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The HERMES Experiment

.

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
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this talk: unpolarized and 
transversely/longitudinally 

polarized internal H targets 
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Transverse-Momentum-Dependent DF
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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
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Collins fragmentation function 
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Collins Fragmentation Function
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Ph⊥

Ph⊥quark

Collins function H⊥
1
describes left-right asymmetry in the

direction of outgoing hadron

Originally proposed by Collins (& Heppelman)

T-odd ⇒ need interference of amplitudes

Schäfer-Teryaev Sum Rule:
∑

h

∫

dzH⊥,h
1 = 0

first data from Belle supports non-zero H⊥
1

Gunar Schnell Genties Group Meeting, February 17
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provides a correlation between spin of quark and 
transverse momentum of produced hadron



TPSH’09: TMDs in SSAs at HERMESG. Schnell - DESY Zeuthen

.

hermes

SIDIS Cross Section

(up to subleading order in 1/Q)
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Collins Effect:
sensitive to quark transverse spin
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Sivers Effect:

correlates hadron’s transverse 
momentum with nucleon spin

requires orbital angular momentum
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Twist-3 Effects
involving longitudinal beam or target 

polarization
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Measuring azimuthal SSA

.

hermes Azimuthal Single-Spin Asymmetries

x

y

z

φS

φ

"phad

"S⊥

"k

"k′

"q

uli

AUT (φ,φS) =
1

〈|S⊥|〉
N↑

h(φ,φS) − N↓
h(φ,φS)

N↑
h(φ,φS) + N↓

h(φ,φS)

∼ sin(φ + φS)
∑

q

e2
q I

[
kT P̂h⊥

Mh

hq
1(x, p2

T )H⊥,q
1 (z, k2

T )

]

+ sin(φ − φS)
∑

q

e2
q I

[
pT P̂h⊥

M
f⊥,q
1T (x, p2

T )Dq
1(z, k

2
T )

]

+ . . . I[. . .]: convolution integral over initial (pT )

and final (kT ) quark transverse momenta

⇒ 2D Max.Likelihd. fit of to get Collins and Sivers amplitudes:

PDF (2〈sin(φ ± φS)〉UT , . . . , φ, φS) = 1
2{1 + PT (2〈sin(φ ± φS)〉UT sin(φ ± φs) + . . .)}

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
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The HERMES Collins amplitudes
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HERMES PRELIMINARY 2002-2005
lepton beam asymmetry, Collins amplitudes

8.1% scale uncertainty

published† results confirmed with much

higher statistical precission

overall scale uncertainty of 8.1%

positive for π+ and negative for π− as

maybe expected (δu ≡ hu
1 > 0

maybe expected (δd ≡ hd
1 < 0)

unexpected large π− asymmetry

⇒ role of disfavored Collins FF

most likely: H⊥,disf
1 ≈ −H⊥,fav

1

isospin symmetry among charged and

neutral pions fulfilled

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

012002]
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The HERMES Collins amplitudes

non-zero Collins 
effect observed!
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The HERMES Collins amplitudes

non-zero Collins 
effect observed!

both Collins FF and 
transversity sizeable
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Collins Fragmentation Function
String Model Interpretation (Artru)
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Understanding the Collins FF -

String Model Interpretation (Artru)

L=1

transverse spin
of struck quark

(polarization component in lepton scattering

plane reversed by photoabsorption)
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Understanding the Collins FF -

String Model Interpretation (Artru)

L=1

transverse spin
of struck quark

(polarization component in lepton scattering

plane reversed by photoabsorption)

︸
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︸

qq̄-pair with vacuum
quantum numbers (3P0-state)

outgoing pion/kaon
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FIG. 6: The experimental data on two different azimuthal cor-
relations in unpolarized e+e− → h1h2 X processes, as mea-
sured by Belle Collaboration [7], are compared to the curves
obtained from Eqs. (44) [A12] and (60) [A0] with the param-
eterizations of Eqs. (14), (16) and (17). The solid lines corre-
spond to the parameters given in Table I, obtained by fitting
the A12 asymmetry; the shaded area corresponds to the the-
oretical uncertainty on these parameters, as explained in the
text. The dashed lines correspond to the parameters given in
Table II obtained by fitting the A0 asymmetry. The agree-
ment between the results obtained from the two fits shows
the consistency between the two sets of Belle data and the
solidity of our analysis.

 d
(x

)
T

!
x

 
 u

(x
)

T
!

x
 

  
)

 d
(x

, 
k

T
!

x
 

  
)

 u
(x

, 
k

T
!

x
 

x   (GeV)k

-0.1

0

0.1

0.2

0.3

0.4

0.5

-0.1

0

0.1

0.2

0.3

0.4

0.5

x = 0.1

0.2 0.4 0.6 0.8 1
-0.2

-0.1

0

0.05

0.1

0 0.2 0.4 0.6 0.8 1
-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

x = 0.1

FIG. 7: The transversity distribution functions for u and d
quarks as determined through our global best fit. In the left
panel, x∆T u(x) (upper plot) and x∆T d(x) (lower plot), see
Eq. (5), are shown as functions of x and Q2 = 2.4 GeV2. The
Soffer bound [20] is also shown for comparison (bold blue line).
In the right panel we present the unintegrated transversity
distributions, x∆T u(x, k⊥) (upper plot) and x∆T d(x, k⊥)
(lower plot), as defined in Eq. (13), as functions of k⊥ at
a fixed value of x. Notice that this k⊥ dependence is not ob-
tained from the fit, but it has been chosen to be the same
as that of the unpolarized distribution functions: we plot it
in order to show its uncertainty (shaded area), due to the
uncertainty in the determination of the free parameters.
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2D Binning of Collins amplitudes
kinematic dependences often don’t factorize 
bin in as many independent variables as possible:
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HERMES Sivers amplitudes
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HERMES Sivers amplitudes

first observation of 
T-odd Sivers effect 
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HERMES Sivers amplitudes

first observation of 
T-odd Sivers effect 
in SIDIS!

u-quark dominance 
suggests sizeable 
u-quark orbital 
motion
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Sivers amplitudes for pions

14

0

0.05

0.1

2
 !

s
in

("
-"

S
)#

U
T

$+

-0.1

0

0.1

2
 !

s
in

("
-"

S
)#

U
T

$0

-0.05

0

0.05

10
-1

x

2
 !

s
in

("
-"

S
)#

U
T

$-

0.4 0.6
z

0.5 1
P

h% [GeV]

7.3% scale uncertainty



TPSH’09: TMDs in SSAs at HERMESG. Schnell - DESY Zeuthen

Sivers amplitudes for pions
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Sivers amplitudes for pions
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Sivers amplitudes for pions
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“Chromodynamic Lensing”

.

hermes

Chromodynamic Lensing

Understanding the Sivers Moments

[hep-ph/0309269]approach by M. Burkardt:
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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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sphere of the nucleon when looking along the virtual–photon direction so that it will be
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since struck quark and the spectators—the remaining quarks from the nucleon—form a
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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
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Sivers amplitudes for pions
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☛ d-quark Sivers DF > 0 
   (cancelation for π-)

Sivers amplitudes for pions
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Sivers “Difference Asymmetry”
Transverse single-spin asymmetry of pion cross-section difference
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Sivers “Difference Asymmetry”
Transverse single-spin asymmetry of pion cross-section difference
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Sivers “Difference Asymmetry”
Transverse single-spin asymmetry of pion cross-section difference
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valence distribution
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The kaon Sivers amplitudes
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The kaon Sivers amplitudes
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The kaon Sivers amplitudes
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The kaon Sivers amplitudes
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Q2 dependence of amplitudes
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Q2 dependence of amplitudes

separate each x-bin into two Q2 bins:
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Q2 dependence of amplitudes

separate each x-bin into two Q2 bins:

only in low-Q2 region significant (>90% c.l.) deviation 
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Q2 dependence of amplitudes
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Q2 dependence of amplitudes
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Q2 dependence of amplitudes
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Q2 dependence of amplitudes
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Mixing of azimuthal moments

26

.

hermes Mixing of Azimuthal Moments

x

y

z

θγ∗

φPh

Ph⊥
l

l′

q

S
S⊥

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∗ − sin θγ∗ − sin θγ∗

1
2 sin θγ∗ cos θγ∗ 0

1
2 sin θγ∗ 0 cos θγ∗
















〈 sinφ〉
q

UL

〈 sin(φ−φS)〉
UT

〈 sin(φ+φS)〉
UT









(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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(cos θγ∗ % 1 , sin θγ∗ up to 15% at HERMES energies)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
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Experiment: Target polarization w.r.t. beam
                    direction “l”
Theory: Target polarization w.r.t. virtual-γ
             direction “q”

☛ Mixing of various amplitudes via
[Diehl and Sapeta, Eur. Phys. J. C41 (2005)]
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Mixing of azimuthal moments

27

.

hermes Mixing of Azimuthal Moments II
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max. 0.4% absolute max. 1% relative
correction

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 32/50
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Longitudinal Target-Spin Asymmetry
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hermes

What About

Longitudinally Polarized Targets?
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Bacchetta et al., Phys. Lett. B 595 (2004) 309

⇒ they are all subleading-twist expressions!

I[. . .] . . . Convolution integral over intrinsic transverse momenta

〈 sinφ〉
l

UL
. . . Airapetian et al., Phys. Rev. Lett. 84 (2000) 4047

〈 sin(φ±φS)〉
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UT
. . . Airapetian et al., Phys. Rev. Lett. 94 (2005) 012002

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 33/50
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I[. . .] . . . Convolution integral over intrinsic transverse momenta

〈 sinφ〉
l

UL
. . . Airapetian et al., Phys. Rev. Lett. 84 (2000) 4047

〈 sin(φ±φS)〉
l

UT
. . . Airapetian et al., Phys. Rev. Lett. 94 (2005) 012002

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 33/50
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The other longitudinal SSA
longitudinally polarized beam & unpolarized target ⇒ subleading-twist

30

.

hermes The Other Longitudinal SSA

longitudinally pol. beam & unpol. target⇒ subleading-twist

Bacchetta et al., Phys. Lett. B 595 (2004) 309

〈 sin φ〉
LU

∝ λe
M

Q
I
[

xe(x)H⊥
1 (z) −

Mh

zM
h⊥

1 (x)E(z)

+
Mh

zM
f1(x)G⊥(z) − xg⊥(x)D1(z)

]

+
mq

M
h⊥

1 (x)D1(z) −
mq

M
f1(x)H⊥

1 (z)
]

quark-mass suppressed⇒

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 34/50

[Bacchetta et al., Phys. Lett. B 595 (2004) 309]

.

hermes The Other Longitudinal SSA

longitudinally pol. beam & unpol. target⇒ subleading-twist

Bacchetta et al., Phys. Lett. B 595 (2004) 309

〈 sin φ〉
LU

∝ λe
M

Q
I
[

xe(x)H⊥
1 (z) −

Mh

zM
h⊥

1 (x)E(z)

+
Mh

zM
f1(x)G⊥(z) − xg⊥(x)D1(z)

]

+
mq

M
h⊥

1 (x)D1(z) −
mq

M
f1(x)H⊥

1 (z)
]

quark-mass suppressed⇒

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 34/50

quark-mass suppressed  ☞
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hermes The Other Longitudinal SSA

longitudinally pol. beam & unpol. target⇒ subleading-twist

Bacchetta et al., Phys. Lett. B 595 (2004) 309

〈 sin φ〉
LU

∝ λe
M

Q
I
[

xe(x)H⊥
1 (z) −

Mh

zM
h⊥

1 (x)E(z)

+
Mh

zM
f1(x)G⊥(z) − xg⊥(x)D1(z)

]

+
mq

M
h⊥

1 (x)D1(z) −
mq

M
f1(x)H⊥

1 (z)
]

many terms contributing – difficult to separate

maybe some terms small?

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 34/50

The other longitudinal SSA
longitudinally polarized beam & unpolarized target ⇒ subleading-twist
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[Bacchetta et al., Phys. Lett. B 595 (2004) 309]

many terms contributing – difficult to separate
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Longitudinal-beam-spin asymmetry
lepton-beam asymmetries, 
i.e., include kinematic 
prefactors

BSA studied in three 
distinct z ranges

significantly positive for  
π+ and πo

consistent with zero for 
π-
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Longitudinal-beam-spin asymmetry

comparison with CLAS 
results needs “rescaling” to 
virtual-photon asymmetries

take out common 
prefactor: 

good agreement with CLAS
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transversity.

hermes Collins Amplitudes 2002-2005
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8.1% scale uncertainty

published† results confirmed with much

higher statistical precission

overall scale uncertainty of 8.1%

positive for π+ and negative for π− as

maybe expected (δu ≡ hu
1 > 0

maybe expected (δd ≡ hd
1 < 0)

unexpected large π− asymmetry

⇒ role of disfavored Collins FF

most likely: H⊥,disf
1 ≈ −H⊥,fav

1

isospin symmetry among charged and

neutral pions fulfilled

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

012002]

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 16/50

longitudinal-target-
spin asymmetry

-0.05

0

0.05

2
!s

in
"
#

$+

2!sin"#
UL

q

-0.05

0

0.05

0 0.1 0.2 0.3
x

2
!s

in
"
#

$-

0.2 0.3 0.4 0.5 0.6 0.7
z

2!sin"#
UL
l

-2sin%& *(!sin("+"
S
)#     +

!sin("-"
S
)#     )

UT

l

UT

l

orbital angular 
momentum

0

0.05

0.1
2

 !
s

in
("

-"
S
)#

U
T

$+

-0.1

0

0.1

2
 !

s
in

("
-"

S
)#

U
T

$0

-0.05

0

0.05

2
 !

s
in

("
-"

S
)#

U
T

$-

0

0.1

0.2

2
 !

s
in

("
-"

S
)#

U
T

K
+

-0.1

0

0.1

2
 !

s
in

("
-"

S
)#

U
T

K
-

0

0.25

10
-1

x

2
 !

s
in

("
-"

S
)#

U
T

$+
 % $-

0.4 0.6

z

0.5 1

P
h& [GeV]

valence Sivers

0

0.2

0.4

10
-1

x

2
 !

s
in

("
-"

S
)#

U
T

$+
 % $-

0.4 0.6

z
0.5 1

P
h& [GeV]

-0.03

0

0.03

0.06

0.09

0.12

0.15

0.18

0.2 0.4 0.6 0.8 1

z

A
L

U

s
in
!
"Q
#/

f(
y
)

e
$

 p $ e X%+

longitudinal BSA


