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Cutting Questions

 What is the transversity distribution?

 How do we separate initial from final state effects?

 Do TMD distributions factorize?

 Are TMD distributions universal?

 How do TMD distributions evolve with 𝑄2?

 What can we learn about the color flow in QCD?

 Can other effects cause transverse spin asymmetries?

 What can we learn about gluon saturation?
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Trees through the Forest 3



The Toolbox

𝒆+ + 𝒆−

𝒍 + 𝑵

𝒑 + 𝒑

This talk: status and recent results; no projections or plans
→ talks by E. Aschenauer, V. Burkert, C. Quintans
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Semi-Inclusive Deep Inelastic Scattering

𝑄2 = −𝑞2 = − 𝑘𝜇 − 𝑘𝜇
′ 2

𝑦 =
𝑝𝑞

𝑝𝑘
= 1 −

𝐸𝑒
′

𝐸𝑒
cos2

𝜃𝑒
2

𝑥𝐵 =
𝑄2

2𝑝𝑞
=
𝑄2

𝑠𝑦

𝑘 𝑘′

𝜑𝑠

𝜑ℎ

𝑝ℎ

𝑆⊥

Ԧ𝑞

DIS 𝑥, 𝑄2

semi − inclusive 𝑧ℎ, 𝑘𝑇

polarization 𝜑ℎ

𝑑6𝜎

𝑑𝑥𝐵𝑑𝑦𝑑𝑧ℎ𝑑𝜙𝑆𝑑𝜙ℎ𝑑𝑝ℎ⊥
2 =

𝛼𝑒𝑚
2

8𝑄4

𝑦

𝑧ℎ
𝐿𝜇𝜈𝑊

𝜇𝜈

Parameterized in 18 structure functions
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Polarization Effects in Nucleons / Partons
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6



Hadroproduction

Inclusive hadrons

Direct photons

Jets

Jet structure

Hadron correlations 

Interference fragmentation

Drell-Yan

W-bosons
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Beyond the Collinear Picture

Transverse Momentum
Dependent Effects

Twist-3
Effects

𝑄 ≫ 𝑄𝑇 ≳ Λ𝑄𝐶𝐷 𝑄, 𝑄𝑇 ≫ Λ𝑄𝐶𝐷

𝑄𝑇/𝑝𝑇

−∫ 𝑑2𝑘⊥
𝑘⊥
2

𝑀
𝑓1𝑇
⊥q

𝑥, 𝑘⊥
2 = 𝑇𝑞,𝐹 𝑥, 𝑥

or
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𝑘 𝑘′

𝜑𝑠

𝜑ℎ𝑝ℎ

𝑆⊥

Ԧ𝑞Sivers Asymmetries in SIDIS

Phys. Rev. Lett. 103 (2009)

Phys. Lett. B744 (2015)

Kaon asymmetries similar; 
𝐾+ > 𝜋+

Nucl. Phys. B765 (2007)

 COMPASS 𝑑↑

 consistent with zero 

𝝅+

𝝅−

Hall A
Phys. Rev. Lett. 107 (2007)
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𝑘 𝑘′

𝜑𝑠

𝜑ℎ𝑝ℎ

𝑆⊥

Ԧ𝑞Sivers Asymmetries in SIDIS

Multidimensional binning

𝑥, 𝑄2; 𝑧, 𝑝𝑇

2010 proton data

Also for Drell-Yan 𝑄2 ranges

arxiv:1609.07374

Talks by
F. Bradamante & B. Parsamyan

→ C. Quintans
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𝑘 𝑘′

𝜑𝑠

𝜑ℎ𝑝ℎ

𝑆⊥

Ԧ𝑞Gluon Sivers in SIDIS

 High-𝑝𝑇 hadron pair enhances photon-gluon fusion 
process and parton (gluon)

 Event-by-event weighting by neural network

 Statistically very challenging

 Talk by L. Silva
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13Gluon Sivers in 𝑝 + 𝑝

 Constrain gluon Sivers function in 
twist-3 formalism

 Phys. Rev. D90, 012006 (2014)

 Talk by N. Novitzky

 Also single 𝜇 result (heavy flavor)



𝒇𝟏

𝒇𝟐

𝑫𝟏

ෝ𝝈
𝑊-Boson Production in 𝑝 + 𝑝

𝑝 + 𝑝 → 𝑊± → 𝑒± + 𝜈

Requires full reconstruction of 𝑊± kinematics

Missing transverse momentum from recoil

𝑃𝑇
𝑊 = 𝑃𝑇

𝑒 + 𝑃𝑇
𝜈 = 𝑃𝑇

𝑟𝑒𝑐𝑜𝑖𝑙

Phys. Rev. Lett. 116 (2016)

Talk by A. Ogawa

Test non-universality 
of Sivers effect similar 
to Drell-Yan
→ C. Quintans
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𝒇𝟏

𝒇𝟐

𝑫𝟏

ෝ𝝈
Inclusive Jets in 𝑝 + 𝑝

AnDY @ RHIC

𝑠 = 500 GeV

Very small asymmetry
as expected from theory

Phys. Rev. Lett. 110 (2013)

???

𝑥𝐹 = 2𝑝𝑧/√𝑠
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𝒇𝟏

𝒇𝟐

𝑫𝟏

ෝ𝝈
Event Topology in 𝑝 + 𝑝

 𝑠 = 500 GeV

 Forward rapidity, 2.8 < 𝜂 < 4.0
𝟐𝜸

𝟏𝜸

𝟒𝜸

𝟑𝜸

𝟓𝜸

𝐸𝑗𝑒𝑡 = 60 − 80 GeV

Even
t co

m
p

lexity in
creases 

Possibly diffraction? Or a combination 
with hadronization effects?
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Boer-Mulders Effect in SIDIS

Phys. Rev. D87 (2013)

𝑘 𝑘′

𝜑𝑠

𝜑ℎ𝑝ℎ

𝑆⊥

Ԧ𝑞

Nucl. Phys. B886 (2014)

𝝅+

𝝅−

17

𝐴𝑝 ≈ A𝑑
→ ℎ1

⊥(𝑢) ≈ ℎ1
⊥(𝑑)



Boer-Mulders Effect in SIDIS 𝑘 𝑘′

𝜑𝑠

𝜑ℎ𝑝ℎ

𝑆⊥

Ԧ𝑞
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Phys. Rev. D87 (2013)

ℎ1
⊥(𝑢) ≈ ℎ1

⊥(𝑑)

Very significant asymmetries for Kaons:

𝐻1
⊥ 𝑢 → 𝐾+ > 𝐻1

⊥(𝑢 → 𝜋+)

𝑠-quarks behave very different in string breaking
(Artru model, Z Phys. C73, 1997)
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Collins Effect in 𝑒+𝑒−

Belle: Phys. Rev. D78, 032011 (2008),
Phys. Rev. D90, 052003 (2014)

Babar: Phys. Rev. D92, 111101 (2015)

BES III: Phys. Rev. Lett. 116, 042001 (2016)

Kaon asymmetries slightly larger than 𝜋

Talk by F. Anulli

𝑒+ + 𝑒− → ℎ1 + ℎ2 + 𝑋

𝐴0
cos 2𝜙

∝ 𝐻1
⊥𝐻1

⊥

Similar to Gottfried-Jackson 
frame in Drell-Yan production
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Collins Asymmetries in SIDIS

Phys. Lett. B693 (2010)

Phys. Lett. B744 (2015)

𝐻1
⊥,𝑓𝑎𝑣

≈ −𝐻1
⊥,𝑢𝑛𝑓𝑎𝑣

𝝅+

𝝅−

𝑘 𝑘′

𝜑𝑠

𝜑ℎ𝑝ℎ

𝑆⊥

Ԧ𝑞

Hall A

Phys. Rev. Lett. 107 (2007)
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𝒇𝟏

𝒇𝟐

𝑫𝟏

ෝ𝝈
Collins Effect in 𝑝 + 𝑝

Azimuthal distribution of hadrons in jets

Fragmentation effect only; no initial state effects

Provides two scales that are necessary for TMD framework

ℎ1 ⊗𝐻1𝑇
⊥

High-𝑝𝑇 for reduced gluon contribution

Central rapidity: |𝜂| < 1
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𝒇𝟏

𝒇𝟐

𝑫𝟏

ෝ𝝈
Collins Effect in 𝑝 + 𝑝

𝒑 + 𝒑 → 𝒋𝒆𝒕 + 𝝅+ +𝑿

𝒑 + 𝒑 → 𝒋𝒆𝒕 + 𝝅− +𝑿

𝒛

 No strong effect of TMD 
evolution observed

 Talk by J. Drachenberg
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Interference Fragmentation Functions

 Angular correlation of particles

𝑝ℎ = 𝑝1 + 𝑝2

𝑅 = 𝑝1 − 𝑝2

 Independent access to transversity

 Collinear description

 Evolution well known: DGLAP

 Expected to be universal

𝐴𝑆𝐼𝐷𝐼𝑆
si𝑛 𝜙𝑅+𝜙𝑆 𝑥, 𝑧,𝑀ℎ

2 ∝ −
σ𝑞 𝑒𝑞

2 ℎ1
𝑞
𝑥 𝑅𝑇

𝑀ℎ
𝐻1,𝑞
∡ (𝑧,𝑀ℎ

2)

𝑒𝑞
2𝑓1

𝑞
𝑥 𝐷1,𝑞(𝑧,𝑀ℎ

2)

 Point-by-point extraction of transversity

 Depends in invariant mass
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Interference Fragmentation in 𝑒+𝑒−

 Correlations between hadron pairs from 
back-to-back jets

 Phys. Rev. Lett. 107 (2011)

 Very precise data, multidimensional binning

 Input for point-by-point extraction of 
transversity
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𝑘 𝑘′

𝜑𝑠

𝜑ℎ𝑝ℎ

𝑆⊥

Ԧ𝑞IFF in SIDIS 26

JHEP 0806 (2008)

Phys. Lett. B 736 (2014)



𝒇𝟏

𝒇𝟐

𝑫𝟏

ෝ𝝈
IFF in 𝑝 + 𝑝

PRL 115, 242501 (2015)

Talk by M. Radici

Talk by M. Skoby
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Λ/ഥΛ Polarization 29

𝑝𝑇 (GeV)

 Also flavor tagged results:
Λ/ഥΛ + 𝜋±/𝐾±

 Talk by Y. Guan

 Access to transversity ⊗ fragmentation

 Transverse spin transfer coefficient 𝐷𝑇𝑇
(w.r.t. jet as quark proxy)

 Similar results in backward direction

 Talk by J. Mei

STARpreliminary
𝜂 > 0



Cold Nuclear Matter Effects

 Polarized Ԧ𝑝 + 𝐴 collisions

 Possibly gluon saturation effects

 Nuclear effects on fragmentation process

 Talks by C. Xu, S. Heppelmann, N. Novitzky

 𝐴𝑁
𝐽/Ψ

< 0; 2𝜎 sigma significance

30



Recent Transverse Spin Surprises

𝑝↑ + 𝐴 → 𝑛 + 𝑋

Very forward rapidities in ZDC

Unexpected strong A-dependence

Talk by M. Kim

Elastic proton scattering 𝐴 + 𝑝↑

From RHIC polarimeter

Strong A-dependence with sign change
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PROTON

transversity

spin-orbit
correlation

TMD
evolution

QCD

universality

TMD
framework

hard 2 → 2,
diffraction

?

factorization
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34Boer-Mulders cos𝜙ℎ Moments

𝐹𝑈𝑈,𝑇 + 𝜖𝐹𝑈𝑈,𝐿 + 2𝜖 1 + 𝜖 cos 𝜙ℎ 𝐹𝑈𝑈
cos 𝜙ℎ

𝐹𝑈𝑈
cos 𝜙ℎ =

2𝑀

𝑄
𝒞[
ℎ ⋅ 𝑝⊥
𝑧𝑀ℎ

𝑘⊥
2

𝑀2 ℎ1
⊥𝐻1

⊥ −
ℎ ⋅ 𝑘⊥
𝑀

𝑧𝑓1𝐷1]



𝑄2 Evolution

𝑄0
2 = 1 G𝑒V2

TMD evolution Twist-3 evolution

PDF evolution

non-perturbative part is empirical 
input for evolution kernel

Phys Rev D86, 014028 (2012)
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Fragmentation Effects

𝐻𝐹𝑈
ℑ switched off

𝑠 = 500 GeV

𝑠 = 200 GeV

arxiv: 1404.1033

Collinear twist-3 factorization

𝐻ℎ/𝑞 𝑧 = 𝑧2∫ 𝑑2𝑘⊥
𝑘⊥
2

2𝑀ℎ
2𝐻1

⊥ℎ/𝑞
𝑧, 𝑧2𝑘⊥

2

with additional input from SIDIS and
𝑒+𝑒− → ℎ1ℎ2𝑋
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𝒙𝑭 > 𝟎

𝒙𝑭 < 𝟎

𝒋𝑻 (𝑮𝒆𝑽/𝒄) particle jet 𝒑𝑻 (𝑮𝒆𝑽/𝒄)
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Ideally…

Drell-Yan Production

𝑝↑ + 𝑝 → 𝛾∗ → 𝑙+ + 𝑙−

𝑠 = 500 G𝑒V

𝑄2 = 𝑀2 ≫ 𝑝𝑇
2

Get rid of background

Scan 𝑥 with rapidity

Accumulate a few fb−1

…
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Factorization & Universality

SIDIS

Drell-Yan
Compare SIDIS and Drell-Yan 
production

• expect a sign-change in the 
asymmetry from spin-orbit 
correlations

• Non-universality of Sivers function 
(and others)

Phys. Rev. Lett. 110, 232301 (2013)

𝑠 = 500 GeV
4 < 𝑄 < 9 GeV/𝑐2

0 < 𝑞𝑡 < 1 GeV

STAR projection
𝑠 = 500 GeV

ℒ𝑖𝑛𝑡 = 400 pb−1

𝑃 = 55%
w/o evolution 
𝐴𝑁,max ≈ −0.08
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More W-Bosons in 2017…

Decisive measurement 
of 𝑄2-evolution of

𝑓1𝑇
⊥ -TMD 

Address universality of 𝑓1𝑇
⊥ in combination with Drell-Yan, 𝑍0, and direct photons

(current 𝑊± favors sign change 7.4 vs. 19.6 [per 6 n.d.f.]) 
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41Interference Fragmentation in SIDIS


