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Let's kick from side

3. Transverse Momentum Dependent PDF in DIS

Instead of turning the table,
try to polarized transversely.
Instead of turning the table,
try to polarized transversely.
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3. Transverse Momentum Dependent PDF in DIS

● PDF with transverse spin
– Helicity and Transversity

● TMDs in SIDIS
● Experimental highlights from HERMES & 

COMPASS
● COMPASS II
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Transversely Polarized Nucleon

Longitudinally Polarized Nucleon

Unpolarized Nucleon

Parton distribution functions

Parton Densityf 1

Helicity

g1L(=Δ q)

Transversity

h1T(=δq)
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Helicity and Transversity

Transversity base

Helicity base

Chiral Odd

h1T(=δq)

TransversityTransversity
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DIS cross section & virtual Compton amplitude

The spin structure of the proton, S. D. Bass

Can not be measured 
in DIS
Can not be measured 
in DIS



2013/07/26 Spin Fest 6

YAMAGATA UNIVERSITY

Transversity in SIDIS

Chiral Odd PDF

Chiral Odd FF

－

＋ －

＋

σ∼h1T H 1
⊥

H 1
⊥

h1T
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Azimuthal angles in SIDIS

lN l 'hX
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Azimuthal angles in SIDIS

e+ N → e '+ h+ X

d σ∝
1+(1− y )2

2
FUU+(2− y)√1− ycosφ h FUU

cosφ h+(1− y)cos 2φ h FUU
cos 2φ h

+S L[(1− y)sin 2φ h FUL
sin 2φ h+(2− y)√1− y sinφ h FUL

sinφ h ]

+S LP z
l [ 1−(1− y )2

2
F L L+ y √1− ycosφ h F L L

cosφ h]
+ST [1+(1− y)2

2
sin(φ h−φ S )F UT

sin(φ h−φ S )

+(1− y)(sin(φ h+φ S)F UT
sin(φ h+φ S )+sin (3φ h−φ S)FUT

sin(3φ h−φ S ))
+(2− y)√1− y (sinφ S FUT

sinφ S+sin (2φ−φ S)FUT
sin (2φ−φ S))]

+ST P z
l [ 1−(1− y)2

2
cos(φ h−φ S)F LT

cos(φ h−φ S)+ y √1− y (cosφ S F LT
cosφ S+cos(2φ−φ S )F LT

cos(2φ−φ S ))]
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Transversely Polarized Nucleon

Longitudinally Polarized Nucleon

Unpolarized NucleonParton Densityf 1

Helicity

g1L(=Δ q)

Transversity

h1T(=δq)

Leading-twist

Transverse Momentum Dependent PDF

Pretzelosity
h1T

⊥

Mulders-Kotzinian
h1L

⊥

Boer-Mulders
h1

⊥

Siversf 1T
⊥

Worm-gear

g1T

h1TH 1
⊥ ∼sin(φ +φ S)

h1T
⊥ H 1

⊥∼sin(3φ−φ S)

h1L
⊥ H 1

⊥∼sin 2φ

g1TD1∼cos(φ−φ S )

h1
⊥ H1

⊥
∼cos 2φ

f 1T
⊥ D1∼sin (φ−φ S)

With pol. beam
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Polarized DIS experiment

Beam 26.7 GeV  pol. electron/positron
Target 1996-1997 Long. H

1998-2000 Long. D
2002-2005 Trans. H
2006-2007 unpol. H

Beam 160 GeV pol. muon
Target 2002 - 2006 Long. + Trans. 6LiD.

2007 Long. + Trans. NH
3

2010 Trans. NH
3

2011 Long. NH
3
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HERMES pol. target system

T-pol. magnet T-pol. magnet 
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COMPASS pol. target system
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Publications from

〈cos2〉UU

〈sin−S〉UT

〈cos−S 〉 LT

〈sinS〉U T

〈sin 2〉UL

〈sin3−S〉UT

TransversityTransversity

Boer-MuldersBoer-Mulders

SiversSivers (p) π, K
PRL103(2009)152002

(p) π, K
PLB693(2010)11

(p) h
PLB717(2012)376
(d) pi, K
PLB673(2009)127

(p) h, π, K
(d) h, π, K
PRD87(2013)012010

(d) π, K
PLB562(2003)182

(p) h
PLB717(2012)383
(d) pi, K
PLB673(2009)127

(d) h
EPJC70(2010)39

Mulders-KotzinianMulders-Kotzinian
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Sivers & Transversity

Transversely Polarized Nucleon

Longitudinally Polarized Nucleon

Unpolarized NucleonParton Densityf 1

Helicity

g1L(=Δ q)

Transversity

h1T(=δq)

Pretzelosity
h1T

⊥

Mulders-Kotzinian
h1L

⊥

Boer-Mulders
h1

⊥

Siversf 1T
⊥

Worm-gear

g1T

h1TH 1
⊥ ∼sin(φ +φ S)

h1T
⊥ H 1

⊥∼sin(3φ−φ S)

h1L
⊥ H 1

⊥
∼sin 2φ

g1TD1∼cos(φ−φ S )

h1
⊥ H1

⊥∼cos 2φ

f 1T
⊥ D1∼sin (φ−φ S)

With Transversely polarized targetWith Transversely polarized target
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Sivers asymmetry

u x ,b ⊥ 
M. Burkardt, hep-ph/0309269

 

u xx0

u xx0

ST

u x , b⊥ 

 

 
FSI

ST f 1T
⊥ D1

Sivers Fragmentation

10
-2     10

-1     1  X

u
(x

,Q
2=

2.5G
eV

2)

sin − S 0
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Transversity: Collins asymmetry

 

 

  

L = 1

H 1
⊥h1

Quark
Transversity

Collins
Fragmentation

+ H 1
⊥
0

sinS0
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Sivers and Transversity

PRL103(2009)152002 PLB693(2010)11
f 1T

⊥ D1∼sin (φ−φ S) h1TH 1
⊥
∼sin(φ +φ S)
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Transversity h1TH 1
⊥∼sin(φ +φ S)

A. Martin, DIS2013A. Martin, DIS2013
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Extraction of Transversity

AUT
sin (φ +φ S )∼h1T H 1

⊥
HERMES,
COMPASS

Belle
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Sivers f 1T
⊥ D1∼sin (φ−φ S)

A. Martin, DIS2013A. Martin, DIS2013
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Worm-gear

Transversely Polarized Nucleon

Longitudinally Polarized Nucleon

Unpolarized NucleonParton Densityf 1

Helicity

g1L(=Δ q)

Transversity

h1T(=δq)

Pretzelosity
h1T

⊥

Mulders-Kotzinian
h1L

⊥

Boer-Mulders
h1

⊥

Siversf 1T
⊥

Worm-gear

g1T

With Transversely polarized target

h1TH 1
⊥ ∼sin(φ +φ S)

h1T
⊥ H 1

⊥∼sin(3φ−φ S)

h1L
⊥ H 1

⊥∼sin 2φ

g1TD1∼cos(φ−φ S )

h1
⊥ H1

⊥
∼cos 2φ

f 1T
⊥ D1∼sin (φ−φ S)

With pol. beam
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Worm-gear g1TD1∼cos(φ−φ S )

B. Parsamyan, DIS2013B. Parsamyan, DIS2013
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Worm-gear

Worm-gear

g1T

g1TD1∼cos(φ−φ S )

HERMES Preliminary
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Transversely Polarized Nucleon

Longitudinally Polarized Nucleon

Unpolarized NucleonParton Densityf 1

Helicity

g1L(=Δ q)

Transversity

h1T(=δq)

Mulders-Kotzinian

Pretzelosity
h1T

⊥

Mulders-Kotzinian
h1L

⊥

Boer-Mulders
h1

⊥

Siversf 1T
⊥

Worm-gear

g1T

With longitudinal polarized targetWith longitudinal polarized target

h1L
⊥ H 1

⊥
∼sin 2φ

h1TH 1
⊥ ∼sin(φ +φ S)

h1T
⊥ H 1

⊥∼sin(3φ−φ S)

h1L
⊥ H 1

⊥∼sin 2φ

g1TD1∼cos(φ−φ S )

h1
⊥ H1

⊥
∼cos 2φ

f 1T
⊥ D1∼sin (φ−φ S)
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h1L
⊥ H 1

⊥
∼sin 2φ

PLB562(2003)182

EPJC70(2010)39

Mulders-Kotzinian
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Transversely Polarized Nucleon

Longitudinally Polarized Nucleon

Unpolarized NucleonParton Densityf 1

Helicity

g1L(=Δ q)

Transversity

h1T(=δq)

Boer-Mulders

Pretzelosity
h1T

⊥

Mulders-Kotzinian
h1L

⊥

Boer-Mulders
h1

⊥

Siversf 1T
⊥

Worm-gear

g1T

Unpolarized target

h1
⊥ H 1

⊥
∼cos 2φ

h1TH 1
⊥ ∼sin(φ +φ S)

h1T
⊥ H 1

⊥∼sin(3φ−φ S)

h1L
⊥ H 1

⊥∼sin 2φ

g1TD1∼cos(φ−φ S )

h1
⊥ H1

⊥
∼cos 2φ

f 1T
⊥ D1∼sin (φ−φ S)
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Boer-Mulders h1
⊥ H 1

⊥
∼cos 2φ

PRD87(2013)012010Proton target
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Boer-Mulders h1
⊥ H 1

⊥
∼cos 2φ

PRD87(2013)012010Deuteron target
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Boer-Mulders h1
⊥ H 1

⊥
∼cos 2φ

Li6D target

Preliminary results on multi-D analysis
New data from COMPASS-II GPD (2012&2015) 

with Liq. H target
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Beyond twist-2 TMDs
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COMPASS II

2014

2015 - 2016
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Single pol. Drell-Yan and TMDs

π
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COMPASS II : Drell-Yan setup
M. Chiosso, DIS2013M. Chiosso, DIS2013
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COMPASS II : Drell-Yan setup

- Entire target system will be moved to upstream
- Modify pol. target cell to have enough space 
    between “↑” and “↓” cells.
- Install hadron absorber into the empty space
- Install “vertex” detector
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COMPASS II : Drell-Yan setup
M. Chiosso, DIS2013M. Chiosso, DIS2013
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COMPASS II: Drell-Yan Goal
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