an M2

Q/M
2
? factor.
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see, e.g., Boer, den Dunnen, Pisano, Schlegel, Vogelsang, PRL108 (12) 
den Dunnen, Lansberg, Pisano, Schlegel, PRL 112 (14) 

Mukherjee, Rajesh, PRD 93 (16)

Only explorations so far

TMD
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J ]
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Bacchetta et al., arXiv:1809.02056
D’Alesio et al., arXiv:1908.00446
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•Several processes proposed to access (un)polarized gluon TMDs 

•Several measurements exist (e.g. di-onium@LHC), data on tape (di-onium asymmetries at LHC), 
future experiments promising (EIC, FT@LHC,…)
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Factorization 
proven

Ansatz: factorization of  2 soft mechanisms in the processes: 
soft gluon resummation and formation of  bound state 

—> See talks by Cristian, Luca & Raj

Quarkonium production is both an opportunity and a challenge!! 
Need to improve the theory to properly deal with TMDs…

+ more…

factorization proven

ansatz  
2 soft mechanisms: 
   - soft gluon resum. 
   - formation of bound  
     state

talk by M. Echevarria 

- example: J/ψ production

- cross section has same structure for quarks: dσ0 ⟶ f g
1 ⊗ A [γ*g → J/ψ] + cos 2ϕJ/ψ h⊥g

1 ⊗ B [γ*g → J/ψ]

talks by C. Pisano 
             L. Maxia 
             R. Kishore 



unknown “Shape Function” 

Boer et al., arXiv:2004.06740

D’Alesio et al., arXiv:2110.07529
Boer et al., arXiv:2102.00003

What  about gluons ?

depend on process and (color) structure of  
must be extracted from experiment   
opportunity at the EIC

QQ̄

Fleming et al., arXiv:1910.03586
Echevarria, arXiv:1907.06494

….

- useful channels: heavy-quarkonium production
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partons in the virtual photon-hadron cms frame. Note
that A now also receives a contribution from �⇤q ! gq,
leading to somewhat smaller asymmetries.
Since the observables involve final-state heavy quarks

or jets, they require high energy colliders, such as a future
Electron-Ion Collider (EIC) or the Large Hadron electron
Collider (LHeC) proposed at CERN. It is essential that
the individual transverse momentaKi? are reconstructed
with an accuracy �K? better than the magnitude of the
sum of the transverse momenta K1? +K2? = qT . Thus
one has to satisfy �K? ⌧ |qT | ⌧ |K?|.
An analogous asymmetry arises in QED, in the ‘tri-

dents’ processes `e(p) ! `µ+µ�e0(p0 orX) or µ�Z !

µ�`¯̀Z [18–21]. This could be described by the distribu-
tion of linearly polarized photons inside a lepton, pro-
ton, or atom. QCD adds the twist that for gluons inside
a hadron, ISI or FSI can considerably modify the result
depending on the process, for example, in HQ produc-
tion in hadronic collisions: p p ! QQ̄X, which can be
studied at BNL’s Relativistic Heavy Ion Collider (RHIC)
and CERN’s LHC, and p p̄ ! QQ̄X at Fermilab’s Teva-
tron. Since the description involves two TMDs, breaking
of TMD factorization becomes a relevant issue, cf. [14]
and references therein. The cross section for the process
h1(P1)+h2(P2)!Q(K1)+Q̄(K2)+X can be written in a
way similar to the hadroproduction of two jets discussed
in Ref. [13], in the following form
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Besides q2
T , the terms A, B and C will depend on other,

often not explicitly indicated, variables as z, M2
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and momentum fractions x1, x2 obtained from x1/2 =
(M1? e±y1 +M2? e±y2 ) /
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In the most naive partonic description the terms A, B,
and C contain convolutions of TMDs. Schematically,

A : fq
1 ⌦ f q̄

1 , fg
1 ⌦ fg

1 ,

B : h? q
1 ⌦ h? q̄

1 ,
M2

Q

M2
?
fg
1 ⌦ h? g

1 ,

C : h? g
1 ⌦ h? g

1 .

Terms with higher powers in M2
Q/M

2
? are left out. In

Fig. 1 the origin of the factorM2
Q/M

2
? in the contribution

of h? g
1 to B is explained.

The factorized description in terms of TMDs is prob-
lematic though. In Ref. [14] it was pointed out that for
hadron or jet pair production in hadron-hadron scatter-
ing TMD factorization fails. The ISI/FSI will not allow
a separation of gauge links into the matrix elements of

the various TMDs. Only in specific simple cases, such
as the single Sivers e↵ect, one can find weighted expres-
sions that do allow a factorized result, but with in gen-
eral di↵erent factors for di↵erent diagrams in the partonic
subprocess [22, 23]. Even if this applies to the present
case for A and B as well, actually two di↵erent func-

tions h?g(2)
1 (x) (and fg(1)

1 (x)) will appear, corresponding
to gluon operators with the color structures fabe fcde and
dabe dcde, respectively [23, 24]. This is similar to what
happens for single transverse spin asymmetries (AN ) in
heavy quark production processes [25–29]. Because there
too two di↵erent (f and d type) gluon correlators arise,
the single-spin asymmetries in D and D̄ meson produc-
tion are found to be di↵erent. However, in the unpo-
larized scattering case considered in this letter the situ-
ation is simpler, since only one operator contributes or
dominates. In the �⇤g ! QQ̄ subprocess only the ma-
trix element with the f f -structure appears, while in the
g g ! QQ̄ subprocess relevant for hadron-hadron colli-
sions the d d-structure dominates (the ff -contribution is
suppressed by 1/N2). A side remark on pT broadening
[30–32]: because of the two di↵erent four-gluon opera-

tors for fg(1)
1 (x) we expect the broadening �p2T in SIDIS,

(�p2T )DIS ⌘ hp2T ieA �hp2T iep, to be di↵erent from the one
in hadron-hadron collisions, (�p2T )hh ⌘ hp2T ipA � hp2T ipp.

In case weighting does allow for factorized expres-
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New SIDIS data for unpol. proton target

Compass:  2016-17 run on unpol. LH2 target;  only 11% of data analyzed 
                 4-D analysis  (x, Q2, z, PhT) bins;  unidentified charged hadrons   
                 QED radiative corrections included 
                 contamination from exclusive VM decay subtracted bin by bin

h±

Measurement on LH2: Results for the PT-distributions
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Measurement on LH2: Results for the PT-distributions
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PhT-distributions 

- no evidence of flavor dep. 
- clear z, Q2, x dep.
- deviation from Gaussian 

at PhT >1 GeV

talks by A. Bressan 
             J. Matousek



New SIDIS data for unpol. proton target

Compass:  2016-17 run on unpol. LH2 target;  only 11% of data analyzed 
                 4-D analysis  (x, Q2, z, PhT) bins;  unidentified charged hadrons   
                 QED radiative corrections included 
                 contamination from exclusive VM decay subtracted bin by bin

h±

Measurement on LH2: Results for the PT-distributions
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Measurement on LH2: Results for the PT-distributions
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PhT-distributions 

- no evidence of flavor dep. 
- clear z, Q2, x dep.
- deviation from Gaussian 

at PhT >1 GeV

Measurement on LH2: Results for the PT-distributions
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Exponential fit in PT < 1 (GeV/c)2 range.
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COMPASS preliminary

The fitted hP 2
Ti versus z2 in the x and Q2 bins.

Linear trend in z2 expected from the
simple Gaussian model

hP 2
Ti = z2hk2

Ti + hp2
?i.

Possible dependence of hp2?i on z
or of hk2Ti on x.

Momentum conserv.: PT ! 0 at z ! 1.

Jan Matoušek (Charles University) PT-distributions in SIDIS 24. 5. 2022, Transversity 12 / 14

⟨P2
hT⟩(z2)

parton model:  ⟨P2
hT⟩ = z2⟨k2

⊥⟩ + ⟨P2
⊥⟩

deviations :    ? 
                      ?

⟨k2
⊥⟩(x)

⟨P2
⊥⟩(z)

talks by A. Bressan 
             J. Matousek



Future data for unpol. gluon TMDs

21

Probing the gTMDs

- LHCspin =>  ex.

talk by P. Di Nezza

20

Probing the gTMDs

Theory framework well consolidated …but experimental access still extremely limited!

•Due	 the	 larger	masses	 this	 condi2on	 is	more	easily	matched	 in	 the	case	of	bo#omonium,	where	TMD	 factoriza2on	can	hold	at	
larger	q_T		(although	very	challenging	for	experiments!)

Main opportunities
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Boer, talk at IWHSS2020

- also complementarity of colliders: 
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MAPTMD22 coverage

CS-kernel

I Huge reduction of uncertainties for CS-kernel
I Large reduction for TMDFF and TMDPDF

unpolarized TMDPDF

unpolarized TMDFF

A.Vladimirov artemide October 28, 2020 13 / 14

f u
1(x, kT; Q)

Du→π+

1 (z, PT; Q)

Abdul Khalek et al., arXiv:2103.05419, N.P.A in press

SV19

+ EIC  

ATHENA - unpolarized cross section uncertainties

12Adam et al. (ATHENA),  ATHENA Detector proposal (2021)

grey blobs = uncertainties from PV17

colored blobs = projected uncertainties 
    at various ATHENA configurations
    (including 3% systematic error)

    at each (Q2,x) bin, configuration with 
    largest impact is shown

ATHENA - unpolarized cross section uncertainties

12Adam et al. (ATHENA),  ATHENA Detector proposal (2021)

grey blobs = uncertainties from PV17

colored blobs = projected uncertainties 
    at various ATHENA configurations
    (including 3% systematic error)

    at each (Q2,x) bin, configuration with 
    largest impact is shown

PV17

Adam et al., ATHENA Coll.

projected errors for dσ0



More stuff …

- unpolarized azimuthal asymm.:  3-D analysis of   ,    from Compass 
                                                       also for di-hadron final state

Acos ϕ
UU Acos 2ϕ

UU

- twist-3 beam spin asymm. (BSA):     from Compass and Hermes 
                                                         contains 

Asin ϕ
LU

e(x, k⊥) ⊗ H⊥
1 (z, P⊥)

- twist-3 BSA:     from CLAS(6+12) with di-hadron final state 
                         contains  
                             + decomposition of di-hadron FF in partial waves

Asin ϕ
LU

e(x) H∢
1 (z, Mππ)

- JLab BSA with 2 back-to-back hadrons:  first evidence of Fracture Funct.                     

- exclusive processes for GPD extraction                        

- strategies for GTMD:  quark => exclusive double DY   
                                     gluon => exclusive di-jet in (pol.) e-p at the EIC 
          GTMD => access to OAM of quarks and gluons        

talk by A. Moretti

talks by A. Moretti 
           G. Schnell

talks by C. Dilks 
             A. Courtoy

talks by T. Hayward 
          F. Benmokhtar

talks by Dupre’, d’Hose, Hobart, Kumericki, Sznajder

talks by S. Bhattacharya 
             F. Yuan
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Remarks on Sivers extractions

- Most fits use all correlated projections of same data set;  
  moreover, EKT20 artificially enhance weight of STAR data by  
  factor 13, still getting tension between STAR and SIDIS data  
  (χ2/Npts = 1.44)

SIVERS FUNCTION: COMPARISON WITH ECHEVARRIA, KANG, TERRY

39
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Figure 1: The first transverse moment x f?(1)
1T of the Sivers TMD as a function of x for the up (upper panel) and down quark (lower panel). Solid

band: the 68% confidence interval obtained in this work at Q2 = 4 GeV2. Hatched bands from PV11 [14], EIKV [16], TC18 [17] and at di↵erent
Q2 as indicated in the figure.

level only if the observable’s values follow a Gaussian distribution, which is not true in general. When it is not possible
to draw uncertainty bands, we report the results obtained using replica 105, which was selected as a representative
replica, since its parameters are closer to the average ones both in the unpolarized and polarized case.

We obtain an excellent agreement between the experimental measurements and our theoretical prediction, with an
overall value of �2/d.o.f.= 1.08 ± 0.06 (total �2 = 110 ± 6). Our parametrization is able to describe very well the
COMPASS 2009 data set (32 points with �2 = 28.3 ± 3.1), the COMPASS 2017 data set (50 points with �2 = 29.3 ± 4.9),
and the JLab data set (6 points with �2 = 3.8± 0.5). The agreement with the HERMES data set is worse (30 points with
�2 = 49.8± 4.8). We checked that the largest contribution to the �2 comes from the subset of data with K� in the final
state [36]. Our predictions well describe also the z and PhT distributions, even if those projections of the data were
not included in the fit. (More information about the fit procedure, the best-fit parameters and the agreement with data
can be found in App. Appendix B.)

In Fig. 1, we show the first transverse moment x f?(1)
1T (Eq. (5), multiplied by x) as a function of x at Q0 =

2 GeV2 for the up (upper panel) and down quark (lower panel). We compare our results (solid band) with other
parametrizations available in the literature [14, 16, 17] (hatched bands, as indicated in the figure). In agreement with
previous studies, the distribution for the up quark is negative, while for the down quark is positive and both have a
similar magnitude. The Sivers function for sea quarks is very small and compatible with zero.

In general, the result of a fit is biased whenever a specific fitting functional form is chosen at the initial scale. In
our case, we tried to reduce this bias by adopting a flexible functional form, as it is evident particularly in Eq. (8).
Nevertheless, we stress that our extraction is still a↵ected by this bias and extrapolations outside the range where data
exist (0.01 . x . 0.3) should be taken with due care. At variance with other studies, in the denominator of the
asymmetry in Eq. (10) we are using unpolarized TMDs that were extracted from data in our previous Pavia17 fit, with
their own uncertainties. Therefore, our uncertainty bands in Fig. 1 represent the most realistic estimate that we can
currently make on the statistical error of the Sivers function.

In Fig. 2, we show the density distribution ⇢a
p" of unpolarized quarks in a transversely polarized proton defined in

Eq. (1), at x = 0.1 (upper panels) and x = 0.01 (lower panels) and at the scale Q2 = 4 GeV2. The proton is moving

4

Without RHIC W & Z data With RHIC W & Z data 

Bacchetta, Delcarro,  
Pisano, Radici, arXiv:2004.14278

Echevarria, Kang, Terry, 
arXiv:2009.10710
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- JAM20 and TO-CA use Generalized Parton Model (GPM) with no TMD  
   evolution and incompatible with Sivers sign change SIDIS-DY;  
   TO-CA use GPM and version CGI-GPM (compatible with sign change),  
   but they get better χ2 with GPM 

- Hard to compare BPV20 with rest of works in  
  CSS formalism; in any case, there are violations  
  of positivity bound for sea quarks at large x

SIVERS FUNCTION: COMPARISON WITH BURY, PROKUDIN, VLADIMIROV
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(a) (b)

(c) (d)

Figure 19. Qiu-Sterman function at µ = 10GeV for different quark flavors, derived from the Sivers
function (4.11). Our results are labeled as BPV20. The black line shows the CF value. Blue band shows
68%CI without gluon contribution added. The green band shows the band obtained by adding the gluon
contribution estimated to be G

(+) = ±|Td + Tu| as described in the text. Our results are compared
to JAM20 [30] (gray dashed line with the error corridor hatched), PV20 [29] (magenta hatched region),
ETK20 [31] (violet hatched region, dashed line).

4.6 Analysis of the sign change

The sign-change of the Sivers function (2.3) is one of the principal predictions of the TMD factoriza-
tion theorem. It follows from the nontrivial shape of the gauge-link contour within TMD operators
(2.1) and would be absent in the case of a straight gauge link. Here, we attempt to estimate the
significance of the sign-change.

– 31 –

Bury, Prokudin, Vladimirov, arXiv:2103.03270

u

d

s sea

In Fig. 15, we demonstrate the impact of QCD evolution in the momentum space. We show u

quark Sivers function calculated by Eq. (4.4) at four different scales Q = 1.5, 5, 20, 91 GeV. As one
can see, the evolution modifies the shape and the amplitude of the Sivers function.

4.3 Positivity constraints for the Sivers function

In Ref. [108] the positivity constraints for TMD distributions were derived assuming the positive-
definiteness of the polarization matrix due to its probabilistic interpretation in the parton model.
In particular, the positivity constraint involving the Sivers function is

k
2
T

M2

�
g1T (x, kT )2 + f

?
1T (x, kT )2

�
6 f1(x, kT )2, (4.5)

where g1T is the worm-gear T or Kotzinian-Mulders [109, 110] function. Generally, such positivity
constraints are not respected in the quantum field theory due to renormalization effects, which are
only enhanced in the TMD case by renormalizing rapidity divergences. Recall in particular that
even cross-sections become negative in the region outside of the TMD factorization validity. In some
cases the violation of positivity constraints is very significant, e.g., for linearly polarized gluon TMD
PDF discussed in Ref. [111]. As far as our analysis includes the TMD evolution, we expect that
the positivity constraint is not applicable, given that it is based on the tree order approximation
argument. Nonetheless, it is instructive to check the constraint from Eq. (4.5).

In Fig. 16 we plot the function

pos(x, kT , µ) = 1 �
k
2
T

M2

✓
f
?
1T (x, kT ; µ, µ

2)

f1(x, kT ; µ, µ2)

◆2

, (4.6)

as the function of x and kT at µ = 2 GeV. One has pos > 0 (pos < 0) for the regions where Eq. (4.5)
is (not) satisfied in the absence of g1T contribution. For the values of the Sivers function we take
the largest boundary of 68%CI. We observe that the positivity constraint is satisfied everywhere
except for the unmeasured large-x region. If we consider the lowest boundary of 68%CI the region
pos > 0 is much larger, in particular, u quark satisfies Eq. (4.5) in the full range of (x, kT ). Also the
picture depends on the scale, and improves (in the sense that the the region pos > 0 becomes wider)
for larger scales. We conclude that our extraction does not contradict the positivity constraint in
the regions reached by the experimental data used in this analysis.

k
T

(G
eV

)

x x x x

Figure 16. The function pos(x, kT , µ) defined in Eq. (4.6) at µ = 2 (GeV) for u quark, d quark, ū quark,
s quark. The positivity constraint (4.5) is violated in the yellow-to-blue shaded region.

4.4 3D tomography of the nucleon and the Sivers function

The magnitude of the Sivers function extracted in our fit is generally much smaller than the unpo-
larized TMD PDF. To present the distortion effect on the unpolarized quarks driven by the hadron

– 26 –

coloured  
areas

Bury et al., arXiv:2103.03270


