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A comprehensive collection of results on longitudinal double-spin asymmetries is presented for charged pions and kaons
produced in semi-inclusive deep-inelastic scattering of electrons and positrons on the proton and deuteron, based on the
full HERMES data set. The dependence of the asymmetries on hadron transverse momentum and azimuthal angle

A measurement of beam-helicity asymmetries for single-hadron production in deep-inelastic scattering is presented.
Data from the scattering of 27.6 GeV electrons and positrons off gaseous hydrogen and deuterium targets were collected
by the HERMES experiment. The asymmetries for charged pions and kaons as well as for protons and anti-protons are
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HERMES (†2007) @ DESY

.

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

6

- unpolarized (H, D, He,…, Xe) 
- as well as transversely (H) and 
   longitudinally polarized (pure)
   H,D & 3He gas targets  

27.6 GeV polarized e+/e- beam 
scattered off ...
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hermes The HERMES Spectrometer

1

0

2

-1

-2

m

LUMINOSITY

CHAMBERS

DRIFT

FC 1/2

TARGET

CELL
DVC

MC 1-3

HODOSCOPE H0

MONITOR

BC 1/2

BC 3/4 TRD

PROP.
CHAMBERS

FIELD CLAMPS

PRESHOWER (H2)

STEEL PLATE CALORIMETER

DRIFT CHAMBERS

TRIGGER HODOSCOPE H1

0 1 2 3 4 5 6 7 8 9 10

RICH
270 mrad

270 mrad

MUON HODOSCOPE

WIDE ANGLE

FRONT

MUON

HODO

MAGNET

m

IRON WALL

e+

27.5 GeV

140 mrad

170 mrad

170 mrad

140 mrad

MUON HODOSCOPES

SILICON

• Forward acceptance spectrometer: 40 mrad ≤ Θ ≤ 220 mrad

• Kinematic coverage: 0.02 ≤ x ≤ 0.8 for Q2 > 1 GeV2 and W > 2 GeV

• Tracking: 57 tracking planes: δP/P = (0.7 − 2.5)%, δΘ ≤ 1 mrad

• PID: Cherenkov (RICH after 1997), TRD, Preshower, Calorimeter

Gunar Schnell, HERMES Collaboration Warsaw, May 25
th
, 2004 – p. 11/36

HERMES (1998-2005) schematically

7

two (mirror-symmetric) halves
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two (mirror-symmetric) halves
 

Particle ID detectors allow for
- lepton/hadron separation
- dual-radiator RICH: pion/kaon/proton
  discrimination 2 GeV < p < 15 GeV
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semi-inclusive DIS 

excluding transverse polarization:
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semi-inclusive DIS 

excluding transverse polarization:

double-spin asymmetry
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semi-inclusive DIS 

in experiment extract instead A||  
which differs from ALL in the way 
the polarization is measured: 

ALL: along virtual-photon direction

A||: along beam direction (results in small admixture of 
transverse target polarization and thus contributions 
from ALT)

A||  related to virtual-photon–nucleon asymmetry A1

10

Ah
1 =

1
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Ah

�
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TABLE I. Experimental configurations by year of longitudi-
nally polarized beam and target data taking. The varieties
of hadrons identified and the hadron-momentum range are
determined by the particle-identification systems available at
the time. A threshold Cherenkov counter was used during the
hydrogen data-taking period and a ring-imaging Cherenkov
detector was used throughout the deuterium running period.

Beam Target Hadron Hadron Momentum
Year Type Gas Type P

h

1996 e+ H ⇡

± 4–13.8 GeV
1997 e+ H ⇡

± 4–13.8 GeV
1998 e� D ⇡

±
,K

± 2–15 GeV
1999 e+ D ⇡

±
,K

± 2–15 GeV
2000 e+ D ⇡

±
,K

± 2–15 GeV

polarization was randomly chosen each 60 s for hydro-
gen and 90 s for deuterium, providing yields in both spin
states while controlling systematic uncertainties. The ex-
perimental configurations by year are summarized in Ta-
ble I. Typical values for the beam (target) polarization
are around 53% (84%).

The asymmetries are computed using basically the
same data set and procedure presented in prior HERMES
publications on longitudinal double-spin asymmetries [3–
5, 35]; di↵erences from previous analyses are discussed
below. The lepton-nucleon asymmetry is

A

h
k ⌘

C

h
�

fD

"
L◆N

h
� � L�N

h
◆

LP,◆N

h
� + LP,�N

h
◆

#

B

. (5)

Here, N

h
◆(�)

represents the hadron yield containing
events that meet the kinematic requirements summa-
rized in Table II, and L◆(�)

and LP,◆(�)

represent
the luminosity and polarization-weighted luminosity in
the parallel (antiparallel) experimental beam/target he-
licity configuration.4 The square brackets, [ ]

B

, indicate
that the enclosed quantity is corrected to Born level,
i.e., unfolded for radiative and detector smearing, using
Born and smeared Monte Carlo simulations according to
the essentially model-independent procedure described in
Ref. [5]. The unfolding is carried out in the same di-
mension used to present the data (see also Section III
and Table III). The factor fD represents the dilution of
the polarization of the nucleon with respect to that of
the nucleus and is explained in Section II B 1. Finally,
C

h
� is a correction that compensates for any distortion

caused by the convolution of the azimuthal moments of

4 Note that if experimental polarizations are not alternated so that
the average polarization of both beam and target samples are
zero, terms in Eq. (1) with a single “U” in the subscript do not
vanish, a priori, from both the numerator and denominator of
the ratio. In contrast, Eq. (2), i.e., the combination of all four
target- and beam-helicity states, leaves only the sum of terms
from Eq. (1) with the “LL” subscript divided by the sum of
terms with the “UU” subscript.

TABLE II. Inclusive and semi-inclusive kinematic require-
ments (value in parentheses is the limit for the extended range
discussed in Section II B 2). Here, Feynman-x (x

F

) is defined
as the ratio of the hadron’s longitudinal momentum compo-
nent in the virtual-photon–nucleon center-of-mass system to
its maximal possible value.
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> 1.0 GeV2
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> 10 GeV2

y < 0.85
(0.1) 0.2 < z < 0.8
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F

> 0.1

the polarization-independent cross section with the non-
uniform detector acceptance, which is described in more
detail in Section II B 6.
The virtual-photon–nucleon asymmetry A
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where the contributions from the spin structure function
g

2

and, in case of a deuterium target, from the tensor
structure function b

1

are negligible [36]. Furthermore,

⌘ =
✏�y

1� (1� y) ✏
(8)

is a kinematic factor, and

D =
1� (1� y)✏

1 + ✏R

(9)

accounts for the limited degree of polarization transfer at
the electron–virtual-photon vertex, including the ratio R

of longitudinal-to-transverse cross sections. In this anal-
ysis, R was taken from the R1999 parameterization [37]
for all calculations of A

h
1

, which—strictly speaking—is
valid only for inclusive DIS measurements as pointed out
above.

B. Di↵erences from prior analyses

Although the analysis has much in common with
those in prior HERMES publications, several changes are
made, which increase statistical precision and reduce the
systematic uncertainties.
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systematic uncertainties.
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(semi-) inclusive asymmetries used for LO extraction of helicity PDFs

previous HERMES analysis 

~Q ! "P T
ef#V A$%1P ef&%1P T

ef#V A$%1 ~A0
1; (41)

where ~A0
1 ' ~A1 %NP ~Qfix, P ef ' NP , and ~Qfix is the

set of constrained polarizations. The covariance matrix of
the quark polarizations propagated from the Born asym-
metries is

V # ~Q$ ! f"P T
ef#V A$%1P ef&%1P T

ef#V A$%1g
(V tot

A f#V A$%1P ef"P T
ef#V A$%1P ef&%1g; (42)

where the covariance matrix V tot
A includes the statistical

and the systematic covariances, V tot
A ! V A )V sy

A . The
resulting solution is shown in Fig. 19. The value of the
!2=ndf of the fit is 0:91. The reasonable !2 value confirms
the consistency of the data set with the quark-parton model
formalism of Sec. II C. Removing the inclusive asymme-
tries from the fit has only a small effect on the quark
polarizations and their uncertainties.

The polarization of the u-quarks is positive in the mea-
sured range of x with the largest polarizations at high x
where the valence quarks dominate. The polarization of the
d-quark is negative and also reaches the largest (negative)
polarizations in the range where the valence quarks domi-
nate. The polarization of the light sea flavors !u and !d, and
the polarization of the strange sea are consistent with zero.
The values of !2=ndf for the zero hypotheses are 7:4=7,
11:2=7, and 4:3=7 for the !u, the !d, and the s-quark,
respectively.

The quark polarizations in Fig. 19 are presented at the
measured Q2 values in each bin of x. The Q2 dependence
is predicted by QCD to be weak and the inclusive and
semi-inclusive asymmetries measured by HERMES
(cf. Figs. 13 and 14 and Ref. [48]) and SMC [50] at very
different average Q2 show no significant Q2 dependence
when compared to each other. The quark polarizations
""q=q&#x$ are thus assumed to be Q2 independent.

The quark helicity densities "q#x;Q2
0$ are evaluated at a

common Q2
0 ! 2:5 GeV2 using the CTEQ5L unpolarized

parton distributions. Because the CTEQ5L compilation is
based on fits to experimental data for F2#x$, the relation-
ship between F2#x$ and F1#x$ as given by Eq. (9) is here
taken into account. The factor CR ' #1) R$=#1) "2$
connects CTEQ5L tabulations with the parton distributions
q#x$ required here. In the present analysis the parametri-
zation for R#x;Q2$ given in Ref. [66] was used. The results
are presented in Fig. 20. The data are compared with two
parton helicity distributions [18,67] derived from LO fits to
inclusive data. The GRSV2000 parametrization, which
was fitted using the assumption R ! 0, is shown with the
scaling factor 1=#1) R$ to match the present analysis.
While in the Blümlein-Böttcher (BB) analysis equal helic-
ity densities for all sea flavors are assumed, in the
GRSV2000 ‘‘valence fit’’ a different assumption is used,
which leads to a breaking of flavor symmetry for the sea
quark helicity densities. In Table VII the !2 values of the

comparison of the measured densities with these parame-
trizations and the zero hypothesis are given. The measured
densities are in good agreement with the parametrizations.
The data slightly favor the BB parametrization of the u and
!u flavors, while for the other flavors the agreement with
both parametrizations is equally good. Within its uncer-
tainties the measured strange density is in agreement with
the very small nonzero values of the parametrizations as
well as with the zero hypothesis.

The total systematic uncertainties in the quark polar-
izations and the quark helicity densities include contribu-
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x

FIG. 19. The quark polarizations in the 5 parameter ( 9 x-bins
fit. The polarizations, shown as a function of x, were computed
from the HERMES inclusive and semi-inclusive asymmetries.
The error bars are the statistical uncertainties. The band repre-
sents the total systematic uncertainty, where the light gray area is
the systematic error due to the uncertainties in the fragmentation
model, and the dark gray area is from the contribution of the
Born asymmetries.

A. AIRAPETIAN et al. PHYSICAL REVIEW D 71, 012003 (2005)

012003-22

discarded. Events were accepted over the range 0:023<
x< 0:6. The semi-inclusive pion asymmetries for the pro-
ton are shown in Fig. 15 together with a curve of the
asymmetries from the Monte Carlo simulation. The agree-
ment between experimental and simulated data provide
confirmation that the fragmentation process is consistently
modeled.

G. Systematic uncertainties in A1

Systematic uncertainties in the observed lepton-nucleon
asymmetries A!h"

k arise from the systematic uncertainties in
the beam and target polarizations. The unfolding of the
observed asymmetries also increases these uncertainties. A
systematic uncertainty due to the RICH hadron identifica-
tion was estimated to be small as the effect of neglecting
the hadron misidentification [neglecting the off-diagonal
elements of ! appearing in Eq. (28)] was found to be
negligible. Therefore, it was not included in the semi-
inclusive deuterium asymmetries.

Additional uncertainties arise due to the finite MC sta-
tistics, when the corrections for detector smearing and
QED radiation are applied. They are included in the sta-
tistical error bars in the figures and are listed in a separate
column in the tables shown in Appendix B.

In forming the photon-nucleon asymmetries A!h"
1 , sys-

tematic uncertainties due to the parametrization of the ratio
R and the neglect of the contribution from the second
polarized structure function g2 were included [42,52].
The relative systematic uncertainties are summarized in
Table VI. The total systematic uncertainties on the asym-
metries are shown as the error bands in the figures.

The interpretation of the extracted asymmetries may be
complicated by contributions of pseudoscalar mesons from
the decay of exclusively produced vector mesons, mostly
!0’s producing charged pions. The geometric acceptance
of the spectrometer is insufficient to identify and separate
these events, as typically only one of the decay mesons is
detected. However, the fractional contributions of diffrac-
tive vector mesons to the semi-inclusive yields were esti-
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FIG. 13. The inclusive and semi-inclusive Born level asymmetries on the proton, corrected for instrumental smearing and QED
radiative effects. The error bars give the statistical uncertainties, and the shaded bands indicate the systematic uncertainty. The open
squares show the positive and negative hadron asymmetries measured by the SMC collaboration, limited to the HERMES x range [50].
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revisited [PRD 71 (2005) 012003] A1 analysis at HERMES in order to 

exploit slightly larger data set (less restrictive momentum range)

provide A‖ in addition to A1

R (ratio of longitudinal-to-transverse cross-sec’n) still to be measured!
[only available for inclusive DIS data, e.g., used in g1 SF measurements]

correct for D-state admixture (deuteron case) on asymmetry level

correct better for azimuthal asymmetries coupling to acceptance

look at multi-dimensional (x, z, Ph⊥) dependences 

extract twist-3 cosine modulations

re-analysis of double-spin asymmetries

TABLE I. Experimental configurations by year of longitudi-
nally polarized beam and target data taking. The varieties
of hadrons identified and the hadron-momentum range are
determined by the particle-identification systems available at
the time. A threshold Cherenkov counter was used during the
hydrogen data-taking period and a ring-imaging Cherenkov
detector was used throughout the deuterium running period.

Beam Target Hadron Hadron Momentum
Year Type Gas Type P

h

1996 e+ H ⇡

± 4–13.8 GeV
1997 e+ H ⇡

± 4–13.8 GeV
1998 e� D ⇡

±
,K

± 2–15 GeV
1999 e+ D ⇡

±
,K

± 2–15 GeV
2000 e+ D ⇡

±
,K

± 2–15 GeV

polarization was randomly chosen each 60 s for hydro-
gen and 90 s for deuterium, providing yields in both spin
states while controlling systematic uncertainties. The ex-
perimental configurations by year are summarized in Ta-
ble I. Typical values for the beam (target) polarization
are around 53% (84%).

The asymmetries are computed using basically the
same data set and procedure presented in prior HERMES
publications on longitudinal double-spin asymmetries [3–
5, 35]; di↵erences from previous analyses are discussed
below. The lepton-nucleon asymmetry is

A

h
k ⌘

C

h
�

fD

"
L◆N

h
� � L�N

h
◆

LP,◆N

h
� + LP,�N

h
◆

#

B

. (5)

Here, N

h
◆(�)

represents the hadron yield containing
events that meet the kinematic requirements summa-
rized in Table II, and L◆(�)

and LP,◆(�)

represent
the luminosity and polarization-weighted luminosity in
the parallel (antiparallel) experimental beam/target he-
licity configuration.4 The square brackets, [ ]

B

, indicate
that the enclosed quantity is corrected to Born level,
i.e., unfolded for radiative and detector smearing, using
Born and smeared Monte Carlo simulations according to
the essentially model-independent procedure described in
Ref. [5]. The unfolding is carried out in the same di-
mension used to present the data (see also Section III
and Table III). The factor fD represents the dilution of
the polarization of the nucleon with respect to that of
the nucleus and is explained in Section II B 1. Finally,
C

h
� is a correction that compensates for any distortion

caused by the convolution of the azimuthal moments of

4 Note that if experimental polarizations are not alternated so that
the average polarization of both beam and target samples are
zero, terms in Eq. (1) with a single “U” in the subscript do not
vanish, a priori, from both the numerator and denominator of
the ratio. In contrast, Eq. (2), i.e., the combination of all four
target- and beam-helicity states, leaves only the sum of terms
from Eq. (1) with the “LL” subscript divided by the sum of
terms with the “UU” subscript.

TABLE II. Inclusive and semi-inclusive kinematic require-
ments (value in parentheses is the limit for the extended range
discussed in Section II B 2). Here, Feynman-x (x

F

) is defined
as the ratio of the hadron’s longitudinal momentum compo-
nent in the virtual-photon–nucleon center-of-mass system to
its maximal possible value.

Kinematic Requirements
Q

2

> 1.0 GeV2

W

2

> 10 GeV2

y < 0.85
(0.1) 0.2 < z < 0.8

x

F

> 0.1

the polarization-independent cross section with the non-
uniform detector acceptance, which is described in more
detail in Section II B 6.
The virtual-photon–nucleon asymmetry A

h
1

is defined
as

A

h
1

⌘
�

h
1/2 � �

h
3/2

�

h
1/2 + �

h
3/2

, (6)

where �h
1/2 (�

h
3/2) is the photoabsorption cross section for

photons for which the spin is antiparallel (parallel) to the
target-nucleon spin. Ah

1

is computed from A

h
k as

A

h
1

=
1

D(1 + ⌘�)
A

h
k , (7)

where the contributions from the spin structure function
g

2

and, in case of a deuterium target, from the tensor
structure function b

1

are negligible [36]. Furthermore,

⌘ =
✏�y

1� (1� y) ✏
(8)

is a kinematic factor, and

D =
1� (1� y)✏

1 + ✏R

(9)

accounts for the limited degree of polarization transfer at
the electron–virtual-photon vertex, including the ratio R

of longitudinal-to-transverse cross sections. In this anal-
ysis, R was taken from the R1999 parameterization [37]
for all calculations of A

h
1

, which—strictly speaking—is
valid only for inclusive DIS measurements as pointed out
above.

B. Di↵erences from prior analyses

Although the analysis has much in common with
those in prior HERMES publications, several changes are
made, which increase statistical precision and reduce the
systematic uncertainties.
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azimuthal-asymmetry corrections

both numerator and in particular denominator 𝜙 dependent

in theory integrated out 

in praxis, detector acceptance also 𝜙 dependent

convolution of physics & acceptance leads to bias in normalization of 
asymmetries

13

Ãh
�(x,Q2, z, Ph�) =

�
d� �h

�
�
x,Q2, z, Ph�, �

�
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�
d� �h

UU (x,Q2, z, Ph�, �) �(�)
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azimuthal
acceptance

Boer-Mulders and Cahn effects etc. 

“polarized Cahn” effect etc.
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azimuthal-asymmetry corrections

both numerator and in particular denominator 𝜙 dependent

in theory integrated out 

in praxis, detector acceptance also 𝜙 dependent

convolution of physics & acceptance leads to bias in normalization of 
asymmetries

implement data-driven model for azimuthal modulations [PRD 87 (2013) 
012010] into MC   ☛ extract correction factor & apply to data
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consistent with previous HERMES publication [PRD 71 (2005) 012003]

x dependence of A||
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[arXiv:1810.07054]
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in general, no strong z-dependence visible

z dependence of A|| (three x ranges)

[arXiv:1810.07054]
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again, no strong dependence (beyond on x)

Ph⊥ dependence of A|| (three x ranges)

[arXiv:1810.07054]
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Ph⊥ dependence of A|| (three x ranges)

[arXiv:1810.07054]
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linear in  x
     order in x and Ph⊥
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again, no strong dependence (beyond on x)

also fit to A1 fit does not favor an 
additional dependence on Ph⊥
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3d dependences provides transverse-
momentum dependence 

3-dimensional binning
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3d dependences provides transverse-
momentum dependence 

but also extra flavor sensitivity, e.g.,

𝞹- asymmetries mainly coming from low-z 
region where disfavored fragmentation 
large and thus sensitivity to the large 
positive up-quark polarization
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FIG. 7. A

h,cos�

k (P
h?) in two x ranges for charged pions (and kaons) from protons (deuterons) as labelled. The inner error

bars represent statistical uncertainties while the outer ones statistical and systematic uncertainties added in quadrature. Data
points for the first x slice are plotted at their average kinematics, while the ones for the second x slice are slightly shifted
horizontally for better legibility.

A vanishing cos 2� asymmetry as found here can be
expected because in the one-photon-exchange approxi-
mation there is no A

h,cos 2�
LL contribution to the cross

section [cf. Eq. (1)] and thus a non-zero A

h,cos 2�
k can

arise in this approximation only through the very small
transverse component of the target-spin vector in a con-
figuration where the target is polarized along the beam
direction [18].

D. The hadron charge-di↵erence asymmetry

The hadron charge-di↵erence asymmetry
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provides additional spin-structure information and is
not trivially constructible from the simple semi-inclusive
asymmetries. The di↵erence asymmetries for pions from
the hydrogen target and pions, kaons, and undi↵eren-
tiated hadrons from the deuterium target are shown in
Fig. 8, together with results from the COMPASS Collab-
oration for unidentified hadrons from a 6LiD target [6].
A feature that might be unexpected is that the uncer-
tainties for the kaon asymmetry are considerably smaller
than those on the pion asymmetry despite the smaller
sample size. This is a result of the larger di↵erence be-
tween yields of charged kaons compared to that of the

charged pions (as K� shares no valence quarks with the
target), which causes a significantly larger denominator
of Eq. (12).
Under the assumption of leading-order (LO), leading-
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FIG. 8. Hadron charge-di↵erence asymmetries for pions
from the hydrogen target and pions, kaons, and all hadrons
from the deuterium target. Error bars represent statistical
uncertainties. Systematic uncertainties are given as bands.
Data from COMPASS [6] for undi↵erentiated hadrons using
a 6LiD target are also shown.
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charge-difference asymmetries

at leading-order and leading-twist, assuming charge 
conjugation symmetry for fragmentation functions:
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provides additional spin-structure information and is
not trivially constructible from the simple semi-inclusive
asymmetries. The di↵erence asymmetries for pions from
the hydrogen target and pions, kaons, and undi↵eren-
tiated hadrons from the deuterium target are shown in
Fig. 8, together with results from the COMPASS Collab-
oration for unidentified hadrons from a 6LiD target [6].
A feature that might be unexpected is that the uncer-
tainties for the kaon asymmetry are considerably smaller
than those on the pion asymmetry despite the smaller
sample size. This is a result of the larger di↵erence be-
tween yields of charged kaons compared to that of the

charged pions (as K� shares no valence quarks with the
target), which causes a significantly larger denominator
of Eq. (12).
Under the assumption of leading-order (LO), leading-
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FIG. 8. Hadron charge-di↵erence asymmetries for pions
from the hydrogen target and pions, kaons, and all hadrons
from the deuterium target. Error bars represent statistical
uncertainties. Systematic uncertainties are given as bands.
Data from COMPASS [6] for undi↵erentiated hadrons using
a 6LiD target are also shown.
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FIG. 9. Helicity distributions for valence quarks computed
using pion charge-di↵erence asymmetries and Eqs. (14) and
(16) compared with valence-quark densities (as indicated)
computed from the HERMES purity extraction [5]. Error
bars represent statistical uncertainties. Systematic uncer-
tainties from the di↵erence-asymmetry (purity) extraction are
shown as filled (open) bands.

twist (LT) QCD, and charge-conjugation symmetry of
the fragmentation functions, i.e.,

D

q!h+

1

= D

q̄!h�

1

, (13)

the di↵erence asymmetry on the deuteron may be
equated to a certain combination of parton distribu-
tions [33]:
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) is the polarization-
averaged (helicity) valence-quark distribution of the pro-
ton, and “LO LT” is a reminder of the assumptions men-
tioned previously. This is equivalent to assuming a well
di↵erentiated current and target region; a scenario in
which the struck quark has no memory of the hadron
variety to which it previously belonged.

By further assuming isospin symmetry in fragmenta-
tion, that is
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a second valence-quark expression using charge-di↵erence
asymmetries from a hydrogen target is given by
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1
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It follows that the charge-di↵erence asymmetries
should be independent of the hadron type, a feature con-
sistent with the results shown in Fig. 8. Valence-quark
helicity densities computed using Eqs. (14) and (16) are
presented in Fig. 9 alongside the same quantities com-
puted from the previous HERMES purity extraction [5].
The results are largely consistent using two methods that
have very di↵erent and quite complementary model as-
sumptions. Whereas the method presented here depends

on leading-order and leading-twist assumptions to pro-
vide the clean factorization, which ensures that fragmen-
tation can proceed without memory of the target con-
figuration, the purity method depends on a fragmenta-
tion model subject to its own uncertainties related to
the model tune and the believability of its phenomeno-
logically motivated dynamics. The lack of dependence
on hadron type of the charge-di↵erence asymmetries and
the consistency of the derived valence-quark helicity dis-
tributions with the results of the purity analysis suggest
that there is no significant deviation from the factoriza-
tion hypothesis.

IV. CONCLUSION

Several longitudinal double-spin asymmetries in semi-
inclusive deep-inelastic scattering have been presented.
They extend the analysis of the previous HERMES
publications to include also transverse-momentum de-
pendence. Within the precision of the measurements,
the virtual-photon–nucleon asymmetries A

h
1

(x, z) and
A

h
1

(x, Ph?) display no significant dependence on the
hadron variables. Azimuthal moments, A

h,cos�
k , are

found to be consistent with zero. The hadron charge-

di↵erence asymmetry A

h+�h�

1

(x) yields valence-quark
helicity densities consistent with the result of the prior
HERMES purity extraction. A common thread among
these results is that within the available statistical preci-
sion the longitudinal sector shows no deviation from the
leading-order, leading-twist assumption. In addition to
this interpretation, these data are expected to provide an
essentially model-independent constraint for theory and
parameterization as they provide the first ever longitudi-
nal double-spin semi-inclusive dataset binned in as many
as three kinematic variables simultaneously. They point
the way to future precision tests of models of nucleon
structure that go beyond a collinear framework.
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A vanishing cos 2� asymmetry as found here can be
expected because in the one-photon-exchange approxi-
mation there is no A
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LL contribution to the cross

section [cf. Eq. (1)] and thus a non-zero A
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k can

arise in this approximation only through the very small
transverse component of the target-spin vector in a con-
figuration where the target is polarized along the beam
direction [18].
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provides additional spin-structure information and is
not trivially constructible from the simple semi-inclusive
asymmetries. The di↵erence asymmetries for pions from
the hydrogen target and pions, kaons, and undi↵eren-
tiated hadrons from the deuterium target are shown in
Fig. 8, together with results from the COMPASS Collab-
oration for unidentified hadrons from a 6LiD target [6].
A feature that might be unexpected is that the uncer-
tainties for the kaon asymmetry are considerably smaller
than those on the pion asymmetry despite the smaller
sample size. This is a result of the larger di↵erence be-
tween yields of charged kaons compared to that of the

charged pions (as K� shares no valence quarks with the
target), which causes a significantly larger denominator
of Eq. (12).
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should be independent of the hadron type, a feature con-
sistent with the results shown in Fig. 8. Valence-quark
helicity densities computed using Eqs. (14) and (16) are
presented in Fig. 9 alongside the same quantities com-
puted from the previous HERMES purity extraction [5].
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on leading-order and leading-twist assumptions to pro-
vide the clean factorization, which ensures that fragmen-
tation can proceed without memory of the target con-
figuration, the purity method depends on a fragmenta-
tion model subject to its own uncertainties related to
the model tune and the believability of its phenomeno-
logically motivated dynamics. The lack of dependence
on hadron type of the charge-di↵erence asymmetries and
the consistency of the derived valence-quark helicity dis-
tributions with the results of the purity analysis suggest
that there is no significant deviation from the factoriza-
tion hypothesis.
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sion the longitudinal sector shows no deviation from the
leading-order, leading-twist assumption. In addition to
this interpretation, these data are expected to provide an
essentially model-independent constraint for theory and
parameterization as they provide the first ever longitudi-
nal double-spin semi-inclusive dataset binned in as many
as three kinematic variables simultaneously. They point
the way to future precision tests of models of nucleon
structure that go beyond a collinear framework.
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twist (LT) QCD, and charge-conjugation symmetry of
the fragmentation functions, i.e.,

D

q!h+

1
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, (13)

the di↵erence asymmetry on the deuteron may be
equated to a certain combination of parton distribu-
tions [33]:
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) is the polarization-
averaged (helicity) valence-quark distribution of the pro-
ton, and “LO LT” is a reminder of the assumptions men-
tioned previously. This is equivalent to assuming a well
di↵erentiated current and target region; a scenario in
which the struck quark has no memory of the hadron
variety to which it previously belonged.

By further assuming isospin symmetry in fragmenta-
tion, that is
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and D
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a second valence-quark expression using charge-di↵erence
asymmetries from a hydrogen target is given by
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1
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It follows that the charge-di↵erence asymmetries
should be independent of the hadron type, a feature con-
sistent with the results shown in Fig. 8. Valence-quark
helicity densities computed using Eqs. (14) and (16) are
presented in Fig. 9 alongside the same quantities com-
puted from the previous HERMES purity extraction [5].
The results are largely consistent using two methods that
have very di↵erent and quite complementary model as-
sumptions. Whereas the method presented here depends

on leading-order and leading-twist assumptions to pro-
vide the clean factorization, which ensures that fragmen-
tation can proceed without memory of the target con-
figuration, the purity method depends on a fragmenta-
tion model subject to its own uncertainties related to
the model tune and the believability of its phenomeno-
logically motivated dynamics. The lack of dependence
on hadron type of the charge-di↵erence asymmetries and
the consistency of the derived valence-quark helicity dis-
tributions with the results of the purity analysis suggest
that there is no significant deviation from the factoriza-
tion hypothesis.

IV. CONCLUSION

Several longitudinal double-spin asymmetries in semi-
inclusive deep-inelastic scattering have been presented.
They extend the analysis of the previous HERMES
publications to include also transverse-momentum de-
pendence. Within the precision of the measurements,
the virtual-photon–nucleon asymmetries A

h
1

(x, z) and
A

h
1

(x, Ph?) display no significant dependence on the
hadron variables. Azimuthal moments, A

h,cos�
k , are

found to be consistent with zero. The hadron charge-

di↵erence asymmetry A

h+�h�

1

(x) yields valence-quark
helicity densities consistent with the result of the prior
HERMES purity extraction. A common thread among
these results is that within the available statistical preci-
sion the longitudinal sector shows no deviation from the
leading-order, leading-twist assumption. In addition to
this interpretation, these data are expected to provide an
essentially model-independent constraint for theory and
parameterization as they provide the first ever longitudi-
nal double-spin semi-inclusive dataset binned in as many
as three kinematic variables simultaneously. They point
the way to future precision tests of models of nucleon
structure that go beyond a collinear framework.
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section [cf. Eq. (1)] and thus a non-zero A
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provides additional spin-structure information and is
not trivially constructible from the simple semi-inclusive
asymmetries. The di↵erence asymmetries for pions from
the hydrogen target and pions, kaons, and undi↵eren-
tiated hadrons from the deuterium target are shown in
Fig. 8, together with results from the COMPASS Collab-
oration for unidentified hadrons from a 6LiD target [6].
A feature that might be unexpected is that the uncer-
tainties for the kaon asymmetry are considerably smaller
than those on the pion asymmetry despite the smaller
sample size. This is a result of the larger di↵erence be-
tween yields of charged kaons compared to that of the

charged pions (as K� shares no valence quarks with the
target), which causes a significantly larger denominator
of Eq. (12).
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ton, and “LO LT” is a reminder of the assumptions men-
tioned previously. This is equivalent to assuming a well
di↵erentiated current and target region; a scenario in
which the struck quark has no memory of the hadron
variety to which it previously belonged.
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It follows that the charge-di↵erence asymmetries
should be independent of the hadron type, a feature con-
sistent with the results shown in Fig. 8. Valence-quark
helicity densities computed using Eqs. (14) and (16) are
presented in Fig. 9 alongside the same quantities com-
puted from the previous HERMES purity extraction [5].
The results are largely consistent using two methods that
have very di↵erent and quite complementary model as-
sumptions. Whereas the method presented here depends

on leading-order and leading-twist assumptions to pro-
vide the clean factorization, which ensures that fragmen-
tation can proceed without memory of the target con-
figuration, the purity method depends on a fragmenta-
tion model subject to its own uncertainties related to
the model tune and the believability of its phenomeno-
logically motivated dynamics. The lack of dependence
on hadron type of the charge-di↵erence asymmetries and
the consistency of the derived valence-quark helicity dis-
tributions with the results of the purity analysis suggest
that there is no significant deviation from the factoriza-
tion hypothesis.

IV. CONCLUSION

Several longitudinal double-spin asymmetries in semi-
inclusive deep-inelastic scattering have been presented.
They extend the analysis of the previous HERMES
publications to include also transverse-momentum de-
pendence. Within the precision of the measurements,
the virtual-photon–nucleon asymmetries A

h
1

(x, z) and
A
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1

(x, Ph?) display no significant dependence on the
hadron variables. Azimuthal moments, A

h,cos�
k , are

found to be consistent with zero. The hadron charge-

di↵erence asymmetry A

h+�h�

1

(x) yields valence-quark
helicity densities consistent with the result of the prior
HERMES purity extraction. A common thread among
these results is that within the available statistical preci-
sion the longitudinal sector shows no deviation from the
leading-order, leading-twist assumption. In addition to
this interpretation, these data are expected to provide an
essentially model-independent constraint for theory and
parameterization as they provide the first ever longitudi-
nal double-spin semi-inclusive dataset binned in as many
as three kinematic variables simultaneously. They point
the way to future precision tests of models of nucleon
structure that go beyond a collinear framework.
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It follows that the charge-di↵erence asymmetries
should be independent of the hadron type, a feature con-
sistent with the results shown in Fig. 8. Valence-quark
helicity densities computed using Eqs. (14) and (16) are
presented in Fig. 9 alongside the same quantities com-
puted from the previous HERMES purity extraction [5].
The results are largely consistent using two methods that
have very di↵erent and quite complementary model as-
sumptions. Whereas the method presented here depends

on leading-order and leading-twist assumptions to pro-
vide the clean factorization, which ensures that fragmen-
tation can proceed without memory of the target con-
figuration, the purity method depends on a fragmenta-
tion model subject to its own uncertainties related to
the model tune and the believability of its phenomeno-
logically motivated dynamics. The lack of dependence
on hadron type of the charge-di↵erence asymmetries and
the consistency of the derived valence-quark helicity dis-
tributions with the results of the purity analysis suggest
that there is no significant deviation from the factoriza-
tion hypothesis.

IV. CONCLUSION

Several longitudinal double-spin asymmetries in semi-
inclusive deep-inelastic scattering have been presented.
They extend the analysis of the previous HERMES
publications to include also transverse-momentum de-
pendence. Within the precision of the measurements,
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A

h
1

(x, Ph?) display no significant dependence on the
hadron variables. Azimuthal moments, A

h,cos�
k , are

found to be consistent with zero. The hadron charge-
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helicity densities consistent with the result of the prior
HERMES purity extraction. A common thread among
these results is that within the available statistical preci-
sion the longitudinal sector shows no deviation from the
leading-order, leading-twist assumption. In addition to
this interpretation, these data are expected to provide an
essentially model-independent constraint for theory and
parameterization as they provide the first ever longitudi-
nal double-spin semi-inclusive dataset binned in as many
as three kinematic variables simultaneously. They point
the way to future precision tests of models of nucleon
structure that go beyond a collinear framework.
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deuteron results 
(unidentified hadrons)  
consistent with COMPASS

valence distributions 
consistent with JETSET-
based extraction:
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twist-3 ☛ various contributions

most prominent: “polarized Cahn effect”

only one surviving WW-type approximations
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twist-3 ☛ various contributions

most prominent: “polarized Cahn effect”

cosine modulations largely consistent with zero
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summary
several longitudinal double-spin asymmetries in SIDIS have been 
presented that

extend the analysis of previous HERMES publications to include 
also transverse-momentum dependence and for the first time also 
a 3d binning

provide A|| in addition to A1

within precision of the measurements, the virtual-photon-nucleon 
asymmetries display no significant dependence on z and Ph⊥ 

hadron-charge difference asymmetries in agreement with COMPASS

used for LO, leading-twist extraction of valence helicity PDFs

cosφ moments of semi-inclusive double-spin asymmetry compatible 

with zero 
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TABLE I. Experimental configurations by year of longitudi-
nally polarized beam and target data taking. The varieties
of hadrons identified and the hadron-momentum range are
determined by the particle-identification systems available at
the time. A threshold Cherenkov counter was used during the
hydrogen data-taking period and a ring-imaging Cherenkov
detector was used throughout the deuterium running period.

Beam Target Hadron Hadron Momentum
Year Type Gas Type P

h

1996 e+ H ⇡

± 4–13.8 GeV
1997 e+ H ⇡

± 4–13.8 GeV
1998 e� D ⇡

±
,K

± 2–15 GeV
1999 e+ D ⇡

±
,K

± 2–15 GeV
2000 e+ D ⇡

±
,K

± 2–15 GeV

polarization was randomly chosen each 60 s for hydro-
gen and 90 s for deuterium, providing yields in both spin
states while controlling systematic uncertainties. The ex-
perimental configurations by year are summarized in Ta-
ble I. Typical values for the beam (target) polarization
are around 53% (84%).

The asymmetries are computed using basically the
same data set and procedure presented in prior HERMES
publications on longitudinal double-spin asymmetries [3–
5, 35]; di↵erences from previous analyses are discussed
below. The lepton-nucleon asymmetry is

A

h
k ⌘

C

h
�

fD

"
L◆N

h
� � L�N

h
◆

LP,◆N

h
� + LP,�N

h
◆

#

B

. (5)

Here, N

h
◆(�)

represents the hadron yield containing
events that meet the kinematic requirements summa-
rized in Table II, and L◆(�)

and LP,◆(�)

represent
the luminosity and polarization-weighted luminosity in
the parallel (antiparallel) experimental beam/target he-
licity configuration.4 The square brackets, [ ]

B

, indicate
that the enclosed quantity is corrected to Born level,
i.e., unfolded for radiative and detector smearing, using
Born and smeared Monte Carlo simulations according to
the essentially model-independent procedure described in
Ref. [5]. The unfolding is carried out in the same di-
mension used to present the data (see also Section III
and Table III). The factor fD represents the dilution of
the polarization of the nucleon with respect to that of
the nucleus and is explained in Section II B 1. Finally,
C

h
� is a correction that compensates for any distortion

caused by the convolution of the azimuthal moments of

4 Note that if experimental polarizations are not alternated so that
the average polarization of both beam and target samples are
zero, terms in Eq. (1) with a single “U” in the subscript do not
vanish, a priori, from both the numerator and denominator of
the ratio. In contrast, Eq. (2), i.e., the combination of all four
target- and beam-helicity states, leaves only the sum of terms
from Eq. (1) with the “LL” subscript divided by the sum of
terms with the “UU” subscript.

TABLE II. Inclusive and semi-inclusive kinematic require-
ments (value in parentheses is the limit for the extended range
discussed in Section II B 2). Here, Feynman-x (x

F

) is defined
as the ratio of the hadron’s longitudinal momentum compo-
nent in the virtual-photon–nucleon center-of-mass system to
its maximal possible value.

Kinematic Requirements
Q

2

> 1.0 GeV2

W

2

> 10 GeV2

y < 0.85
(0.1) 0.2 < z < 0.8

x

F

> 0.1

the polarization-independent cross section with the non-
uniform detector acceptance, which is described in more
detail in Section II B 6.
The virtual-photon–nucleon asymmetry A

h
1

is defined
as

A

h
1

⌘
�

h
1/2 � �

h
3/2

�

h
1/2 + �

h
3/2

, (6)

where �h
1/2 (�

h
3/2) is the photoabsorption cross section for

photons for which the spin is antiparallel (parallel) to the
target-nucleon spin. Ah

1

is computed from A

h
k as

A

h
1

=
1

D(1 + ⌘�)
A

h
k , (7)

where the contributions from the spin structure function
g

2

and, in case of a deuterium target, from the tensor
structure function b

1

are negligible [36]. Furthermore,

⌘ =
✏�y

1� (1� y) ✏
(8)

is a kinematic factor, and

D =
1� (1� y)✏

1 + ✏R

(9)

accounts for the limited degree of polarization transfer at
the electron–virtual-photon vertex, including the ratio R

of longitudinal-to-transverse cross sections. In this anal-
ysis, R was taken from the R1999 parameterization [37]
for all calculations of A

h
1

, which—strictly speaking—is
valid only for inclusive DIS measurements as pointed out
above.

B. Di↵erences from prior analyses

Although the analysis has much in common with
those in prior HERMES publications, several changes are
made, which increase statistical precision and reduce the
systematic uncertainties.
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