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Theoretical Framework
Di-hadron SIDIS
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Bacchetta & Radici: Phys. Rev. D69 094002
Bacchetta & Radici & Gliske: Phys. Rev. D90 114027

µ(l) + p(P )→ µ(l′) + h+
1 (P1) + h−2 (P2) +X

X-section modulated in azimuthal angles φh and φR

R⊥ ↔ RT =
z2P1⊥ − z1P2⊥

z1 + z2
with zi =

Ei

E − E′

Negligible transverse polarization mixing S⊥ ≈ 0

Partial wave expansion in θ, restricted to s- & p-waves

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.67.094002
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.114027
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UL sin2 θ
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d8σLL ∝
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3 (3 cos2 θ−1)
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(
A

cos (φh−φR) sin θ
LL sin θ +A

cos (φh−φR) sin 2θ
LL sin 2θ

)
+ cos (2φh − 2φR) A

cos (2φh−2φR)
LL
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ε =
1−y− 1

4
γ2y2

1−y+ 1
2
y2+ 1

4
γ2y2 γ = 2Mx

Q

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.67.094002
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.114027


Theoretical Framework
X-Section: TMD & Twist-2

Ph

θ
c.m. 

P1

P2

3 / 9

Bacchetta & Radici: Phys. Rev. D69 094002
Bacchetta & Radici & Gliske: Phys. Rev. D90 114027

dσ = dσUU + λµdσLU + S‖ (dσUL + λµdσLL) + |S⊥| (dσUT + λµdσLT )

d8σUL ∝ sin (φh − φR)
(
A

sin (φh−φR) sin θ
UL sin θ +A

sin (φh−φR) sin 2θ
UL sin 2θ

)
+ sin (2φh − 2φR) A

sin (2φh−2φR) sin2 θ
UL sin2 θ

+ ε

{
sin (2φh)

(
A

sin (2φh)
UL +A

sin (2φh) cos θ
UL cos θ +A

sin (2φh) 1
3 (3 cos2 θ−1)

UL

1

3

(
3 cos2 θ − 1

))
+ sin (φh + φR)

(
A

sin (φh+φR) sin θ
UL sin θ +A

sin (φh+φR) sin 2θ
UL sin 2θ

)
+ sin (2φR) A

sin (2φR) sin2 θ
UL sin2 θ

+ sin (3φh − φR)
(
A

sin (3φh−φR) sin θ
UL sin θ +A

sin (3φh−φR) sin 2θ
UL sin 2θ

)
+ sin (4φh − 2φR) A

sin (4φh−2φR) sin2 θ
UL sin2 θ

}

d8σLL ∝
√

1− ε2

{
A1
LL +Acos θ

LL cos θ +A
1
3 (3 cos2 θ−1)
LL

1

3

(
3 cos2 θ − 1

)
+ cos (φh − φR)

(
A

cos (φh−φR) sin θ
LL sin θ +A

cos (φh−φR) sin 2θ
LL sin 2θ

)
+ cos (2φh − 2φR) A

cos (2φh−2φR)
LL

}

ε =
1−y− 1

4
γ2y2

1−y+ 1
2
y2+ 1

4
γ2y2 γ = 2Mx

Q

〈θ〉 = π/2

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.67.094002
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.114027


Theoretical Framework
X-Section: TMD & Twist-2

Ph

θ
c.m. 

P1

P2

3 / 9

Bacchetta & Radici: Phys. Rev. D69 094002
Bacchetta & Radici & Gliske: Phys. Rev. D90 114027

dσ = dσUU + λµdσLU + S‖ (dσUL + λµdσLL) + |S⊥| (dσUT + λµdσLT )

d8σLL ∝ sin (φh − φR) A
sin (φh−φR)
UL

+ sin (2φh − 2φR) A
sin (2φh−2φR)
UL

+ ε

{
sin (2φh) A

sin (2φh)
UL

+ sin (φh + φR) A
sin (φh+φR)
UL

+ sin (2φR) A
sin (2φR)
UL

+ sin (3φh − φR) A
sin (3φh−φR)
UL

+ sin (4φh − 2φR) A
sin (4φh−2φR)
UL

}

d8σLL ∝
√

1− ε2

{
A1
LL

+ cos (φh − φR) A
cos (φh−φR)
LL

+ cos (2φh − 2φR) A
cos (2φh−2φR)
LL

}
〈θ〉 = π/2

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.67.094002
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.114027


Theoretical Framework
X-Section: TMD & Twist-2

3 / 9

Bacchetta & Radici: Phys. Rev. D69 094002
Bacchetta & Radici & Gliske: Phys. Rev. D90 114027

dσ = dσUU + λµdσLU + S‖ (dσUL + λµdσLL) + |S⊥| (dσUT + λµdσLT )

d8σLL ∝ sin (φh − φR) A
sin (φh−φR)
UL

+ sin (2φh − 2φR) A
sin (2φh−2φR)
UL

+ ε

{
sin (2φh) A

sin (2φh)
UL

+ sin (φh + φR) A
sin (φh+φR)
UL

+ sin (2φR) A
sin (2φR)
UL

+ sin (3φh − φR) A
sin (3φh−φR)
UL

+ sin (4φh − 2φR) A
sin (4φh−2φR)
UL

}

d8σLL ∝
√

1− ε2

{
A1
LL

+ cos (φh − φR) A
cos (φh−φR)
LL

+ cos (2φh − 2φR) A
cos (2φh−2φR)
LL

}

∼ g1L ⊗G⊥1,UT

∼ g1L ⊗G⊥1,TT

∼ h⊥1L ⊗H⊥1,UU

∼ h⊥1L ⊗H∠
1,UT

∼ h⊥1L ⊗H∠
1,TT

∼ h⊥1L ⊗H⊥1,UT

∼ h⊥1L ⊗H⊥1,TT

∼ g1L ⊗D1,UT

∼ g1L ⊗D1,TT

∼ g1L ⊗D1,UU

TMD Quark

Twist-2 U L T

N
u

cl
eo

n U f1 h⊥1

L g1L h⊥1L

T f⊥1T g⊥1T h1T h⊥1T

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.67.094002
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.114027


Theoretical Framework
X-Section: TMD & Twist-2

Helicity Worm-Gear-L

3 / 9

Bacchetta & Radici: Phys. Rev. D69 094002
Bacchetta & Radici & Gliske: Phys. Rev. D90 114027

dσ = dσUU + λµdσLU + S‖ (dσUL + λµdσLL) + |S⊥| (dσUT + λµdσLT )

d8σLL ∝ sin (φh − φR) A
sin (φh−φR)
UL

+ sin (2φh − 2φR) A
sin (2φh−2φR)
UL

+ ε

{
sin (2φh) A

sin (2φh)
UL

+ sin (φh + φR) A
sin (φh+φR)
UL

+ sin (2φR) A
sin (2φR)
UL

+ sin (3φh − φR) A
sin (3φh−φR)
UL

+ sin (4φh − 2φR) A
sin (4φh−2φR)
UL

}

d8σLL ∝
√

1− ε2

{
A1
LL

+ cos (φh − φR) A
cos (φh−φR)
LL

+ cos (2φh − 2φR) A
cos (2φh−2φR)
LL

}

∼ g1L ⊗G⊥1,UT

∼ g1L ⊗G⊥1,TT

∼ h⊥1L ⊗H⊥1,UU

∼ h⊥1L ⊗H∠
1,UT

∼ h⊥1L ⊗H∠
1,TT

∼ h⊥1L ⊗H⊥1,UT

∼ h⊥1L ⊗H⊥1,TT

∼ g1L ⊗D1,UT

∼ g1L ⊗D1,TT

∼ g1L ⊗D1,UU

TMD Quark

Twist-2 U L T

N
u

cl
eo

n U f1 h⊥1

L g1L h⊥1L

T f⊥1T g⊥1T h1T h⊥1T

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.67.094002
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.114027


Theoretical Framework
X-Section: Collinear & Twist-3

4 / 9

Bacchetta & Radici: Phys. Rev. D69 094002
Bacchetta & Radici & Gliske: Phys. Rev. D90 114027

dσ = dσUU + λµdσLU + S‖ (dσUL + λµdσLL) + |S⊥| (dσUT + λµdσLT )

d7σUU ∝ 1 +
√

2ε(1 + ε) cos (φR) A
cos (φR)
UU

+ ε cos (2φR) A
cos (2φR)
UU

d7σLU ∝
√

2ε(1− ε) sin (φR) A
sin (φR)
LU

d7σUL ∝
√

2ε(1 + ε) sin (φR) A
sin (φR)
UL

+ ε sin(2φR) A
sin(2φR)
UL

d7σLL ∝
√

1− ε2 A1
LL

+
√

2ε(1− ε) cos(φR) A
cos(φR)
LL

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.67.094002
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.114027


Theoretical Framework
X-Section: Collinear & Twist-3

Wandzura-Wilzcek approximationT-odd

4 / 9

Bacchetta & Radici: Phys. Rev. D69 094002
Bacchetta & Radici & Gliske: Phys. Rev. D90 114027

dσ = dσUU + λµdσLU + S‖ (dσUL + λµdσLL) + |S⊥| (dσUT + λµdσLT )

d7σUU ∝ 1 +
√

2ε(1 + ε) cos (φR) A
cos (φR)
UU

+ ε cos (2φR) A
cos (2φR)
UU

d7σLU ∝
√

2ε(1− ε) sin (φR) A
sin (φR)
LU

d7σUL ∝
√

2ε(1 + ε) sin (φR) A
sin (φR)
UL

+ ε sin(2φR) A
sin(2φR)
UL

d7σLL ∝
√

1− ε2 A1
LL

+
√

2ε(1− ε) cos(φR) A
cos(φR)
LL

∼ Q−1
[
hL ·H∠

1,UT + g1 · G̃∠
UT

]

∼ Q−1
[
eL ·H∠

1,UT + g1 · D̃∠
UT

]

Collinear Quark

Twist-3 U L T

N
u

cl
eo

n

U f⊥ g⊥ h e

L f⊥L g⊥L hL eL

T fT f⊥T gT g⊥T hT eT h⊥T e⊥T

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.67.094002
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.114027


The COMPASS Experiment
b

Target SM1 RICH ECAL1

HCAL1

MF1

Large Angle Spectrometer

SM2 ECAL2

HCAL2

MF2

Small Angle Spectrometer

5 / 9

Polarized µ+-Beam (100-200 GeV)

Polarizable Target (NH3, 6LiD)

High Luminosity L ≈ 5·1032 cm-2 s-1

Beam Polarization 〈PB〉 ≈ 81%

Target Polarization 〈PT 〉 ≈ 87%

Target Dilution Factor 〈f〉 ≈ 15%
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2011: 200 GeV µ+-beam

Q2-dependence smaller than
experimental accuracy

I merge two data sets
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Thank you for your attention!
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Theoretical Framework
X-Section: TMD & Twist-2

Ph

θ
c.m. 

P1

P2
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Bacchetta & Radici: Phys. Rev. D69 094002
Bacchetta & Radici & Gliske: Phys. Rev. D90 114027

dσ = dσUU + λµdσLU + S‖ (dσUL + λµdσLL) + |S⊥| (dσUT + λµdσLT )

d8σUU ∝AUU,T +Acos θ
UU cos θ +A

1
3 (3 cos2 θ−1)
UU

1

3

(
3 cos2 θ − 1

)
+ cos (φh − φR)

(
A

cos (φh−φR) sin θ
UU sin θ +A

cos (φh−φR) sin 2θ
UU sin 2θ

)
+ cos (2φh − 2φR) A

cos (2φh−2φR) sin2 θ
UU sin2 θ

+ ε

{
AUU,L + cos (2φh)

(
A

cos (2φh)
UU +A

cos (2φh) cos θ
UU cos θ +A

cos (2φh) 1
3 (3 cos2 θ−1)

UU

1

3

(
3 cos2 θ − 1

))
+ cos (φh + φR)

(
A

cos (φh+φR) sin θ
UU sin θ +A

cos (φh+φR) sin 2θ
UU sin 2θ

)
+ cos (2φR) A

cos (2φR) sin2 θ
UU sin2 θ

+ cos (3φh − φR)
(
A

cos (3φh−φR) sin θ
UU sin θ +A

cos (3φh−φR) sin 2θ
UU sin 2θ

)
+ cos (4φh − 2φR) A

cos (4φh−2φR) sin2 θ
UU sin2 θ

}

d8σLU ∝
√

1− ε2

{
sin (φh − φR)

(
A

sin (φh−φR) sin θ
LU sin θ +A

sin (φh−φR) sin 2θ
LU sin 2θ

)
+ sin (2φh − 2φR) A

sin (2φh−2φR) sin2 θ
LU sin2 θ

}

ε =
1−y− 1

4
γ2y2

1−y+ 1
2
y2+ 1

4
γ2y2 γ = 2Mx

Q

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.67.094002
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.114027
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Topology
Best primary vertex

1 incident muon µ

Nout ≥ 3

Incident µ

χ2
red(µ) < 10

µ is beam

Beam crosses all target cells

2007: 140 < p(µ)/(GeV/c) < 180

2011: 185 < p(µ)/(GeV/c) < 215

2011: 0.01 < LHback < 1.0

2011: NBMS > 2

Scattered µ′

Is scattered µ′

X/X0(µ′) > 30

χ2
red(µ′) < 10

Zfirst(µ
′) < 350 cm

350 cm < Zlast(µ
′) < 3300 cm

Vertex
Vertex inside target

Kinematics
Q2 > 1 (GeV/c)2

W > 5 GeV/c2

0.0025 < x < 0.7

0.1 < y < 0.9

Hadrons
X/X0(h) < 10

χ2
red(h) < 10

Zfirst(h) < 350 cm

350 cm < Zlast(h) < 3300 cm

Hadron Pairs
q(h1) = +1 , q(h2) = −1

0.1 < z(h1/2) < 1.0

0.1 < xF (h1/2) < 1.0

Emiss > 3 GeV

RT > 0.07
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Φ Muon Flux
a(φh, φR) Acceptance
n # protons
σUU (φh, φR)-independent part of unpol. x-section

1D Product Ratio (1D PR)

N±i (φh, φR) = Φ±i a
±
i (φh, φR)niσUU

(
1 +AXU (φh, φR)±AXL(φh, φR)

)

r1234(φh, φR) =
4∏
i=1

N+
i (φh, φR)

N−i (φh, φR)
≈ 1 + 8AXL(φh, φR)
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Unbinned Maximum Likelihood (UB LH)

p±i (φh, φR) = a±i (φh, φR) · (1 +AXU (φh, φR)±AXL(φh, φR))

P±i (φh, φR) = µ±i · p
±
i (φh, φR)

∫ 2π

0

∫ 2π

0
P±i (φh, φR) dφhdφR = µ±i

L =
4∏
i=1


eµ+

i

N+
i∏

m=1

P+
i (φhm , φRm )


N̄

N
+
i

·

eµ−i N−i∏
n=1

P−i (φhn , φRn )


N̄

N
−
i


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Alternative access to helicity g1L

http://www.sciencedirect.com/science/article/pii/S0370269310009810
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