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Experimental method for measuring the polarization of Λ0.
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400 GeV p + Be → Λ0(Λ
0
) + X Fermilab. 1978.
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400 GeV p + Be → Λ0(Λ
0
) + X Fermilab. 1978.
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400 GeV p + p → Λ0(Λ
0
) + X Fermilab. 1980.
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110 GeV K+ − p → Λ0 + X CERN SPS 1985.
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√
s = 200 GeV p + p↑ → π0 + X at STAR (RHIC) 2004.
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e−e+ → pp
〈pp′|Jµ(0)|0〉 = u(P )

»

F1(q
2)γµ + F2(q2)

i

2M
σµαqα

–

v(P ′) .

GE(q2) = F1(q
2) +

q2

4m2
F2(q

2) , GM (q2) = F1(q2) + F2(q
2) .

Differential cross section is given by

dσ

dcosθ
=

πα2
√

1 − 4M2

q2

2q2

×
[

|GM(q2)|2(1 + cos2θ) +
4M 2

q2
|GE(q2)|2sin2θ

− (~s · ŷ)
2M
√

q2
sin2θ Im[G∗

MGE]
]

,

where ŷ = (k̂ × p̂)/|k̂ × p̂|.
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From the above equation the single-spin asymmetry is given
by

Py =
− 2M√

q2
sin2θ Im[G∗

MGE]

|GM(q2)|2(1 + cos2θ) + 4M2

q2 |GE(q2)|2sin2θ
.

This single-spin asymmetry may be measured at the future
GSI pp experiment and the up-graded DAFNE experiment.
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Predicted polarization Py in the timelike region for selected form factor fits described in

BCHH (Brodsky, Carlson, Hiller, Hwang, 2004). The plot is for θ = 45◦. The four curves are

for an F2/F1 ∝ 1/Q fit, using BCHH 1; the (log2 Q2)/Q2 fit of Belitsky et al.; an improved

(log2 Q2)/Q2 fit, BCHH 2; and a fit from Iachello et al.
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Single-Spin Asymmetry in ep↑ → eπX
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Kinematic planes for pion production in semi-inclusive
deep-inelastic scattering.
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Hermes (DESY) Result, 2000. Target-spin analyzing powers in the sin φ moment as a
function of transverse momentum, for π+ (squares) and π− (circles). Error bars show the

statistical uncertainties and the band represents the systematic uncertainties.
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Hermes (DESY) Result, 2005. Sivers moments for charged pions as a function of x and z.
The error bars represent the statistical uncertainties. The lower panel shows the relative

contributions to the data from simulated exclusive vector meson production.
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Single-Spin Asymmetry in ep↑ → eπX
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Explicit Model Calculations

11-2001
8624A04
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(a) Tree level diagram and (b) diagram with fanal state
interaction. (Brodsky, Hwang, Schmidt, 2002)
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The contributing amplitudes for γ∗p → q(qq)0 have the
following structure through one loop order:

A(⇑→↑) = (M +
m

∆
) C (h + i

e1e2

8π
g1)

A(⇓→↑) = (
+r1 − ir2

∆
) C (h + i

e1e2

8π
g2)

A(⇑→↓) = (
−r1 − ir2

∆
) C (h + i

e1e2

8π
g2)

A(⇓→↓) = (M +
m

∆
) C (h + i

e1e2

8π
g1) ,

where

C = − g e1 P+
√

∆ 2 ∆ (1 − ∆)

h =
1

~r2
⊥

+ ∆(1 − ∆)(−M2 + m2

∆
+ λ2

1−∆
)

.
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g1 =

∫ 1

0

dα

× 1

α(1 − α)~r2
⊥

+ αλ2
g + (1 − α)∆(1 − ∆)(−M2 + m2

∆
+ λ2

1−∆
)

g2 =

∫ 1

0

dα

× α

α(1 − α)~r2
⊥

+ αλ2
g + (1 − α)∆(1 − ∆)(−M2 + m2

∆
+ λ2

1−∆
)

.

The rescattering phases eiχi i = 1, 2 with χi = tan−1(e1e2

8π
gi

h
)

are thus distinct for the spin-parallel and spin-antiparallel
amplitudes. g1 and g2 are both infrared divergent, however,
the difference (g1 − g2) is infrared finite. SSA is proportional
to (g1 − g2).
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The single-spin asymmetry transverse to the production
plane is given by

Py =
e1e2

8π

2
(

∆ M + m
)

r1

[ (

∆ M + m
)2

+ ~r2
⊥

]

×
[

~r2
⊥ + ∆(1 − ∆)(−M2 +

m2

∆
+

λ2

1 − ∆
)

]

× 1

~r2
⊥

ln
~r2
⊥ + ∆(1 − ∆)(−M2 + m2

∆
+ λ2

1−∆
)

∆(1 − ∆)(−M2 + m2

∆
+ λ2

1−∆
)

.

The linear factor of r1 = rx reflects the fact that the single
spin asymmetry is proportional to ~Sp · ~q × ~r where ~q ∼ −νẑ

and ~Sp = ±ŷ. Here ∆ = xbj .
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Model predictions for the single spin asymmetry of the proton in electroproduction resulting
from gluon exchange in the final state as a function of ∆ = xbj and quark transverse
momentum r⊥. The parameters are given in the text.
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Final-state interactions from gluon exchange lead to single
spin asymmetries in DIS at leading twist in perturbative
QCD; i.e., the rescattering corrections are not power-law
suppressed at large photon virtuality Q2 at fixed xbj .

The existence of such single-spin asymmetries requires a
phase difference between two amplitudes coupling the
proton target with Jz

p = ±1
2

to the same final-state.
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Time-odd (naive) distribution functions

q q

P

kT kT

ST ST

P

Sivers distribution function f⊥
1T .

Boer-Mulders distribution function h⊥
1 .
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Sivers and Boer-Mulders DF

Φ(x,~k⊥ : P, S) =
M

2P+

[

f1(x,~k⊥)
γ · P
M

+ f⊥
1T (x,~k⊥) ǫµνρσ

γµP νkρ
⊥
Sσ

T

M2

+ h⊥
1 (x,~k⊥)

σµνk
µ
⊥
P ν

M2
+ · · ·

]

.
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Diquark model diagrams for f1, f⊥
1T and h⊥

1 .
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Polarized Drell-Yan Process

The initial-state interaction in the Drell-Yan process.
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Violating naive universality of parton densities:

f⊥
1T (x, kT , ζ)|DIS = −f⊥

1T (x, kT , ζ)|DY.

Collins (2002), Brodsky, Hwang, Schmidt (2002)

This can be checked at COMPASS and RHIC.
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Unpolarized Drell-Yan Process
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lepton plane (cm)

θ

l’

l

Kinematics of the Drell-Yan process in the lepton center of
mass frame.
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The initial-state interaction contribution to the Drell-Yan process.
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1

σ

dσ

dΩ
=

3

4π

1

λ + 3

(

1 + λ cos2 θ + µ sin2 θ cos φ +
ν

2
sin2 θ cos 2φ

)

.

The Lam-Tung relation 1 − λ − 2ν = 0 is violated by this

mechanism of h⊥
1 × h

⊥

1 from the initial state interactions,
whereas this relation is expected to hold at order αs and the
relation is hardly modified by next-to-leading order (α2

s)
perturbative QCD corrections.

Boer (1999), Boer, Brodsky, Hwang (2003)
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h⊥
1 × h

⊥
1
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Λ Polarization at LHC
Boer, Bomhof, Hwang, Mulders, 2008

Feynman xF is small in ALICE.
So, no polarization for
P + P → Λ↑ + X .

Instead, consider
P + P → (Λ↑jet) + jet + X .
Then, in the jet-jet center of mass frame,

ǫµνλρk
µ
1k

ν
2k

λ
3S

ρ → ~SΛ · ( ~Kjet × ~KΛ).
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In the jet-jet center of mass frame.
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Summary
Final-state interactions from gluon exchange lead to single
spin asymmetries in SIDIS at leading twist in perturbative
QCD; i.e., the rescattering corrections are not power-law
suppressed at large photon virtuality Q2 at fixed xbj .

In SIDIS and polarized Drell-Yan processes, violation of
naive universality of parton densities:

f⊥
1T (x, kT , ζ)|DIS = −f⊥

1T (x, kT , ζ)|DY.

In unpolarized Drell-Yan process, cos2φ angular distribution

of the lepton pair is induced by h⊥
1 × h

⊥

1 from the initial-state
interactions.
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