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Transverse Spin & TMDs

+ −

− +

From DIS to Semi-Inclusive DIS

‣ 3 leading-twist PDFs:   
                        f1(x)                             g1(x)                                     h1(x)

‣ Transversity not accessible through inclusive DIS
‣ chiral-odd

‣ we go to Semi Inclusive DIS
‣ one more variable
‣ Lorentz expansion of all the possible functions 
‣ birth of TMDs

k⊥

− −
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TMD factorization

‣ Convolution

‣ Soft factors

‣ Evolution

‣ Complex universality

Ways to Transversity

SIDIS on p↑

proton

lepton lepton

1 pion

dσ ∝
∑

q

[hq
1 ⊗H⊥q

1 ](x, z, P 2
h⊥)

Collins FF

chiral-odd partner
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Ways to Transversity

SIDIS on p↑

proton

lepton lepton

2 pions

dσ ∝
∑

q

hq
1(x)H!q

1 (z, M2
h)

DiFF

chiral-odd partner
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Transverse Spin from Fragmentation Functions

Direction of the transverse polarization of the fragmenting quarks 

Distribution of hadrons inside the jet

quark X

h
κT

 TMD FF

 DiFF

Dq→h
1

(
z, κ2

T

)

h

h
2RT

Dq→h1h2
1

(
z1, z2, R

2
T

)

quark

Also unpolarized 

jet axis

jet axis
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Transverse Spin from Fragmentation Functions

h2

h1

h2

h1

quark quark

⊗
－

⦿

Interference Fragmentation Functions

relates transverse polarization of the fragmenting quark to angular 
distribution of the hadron pairs in the transverse plane

H!
1,q→h1h2

(z1, z2, R
2
T )

Collins, Heppelman, Ladinsky, 
NPB420 (94)

✓ Naive T-odd ; chiral-odd
✓ Does not vanish if integrated over transverse momentum
✓ The two hadrons must be distinguishable

k⊥
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Framework for DiFF

e+e- to pions
e-

2 pions
e+

2 pions

SIDIS on p↑

proton

lepton lepton

2 pions

pp↑ to pions

2 pions

proton

proton

2 pions

‣Collinear factorization
‣Universality
‣No convolution
‣Evolution understood 

Bacchetta,  Ceccopieri, 

Mukherjee,  Radici, PRD79 (09)
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e+e-  : qq correlator for DiFF
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Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

two chiral-odd naive-T-odd dihadron fragmentation function H!

1,q [20, 37].2 There are no

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

2The superscript ! indicates that the fragmentation function does not survive integration over the

relative momentum of the hadron pair.
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Physics of the DiFF

s-wave → unpolarized

interference b/w unpolarized pair (s-wave)
 and longitudinally pol. pair (p-wave)

interference b/w unpolarized pair (s-wave)
 and transversely pol. pair (p-wave)

interference b/w longitudinally polarized 
pair (p-wave) and transversely pol. pair

 (p-wave)

Main approximation:
truncation of the partial wave analysis up to 2nd order

➡ L=0, 1 relative partial waves

➡  terms ∝ 1, cos ϑ, sinϑ, cosϑsinϑ

→ interf.  s & p waves H!
1,q→h1h2

(z1, z2, R
2
T )→ s or p waves Dq→h1h2

1

(
z1, z2, R

2
T

)
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The Asymmetry in e+e-
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le+

Artru, Collins, ZPC 69 (96)
Boer, Jakob, Radici, PRD 67 (03)
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a12 asymmetry from BELLE
 courtesy of BELLE

    

✓  
✓ (z, M_h) correlation
✓ 4  plots

➡ limited range in z

✓  large errors
✓  8x8 (Mh1, Mh2)
✓  9x9 (z1,z2)

➡ red curves: 
spectator model result

Q2 ∼ 100 GeV2

Data not published yet
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  Invariant Mass Spectrum for q→ (π+π-)X
co

u
n
ts

Mh (GeV)

0.4 0.6 0.8 1 1.2
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10000

15000

20000

2!3!45!6

All

1
q → π+π−X1

Most prominent channels at 

1. Background

2.  ρ production

3. ω production

Mh ≤ 1.8GeV2

q → ρX2 → π+π−X2

q → ωX3 → π+π−X3

q → ωπ0 X ′
4 → π+π−π0 X ′

4

undetected π0

Peaks at

i.  

ii.  

iii. broad peak at

Mh ∼ mρ = 770MeV

Mh ∼ mω = 782MeV

Mh ∼ 500MeV I can take into account  model 

predictions... 

A. Bacchetta, M. Radici, PRD74 (06)
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Monte Carlo from BELLE
 courtesy of BELLE CollaborationUnpolarized cross section 
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Monte Carlo from BELLE
 courtesy of BELLE Collaboration
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Monte Carlo from BELLE
 courtesy of BELLE Collaboration
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Monte Carlo from BELLE
 courtesy of BELLE Collaboration
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‣4 zbins
‣ Flavor decomposition
‣ uds
‣ charm

‣ ρ channel
‣ ω channels
‣non resonant contrib.

e.g.  uds from ω channels NB: in our analysis, we neglect 
resonant channels contribution to the 
charm
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Unpolarized Cross Section

Constraints on the Functional Form from
1. the kinematics

2. the ss and pp interference-like

3. physics model-inspired 

I want to fit : dσ ∝ 2
6α2

Q2

〈1 + cos2 θ2〉
2Mh

fa
D1

(z, Mh)
∫ 1

0.2

∫ 2

0.28
f ā

D1
(z̄, M̄h)

with a functional form like:

Error on the MC: √number of events

Functional form inside de integration routine

Propagation of errors ...

fa
D1

(z, Mh) = 2Mh z2
∑

a

√
e2
a Dss+pp

1 a (z, M2
h)

Tuesday, 19 October 2010



Unpolarized Cross Section

Constraints on the Functional Form from
1. the kinematics

2. the ss and pp interference-like

3. physics model-inspired 

I want to fit : dσ ∝ 2
6α2

Q2

〈1 + cos2 θ2〉
2Mh

fa
D1

(z, Mh)
∫ 1

0.2

∫ 2

0.28
f ā

D1
(z̄, M̄h)

with a functional form like:

Error on the MC: √number of events

Functional form inside de integration routine

Propagation of errors ...

fa
D1

(z, Mh) = 2Mh z2
∑

a

√
e2
a Dss+pp

1 a (z, M2
h)

Constraints coming while determining the Functional Form 
or “How it contrasts with model calculation, so far.”

1. No z and Mh factorization seems possible  

2. Background seems to allow both ss and pp interference-like

3. z-dependence of charm “background”   ≠  z-dependence of uds  “background”

and maybe also the Mh dpdce

Tuesday, 19 October 2010
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Polarized Cross Section

Constraints on the Functional Form from
1. the kinematics

2. the sp interference-like

3. physics model-inspired 

I want to fit :

with a functional form like:

Error on σ : error on the data & error on the fit of unpol. σ

1st step: no integration but bin value from experiment.

Propagation of errors ...

dσ ∝ 6α2

Q2

π2

16
〈sin2 θ2〉

2Mh
fa

H!
1
(z, Mh)

∫ 1

0.2

∫ 2

0.28
f ā

H!
1
(z̄, M̄h)

fa
H!

1
(z, Mh) = 2Mh z2 |!R|

Mh

∑

a

e2
a H sp

1 a(z, ξ,M2
h) ,

= z2
√

M2
h − 4m2

π

∑

a

e2
a H sp

1 a(z, M2
h)
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Constraints on the Functional Form from
1. the kinematics

2. the sp interference-like

3. physics model-inspired 
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IFF from the Asymmetry

Fit of the sum over flavors of 

Assumptions                     
‣ role of flavor decomposition from UNPOLARIZED FF

 

‣ Two (or more) scenarios

I. .

II. .

H1<
‣ flavor decomposition

∑

a

e2
a H! sp

1 a (z, M2
h) H̄! sp

1 ā (〈z̄〉, 〈M̄2
h〉)

Du
1 (z, Mh) = Dū

1 (z, Mh) = Dd
1(z, Mh) = Dd̄

1(z, Mh)
Ds

1(z, Mh) = Ds̄
1(z, Mh)

Dc
1(z, Mh) = Dc̄

1(z, Mh)

MonteCarlo uds-c

Ds
1(z, Mh) = 0

Ds
1(z, Mh) = Du

1 (z, Mh)

H! u
1 (z, Mh) = H! d̄

1 (z, Mh) = −H! d
1 (z, Mh) = −H! ū

1 (z, Mh)
H! s

1 (z, Mh) = H! s̄
1 (z, Mh) = 0

H! c
1 (z, Mh) = H! c̄

1 (z, Mh) = 0

Rôle of strange

Tuesday, 19 October 2010



Flavor Decomposition: The Scenarios
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Strange and Transversity...
SIDIS on p↑

proton

lepton lepton
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Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

two chiral-odd naive-T-odd dihadron fragmentation function H!

1,q [20, 37].2 There are no

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

2The superscript ! indicates that the fragmentation function does not survive integration over the

relative momentum of the hadron pair.

– 3 –

Asin(φR+φS) sin θ
UT (x, y, z, M2

h) ∝ f(y)
∑

q e2
q hq

1(x)
∑

q e2
q fq

1 (x)
× H!,u

1 (z, Mh)
Du

1 (z, Mh)

‣ then we are left with a one variable fit
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|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

two chiral-odd naive-T-odd dihadron fragmentation function H!

1,q [20, 37].2 There are no

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

2The superscript ! indicates that the fragmentation function does not survive integration over the

relative momentum of the hadron pair.
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‣ then we are left with a one variable fit

Flavor decomposition
Scenario I. and II.
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two chiral-odd naive-T-odd dihadron fragmentation function H!

1,q [20, 37].2 There are no

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

2The superscript ! indicates that the fragmentation function does not survive integration over the

relative momentum of the hadron pair.

– 3 –

Asin(φR+φS) sin θ
UT (x, y, z, M2

h) ∝ f(y)
∑

q e2
q hq

1(x)
∑

q e2
q fq

1 (x)
× H!,u

1 (z, Mh)
Du

1 (z, Mh)

‣ then we are left with a one variable fit

Flavor decomposition
Scenario I. and II.

Flavor decomposition of f1(x)
Depends on the parametrization we use 

To be studied... 
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the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

two chiral-odd naive-T-odd dihadron fragmentation function H!

1,q [20, 37].2 There are no

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

2The superscript ! indicates that the fragmentation function does not survive integration over the

relative momentum of the hadron pair.

– 3 –

Asin(φR+φS) sin θ
UT (x, y, z, M2

h) ∝ f(y)
∑

q e2
q hq

1(x)
∑

q e2
q fq

1 (x)
× H!,u

1 (z, Mh)
Du

1 (z, Mh)

‣ then we are left with a one variable fit

Flavor decomposition
Scenario I. and II.

Flavor decomposition of f1(x)
Depends on the parametrization we use 

To be studied... 
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Back to the Transversity...
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Figure 2: The top panels show Asin(φR⊥+φS) sin θ
U⊥ versus Mππ, x, and z. The bottom panels show

the average values of the variables that were integrated over. For the dependence on x and z,
Mππ was constrained to the range 0.5 GeV < Mππ < 1.0 GeV, where the signal is expected to be
largest. The error bars show the statistical uncertainty. A scale uncertainty of 8.1% arises from
the uncertainty in the target polarization. Other contributions to the systematic uncertainty are
summed in quadrature and represented by the asymmetric error band.

The modulation amplitudes extracted are not influenced by the addition in the fit of

terms of the form sinφS (which appears at subleading twist in the polarized cross section

σUT ), or of the form cosφR⊥ sin θ (which appears at subleading twist in the unpolarized

cross section σUU ). These angular combinations exhaust the possibilities up to subleading

twist. In order to eliminate effects of the natural polarization of the Hera lepton beam,

data with both beam-helicity states were combined. The resulting net beam polarization is

−0.020 ± 0.001. The influence of this small but nonzero net polarization on the amplitude

extracted was shown to be negligible by analyzing separately the data of the two beam-

helicity states. There is also no influence from the addition to the fit of a constant term,

the latter being consistent with zero. Identical results were obtained using an unbinned

maximum-likelihood fit.

Tracking corrections that are applied for the deflections of the scattered particles caused

by the vertical 0.3 T target holding field have also a negligible effect on the extracted

asymmetries.

The fully differential asymmetry depends on nine kinematic variables: x, y, z, φR⊥,

φS , and θ, Mππ, and Ph⊥ ( d2Ph⊥ = |Ph⊥|d|Ph⊥|dφh). Due to the limited statistical

precision, it is not possible to measure the asymmetry AU⊥ fully differential in all relevant

variables. Combined with the fact that the Hermes spectrometer does not have a full 4π

acceptance, this implies that the measured number of events is always convolved with the

– 7 –

COMPASS not published but ¿normalization  factor? w.r.t  HERMES data

HERMES
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CONCLUSIONS

‣ Collinear factorization
‣ Universality
‣ No convolution
‣ Evolution understood 

Di-hadron Fragmentation Functions

relates transverse polarization of the fragmenting quark to angular distribution of the hadron 
pairs in the transverse plane

In particular, IFF

probability for (un-)polarized quarks to fragment into the hadron pair (h1 h2)
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Flavor Decomposition
‣ Rôle on the param of 
‣ Monte Carlo input
‣ Data for Kaons
‣ BaBar data

H!
1

‣We have fitted the        DiFF from the BELLE experiment 
‣We have almost extracted           from the BELLE data
‣ Next step: Go down to SIDIS and extract Transversity

DiFF way to Transversity

H!
1

D1
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