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✴Asymmetries AUT and ALT

• unpolarized & longitudinally polarized e+/e- beam

• transversely polarized H target


✴Asymmetry ALU

• longitudinally polarized e+/e- beam

• unpolarized H and D target
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Semi-inclusive DIS cross section

leading twist
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AUT and ALT fit simultaneously
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• Also for 1D pions & kaons (2011): compatible with zero
• 3D: no surprises
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Results for pions, kaons and protons

longitudinally polarized e+/e- beam

unpolarized H & D target
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FIGURE 1. Two-Photon Exchange in the parton model. Merely the coupling of the two photons to the
same quark is considered. Also the complex conjugate diagrams (not shown here) have to be taken into
account. Left Panel: TPE in inclusive DIS. Right Panel: TPE in semi-inclusive DIS.

parton model for DIS one considers the hard electromagnetic interaction of a quasi-free
parton with the lepton and treats the other partons as spectators (impulse approximation).
We assume that, for the particular observables we are interested in here, the dominant
contribution (in the sense of a twist expansion) of TPE is picked out if one works with
a single active parton. This approximation is represented in Fig. 1. The two-photon box
diagram is the only QED diagram in the parton model which carries an imaginary part.
Other radiative corrections of the same order in α such as bremsstrahlung effects are
purely real and hence cannot give rise to transverse SSAs.
The result for the transverse lepton beam SSA, calculated from the left graph in Fig. 1

(and its complex conjugate counterpart), reads [6]

ATU (xB,y,φs) = α
ml
2Q

|⃗ST |sin(φs)
y2
√
1− y

1− y+ 1
2y2

∑q e3q f1(xB)
∑q e2q f1(xB)

, (1)

where xB = Q2/(2P ·q) and y= (P ·q)/(P · l) denote the common DIS variables, eq the
quark charge, |⃗ST | the transverse polarization vector of the lepton, and φs the angle of
this vector with respect to the lepton plane. The ordinary unpolarized parton distribution
of a quark flavor q is represented by f q1 . We point out that divergent terms, which appear
at intermediate steps of the calculation and can be regulated by a photon mass, cancel
in the final result (1). Since the asymmetry (1) is not only proportional to α ≃ 1/137
but also to the lepton mass ml one can expect rather small effects. In fact, by assuming
u-quark dominance in a proton target and an electron beam one readily estimates this
asymmetry to be of the order 10−6. Asymmetries roughly two-hundred times larger can
be generated by a muon beam. One might also speculate about enhanced results from
effects beyond the naive parton model. In Refs. [8, 9, 10, 11] (double) logarithms of the
type log(Q2/m2l ) were advocated in connection with the transverse beam SSA in elastic
lepton-nucleon scattering. Such logarithmic terms might also increase the beam SSA in
DIS considered here. However, further work is required in order to decide whether and
how precisely such effects show up for the DIS case.
We now turn to the parton model result for the transverse target SSA in DIS. The con-

tribution of the left diagram in Fig. 1 (and its complex conjugate counterpart) reads [6]
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FIGURE 1. Two-Photon Exchange in the parton model. Merely the coupling of the two photons to the
same quark is considered. Also the complex conjugate diagrams (not shown here) have to be taken into
account. Left Panel: TPE in inclusive DIS. Right Panel: TPE in semi-inclusive DIS.

parton model for DIS one considers the hard electromagnetic interaction of a quasi-free
parton with the lepton and treats the other partons as spectators (impulse approximation).
We assume that, for the particular observables we are interested in here, the dominant
contribution (in the sense of a twist expansion) of TPE is picked out if one works with
a single active parton. This approximation is represented in Fig. 1. The two-photon box
diagram is the only QED diagram in the parton model which carries an imaginary part.
Other radiative corrections of the same order in α such as bremsstrahlung effects are
purely real and hence cannot give rise to transverse SSAs.
The result for the transverse lepton beam SSA, calculated from the left graph in Fig. 1

(and its complex conjugate counterpart), reads [6]
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where xB = Q2/(2P ·q) and y= (P ·q)/(P · l) denote the common DIS variables, eq the
quark charge, |⃗ST | the transverse polarization vector of the lepton, and φs the angle of
this vector with respect to the lepton plane. The ordinary unpolarized parton distribution
of a quark flavor q is represented by f q1 . We point out that divergent terms, which appear
at intermediate steps of the calculation and can be regulated by a photon mass, cancel
in the final result (1). Since the asymmetry (1) is not only proportional to α ≃ 1/137
but also to the lepton mass ml one can expect rather small effects. In fact, by assuming
u-quark dominance in a proton target and an electron beam one readily estimates this
asymmetry to be of the order 10−6. Asymmetries roughly two-hundred times larger can
be generated by a muon beam. One might also speculate about enhanced results from
effects beyond the naive parton model. In Refs. [8, 9, 10, 11] (double) logarithms of the
type log(Q2/m2l ) were advocated in connection with the transverse beam SSA in elastic
lepton-nucleon scattering. Such logarithmic terms might also increase the beam SSA in
DIS considered here. However, further work is required in order to decide whether and
how precisely such effects show up for the DIS case.
We now turn to the parton model result for the transverse target SSA in DIS. The con-

tribution of the left diagram in Fig. 1 (and its complex conjugate counterpart) reads [6]

AUT (xB,y,φs) = α
xBM
2Q

y(1− y)
√
1− y

1− y+ 1
2y2

|⃗ST |sin(φs)
(

ln
Q2

λ 2
+finite

)∑q e3qg
q
T (xB)

∑q e2q f
q
1 (xB)

, (2)

A
sin(2�)
LU / h?

1 ⌦H?
1Two-photon exchange:

Boer-Mulders
PDF

Collins FF

A. Metz and M. Schlegel, arXiv:0902.0781

Fig. from A. Metz and M. Schlegel, arXiv:0902.0781

compatible with zero in present measurement Asin(2�)
LU



ALU results pions & kaons 1D

52

x
0.05 0.1 0.15

-0.2

-0.1

0

0.1

0.2 -K

-0.1

0

0.1
+K

-0.05

0

0.05

-π

)ε
(1

-
ε2

LU> hφ
2<

si
n 

-0.05

0

0.05

+π

z
0.4 0.6 0.8

H
D

 [GeV]hTP
0.5 1

2.6% scale uncertainty for H
2.7% scale uncertainty for D

HERMES PRELIMINARY



ALU results protons 1D

53

x

0.05 0.1 0.15

-0.2

0

0.2

p

)ε
(1

-
ε2

LU> hφ
2<

si
n 

-0.2

0

0.2

p

z

0.4 0.6 0.8

H
D

 [GeV]hTP

0.5 1

HERMES PRELIMINARY
2.6% scale uncertainty for H
2.7% scale uncertainty for D



ALU results pions 3D

54

0.2 0.3 0.4 0.5 0.6 0.

-0.1

0

0.1

-0.1

0

0.1

-0.1

0

0.1 H
D

)ε
(1

-
ε2

LU> hφ
2<

si
n

-0.1

0

0.1

  [GeV] <  0.23hT0.05  <  P

+π

.2 0.3 0.4 0.5 0.6 0.

  [GeV]  <  0.35hT0.23  <  P

2.6% scale uncertainty for H
2.7% scale uncertainty for D

.2 0.3 0.4 0.5 0.6 0.

  [GeV]  <  0.51hT0.35  <  P

H

z
.2 0.3 0.4 0.5 0.6 0.7

0.023  <  x <  0.071
0.023  <  x <  0.071

0.023  <  x <  0.071
  [GeV]  <  1.80hT0.51  <  P

0.023  <  x <  0.071

ERMES Preliminary



ALU results pions 3D

55

0.2 0.3 0.4 0.5 0.6 0.

-0.1

0

0.1

-0.1

0

0.1

-0.1

0

0.1 H
D

)ε
(1

-
ε2

LU> hφ
2<

si
n

-0.1

0

0.1

  [GeV] <  0.23hT0.05  <  P

-π

.2 0.3 0.4 0.5 0.6 0.

  [GeV]  <  0.35hT0.23  <  P

2.6% scale uncertainty for H
2.7% scale uncertainty for D

.2 0.3 0.4 0.5 0.6 0.

  [GeV]  <  0.51hT0.35  <  P

H

z
.2 0.3 0.4 0.5 0.6 0.7

0.023  <  x <  0.071
0.023  <  x <  0.071

0.023  <  x <  0.071
  [GeV]  <  1.80hT0.51  <  P

0.023  <  x <  0.071

ERMES Preliminary



ALU results protons 3D

56

0.2 0.3 0.4 0.5 0.6 0.
-0.4

-0.2

0

0.2

0.4
-0.4

-0.2

0

0.2

0.4
-0.4

-0.2

0

0.2

0.4 H
D

)ε
(1

-
ε2

LU> hφ
2<

si
n

-0.4

-0.2

0

0.2

0.4

  [GeV] <  0.23hT0.05  <  P

p

.2 0.3 0.4 0.5 0.6 0.

  [GeV]  <  0.35hT0.23  <  P

2.6% scale uncertainty for H
2.7% scale uncertainty for D

.2 0.3 0.4 0.5 0.6 0.

  [GeV]  <  0.51hT0.35  <  P

H

z
.2 0.3 0.4 0.5 0.6 0.7

0.023  <  x <  0.071
0.023  <  x <  0.071

0.023  <  x <  0.071
  [GeV]  <  1.80hT0.51  <  P

0.023  <  x <  0.071

ERMES Preliminary



Summary

• Twist-2 and twist-3 amplitudes in 3D on transversely polarized hydrogen target - 
beam longitudinally polarized and unpolarized:

    kinematic dependence of Collins, Sivers and            located in certain kinematic                                                           
    corners

• Twist-3 non-zero ALU observed for π+, π-, K+ � access to twist-3 T-odd, T-even, 
chiral-odd, chiral-even PDFs and FFs 
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Thank you
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