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Abstract. We point out that measurements of longitudi-
nal " polarization in the target fragmentation region of
deep-inelastic lN and kN or eN scattering may test dy-
namical mechanisms invoked to explain the proton spin
puzzle. A previously-proposed model for polarized sN s
pairs in the proton wave function reproduces successfully
the negative " polarization found in the WA59 l6 N experi-
ment, and makes predictions that could be tested in future
kN and eN experiments.

1 Introduction

Polarization measurements provide sensitive tests of mod-
els of strong-interaction dynamics, and have produced
a number of surprises. The largest amount of discussion
has been stimulated by measurements of polarized deep-
inelastic lepton-nucleon scattering structure functions,
which indicate that the angular momentum of the proton
is not distributed among its parton constituents in the way
expected in the naı̈ve quark models. This discussion has
been facilitated by the relatively well-understood theoret-
ical framework of perturbative QCD, the operator prod-
uct expansion and local operator matrix elements. Other
puzzling polarization measurements, such as those of
helicity-amplitude e§ects in pp elastic scattering or of
" polarization in hadron-hadron and deep-inelastic scat-
tering, have su§ered from the lack of such a clear basis for
conceptual analysis. Some modelling of nonperturbative
QCD is essential for the interpretation of these experi-
ments, as well as for understanding the local operator
matrix elements determined by deep-inelastic structure-
function measurements.

Broadly speaking, one can distinguish two principal
trends in the interpretation of these deep-inelastic

| e-mail: johne@cernvm.cern.ch
|| e-mail: kharzeev@vxcern.cern.ch
|| | e-mail: aram@cernvm.cern.ch

measurements. One notes that the measured values of
axial current matrix elements *q · 2sk"SpDqN ckc5qDpT, in
particular the smallness of the singlet axial current matrix
element SpDA0DpT"*R · 2sk : *R"*u#*d#*s, are
closer to the values expected in chiral soliton models in
the twin limits of massless quarks and a large number of
colours N

c
, and interprets the data in terms of the topol-

ogy of the flavour Sº (3) group as reflected in such chiral
soliton models [1]. The other trend assigns responsibility
for the smallness of SpDA0k DpT to the º (1) axial-current
anomaly, which may a play either perturbatively, via
a gluonic correction to the polarized quark-parton distri-
butions in the proton wave function: *qP*q!(a

s
/2n)

*G, or nonperturbatively via a dynamical suppression of
the º(1) topological susceptibility [2].

The perturbative approach to suppression of the
axial º (1) matrix element invokes a large polarized
gluon distribution *G which is absent from the chiral
soliton approach. These models are, therefore, easy to
distinguish in principle, and various proposals have
been made for measuring the gluon polarization via
hard processes in deep-inelastic scattering and elsewhere.
Some experimental information is starting to become
available, but no test discriminating clearly between these
models has yet been made. At our present level of under-
standing, any such test which goes beyond the pertur-
batively-calculable hard-scattering framework necessarily
involves additional nonperturbative assumptions or in-
puts, for example in modelling the polarized proton wave
function.

One such model has recently been proposed [3, 4], in
which a valence quark core with (essentially) the naı̈ve
quark model spin content may be accompanied by a spin-
triplet sN s pair in which the sN antiquark is supposed to be
negatively polarized, motivated by chiral dynamics, and
likewise the s quark, motivated by 3P

0
quark condensa-

tion in the vacuum: S0 DuN u, dM d, sN s D0TO0. This model has
been shown to reproduce qualitatively experimental fea-
tures of / production in pN N annihilation and used to
make further predictions for / and f @

2
production [3], and

for depolarization in pN pP"1 " [4]. In the latter case, our
model predictions di§er from those that could be expected

Longitudinal quark polarization in transversely polarized nucleons
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Accounting for transverse momenta of the quarks, a longitudinal quark spin asymmetry exists in a trans-
versely polarized nucleon target. The relevant leading quark distribution g1T(x ,kT

2) can be measured in semi-
inclusive deep-inelastic scattering. The average kT

2 weighted distribution function g1T
(1) can be obtained directly

from the inclusive measurement of g2 . @S0556-2821~96!03813-1#

PACS number~s!: 13.88.1e, 12.39.Ki, 13.60.Hb, 14.20.Dh

Intrinsic transverse momentum (kT) plays an important
role in the quark distribution functions ~DF’s! used to de-
scribe a polarized nucleon @1,2#. For the leading ~twist-two!
part of the deep inelastic scattering cross section one already
needs six DF’s to describe the quark state in a polarized
nucleon. They depend on x and kT

2 , which parametrize the
quark momentum in a nucleon with momentum P ,
k5xP1kT . We will adopt the notation of Ref. @2# for these
‘‘new’’ six independent DF’s: f 1

q , g1L
q , g1T

q , h1T
q , h1L

q' , and
h1T
q' (q denotes the quark flavor!. For a polarized nucleon the
spin vector is written as SN 5 lP/M1ST , satisfying
l22ST

251. The probability PNq (x ,kT2), the longitudinal spin
distribution lq(x ,kT), and the transverse spin distributions
sT
q(x ,kT) of the quark in a polarized nucleon are given by

PNq ~x ,kT
2 !5 f 1

q~x ,kT
2 !, ~1!

PNq ~x ,kT
2 !lq~x ,kT!5g1L

q ~x ,kT
2 !l2g1T

q ~x ,kT
2 !
kT•ST
M , ~2!

PNq ~x ,kT
2 !sT

q~x ,kT!5h1T
q ~x ,kT

2 !ST

1Fh1Lq'~x ,kT
2 !l2h1T

q'~x ,kT
2 !
kT•ST
M GkTM .

~3!

These DF’s have a clear physical interpretation: For ex-
ample, g1T

q describes the quark longitudinal polarization in a
transversely polarized nucleon. Such a polarization can be
non-vanishing only if the quark transverse momentum is
nonzero. This DF cannot be measured in deep-inelastic scat-
tering ~DIS! at leading order in 1/Q . It can be measured in
polarized semi-inclusive deep-inelastic scattering ~SIDIS! as
first shown in @3#, where it appears as an azimuthal asymme-
try. Measurements of the other ‘‘new’’ DF’s were proposed
in the doubly-polarized Drell-Yan process @1,2#, and in the
polarized SIDIS @3,4# using the so-called Collins effect @5#.

The quark fragmentation is described by two fragmentation
functions ~FF’s!: spin-independent and transverse-spin-
dependent ones.
The ‘‘ordinary’’ f 1

q(x), g1
q(x), and h1

q(x), and the ‘‘new’’
leading-twist DF’s are related by kT integration:

f 1
q~x !5E d 2kT f 1

q~x ,kT
2 !, ~4!

g1
q~x !5E d 2kTg1L

q ~x ,kT
2 !, ~5!

h1
q~x !5E d 2kTFh1Tq ~x ,kT

2 !2
kT
2

2M 2 h1T
q'~x ,kT

2 !G . ~6!

The DF g1T
q (x ,kT

2) does not contribute to g1
q(x), but it does

contribute to the DF gT
q(x) 5 g1

q(x)1g2
q(x), which contrib-

utes at O(1/Q) in the inclusive polarized leptoproduction
cross section @6#. A detailed discussion of the DF g2

q is given
in the recent review by Anselmino, Efremov, and Leader @7#.
The complete tree-level description of polarized SIDIS up to
order O(1/Q) is presented in Ref. @8#, where the problem of
gauge invariance was also discussed.
In this paper we will be mainly concerned with the longi-

tudinal quark spin distribution lq(x ,kT) and the two DF’s
g1L
q (x ,kT

2) and g1T
q (x ,kT

2) describing it. Following Ref. @3#,
we first consider the polarized SIDIS in the simple quark-
parton model. We will use the standard notation for DIS
variables: l and l8 are the momenta of the initial and the final
state lepton; q5l2l8 is the exchanged virtual photon mo-
mentum; P (M ) is the target nucleon momentum ~mass!, S
its spin; Ph is the final hadron momentum; Q252q2;
s5Q2/xy ; x5Q2/2P•q; y5P•q/P•l; z5P•Ph /P•q . The
reference frame is defined with the z axis along the virtual
photon momentum direction ~antiparallel! and x axis in the
lepton scattering plane, with positive direction chosen along
lepton transverse momentum. Azimuthal angles of the pro-
duced hadron, fh , and of the nucleon spin, fS , are counted
around z axis ~for more details see Refs. @3# or @8#!. In this
paper as independent azimuthal angles we will choose

*Electronic address: aram@cernvm.cern.ch
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PHYSICAL REVIEW D 1 JULY 1996VOLUME 54, NUMBER 1

540556-2821/96/54~1!/1229~4!/$10.00 1229 © 1996 The American Physical Society



CPHI-2020Gunar Schnell 5

VOLUME 84, NUMBER 18 P HY S I CA L R EV I EW LE T T ER S 1 MAY 2000

Evidence for a Single-Spin Azimuthal Asymmetry in Semi-inclusive Pion Electroproduction

A. Airapetian,32 N. Akopov,32 M. Amarian,24,27,32 E.C. Aschenauer,13,14,6 H. Avakian,10 R. Avakian,32 A. Avetissian,32

E. Avetissian,10,32 B. Bains,15 C. Baumgarten,22 M. Beckmann,12 S. Belostotski,25 J. E. Belz,28,29 Th. Benisch,8
S. Bernreuther,8 N. Bianchi,10 J. Blouw,24 H. Böttcher,6 A. Borissov,6,14 M. Bouwhuis,15 J. Brack,4 S. Brauksiepe,12

B. Braun,22,8 B. Bray,3 St. Brons,6 W. Brückner,14 A. Brüll,14 E. E.W. Bruins,19 H. J. Bulten,18,24,31 G. P. Capitani,10

P. Carter,3 P. Chumney,23 E. Cisbani,27 G.R. Court,17 P. F. Dalpiaz,9 E. De Sanctis,10 D. De Schepper,19,2

E. Devitsin,21 P.K.A. de Witt Huberts,24 P. Di Nezza,10 M. Düren,8 A. Dvoredsky,3 G. Elbakian,32 J. Ely,4 A. Fantoni,10

A. Fechtchenko,7 M. Ferstl,8 K. Fiedler,8 B.W. Filippone,3 H. Fischer,12 B. Fox,4 J. Franz,12 S. Frullani,27

M.-A. Funk,5 Y. Gärber,6 H. Gao,2,15,19 F. Garibaldi,27 G. Gavrilov,25 P. Geiger,14 V. Gharibyan,32 A. Golendukhin,8,22,32

G. Graw,22 O. Grebeniouk,25 P.W. Green,1,29 L.G. Greeniaus,1,29 C. Grosshauser,8 M. Guidal,24 A. Gute,8
V. Gyurjyan,10 J. P. Haas,23 W. Haeberli,18 J.-O. Hansen,2 M. Hartig,29 D. Hasch,6,10 O. Häusser,28,29,* F.H. Heinsius,12

R. Henderson,29 M. Henoch,8 R. Hertenberger,22 Y. Holler,5 R. J. Holt,15 W. Hoprich,14 H. Ihssen,5,24 M. Iodice,27

A. Izotov,25 H. E. Jackson,2 A. Jgoun,25 R. Kaiser,28,29,6 E. Kinney,4 A. Kisselev,25 P. Kitching,1 H. Kobayashi,30

N. Koch,8 K. Königsmann,12 M. Kolstein,24 H. Kolster,22 V. Korotkov,6 W. Korsch,3,16 V. Kozlov,21 L.H. Kramer,19,11

V.G. Krivokhijine,7 M. Kurisuno,30 G. Kyle,23 W. Lachnit,8 P. Lenisa,9 W. Lorenzon,20 N.C. R. Makins,2,15

F. K. Martens,1 J.W. Martin,19 F. Masoli,9 A. Mateos,19 M. McAndrew,17 K. McIlhany,3,19 R.D. McKeown,3
F. Meissner,6 F. Menden,12,29 A. Metz,22 N. Meyners,5 O. Mikloukho,25 C.A. Miller,1,29 M.A. Miller,15 R. Milner,19

A. Most,15,20 V. Muccifora,10 R. Mussa,9 A. Nagaitsev,7 Y. Naryshkin,25 A.M. Nathan,15 F. Neunreither,8
M. Niczyporuk,19 W.-D. Nowak,6 M. Nupieri,10 K.A. Oganessyan,10 T.G. O’Neill,2 R. Openshaw,29 J. Ouyang,29

B.R. Owen,15 V. Papavassiliou,23 S. F. Pate,19,23 M. Pitt,3 S. Potashov,21 D.H. Potterveld,2 G. Rakness,4 A. Reali,9
R. Redwine,19 A.R. Reolon,10 R. Ristinen,4 K. Rith,8 P. Rossi,10 S. Rudnitsky,20 M. Ruh,12 D. Ryckbosch,13

Y. Sakemi,30 I. Savin,7 C. Scarlett,20 A. Schäfer,26 F. Schmidt,8 H. Schmitt,12 G. Schnell,23 K. P. Schüler,5
A. Schwind,6 J. Seibert,12 T.-A. Shibata,30 K. Shibatani,30 T. Shin,19 V. Shutov,7 C. Simani,9 A. Simon,12 K. Sinram,5
P. Slavich,9,10 M. Spengos,5 E. Steffens,8 J. Stenger,8 J. Stewart,17 U. Stoesslein,6 M. Sutter,19 H. Tallini,17 S. Taroian,32

A. Terkulov,21 O. Teryaev,7,26 E. Thomas,10 B. Tipton,19 M. Tytgat,13 G.M. Urciuoli,27 J. F. J. van den Brand,24,31

G. van der Steenhoven,24 R. van de Vyver,13 J. J. van Hunen,24 M.C. Vetterli,28,29 V. Vikhrov,25 M.G. Vincter,29,1

J. Visser,24 E. Volk,14 W. Wander,8 J. Wendland,28 S. E. Williamson,15 T. Wise,18 K. Woller,5
S. Yoneyama,30 and H. Zohrabian32

(The HERMES Collaboration)
1Department of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2J1

2Physics Division, Argonne National Laboratory, Argonne, Illinois 60439-4843
3W.K. Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, California 91125

4Nuclear Physics Laboratory, University of Colorado, Boulder, Colorado 80309-0446
5DESY, Deutsches Elektronen Synchrotron, 22603 Hamburg, Germany

6DESY Zeuthen, 15738 Zeuthen, Germany
7Joint Institute for Nuclear Research, 141980 Dubna, Russia

8Physikalisches Institut, Universität Erlangen-Nürnberg, 91058 Erlangen, Germany
9Istituto Nazionale di Fisica Nucleare, Sezione di Ferrara and Dipartimento di Fisica, Università di Ferrara, 44100 Ferrara, Italy

10Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Frascati, 00044 Frascati, Italy
11Department of Physics, Florida International University, Miami, Florida 33199

12Fakultät für Physik, Universität Freiburg, 79104 Freiburg, Germany
13Department of Subatomic and Radiation Physics, University of Gent, 9000 Gent, Belgium

14Max-Planck-Institut für Kernphysik, 69029 Heidelberg, Germany
15Department of Physics, University of Illinois, Urbana, Illinois 61801

16Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506
17Physics Department, University of Liverpool, Liverpool L69 7ZE, United Kingdom

18Department of Physics, University of Wisconsin-Madison, Madison, Wisconsin 53706
19Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

20Randall Laboratory of Physics, University of Michigan, Ann Arbor, Michigan 48109-1120
21Lebedev Physical Institute, 117924 Moscow, Russia

22Sektion Physik, Universität München, 85748 Garching, Germany
23Department of Physics, New Mexico State University, Las Cruces, New Mexico 88003

24Nationaal Instituut voor Kernfysica en Hoge-Energiefysica (NIKHEF), 1009 DB Amsterdam, The Netherlands

0031-9007!00!84(18)!4047(5)$15.00 © 2000 The American Physical Society 4047

VOLUME 84, NUMBER 18 P HY S I CA L R EV I EW LE T T ER S 1 MAY 2000

FIG. 3. Target-spin analyzing powers in the sinf moment as
a function of transverse momentum, for p1 (squares) and p2

(circles). Error bars show the statistical uncertainties and the
band represents the systematic uncertainties.

In summary, single-spin azimuthal asymmetries of pions
produced in deep-inelastic scattering of polarized positrons
from a longitudinally polarized hydrogen target have been
measured. The analyzing power involving the sinf mo-
ment of the cross section is found to be significant for p1

production with unpolarized (spin-averaged) positrons on
a longitudinally polarized hydrogen target, while for p2 it
is found to be consistent with zero. In addition, the analyz-
ing powers involving the sin2f moments of both p1 and
p2 are consistent with zero. The sinf target-related an-
alyzing power for p1, averaged over the full acceptance,
is found to be 0.022 6 0.005 6 0.003, and there are indi-
cations that this analyzing power increases with increasing
x, and also with P! up to !0.8 GeV. The appearance
of this single-spin asymmetry can be interpreted as an ef-
fect of chiral-odd spin distribution functions coupled with
a time-reversal-odd fragmentation function. This fragmen-
tation function offers a means to measure transversity in
future experiments using a transversely polarized target.
We thank M. Anselmino, J. Collins, A.M. Kotzinian,

and P. J. Mulders for many interesting discussions. We
gratefully acknowledge the DESY management for its sup-

port, the staffs at DESY and the collaborating institutions
for their significant effort, and our funding agencies for
financial support.
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to a specific single-spin-dependent moment of the pion
yield distribution in f.
The kinematics of the process are illustrated in Fig. 1.

The relevant variables are the 4-momentum transfer
squared 2Q2 ! q2 ! !k 2 k0"2, the energy transfer
n ! E 2 E0, the virtual photon fractional energy y !
n#E, the invariant mass of the photon-proton system
W !

p

2Mn 1 M2 2 Q2, the Bjorken variable x ! Q2#
2Mn, and the pion fractional energy z ! Ep#n. Here k
and k0 are the 4-momenta and E and E0 are the laboratory
energies of the incoming and outgoing leptons, respec-
tively. Ep is the pion laboratory energy and M is the
proton mass. The transverse momentum !P!" of the pion
is defined with respect to the virtual photon direction in
the initial photon-proton center-of-mass frame.
This Letter reports the first observation of a single-spin

azimuthal asymmetry for semi-inclusive pion production
in deep-inelastic scattering. The data were recorded
during the 1996 and 1997 running periods of the
HERMES experiment using both unpolarized and longi-
tudinally nuclear-polarized hydrogen internal gas targets
[10] in the 27.6 GeV HERA polarized positron stor-
age ring at DESY. Longitudinal beam polarization is
obtained by using spin rotators [11] located upstream
and downstream of the HERMES experiment. The
scattered positrons and associated pions are detected by
the HERMES spectrometer [12] in the polar angle range
0.04 , u , 0.22 rad. Positron and hadron identification
is based on information from four detectors: a threshold
gas Čerenkov counter, a transition-radiation detector, a
preshower scintillator detector, and a lead-glass electro-
magnetic calorimeter. The particle identification provides
an average positron identification efficiency of 99% with
a hadron contamination that is less than 1%.
The kinematic requirements on the scattered positron

used in this analysis are 1 , Q2 , 15 GeV2, W .
2 GeV, 0.023 , x , 0.4, and y , 0.85. Pions were
identified in the energy range 4.5 , Ep , 13.5 GeV.
Acceptance effects were minimized and exclusive pro-
duction was suppressed by imposing the requirement
0.2 , z , 0.7. The limit P! . 50 MeV was applied

FIG. 1. Kinematic planes for pion production in semi-inclusive
deep-inelastic scattering.

to the pions to allow an accurate measurement of the
angle f.
Measurements were performed with all combinations of

beam and target helicities, giving the possibility of measur-
ing single- and double-spin terms in the cross section. The
average hydrogen target polarization in the 1996 and 1997
HERMES running periods was 0.86 with a fractional un-
certainty of 5%. The average beam polarization for the an-
alyzed data was 0.55 with a fractional uncertainty of 3.4%.
The various contributions to the f-dependent spin

asymmetry are isolated by extracting moments of the
cross section weighted by corresponding f-dependent
functions. The analyzing powers for beam (target) longi-
tudinal polarization are evaluated as

AW
LU!UL" !

L"

L"
P

N "
P

i!1
W!f"

i" 2
L#

L#
P

N #
P

i!1
W!f#

i"

1
2 $N " 1 N #%

, (1)

where the " # # denotes positive/negative helicity of the
beam (target). Each summation is over the number N "## of
selected events involving a detected pion for each beam
(target) spin state corresponding to the dead-time cor-
rected luminosities L"## and L

"##
P , the latter being aver-

aged with the magnitude of the beam (target) polarization.
All of these quantities are effectively averaged over the
two target (beam) helicity states to arrive at single-spin
asymmetries. The weighting functions W!f" ! sinf and
W!f" ! sin2f are expected to provide sensitivity to the
Collins fragmentation function discussed above, in com-
bination with different spin-distribution functions [3,4].
Analyzing powers were extracted by integrating over the
spectrometer acceptance in the kinematic variables y and
z. Corrections were applied for the effects of the spec-
trometer acceptance, based on a Monte Carlo simulation.
The values of A

sinf
UL , A

sin2f
UL , and A

sinf
LU extracted from

the data according to Eq. (1) and averaged over x and P!

are given in Table I. For both p1 and p2 the beam-related
analyzing powers A

sinf
LU are consistent with zero. This is in

agreement with the small contributions to A
sinf
LU predicted

to arise from higher-twist and O!a2
S" QCD effects [13,14].

The target-related term A
sin2f
UL is also consistent with zero

within errors, both for p1 and p2.
The other target-related analyzing power A

sinf
UL is

consistent with zero for p2, while it is significantly
different from zero for p1. The appearance of such an

TABLE I. Target- and beam-related analyzing powers, aver-
aged over x and P!, for the azimuthal sinf and sin2f moments
of the pion production cross section in deep-inelastic scattering.

p1 p2

A
sinf
UL 0.022 6 0.005 6 0.003 20.002 6 0.006 6 0.004

A
sin2f
UL 20.002 6 0.005 6 0.010 20.005 6 0.006 6 0.005

A
sinf
LU 20.005 6 0.008 6 0.004 20.007 6 0.010 6 0.004
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FIG. 3. Target-spin analyzing powers in the sinf moment as
a function of transverse momentum, for p1 (squares) and p2

(circles). Error bars show the statistical uncertainties and the
band represents the systematic uncertainties.

In summary, single-spin azimuthal asymmetries of pions
produced in deep-inelastic scattering of polarized positrons
from a longitudinally polarized hydrogen target have been
measured. The analyzing power involving the sinf mo-
ment of the cross section is found to be significant for p1

production with unpolarized (spin-averaged) positrons on
a longitudinally polarized hydrogen target, while for p2 it
is found to be consistent with zero. In addition, the analyz-
ing powers involving the sin2f moments of both p1 and
p2 are consistent with zero. The sinf target-related an-
alyzing power for p1, averaged over the full acceptance,
is found to be 0.022 6 0.005 6 0.003, and there are indi-
cations that this analyzing power increases with increasing
x, and also with P! up to !0.8 GeV. The appearance
of this single-spin asymmetry can be interpreted as an ef-
fect of chiral-odd spin distribution functions coupled with
a time-reversal-odd fragmentation function. This fragmen-
tation function offers a means to measure transversity in
future experiments using a transversely polarized target.
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FIG. 3. Target-spin analyzing powers in the sinf moment as
a function of transverse momentum, for p1 (squares) and p2

(circles). Error bars show the statistical uncertainties and the
band represents the systematic uncertainties.

In summary, single-spin azimuthal asymmetries of pions
produced in deep-inelastic scattering of polarized positrons
from a longitudinally polarized hydrogen target have been
measured. The analyzing power involving the sinf mo-
ment of the cross section is found to be significant for p1

production with unpolarized (spin-averaged) positrons on
a longitudinally polarized hydrogen target, while for p2 it
is found to be consistent with zero. In addition, the analyz-
ing powers involving the sin2f moments of both p1 and
p2 are consistent with zero. The sinf target-related an-
alyzing power for p1, averaged over the full acceptance,
is found to be 0.022 6 0.005 6 0.003, and there are indi-
cations that this analyzing power increases with increasing
x, and also with P! up to !0.8 GeV. The appearance
of this single-spin asymmetry can be interpreted as an ef-
fect of chiral-odd spin distribution functions coupled with
a time-reversal-odd fragmentation function. This fragmen-
tation function offers a means to measure transversity in
future experiments using a transversely polarized target.
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FIG. 3. Target-spin analyzing powers in the sinf moment as
a function of transverse momentum, for p1 (squares) and p2

(circles). Error bars show the statistical uncertainties and the
band represents the systematic uncertainties.

In summary, single-spin azimuthal asymmetries of pions
produced in deep-inelastic scattering of polarized positrons
from a longitudinally polarized hydrogen target have been
measured. The analyzing power involving the sinf mo-
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production with unpolarized (spin-averaged) positrons on
a longitudinally polarized hydrogen target, while for p2 it
is found to be consistent with zero. In addition, the analyz-
ing powers involving the sin2f moments of both p1 and
p2 are consistent with zero. The sinf target-related an-
alyzing power for p1, averaged over the full acceptance,
is found to be 0.022 6 0.005 6 0.003, and there are indi-
cations that this analyzing power increases with increasing
x, and also with P! up to !0.8 GeV. The appearance
of this single-spin asymmetry can be interpreted as an ef-
fect of chiral-odd spin distribution functions coupled with
a time-reversal-odd fragmentation function. This fragmen-
tation function offers a means to measure transversity in
future experiments using a transversely polarized target.
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Abstract

Recent measurements from the HERMES and SMC Collaborations show a remarkably large azimuthal single-spin
asymmetries AUL and AUT of the proton in semi-inclusive pion leptoproduction γ ∗(q)p → πX. We show that final-state
interactions from gluon exchange between the outgoing quark and the target spectator system lead to single-spin asymmetries
in deep inelastic lepton–proton scattering at leading twist in perturbative QCD; i.e., the rescattering corrections are not power-
law suppressed at large photon virtuality Q2 at fixed xbj . The existence of such single-spin asymmetries requires a phase
difference between two amplitudes coupling the proton target with J z

p = ±1/2 to the same final-state, the same amplitudes
which are necessary to produce a nonzero proton anomalous magnetic moment. We show that the exchange of gauge particles
between the outgoing quark and the proton spectators produces a Coulomb-like complex phase which depends on the angular
momentum Lz of the proton’s constituents and is thus distinct for different proton spin amplitudes. The single-spin asymmetry
which arises from such final-state interactions does not factorize into a product of distribution function and fragmentation
function, and it is not related to the transversity distribution δq(x,Q) which correlates transversely polarized quarks with the
spin of the transversely polarized target nucleon.  2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Single-spin asymmetries in hadronic reactions have been among the most difficult phenomena to understand
from basic principles in QCD. The problem has become more acute because of the observations by the HERMES
[1] and SMC [2] Collaborations of a strong correlation between the target proton spin S⃗p and the plane of
the produced pion and virtual photon in semi-inclusive deep inelastic lepton scattering ℓp↑ → ℓ′πX at photon
virtuality as large as Q2 = 6 GeV2. Large azimuthal single-spin asymmetries have also been seen in hadronic
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FIG. 3. Target-spin analyzing powers in the sinf moment as
a function of transverse momentum, for p1 (squares) and p2

(circles). Error bars show the statistical uncertainties and the
band represents the systematic uncertainties.
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production with unpolarized (spin-averaged) positrons on
a longitudinally polarized hydrogen target, while for p2 it
is found to be consistent with zero. In addition, the analyz-
ing powers involving the sin2f moments of both p1 and
p2 are consistent with zero. The sinf target-related an-
alyzing power for p1, averaged over the full acceptance,
is found to be 0.022 6 0.005 6 0.003, and there are indi-
cations that this analyzing power increases with increasing
x, and also with P! up to !0.8 GeV. The appearance
of this single-spin asymmetry can be interpreted as an ef-
fect of chiral-odd spin distribution functions coupled with
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tation function offers a means to measure transversity in
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evolution, high-pT hadrons
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deep-inelastic scattering

8
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parton

distributions
factorization:
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semi-
inclusive

deep-inelastic scattering

polarized lepton beams

polarized targets

large-acceptance spectrometer

good particle identification (PID)
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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

11

- 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 polarized target

12

Polarization:
longitudinal: ~85%
transversal: ~75%

fast/frequent spin 
reversal

polarimeter
3%

against synchrotron radiation
(movable) collimators

0.35 Tesla

electron beam

coil

coil

solenoid
source for

polarized gas

pump

pump

storage cell
29 x 9.8 x 400 mm3

1017atoms/sec

d < 0.1 mm Al
n = 1-3.5 x 1014 atoms/cm2
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.

hermes The HERMES Spectrometer

1
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m

LUMINOSITY
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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

13

two (mirror-symmetric) halves
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HERMES (1998-2005) schematically

13

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:

14
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helicities
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semi-inclusive DIS 

excluding transverse polarization:

double-spin asymmetry

15
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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

16

Ah
1 =

1

D(1 + ��)
Ah

�
<latexit sha1_base64="1w95ON9yo464nlpw47Q//KtqdAc="></latexit>

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
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h
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, (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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(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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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

19

Ãh
�(x,Q2, z, Ph�) =
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�
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�
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measured

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

19

Ãh
�(x,Q2, z, Ph�) =

�
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�
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�(�)
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d� �h
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acceptance
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“polarized Cahn” effect etc.
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double-spin asymmetry A||
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double-spin asymmetry A||
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azimuthal 
correction

nucleon-in-nucleus 
depolarization factor 

(0.926 for deuteron due 
to D-state admixture)

luminosities 

polarization-weighted
luminosities unfolded for 

QED radiation
to Born level 
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double-spin asymmetry A||
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dominated by statistical uncertainties

main systematics arise from

polarization measurements [6.6% for hydrogen, 5.7% for deuterium)

azimuthal correction [O(few %)]
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consistent with previous HERMES publication [PRD 71 (2005) 012003]

x dependence of A||

A ,p
π +

0

0.1

0.2

0.3

0.4

0.5 A ,d
π + A ,d

K+

A ,p
π -

0.03 0.1 0.4

0

0.1

0.2

0.3

0.4

0.5 A ,d
π -

0.03 0.1 0.4

A ,d
K-

0.03 0.1 0.4
x

[arXiv:1810.07054]
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in general, no strong z-dependence visible

z dependence of A|| (three x ranges)

[arXiv:1810.07054]



CPHI-2020Gunar Schnell 

A ,p
π+

- 0.1

0

0.1

0.2

0.3
0.023 < x < 0.055
0.055 < x < 0.100
0.100 < x < 0.600

A ,d
π+ A ,d

K+

A ,p
π -

0.2 0.4 0.6 0.8

- 0.1

0

0.1

0.2

0.3 A ,d
π -

0.2 0.4 0.6 0.8

A ,d
K-

0.2 0.4 0.6 0.8
Ph⊥[GeV ]

24

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]

0.023 < x < 0.055

linear in  x
     order in x and Ph⊥

A1,d
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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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multi-d dependences

TMD cross sections differential in at least 5 variables

some easily parametrized (e.g., azimuthal dependences)

others mostly unknown
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dependences

e.g., binning in x involves [incomplete] integration(s) over Ph⊥
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multi-d dependences

TMD cross sections differential in at least 5 variables

some easily parametrized (e.g., azimuthal dependences)

others mostly unknown

one-dimensional binning provide only glimpse of true physics

even different kinematic bins can’t disentangle underlying physics 
dependences

e.g., binning in x involves [incomplete] integration(s) over Ph⊥

further complication: physics (cross sections) folded with acceptance

NO experiment has flat acceptance in full multi-d kinematic space  

27
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N+(x) � N�(x)

N+(x) + N�(x)
=

�
d� �(x,�) ��(x,�)�
d� �(x,�) �(x,�)
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measured cross sections / asymmetries often contain “remnants” of 
experimental acceptance ϵ 

multi-d dependences

28
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N+(x) � N�(x)
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=
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measured cross sections / asymmetries often contain “remnants” of 
experimental acceptance ϵ 

multi-d dependences

28

difficult to evaluate precisely in absence of good physics model

general challenge to statistically precise data sets

avoid 1d binning/presentation of data

theorist: watch out for precise definition (if given!) of experimental 
results reported … and try not to treat data points of different 
projections as independent
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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

3-dimensional binning
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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

A

h+�h�

1

(x) ⌘

⇣
�

h+

1/2 � �

h�

1/2

⌘
�

⇣
�

h+

3/2 � �

h�

3/2

⌘

⇣
�

h+

1/2 � �

h�

1/2

⌘
+

⇣
�

h+

3/2 � �

h�

3/2

⌘ (12)

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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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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FIG. 8. Hadron charge-di↵erence asymmetries for pions
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from the deuterium target. Error bars represent statistical
uncertainties. Systematic uncertainties are given as bands.
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a 6LiD target are also shown.
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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

D

u!⇡+

1

= D

d!⇡�

1

and D

u!⇡�

1

= D

d!⇡+

1

, (15)

a second valence-quark expression using charge-di↵erence
asymmetries from a hydrogen target is given by

A
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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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expected because in the one-photon-exchange approxi-
mation there is no A
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section [cf. Eq. (1)] and thus a non-zero A
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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
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target), which causes a significantly larger denominator
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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.
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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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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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FIG. 7. 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
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have very di↵erent and quite complementary model as-
sumptions. Whereas the method presented here depends
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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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h,cos�
k , are
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(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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tributions with the results of the purity analysis suggest
that there is no significant deviation from the factoriza-
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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
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deuteron results 
(unidentified hadrons)  
consistent with COMPASS
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charge-difference asymmetries
no significant hadron-type 
dependence for deuterons

deuteron results 
(unidentified hadrons)  
consistent with COMPASS

valence distributions 
consistent with JETSET-
based extraction:

32

A1,pπ
+- π -

0

0.2

0.4

0.6

0.8
HERMES

COMPASS

A1,dh
+- h-

A1,dπ
+- π -

0.01 0.1 0.4

0

0.2

0.4

0.6

0.8 A1,dK
+- K-

0.01 0.1 0.4
x

x•g1
uv

0.04 0.1 0.4

- 0.4

- 0.2

0

0.2

0.4

0.6

0.8

difference asymmetry
purity method

x•g1
dv

0.04 0.1 0.4
x

[arXiv:1810.07054]

[arXiv:1810.07054]



CPHI-2020Gunar Schnell 

twist-3 ☛ various contributions

most prominent: “polarized Cahn effect”

the 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

azimuthal modulations
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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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data sets
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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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