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functions in black survive integration 
over transverse momentum

functions in green box are chirally odd

functions in red are naive T-odd

Spin-Momentum Structure of the Nucleon
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Transverse-Momentum-Dependent DF

3

TMDs and their probabilistic interpretation

f1 =

g1 =

h1 =

f⊥1T =

h⊥1 =

h⊥1T =

h⊥1L =

g1T =

parton with transverse or longitudinal spin

parton transverse momentum

nucleon with transverse or longitudinal spin

Wednesday, May 27, 2009

Courtesy of A. Bacchetta



DIS 2010 - FirenzeG. Schnell - DESY Zeuthen

.

hermes

SIDIS Cross Section

(up to subleading order in 1/Q)
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The HERMES Experiment (†2007)

.

hermes
HERMES at DESY

27.5 GeV e+/e− beam of HERA

forward-acceptance spectrometer

⇒ 40mrad< θ <220mrad

high lepton ID efficiency and purity

excellent hadron ID thanks to dual-radiator RICH

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 14/50

5

transversely polarized 
hydrogen target with in 
average 72% polarization
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Extraction of amplitudes

6
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ideal world:

or fit experimental yield, e.g.,

Extraction of amplitudes

6

〈sin(nφ± φS)〉UT ≡
∫

dφ dφS sin(nφ± φS)[ dσ(φ, φS)− dσ(φ, φS + π)]∫
dφdφS [ dσ(φ, φS) + dσ(φ, φS + π)]

N (φ, φS) ∼ 1 + 2〈cos φ〉UU cos φ + 2〈cos 2φ〉UU cos 2φ

+ ST [2〈sin(φ− φS)〉UT sin(φ− φS) + . . . ]
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ideal world:

or fit experimental yield, e.g.,

real world (no perfect detection efficiency):

   
   can eliminate efficiency by target-polarization balancing
   if cosine modulations unknown then extract Fourier      
    components of

systematics of neglecting cosine terms found to be negligible

Extraction of amplitudes

6

〈sin(nφ± φS)〉UT ≡
∫

dφ dφS sin(nφ± φS)[ dσ(φ, φS)− dσ(φ, φS + π)]∫
dφdφS [ dσ(φ, φS) + dσ(φ, φS + π)]

N (φ, φS) ∼ 1 + 2〈cos φ〉UU cos φ + 2〈cos 2φ〉UU cos 2φ

+ ST [2〈sin(φ− φS)〉UT sin(φ− φS) + . . . ]

N (φ, φS) ∼ ε(φ, φS){1 + 2〈cos φ〉UU cos φ + 2〈cos 2φ〉UU cos 2φ

+ ST [2〈sin(φ− φS)〉UT sin(φ− φS) + . . . ]}

AUT(φ, φS) ≡ 2〈sin(φ− φS)〉UT sin(φ− φS) + . . .

1 + 2〈cos φ〉UU cos φ + 2〈cos 2φ〉UU cos 2φ

☛
☛



The Sivers effect - a long way 
since first evidence from DIS
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HERMES Sivers amplitudes

first evidence for 
T-odd Sivers effect 
in SIDIS!

-0.05

0

0.05

0.1

0.15

-0.05

0

0.05

0.1

0.1 0.2 0.3

2
 !

s
in

("
 -

 "
S
)#

U
T

$

$+

x

$-

z

0.3 0.4 0.5 0.6 0.7

[A. Airapetian et al., Phys. Rev. Lett. 94 (2005) 012002]



DIS 2010 - FirenzeG. Schnell - DESY Zeuthen 8

HERMES Sivers amplitudes
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HERMES Sivers amplitudes
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Sivers amplitudes for pions

9
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Sivers amplitudes for pions

9
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Sivers amplitudes for pions
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Sivers amplitudes for pions

9
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Sivers amplitudes for pions

9
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Sivers amplitudes for pions
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Sivers amplitudes for pions
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π+ dominated by u-quark
scattering:

☛ u-quark Sivers DF < 0
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☛ d-quark Sivers DF > 0 
   (cancelation for π-)

Sivers amplitudes for pions
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Sivers amplitudes for pions
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π+ dominated by u-quark
scattering:

[M. Burkardt, Phys. Rev. D66 (2002) 014005]

LuLz > 0

167

u

π+
FSI

φ = π

φS = π/2

Figure 8.4.6: Illustration of the scattering process off a u quark in the semi–

classical picture with the production of a π+ meson.

momentum adds to the quark momentum in the top and subtracts in the bottom. Hence,

a quark with a given momentum fraction xq is probed by the virtual photon at a higher

momentum fraction xobs > xq in the top and a smaller fraction xobs < xq in the bottom.

In the top the unpolarised DF is therefore shifted towards higher x values while in the

bottom it is shifted to smaller x values as shown in the right panel of Figure 8.4.5. Since the

unpolarised DF decreases with increasing values of x in the valence region, the increase

of the momentum on one side of the nucleon spin results in a larger number of quarks for

a certain observed momentum fraction xobs at this side. At the opposite side, less quarks

are observed at xobs due to the decrease of the quark momentum, resulting in a distortion

of the DF at xobs towards the top. For quarks with antialigned orbital angular momentum,

the DF is distorted towards the bottom. This semi–classical picture thus yields a positive

orbital angular momentum for u quarks and a negative orbital angular momentum for d

quarks.

In Figure 8.4.6 the scattering process is schematically illustrated for a nucleon spin

orientation perpendicular to the scattering plane, i.e., φS = π/2. For a positive orbital

angular momentum of the u quarks, the u quark density is enhanced in the left hemi-

sphere of the nucleon when looking along the virtual–photon direction so that it will be

absorbed more likely by a u quark in that region. After the absorption, final–state inter-

actions (FSI) (cf. Section 2.4.3) bend the quark towards the centre. The FSI are attractive

since struck quark and the spectators—the remaining quarks from the nucleon—form a

colour antisymmetric state. The outgoing positive pion that contains the struck quark is

therefore observed on the right–hand side of the nucleon spin, i.e., φ = π. Thus, the de-

scription of the quark DFs in the impact parameter space yields a positive Sivers moment

sin(φ − φS) = sin π > 0 for u quarks fragmenting into π+. This is consistent with the positive

Sivers amplitudes for π+ in the HERMES data which are dominated by the scattering off u

quarks. In case of π− production, both u and d quarks have to be taken into account

because of the quark–charge factor e2
q and the results cannot be interpreted solely in

terms of d quark scattering. Scattering from d quarks alone would yield a negative Sivers

moment so that the two quark flavours contribute with opposite sign to the Sivers moment

and their contributions might cancel.
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Sivers “difference asymmetry”
Transverse single-spin asymmetry of pion cross-section difference:

11
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The kaon Sivers amplitudes
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The kaon Sivers amplitudes
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possible difference in dependences on the kinematics integrated over
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Q2 dependence of amplitudes
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Q2 dependence of amplitudes
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The others *)

*) excluding Collins amplitudes
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Pretzelosity - sin(3φ-φs)

no significant non-zero signal 
observed

suppressed by two powers of Ph⊥ 
(compared to, e.g.,  Sivers)
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Subleading twist III - sin(2φ+φs)
no significant non-zero signal 
observed except maybe K+

suppressed by one power of Ph⊥ 
(compared to, e.g.,  Sivers)

related to worm-gear      

arises solely from longitudinal 
component of target-spin 
( ≤15% )
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hermes Mixing of Azimuthal Moments

x

y

z

θγ∗

φPh

Ph⊥
l

l′

q

S
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Experiment: Target Polariza-
tion w.r.t. Beam Direction (l)!
Theory: Polarization along virtual photon di-

rection (q)

⇒ mixing of “experimental” and “theory”

asymmetries via:

[Diehl and Sapeta, Eur. Phys. J. C41 (2005)]
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(cos θγ∗ % 1 , sin θγ∗ up to 15% at HERMES energies)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 31/50
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Subleading twist III - sin(2φ-φs)
no significant non-zero signal 
observed

suppressed by one power of Ph⊥ 
(compared to, e.g., Sivers)

various terms related to 
pretzelosity, worm-gear, 
Sivers etc.: 
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significant non-zero signal 
observed for negatively 
charged mesons

must vanish after integration 
over Ph⊥ and z, and 
summation over all hadrons 

various terms related to 
transversity, worm-gear, 
Sivers etc.: 

Subleading twist III - sin(φs)
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significant non-zero signal 
observed for negatively 
charged mesons

must vanish after integration 
over Ph⊥ and z, and 
summation over all hadrons 

various terms related to 
transversity, worm-gear, 
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Subleading twist III - sin(φs)

22

-0.05

0

0.05

0.1

2
 !

s
in

("
S
)#

U
$

%+
HERMES
7.3% scale  uncertainty

PRELIMINARY

-0.15

-0.1

-0.05

0

0.05 %0

-0.15

-0.1

-0.05

0
%-

-0.1

0

0.1

0.2

2
 !

s
in

("
S
)#

U
$

K
+

-0.2

-0.1

0

0.1

10
-1

x

K
-

0.4 0.6
z

0.5 1
Ph$ [GeV]

∝
(

xf⊥TD1 −
Mh

M
h1

H̃
z

)

− W(pT,kT,Ph⊥)

[(
xhTH⊥

1 +
Mh

M
g1T

G̃⊥

z

)

−
(

xh⊥TH⊥
1 −

Mh

M
f⊥1T

D̃⊥

z

)]

U
T

s!
s

in

A

-0.03

-0.02

-0.01

0

0.01

0.02

0.03  X
-

 e" # p
-

e
2

 < 1GeV
2

Q

 
2

 > 1GeV
2

Q

9
.3

%
 s

c
a

le
 u

n
c

e
rt

a
in

ty

U
T

s!
s

in

A
-0.03

-0.02

-0.01

0

0.01

0.02

0.03  X+ e" # p+e

6
.6

%
 s

c
a

le
 u

n
c

e
rt

a
in

ty

-110

]
2

 [
G

e
V

$
2

Q%

1

10

B
x-210 -110

Elastic fraction

$2Q%

E
la

s
ti

c
 f

ra
c

ti
o

n

-210

-110

[Phys.Lett.B682 (2010) 351]

A
U

T
, 
l

s
in

(!
"
!
s

)

-1

0

1
A

U
T

, 
l

s
in

(!
!
!
s

)

-1

0

1

A
U

T
, 
l

s
in
!
s

-1

0

1

A
U

T
, 
l

s
in

(2
!
"
!
s

)

-1

0

1

A
U

T
, 
l

s
in

(3
!
"
!
s

)

-1

0

1

A
U

T
, 
l

s
in

(2
!
!
!
s

)

-1

0

1

0 0.5

-t´ "GeV
2
#

0 0.2

x
B

0 5

Q
2
 "GeV

2
#

[Phys. Lett. B682 (2010) 345]ep➞enπ+



DIS 2010 - FirenzeG. Schnell - DESY Zeuthen

significant non-zero signal 
observed for negatively 
charged mesons

must vanish after integration 
over Ph⊥ and z, and 
summation over all hadrons 

various terms related to 
transversity, worm-gear, 
Sivers etc.: 

Subleading twist III - sin(φs)
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Subleading twist III - sin(φs)

Q2 dependence seen in 
signal for negative pions
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Summary & Outlook
clear signals for Sivers function observed

indication of positive (negative) u-quark (d-quark) orbital 
angular momentum

pretzelosity either too small or its contribution to semi-
inclusive DIS too much suppressed

no sizable sin(φ±φS) modulation seen

significant (and surprising?) non-zero sin(φS) modulation 
for π-

double-spin asymmetry ALT analysis ongoing

final Collins amplitude results coming out soon
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