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- spin-orbit correlations  
- hard exclusive reactions
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The HERMES Experiment
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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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Beam Polarization at HERA
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HERMES Polarized Target
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Polarization:
longitudinal: ~85%
transversal: ~75%
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HERMES Spectrometer
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hermes The HERMES Spectrometer
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• Forward acceptance spectrometer: 40 mrad ≤ Θ ≤ 220 mrad
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Gunar Schnell, HERMES Collaboration Warsaw, May 25
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Particle Identification
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HERMES Detector (2006/07)
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Fig. 1. The multiplicity corrected to 4π of charged kaons in semi-inclusive DIS from
a deuterium target, as a function of Bjorken x. The continuous curve is calculated
from the curve in Fig. 2 using Eq. (3). The dashed (dash-dotted) curve is the non-
strange (strange) quark contribution to the multiplicity for this fit. The dotted curve
is the best fit to

∫
DK

S (z)dz using Cteq6l PDFs. The error bars are statistical. The
band represents the systematic uncertainties. The values of 〈Q 2〉 for each x bin are
shown in the lower panel.

Combining Eqs. (1), (2) and neglecting the term 2S(x) compared to
5Q (x), it follows immediately that

S(x)
∫

DK
S (z)dz # Q (x)

[
5

d2NK (x)
d2NDIS(x)

−
∫

DK
Q (z)dz

]
. (3)

Eq. (3) is the basis for the extraction of the quantity S(x)
∫
DK

S (z)dz.
The data were recorded with a longitudinally nuclear-polarized

deuteron gas target internal to the E = 27.6 GeV Hera positron
storage ring at Desy. The self-induced beam polarization was mea-
sured continuously with Compton backscattering of circularly po-
larized laser beams [22,23]. The open-ended target cell was fed
by an atomic-beam source based on Stern–Gerlach separation with
hyperfine transitions. The nuclear polarization of the atoms was
flipped at 90 s time intervals, while both this polarization and
the atomic fraction inside the target cell were continuously mea-
sured [24]. The average value of the deuteron polarization was
0.845 with a fractional systematic uncertainty of 3.5%.

Scattered beam leptons and coincident hadrons were detected
by the Hermes spectrometer [25]. Leptons were identified with an
efficiency exceeding 98% and a hadron contamination of less than
1% using an electromagnetic calorimeter, a transition–radiation
detector, a preshower scintillation counter and a ring-imaging
Čerenkov (RICH) detector [26]. The dual-radiator RICH was also
used to identify charged kaons. Events were selected subject to
the kinematic requirements Q 2 > 1 GeV2, W 2 > 10 GeV2 and
y < 0.85, where W is the invariant mass of the photon–nucleon
system, and y = ν/E . Coincident hadrons were accepted if 0.2 <
z < 0.8 and xF ≈ 2pL/W > 0.1, where pL is the longitudinal mo-
mentum of the hadron with respect to the virtual photon direction
in the photon–nucleon center of mass frame. The Bjorken x range
of measurement was 0.02–0.6.

The charged kaon multiplicity was extracted by summing over
the kaon yields for the two beam-target polarization states. An
event weighting procedure was used to correct for RICH kaon iden-
tification inefficiencies. The effects of QED radiation, instrumental
resolution, and acceptance were simulated [27–29], and correc-
tions were applied to the data for each polarization state using
a technique that unfolds kinematic migration of events [20]. The
results are presented in Fig. 1. The trends in the data were not
reproduced (see dotted curve in Fig. 1) by fitting the points us-
ing the Cteq6l [30] strange quark PDFs in Eqs. (1) and (2), with∫
DK

Q (z)dz and
∫
DK

S (z)dz as free parameters. In view of the
paucity of reliable data on S(x), it was assumed instead that it is
unknown, and the analysis was carried out extracting the product

Fig. 2. The strange fragmentation product S(x, Q 2)
∫
DK

S (z)dz obtained from the
measured Hermes multiplicity for charged kaons at the 〈Q 2〉 for each bin. The curve
is a least squares fit of the form x−0.863e−x/0.0487(1 − x). The band represents sys-
tematic uncertainties.

S(x)
∫
DK

S (z)dz in LO. For x > 0.15 the multiplicity is constant at a
value of about 0.080, implying that S(x)/Q (x) is constant. For this
analysis S(x) is assumed to be negligible at large x from which
it follows that S(x) = 0 for x > 0.15 and that

∫ 0.8
0.2 DK

Q (z)dz =
0.398±0.010, in excellent agreement with the value 0.435±0.044
obtained for Q 2 = 2.5 GeV2 from the most recent global analysis
of fragmentation functions [31]. The value 0.398 was then used in
Eq. (3) together with values of Q (x) from Cteq6l and the mea-
sured multiplicities to obtain the product S(x)

∫
DK

S (z)dz shown in
Fig. 2. A small iterative correction was made to account for the
neglect of the 2S(x) term in Eq. (1). The result for the product to-
gether with a fit of the form x−a1e−x/a2(1 − x) is shown in Fig. 2,
and leads to the continuous curve in Fig. 1.

The improved fit (continuous curve in Fig. 1) to the multiplicity
is an indication that the actual distribution of S(x) is substantially
different from the average of those of the nonstrange antiquarks.
To explore this point, the Hermes result for S(x)

∫
DK

S (z)dz has
been evolved to Q 2

0 = 2.5 GeV2. The Q 2 evolution factors were
taken from Cteq6l and the fragmentation function compilation
given in [31]. Consideration of corrections to the evolution due
to higher twist contributions is not necessary, since higher twist
effects are expected to be significant [32] only for larger values
of x where the extracted distribution of xS(x) vanishes. The dis-
tribution of xS(x) was obtained from S(x)

∫
DK

S (z)dz by dividing
by

∫
DK

S (z)dz = 1.27 ± 0.13, the value at Q 2 = 2.5 GeV2 given
in [31]. The results are presented in Fig. 3 together with (as an ex-
ample) parameterizations of xS(x) and x(ū(x) + d̄(x)) from Cteq6l.
The normalization of the Hermes points is determined by the value
of

∫
DK

S (z)dz assumed. However, whatever the normalization, the
shape of xS(x) implied by the Hermes data is incompatible with
xS(x) from Cteq6l and other global QCD fits of PDFs as well as the
assumption of an average of an isoscalar nonstrange sea. The ab-

Fig. 3. The strange parton distribution xS(x) from the measured Hermes multiplic-
ity for charged kaons evolved to Q 2

0 = 2.5 GeV2 assuming
∫
DK

S (z)dz = 1.27±0.13.
The solid curve is a 3-parameter fit for S(x) = x−0.924e−x/0.0404(1 − x), the dashed
curve gives xS(x) from Cteq6l, and the dot–dash curve is the sum of light anti-
quarks from Cteq6l.

use isoscalar probe and target to extract strange-quark distributions

only need inclusive asymmetries and K++K- asymmetries, i.e.,                      
and                                , as well as K++K- multiplicities on deuteron

 Strange-Quark Distributions
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Fig. 4. Lepton–nucleon polarized cross section asymmetries A‖,d for inclusive DIS
and AK

‖,d for semi-inclusive DIS by a deuteron target as a function of Bjorken x, for
identified charged kaons. The error bars are statistical, and the bands at the bottom
represent the systematic uncertainties.

sence of strength above x ≈ 0.1 is clearly discrepant with Cteq6l,
while deviations from the Cteq6l prediction at low x could be, in
part, a manifestation of higher order processes.

In the isoscalar extraction of the helicity distribution !S(x) =
!s(x) + !s̄(x), only the double-spin asymmetry AK

‖,d(x, Q
2) for all

charged kaons, irrespective of charge, and the inclusive asymmetry
A‖,d(x, Q 2) are used. In LO, the inclusive and the charged kaon
double-spin(LL) asymmetries are determined by the relations

A‖,d(x)
d2NDIS(x)
dxdQ 2 =KLL

(
x, Q 2)[5!Q (x) + 2!S(x)

]
, (4)

where KLL is a kinematic factor, and

AK±
‖,d (x)

d2NK (x)
dxdQ 2

=KLL
(
x, Q 2)

[
!Q (x)

∫
DK

Q (z)dz + !S(x)
∫

DK
S (z)dz

]
. (5)

Eqs. (4), (5) permit the simultaneous extraction of the helicity dis-
tribution !Q (x) = !u(x)+!ū(x)+!d(x)+!d̄(x) and the strange
helicity distribution !S(x) = !s(x) + !s̄(x). The nonstrange inte-
grated fragmentation function needed for a LO extraction of !S(x)
was extracted from the multiplicity analysis of the same data.

The semi-inclusive asymmetries AK
‖,d were derived from the

kaon spectra measured for each target polarization. The target po-
larization was corrected for the D-wave admixture in the deuteron
wave function by applying the correction term (1 − 1.5ωD) in ex-
tracting the helicity distributions from the asymmetries, where
ω = 0.05 ± 0.01 [33]. The corrected asymmetries are shown in
Fig. 4. The inclusive asymmetries A‖,d(x) were corrected for effects
of QED radiation and instrumental smearing with the same proce-
dures described above for the spin dependent kaon multiplicities.
Contributions to the systematic uncertainties in the asymmetries
include those from the beam and target polarizations, and the ne-
glect of the transverse spin structure function g2(x) ≈ 0 [34], and
for AK

‖,d from those of RICH kaon identification.
The quark helicity distributions were extracted from the mea-

sured spin asymmetries A‖,d(x) and AK
‖,d(x) in an analysis based

on Eqs. (4), (5). The value of
∫
DK

S (z)dz = 1.27 ± 0.13 was used
to extract !S(x). The results are presented in Fig. 5. The strange
helicity distribution also agrees well with the less precise results
of [21], and is consistent with zero over the measured range.

The first moments of the helicity densities in the measured
region are presented in Table 1. The result for !Q over the mea-
sured range is consistent with the value 0.381 ± 0.010(stat.) ±
0.027(sys.) for the full moment previously extracted from Hermes
g1,d data [20]. The value of !S measured here is not in serious
disagreement with −0.0435 ± 0.010(stat.) ± 0.004(sys.) extracted
from the inclusive Hermes measurements. The value for the par-
tial moment of the octet combination !q8(x) = !Q (x) − 2!S(x),

Fig. 5. Nonstrange and strange quark helicity distributions at Q 2
0 = 2.5 GeV2, as a

function of Bjorken x. The error bars are statistical, and the bands at the bottom
represent the systematic uncertainties. The curves are the LO results of Leader et al.
[39] from their analysis of world data.

Table 1
First moments of various helicity distributions in the Bjorken x range 0.02–0.6 at a
scale of Q 2

0 = 2.5 GeV2

Moments in measured range

!Q 0.359± 0.026(stat.) ± 0.018(sys.)
!S 0.037± 0.019(stat.) ± 0.027(sys.)
!q8 0.285± 0.046(stat.) ± 0.057(sys.)

included in Table 1, is substantially less than the value of the ax-
ial charge a8 ≡ !q8 =

∫ 1
0 !q8(x)dx = 0.586± 0.031 extracted from

the hyperon decay constants by assuming SU(3) symmetry [35].
Possible explanations for the deficit observed for !q8 include vio-
lation of SU(3) symmetry or missing octet strength at values of x
below the measured range. The substantial deviation observed in
the shape of S(x) from that of the light sea quarks is a clear man-
ifestation of violation of SU(3) symmetry [36–38] in the strange
quark sector.

In conclusion, inclusive and semi-inclusive-charged-kaon spin
asymmetries for a longitudinally polarized deuteron target have
been analyzed to extract the LO parton distributions of the strange
sea in the proton. The partial moment of the nonstrange frag-
mentation function needed for the LO analysis has been extracted
directly from the same data. The values for the PDFs presented
in this Letter are available at the Hermes web site (http://www-
hermes.desy.de). The momentum densities are softer than previ-
ously assumed. The helicity densities are consistent with zero and
the partial moment of the octet axial combination is observed to
be substantially less than the axial charge extracted from hyperon
decays under the assumption of SU(3) symmetry.
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Contributions to the systematic uncertainties in the asymmetries
include those from the beam and target polarizations, and the ne-
glect of the transverse spin structure function g2(x) ≈ 0 [34], and
for AK

‖,d from those of RICH kaon identification.
The quark helicity distributions were extracted from the mea-

sured spin asymmetries A‖,d(x) and AK
‖,d(x) in an analysis based

on Eqs. (4), (5). The value of
∫
DK

S (z)dz = 1.27 ± 0.13 was used
to extract !S(x). The results are presented in Fig. 5. The strange
helicity distribution also agrees well with the less precise results
of [21], and is consistent with zero over the measured range.

The first moments of the helicity densities in the measured
region are presented in Table 1. The result for !Q over the mea-
sured range is consistent with the value 0.381 ± 0.010(stat.) ±
0.027(sys.) for the full moment previously extracted from Hermes
g1,d data [20]. The value of !S measured here is not in serious
disagreement with −0.0435 ± 0.010(stat.) ± 0.004(sys.) extracted
from the inclusive Hermes measurements. The value for the par-
tial moment of the octet combination !q8(x) = !Q (x) − 2!S(x),

Fig. 5. Nonstrange and strange quark helicity distributions at Q 2
0 = 2.5 GeV2, as a

function of Bjorken x. The error bars are statistical, and the bands at the bottom
represent the systematic uncertainties. The curves are the LO results of Leader et al.
[39] from their analysis of world data.

Table 1
First moments of various helicity distributions in the Bjorken x range 0.02–0.6 at a
scale of Q 2

0 = 2.5 GeV2

Moments in measured range

!Q 0.359± 0.026(stat.) ± 0.018(sys.)
!S 0.037± 0.019(stat.) ± 0.027(sys.)
!q8 0.285± 0.046(stat.) ± 0.057(sys.)

included in Table 1, is substantially less than the value of the ax-
ial charge a8 ≡ !q8 =

∫ 1
0 !q8(x)dx = 0.586± 0.031 extracted from

the hyperon decay constants by assuming SU(3) symmetry [35].
Possible explanations for the deficit observed for !q8 include vio-
lation of SU(3) symmetry or missing octet strength at values of x
below the measured range. The substantial deviation observed in
the shape of S(x) from that of the light sea quarks is a clear man-
ifestation of violation of SU(3) symmetry [36–38] in the strange
quark sector.

In conclusion, inclusive and semi-inclusive-charged-kaon spin
asymmetries for a longitudinally polarized deuteron target have
been analyzed to extract the LO parton distributions of the strange
sea in the proton. The partial moment of the nonstrange frag-
mentation function needed for the LO analysis has been extracted
directly from the same data. The values for the PDFs presented
in this Letter are available at the Hermes web site (http://www-
hermes.desy.de). The momentum densities are softer than previ-
ously assumed. The helicity densities are consistent with zero and
the partial moment of the octet axial combination is observed to
be substantially less than the axial charge extracted from hyperon
decays under the assumption of SU(3) symmetry.

Acknowledgements

We gratefully acknowledge the Desy management for its sup-
port, the staff at Desy and the collaborating institutions for their
significant effort, and our national funding agencies for their finan-
cial support. We thank D. de Florian, R. Sassot, and M. Stratmann
for discussions and the early use of their programs for calculating
PDFs and fragmentation functions.

References

[1] H.L. Lai, et al., Eur. Phys. J. C 12 (2000) 375.
[2] A.D. Martin, et al., Eur. Phys. J. C 23 (2002) 73.
[3] F. Olness, et al., Eur. Phys. J. C 40 (1998) 145.
[4] G.P. Zeller, et al., NuTeV Collaboration, Phys. Rev. Lett. 88 (2002) 091802.
[5] S. Kretzer, et al., Phys. Rev. D 69 (2004) 114005.
[6] A.D. Martin, et al., Phys. Lett. B 604 (2004) 61.



IWHSS’09, Schloss WaldhausenG. Schnell - DESY Zeuthen

use isoscalar probe and target to extract strange-quark distributions

only need inclusive asymmetries and K++K- asymmetries, i.e.,                      
and                                , as well as K++K- multiplicities on deuteron

 Strange-Quark Distributions

x

x
S
(x
)

0.02 0.1 0.6

CTEQ6L

Fit

x(u
–
(x)+d

–
(x))

0

0.2

0.4

10
A. Airapetian et al., PLB 666, 446 (2008)

AK++K−

‖,d (x, z,Q2)
A‖,d(x, Q2)



IWHSS’09, Schloss WaldhausenG. Schnell - DESY Zeuthen

use isoscalar probe and target to extract strange-quark distributions

only need inclusive asymmetries and K++K- asymmetries, i.e.,                      
and                                , as well as K++K- multiplicities on deuteron

 Strange-Quark Distributions

x

x
S
(x
)

0.02 0.1 0.6

CTEQ6L

Fit

x(u
–
(x)+d

–
(x))

0

0.2

0.4

Strange-quark distribution 

softer than (maybe) expected

10
A. Airapetian et al., PLB 666, 446 (2008)

AK++K−

‖,d (x, z,Q2)
A‖,d(x, Q2)



IWHSS’09, Schloss WaldhausenG. Schnell - DESY Zeuthen

0

0.1

0.2
x!Q(x)

Leader et al., PRD73, 034023 (2006)

X

x!S(x)

0.02 0.1 0.6
-0.1

0

0.1

0.2

use isoscalar probe and target to extract strange-quark distributions

only need inclusive asymmetries and K++K- asymmetries, i.e.,                      
and                                , as well as K++K- multiplicities on deuteron

 Strange-Quark Distributions

x

x
S
(x
)

0.02 0.1 0.6

CTEQ6L

Fit

x(u
–
(x)+d

–
(x))

0

0.2

0.4

Strange-quark distribution 

softer than (maybe) expected

10
A. Airapetian et al., PLB 666, 446 (2008)

AK++K−

‖,d (x, z,Q2)
A‖,d(x, Q2)



IWHSS’09, Schloss WaldhausenG. Schnell - DESY Zeuthen

0

0.1

0.2
x!Q(x)

Leader et al., PRD73, 034023 (2006)

X

x!S(x)

0.02 0.1 0.6
-0.1

0

0.1

0.2

Strange-quark helicity distribution 

consistent with zero or slightly positive

in contrast to inclusive DIS analyses

use isoscalar probe and target to extract strange-quark distributions

only need inclusive asymmetries and K++K- asymmetries, i.e.,                      
and                                , as well as K++K- multiplicities on deuteron

 Strange-Quark Distributions

x

x
S
(x
)

0.02 0.1 0.6

CTEQ6L

Fit

x(u
–
(x)+d

–
(x))

0

0.2

0.4

Strange-quark distribution 

softer than (maybe) expected

10
A. Airapetian et al., PLB 666, 446 (2008)

AK++K−

‖,d (x, z,Q2)
A‖,d(x, Q2)



Transverse-Spin/Momentum 
Effects



IWHSS’09, Schloss WaldhausenG. Schnell - DESY Zeuthen

Quark Structure of the Nucleon

.

hermes
Quark Distribution Functions

1
f =
q

g =
1L

-q

1
h = -
q

⇓ ⇓ ⇓
Unpolarized quarks
and nucleons

f
q
1
(x): spin averaged
(well known)

⇒ Vector Charge

〈PS|Ψ̄γµΨ|PS〉=
∫

dx(fq
1 (x) − f q̄

1 (x))

Longitudinally
polarized quarks
and nucleons

g
q
1
(x): helicity

difference (known)

⇒ Axial Charge

〈PS|Ψ̄γµγ5Ψ|PS〉=
∫

dx(gq
1(x) + gq̄

1(x))

Transversely
polarized quarks
and nucleons

h
q
1
(x): transversity
(hardly known!)

⇒ Tensor Charge

〈PS|Ψ̄σµνγ5Ψ|PS〉=
∫

dx(hq
1(x) − hq̄

1(x))

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 3/5012

(integrated over quark transverse momentum)



IWHSS’09, Schloss WaldhausenG. Schnell - DESY Zeuthen

Quark Structure of the Nucleon

.

hermes
Quark Distribution Functions

1
f =
q

g =
1L

-q

1
h = -
q

⇓ ⇓ ⇓
Unpolarized quarks
and nucleons

f
q
1
(x): spin averaged
(well known)

⇒ Vector Charge

〈PS|Ψ̄γµΨ|PS〉=
∫

dx(fq
1 (x) − f q̄

1 (x))

Longitudinally
polarized quarks
and nucleons

g
q
1
(x): helicity

difference (known)

⇒ Axial Charge

〈PS|Ψ̄γµγ5Ψ|PS〉=
∫

dx(gq
1(x) + gq̄

1(x))

Transversely
polarized quarks
and nucleons

h
q
1
(x): transversity
(hardly known!)

⇒ Tensor Charge

〈PS|Ψ̄σµνγ5Ψ|PS〉=
∫

dx(hq
1(x) − hq̄

1(x))

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 3/5012

Ch
ira

l-o
dd

!

(integrated over quark transverse momentum)



IWHSS’09, Schloss WaldhausenG. Schnell - DESY Zeuthen

Transversity Measurement

13

!

"#$%#& Transversity Measurements

︸ ︷︷ ︸

'()*+, -.-/

(01 234 04# %#3&5$# 6$34&7#$&869:

/##; 3406"#$ 2"8$3<=0;; 0>?#26@

⇒ A#%8=)42<5&87# B)A

σep→ehX =
∑

q

hq
1 ⊗ σeq→eq ⊗ FF q→h

⇓ ⇓
!"#$%&'()) !"#$%&'())

BC CC

→ 2"8$3<=0;; CC 3& 3 D0<3$8%#6#$ 0E 6$34&7! F53$G D0<3$8H36804

I543$ A2"4#<<J K487#$&86#86 I#46 L3$&H313J M3$2" NO
6"
J NOOP Q D! RSTR

+

+

--



IWHSS’09, Schloss WaldhausenG. Schnell - DESY Zeuthen

.

hermes

2-Hadron Fragmentation

in Semi-Inclusive DIS

polarized 2-hadron cross section:
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1 (z, ζ,M2
ππ)

(ζ ∼ z1/(z1 + z2))

only relative momentum of hadron pair relevant

⇒ integration over transverse momentum of hadron pair
simplifies factorization and Q2 evolution

however, cross section becomes more complex (differ-
ential in 9 variables)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
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spin-dependent 2-hadron production:

Pπ−

Pπ+

Ph

θ

Pπ−

π+π− CM
frame

RT
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Pπ+

Ph

φR⊥

P

φSq

k k′

Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in Ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

Scattered leptons and coincident hadrons were detected by the Hermes spectrome-

ter [41]. Its acceptance spanned the scattering-angle range 40 < |θy| < 140 mrad and

relative momentum of the hadron pair.

– 3 –
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Model for Dihadron Fragmentation

.

hermes Interference Fragmentation – Models

⇒ AUT might depend strongly on Mππ

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 40/50
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SIDIS Cross Section

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

.

Collins Fragmentation Function

!

z

y
x

!

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
th
, 2006 – p. 9/21
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Sivers Effect:

correlates hadron’s transverse 
momentum with nucleon spin

requires orbital angular momentum
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Measuring Azimuthal SSA

.
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∼ sin(φ + φS)
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q I

[
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T )H⊥,q
1 (z, k2
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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
th
, 2008 – p. 11/5018
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The HERMES Collins Results
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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
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The HERMES Collins Results

non-zero Collins 
effect observed!
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The HERMES Collins Results

non-zero Collins 
effect observed!

both Collins FF and 
transversity sizeable
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Collins Amplitudes for Kaons

none of the kaon amplitudes 
significantly nonzero

K+ amplitudes not really 
different from π+ 
amplitudes

K- amplitudes slightly 
positive, contrary to large 
negative π- amplitudes

K- is pure “sea object”
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8.1% scale uncertainty

none of the kaon amplitudes
significantly non-zero

however, K+ amplitudes not
different from π+ amplitudes

K− amplitudes slightly
positive, contrary to large
negative π− amplitudes

K− pure sea object

⇒ production dominated by
u-quark scattering

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 23/50
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HERMES Sivers Results
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published† results confirmed with much

higher statistical precission

overall scale uncertainty of 8.1%

π+: positive; π−: consistent with zero

⇒ first evidence for non-zero Sivers fct.:

f⊥,u
1T < 0 (u-quark dominance)

⇒ non-zero orbital angular momentum

Isospin symmetry for Sivers amplitudes

fulfilled

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

012002]

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 27/50
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HERMES Sivers Results

first observation of 
T-odd Sivers effect 
in SIDIS!
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HERMES Sivers Results

first observation of 
T-odd Sivers effect 
in SIDIS!

u-quark dominance 
suggests sizeable 
u-quark orbital 
motion
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Sivers “Difference Asymmetry”
Transverse single-spin asymmetry of pion cross-section difference

23
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2D Binning of Sivers and Collins Amplitudes
Observed kinematics often strongly correlated in experiment 
bin in as many independent variables as possible, e.g.:
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… Cahn & Boer-Mulders
hadron-charge comparison:

26
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P

p

k l

k′

Figure 1: Two-photon exchange contribution to inclusive DIS in the parton model. The Hermitian
conjugate diagram, not shown in the figure, has to be considered as well. A diagram where the
ordering of the lower vertices of the two photons is interchanged (crossed box graph) does not
contribute to the transverse SSA.

When performing the calculation we ignore a term proportional to m3 in the lepton tensor Lµνρ

and also the mass in the denominator of the lepton propagator in the loop. Both effects are
suppressed for large Q2. The quark is treated as massless particle. On the other hand, to avoid a
potential IR divergence, a mass λ is assigned to the photon.
It turns out that in the collinear parton model only the imaginary part of the loop-integral in (6)
survives as soon as one adds the contribution coming from the Hermitian conjugate diagram. This
imaginary part can be conveniently evaluated by means of the Cutkosky rules. Here we avoid giving
details of the calculation and just quote our final result for the spin dependent part of the single
polarized cross section,

k′0 dσL,pol

d3#k′

=
4α3

em

Q8
m xy2 εµνρσ SµP νkρk′σ

∑

q

e3
q xf q

1 (x) . (7)

At this point several comments are in order. The result in Eq. (7) is the leading term in the Bjorken
limit (Q2 → ∞, x fixed). Corrections to this formula are suppressed at least by a factor M/Q. The
sign of the spin dependent part of the polarized cross section depends on the charge of the lepton
which enters to the third power. The result in (7) holds for a negatively charged lepton. (It is
interesting to note that in one of the early measurements of the target SSA [6] there is evidence for
the expected sign change when switching from an electron to a positron beam.) We have taken the
convention ε0123 = 1 for the Levi-Civita tensor. The spin dependent part of the single polarized
cross section behaves like αem m/Q relative to the unpolarized cross section given in Eq. (1) (and
relative to the dominant term of the double polarized DIS cross section). In this context note that
the correlation (3) showing up in Eq. (7) is given by

εµνρσ SµP νkρk′σ ∝
Q3

x y

√

1 − y (8)

in the Bjorken limit.
We emphasize that the expression in Eq. (7) is IR finite. Terms proportional to ln(Q2/λ2) ap-
pearing at intermediate steps of the calculation cancel in the final result. In related studies of

4

Two-Photon Exchange

Candidate to explain discrepancy in form-factor 
measurements

Interference between one- 
and two-photon exchange 
amplitudes leads to SSAs 
in inclusive DIS off transversely polarized targets

sensitive to beam charge due to odd number of 
e.m. couplings to beam

cross section proportional to S(kxk’) - either 
measure left-right asymmetries or sine modulation 

28
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Any Sign of Two-Photon Exchange?

29
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Any Sign of Two-Photon Exchange?
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Angular Momentum and GPDs

“Ji’s Recipe” provides way to measure angular momenta

involves moment over new class of PDFs: Generalized PDs

at leading twist there are 8 GPDs:

provide info about transverse position and long. mom.

only two needed for Ji’s recipe: 
31

1997: Ji Relation for Nucleon Spin 

︸ ︷︷ ︸ ︸ ︷︷ ︸
Jq Jg

E,H, Ẽ, H̃, ET ,HT , ẼT , H̃T

E,H

1
2

! = lim
t→0

∑

q

∫
dx x [Hq(x, ξ, t) + Eq(x, ξ, t)]+lim

t→0

∫
dx [Hg(x, ξ, t) + Eg(x, ξ, t)]
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GPDs in Exclusive Reactions
GPDs involve off-forward matrix elements

Moments give Form Factors, e.g.,

Forward limit give ordinary PDFs, e.g.,

at HERMES accessed in exclusive reactions:

Exclusive Vector-Meson Production

Exclusive Pseudoscalar-Meson 
Production

Deeply Virtual Compton Scattering 
(at HERMES mainly via Interference
 with Bethe-Heitler)

32

Hq(x, 0, 0) = fq
1 (x)

∫
dxHq(x, ξ, t) = F q

1 (t)
The First CLAS12 European Workshop, February 27th, 2009, Genoa, Italy

Latest Results on Exclusive Meson Production at

p p’

e

e’
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• Objectives: Generalized Parton Distributions

• ρ0 and φ Meson Production

– Total and Longitudinal Cross Sections
– Spin Density Matrix Elements
∗ L-to-T Cross-Section Ratios
∗ Hierarchy of Helicity Amplitudes
∗ Unnatural Parity Exchange

– Transverse Target Polarization Asymmetries

• Summary and Outlook

Alexander Borissov, DESY
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Azimuthal Asymmetries in DVCS
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.

hermes Azimuthal Asymmetries in DVCS

Interference DVCS & BH cause azimuthal asymmetries in
cross-section:

• Beam-charge asymmetry AC(φ) :
dσ(e+,φ) − dσ(e−,φ) ∝ Re[F1H] · cos φ

• Beam-spin asymmetry ALU (φ) :

dσ(
→
e ,φ) − dσ(

←
e ,φ) ∝ Im[F1H] · sin φ

• Long. target-spin asymmetry AUL(φ) :

dσ(
⇐
P ,φ) − dσ(

⇒
P ,φ) ∝ Im[F1H̃] · sin φ

• Transverse target-spin asymmetry AUT (φ,φs) [TTSA]:

dσ(φ,φS) − dσ(φ,φS + π) ∝ Im[F2H − F1E ] · sin (φ − φS) cos φ

+ Im[F2H̃− F1ξẼ ] · cos (φ − φS) sin φ
(F1, F2 are the Dirac and Pauli form factors, calculable in QED)

( eH, eE , . . . Compton form factors involving GPDs H, E, . . .)
Gunar Schnell, DESY Workshop on Orbital Angular Momentum – Albuquerque, Feb. 24

th
, 2006 – p. 10/34
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Amplitudes of TTSA
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HERMES: DVCS On Transversely Polarised Hydrogen 15
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Figure 5. Asymmetry amplitudes describing the dependence of the squared DVCS
amplitude (circles, AUT,DVCS) and the interference term (squares, AUT,I) on the
transverse target polarisation, for the exclusive sample. The filled symbols indicate
those results of greatest interest (see text). The circles (squares) are shifted right
(left) for visibility. The error bars represent the statistical uncertainties, while the top
(bottom) bands denote the systematic uncertainties for AUT,I (AUT,DVCS), excluding
the 8.1 % scale uncertainty from the target polarisation measurement. The curves are
predictions of the GPD model variant (Reg, no D) shown in Fig. 4 as a continuous
curve, with three different values for the u-quark total angular momentum Ju and fixed
d-quark total angular momentum Jd = 0 [15]. See text for details.

DVCS amplitude, in this case related to transverse target polarisation.

The amplitude Acos(φ−φS) sinφ
UT,I shown in the bottom row of Fig. 5 is sensitive mainly

to the GPDs H̃ and Ẽ, while the contribution from the GPD E is suppressed by an

additional factor of xB (see Eq. 11). The measured asymmetry amplitudes are consistent

with zero.

The amplitudes represented by the unfilled symbols are expected to be suppressed,
and are indeed found to be typically small. However, values that depart from zero by

more than twice the total uncertainty are found for the entire experimental acceptance

for two of the four amplitudes in Fig. 6 that receive a contribution from gluon helicity-

flip, which are Acos(φ−φS) sin(2φ)
UT,DVCS and Acos(φ−φS) sin(3φ)

UT,I . The asymmetry amplitudes related

to the squared DVCS amplitude in the bottom two rows of Fig. 6 correspond to

coefficients that do not appear in Eq. 4 as a consequence of the one-photon exchange
approximation. They are found to be consistent with zero.

A. Airapetian et al.,  JHEP 0806:066,2008
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Figure 5. Asymmetry amplitudes describing the dependence of the squared DVCS
amplitude (circles, AUT,DVCS) and the interference term (squares, AUT,I) on the
transverse target polarisation, for the exclusive sample. The filled symbols indicate
those results of greatest interest (see text). The circles (squares) are shifted right
(left) for visibility. The error bars represent the statistical uncertainties, while the top
(bottom) bands denote the systematic uncertainties for AUT,I (AUT,DVCS), excluding
the 8.1 % scale uncertainty from the target polarisation measurement. The curves are
predictions of the GPD model variant (Reg, no D) shown in Fig. 4 as a continuous
curve, with three different values for the u-quark total angular momentum Ju and fixed
d-quark total angular momentum Jd = 0 [15]. See text for details.

DVCS amplitude, in this case related to transverse target polarisation.

The amplitude Acos(φ−φS) sinφ
UT,I shown in the bottom row of Fig. 5 is sensitive mainly

to the GPDs H̃ and Ẽ, while the contribution from the GPD E is suppressed by an

additional factor of xB (see Eq. 11). The measured asymmetry amplitudes are consistent

with zero.

The amplitudes represented by the unfilled symbols are expected to be suppressed,
and are indeed found to be typically small. However, values that depart from zero by

more than twice the total uncertainty are found for the entire experimental acceptance

for two of the four amplitudes in Fig. 6 that receive a contribution from gluon helicity-

flip, which are Acos(φ−φS) sin(2φ)
UT,DVCS and Acos(φ−φS) sin(3φ)

UT,I . The asymmetry amplitudes related

to the squared DVCS amplitude in the bottom two rows of Fig. 6 correspond to

coefficients that do not appear in Eq. 4 as a consequence of the one-photon exchange
approximation. They are found to be consistent with zero.

A. Airapetian et al.,  JHEP 0806:066,2008
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Constraints on GPD Models
several pioneering DVCS results on H, D, and nuclear targets

provide important constraints on GPD models

35
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Figure 5. Asymmetry amplitudes describing the dependence of the squared DVCS
amplitude (circles, AUT,DVCS) and the interference term (squares, AUT,I) on the
transverse target polarisation, for the exclusive sample. The filled symbols indicate
those results of greatest interest (see text). The circles (squares) are shifted right
(left) for visibility. The error bars represent the statistical uncertainties, while the top
(bottom) bands denote the systematic uncertainties for AUT,I (AUT,DVCS), excluding
the 8.1 % scale uncertainty from the target polarisation measurement. The curves are
predictions of the GPD model variant (Reg, no D) shown in Fig. 4 as a continuous
curve, with three different values for the u-quark total angular momentum Ju and fixed
d-quark total angular momentum Jd = 0 [15]. See text for details.

DVCS amplitude, in this case related to transverse target polarisation.

The amplitude Acos(φ−φS) sinφ
UT,I shown in the bottom row of Fig. 5 is sensitive mainly

to the GPDs H̃ and Ẽ, while the contribution from the GPD E is suppressed by an

additional factor of xB (see Eq. 11). The measured asymmetry amplitudes are consistent

with zero.

The amplitudes represented by the unfilled symbols are expected to be suppressed,
and are indeed found to be typically small. However, values that depart from zero by

more than twice the total uncertainty are found for the entire experimental acceptance

for two of the four amplitudes in Fig. 6 that receive a contribution from gluon helicity-

flip, which are Acos(φ−φS) sin(2φ)
UT,DVCS and Acos(φ−φS) sin(3φ)

UT,I . The asymmetry amplitudes related

to the squared DVCS amplitude in the bottom two rows of Fig. 6 correspond to

coefficients that do not appear in Eq. 4 as a consequence of the one-photon exchange
approximation. They are found to be consistent with zero.
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8.1% scale uncertainty

published† results confirmed with much

higher statistical precission

overall scale uncertainty of 8.1%

π+: positive; π−: consistent with zero

⇒ first evidence for non-zero Sivers fct.:

f⊥,u
1T < 0 (u-quark dominance)

⇒ non-zero orbital angular momentum

Isospin symmetry for Sivers amplitudes

fulfilled

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

012002]
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th
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2-Photon Exchange


