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Single-spin azimuthal asymmetries in electroproduction of neutral pions in semi-inclusive
deep-inelastic scattering
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J. Stewart,2,7,16,28U. Stösslein,5,7 K. Suetsugu,29 S. Taroian,31 A. Terkulov,20 O. Teryaev,8,25 S. Tessarin,10 E. Thomas,11

B. Tipton,4 M. Tytgat,13 G. M. Urciuoli,26 J. F. J. van den Brand,23,30 G. van der Steenhoven,23 R. van de Vyver,13

J. J. van Hunen,23 M. C. Vetterli,27,28 V. Vikhrov,24 M. G. Vincter,1 J. Visser,23 C. Weiskopf,9 J. Wendland,27,28 J. Wilbert,9

T. Wise,17 S. Yen,28 S. Yoneyama,29 and H. Zohrabian31

~HERMES Collaboration!
1Department of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2J1

2Physics Division, Argonne National Laboratory, Argonne, Illinois 60439-4843
3Istituto Nazionale di Fisica Nucleare, Sezione di Bari, 70124 Bari, Italy

4W.K. Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, California 91125
5Nuclear Physics Laboratory, University of Colorado, Boulder, Colorado 80309-0446

6DESY, Deutsches Elektronen Synchrotron, 22603 Hamburg, Germany
7DESY Zeuthen, 15738 Zeuthen, Germany

8Joint Institute for Nuclear Research, 141980 Dubna, Russia
9Physikalisches Institut, Universita¨t Erlangen-Nu¨rnberg, 91058 Erlangen, Germany

10Istituto Nazionale di Fisica Nucleare, Sezione di Ferrara and Dipartimento di Fisica, Universita` di Ferrara, 44100 Ferrara, Italy
11Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Frascati, 00044 Frascati, Italy

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

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

16Physics Department, University of Liverpool, Liverpool L69 7ZE, United Kingdom
17Department of Physics, University of Wisconsin-Madison, Madison, Wisconsin 53706

18Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
19Randall Laboratory of Physics, University of Michigan, Ann Arbor, Michigan 48109-1120

20Lebedev Physical Institute, 117924 Moscow, Russia
21Sektion Physik, Universita¨t München, 85748 Garching, Germany

22Department of Physics, New Mexico State University, Las Cruces, New Mexico 88003
23Nationaal Instituut voor Kernfysica en Hoge-Energiefysica (NIKHEF), 1009 DB Amsterdam, The Netherlands

24Petersburg Nuclear Physics Institute, St. Petersburg, Gatchina, 188350 Russia
25Institut für Theoretische Physik, Universita¨t Regensburg, 93040 Regensburg, Germany

26Istituto Nazionale di Fisica Nucleare, Sezione Sanita` and Physics Laboratory, Istituto Superiore di Sanita`, 00161 Roma, Italy
27Department of Physics, Simon Fraser University, Burnaby, British Columbia, Canada V5A 1S6

28TRIUMF, Vancouver, British Columbia, Canada V6T 2A3
29Department of Physics, Tokyo Institute of Technology, Tokyo 152, Japan

30Department of Physics and Astronomy, Vrije Universiteit, 1081 HV Amsterdam, The Netherlands
31Yerevan Physics Institute, 375036, Yerevan, Armenia
0556-2821/2001/64~9!/097101~4!/$20.00 ©2001 The American Physical Society64 097101-1



BRIEF REPORTS PHYSICAL REVIEW D 64 097101
~Received 4 April 2001; published 5 October 2001!

A single-spin asymmetry in the azimuthal distribution of neutral pions relative to the lepton scattering plane
has been measured for the first time in deep-inelastic scattering of positrons off longitudinally polarized
protons. The analyzing power in the sinf moment of the cross section is 0.01960.007(stat)60.003(syst).
This result is compared to single-spin asymmetries for charged pion production measured in the same kine-
matic range. Thep0 asymmetry is of the same size as thep1 asymmetry and shows a similar dependence on
the relevant kinematic variables. The asymmetry is described by a phenomenological calculation based on a
fragmentation function that represents sensitivity to the transverse polarization of the struck quark.

DOI: 10.1103/PhysRevD.64.097101 PACS number~s!: 13.87.Fh, 13.60.2r, 13.88.1e, 14.20.Dh
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Semi-inclusive pion production in polarized dee
inelastic scattering is a powerful tool for investigating t
spin structure of the nucleon and providing informati
about the spin-dependent parton distribution and fragme
tion functions. The recent observation of a significant a
muthal asymmetry for semi-inclusivep1 production in
deep-inelastic scattering~DIS! of unpolarized positrons of
longitudinally polarized protons@1# has revealed effects o
quark distribution and fragmentation functions that descr
the transverse polarization of quarks. In particular, the occ
rence of single-spin asymmetries, where only the targe
polarized, offers access to the fundamental but still unm
sured chiral-odd transversity distribution functions@2,3#
through the so-called Collins effect@4–7#. This effect in-
volves a chiral-odd fragmentation function, the Collins fun
tion, that describes the fragmentation of a transversely po
ized quark into an unpolarized hadron and is discusse
recent experimental@1,8# and theoretical publications@9–19#
on this subject.

Single-spin asymmetries in pion production have alrea
been measured in proton-proton scattering experiments@20#,
where thep0 asymmetry is found to be similar to thep1

one, but with opposite sign as compared with thep2 one.
This isospin dependence could be understood@21# in terms
of the difference between the unpolarized cross sections
p1 and p2 production. However, these asymmetries fro
proton-proton scattering may also arise from initial-state
teractions, which are negligible for semi-inclusive lepto
nucleon scattering processes. In the latter case any sin
spin asymmetry can originate only from a spin depende
in the fragmentation of a polarized quark. In fact such
dependence is assumed in@15,16,22# where a sizablep0

single-spin asymmetry is predicted for lepton-nucleon sc
tering.

This paper reports the first observation of a single-s
azimuthal asymmetry in semi-inclusive neutral pion elect
production. The relevant kinematic variables of this proc
in the target rest frame are the spacelike squared f
momentumQ2 of the exchanged virtual photon with energ
n, the pion fractional energyz5Ep /n, the pion transverse
momentumP' , and the azimuthal anglef of the pion
around the virtual-photon axis. HereEp is the pion energy,
P' is defined with respect to the virtual-photon direction a
f is defined relative to the lepton scattering plane. The fr
tional energy transferred to the proton is given byy5n/E
and the Bjorken scaling variable is defined asx5Q2/2Mn,
whereE is the lepton beam energy andM is the proton mass
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The data were collected in 1996 and 1997 using a lon
tudinally polarized hydrogen gas target in the 27.57 G
HERA positron storage ring at DESY. The average tar
polarization was 0.86 with a fractional uncertainty of 5%
The scattered positron and the decay photons from thep0

were detected by the HERMES spectrometer@23#. Positrons
were distinguished from hadrons with an average efficie
of 99% at a hadron contamination of less than 1% using
information from an electromagnetic calorimeter, a transit
radiation detector, a preshower scintillator detector, an
threshold Cherenkov detector. The kinematic requireme
imposed on the scattered positrons wereQ2

.1 (GeV/c)2, 0.023,x,0.4, 0.2,y,0.85, and an in-
variant mass squared of the initial photon-nucleon sys
W2.4 (GeV/c)2.

Neutral pion identification was provided by the detecti
of the two photon clusters originating from thep0 decay in
the electromagnetic calorimeter@24#, each with a minimum
energy deposition of 1.0 GeV and without a correspond
charged track. The reconstructed photon-pair invariant m
mgg shows a clearp0 mass peak with a mass resolution
about 0.012 GeV/c2. Neutral pions were selected within th
invariant mass range of 0.10,mgg,0.17 GeV/c2 where
background contributions from uncorrelated photons ty
cally amount to 20%. An upper limit ofz,0.7 was used in
order to minimize acceptance effects and to suppress
sible contributions of exclusive processes. The requirem
P'.0.05 GeV/c ensures an accurate measurement of
azimuthal anglef.

The analyzing powers for unpolarized~U! beam and lon-
gitudinally ~L! polarized target are evaluated as

AUL
W 5

L→

LP
→ (

i 51

N→

W~f i
→!2

L←

LP
← (

i 51

N←

W~f i
←!

1

2
@N→1N←#

, ~1!

using the weighting functionsW(f)5sinf and W(f)
5sin 2f. Here, the superscripts→ and ← denote opposite
target helicity states. Each summation runs over the num
N→(←) of pions selected for each target helicity state and
multiplied with the dead-time corrected luminositiesL→(←)

andLP
→(←) , the latter being weighted by the target polariz

tion magnitude. The analyzing powers were determined
integrating over the spectrometer acceptance in the kinem
1-2
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FIG. 1. Analyzing power in the sinf moment forp0 ~circles! compared to previous results@1# for p1 ~triangles! andp2 ~squares! as
a function of the pion fractional energyz, the Bjorken variablex, and of the pion transverse momentumP' . Error bars include the statistica
uncertainties only. The filled and open bands at the bottom of the panels represent the systematic uncertainties for neutral and cha
respectively. The data for charged pion production are slightly shifted inz, x, and P' for clarity. The shaded areas show a range
predictions of a model calculation@10,17# applied to the case ofp0 electroproduction~see text!.
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variabley with a mean value of 0.57. Corrections of abo
15% were applied for cross-contamination between the sf
and sin 2f moments due to the spectrometer acceptan
based on a Monte Carlo simulation. Aside from this, t
results have been shown to be little affected by the limi
acceptance of the HERMES spectrometer. A backgro
contribution from uncorrelated photons was estimated
varying the window in the reconstructed invariant mass
the photon pair. It was found to be negligible within th
statistical accuracy of the data and was taken into accou
the systematic error. The primary contributions to the s
tematic uncertainty arise from the target polarization a
from the acceptance corrections. Radiative effects on the
polarized cross section were evaluated and a contributio
the asymmetry of less then 0.1% averaged over the full
ceptance was found@25#.

The analyzing power in the azimuthal sinf moment of
thep0 production cross section, averaged overz, x, andP'

with mean values of 0.48, 0.09, and 0.44 GeV/c, respec-
tively, is 0.01960.007(stat)60.003(syst). This result is con
sistent with thep1 measurements for which an analyzin
power of 0.02260.005(stat)60.003(syst) was reported@1#.
The observed azimuthal asymmetry implies a substan
magnitude for the Collins fragmentation functionH1

' . The
analyzing power in the sin2f moment for the same proces
calculated using Eq.~1!, is consistent with zero within the
statistical uncertainty: 0.00660.007(stat)60.003(syst). This
is expected from predictions for the ratio ofAUL

sin 2f to AUL
sin f

@11#, which are small in the valence region for the spec
kinematic range of relatively lowQ2 and moderateP' ac-
cessible at HERMES.

In Fig. 1 the analyzing powerAUL
sin f is shown as a function

of the pion fractional energyz, the Bjorken scaling variable
x, and the pion transverse momentumP' , after averaging
over the other two kinematic variables. Also shown are
sults for charged pions@1# obtained in the same kinemat
range. Thep0 andp1 asymmetries exhibit a similar behav
09710
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ior in all kinematic variables. Thez dependence of thep0

asymmetry is consistent with the monotonic increase of
p1 asymmetry. The increase ofAUL

sin f with increasingx sug-
gests that single-spin asymmetries are associated with
lence quark contributions. The dependence onP' can be
related to the dominant kinematic role of the intrinsic tran
verse momentum of the quark, ifP' remains below the typi-
cal hadronic mass of about 1 GeV/c2 @1#. Also shown in
Fig. 1 are the predictions of a model calculation@10,17# for
the p0 single-spin azimuthal asymmetry using isospin a
charge conjugation invariance@15#. In the case of longitudi-
nally polarized nucleons, two distribution functions enter t
calculation. One,h1L

' , is twist-2 and describes the quar
transverse spin distribution in a longitudinally polarize
nucleon, whilehL includes an interaction dependent twist
part. Both are related to the twist-2 distribution functionh1,
called transversity, that describes the quark transverse
distribution in a transversely polarized nucleon, byhL(x)
5h1(x)2(d/dx)h1L

'(1)(x) @6#, whereh1L
'(1) is thekT

2 moment
of h1L

' over the intrinsic quark transverse momentumkT .
Assuming a vanishingh1L

'(1) @17#, the number of unknown
distribution functions can be reduced to one:hL.h1. The
range of predictions, shown in Fig. 1, is obtained by varyi
h1 between the two assumptionsh15g1 ~non-relativistic
limit ! andh15( f 11g1)/2 ~Soffer inequality!, with the usual
polarized and unpolarized distribution functionsg1 and f 1,
respectively. In both cases a simple parameterization for
spin-dependent time-reversal-odd fragmentation functionH1

'

was adopted; see Eq.~14! in @17#. The predictions are con
sistent with the measuredp0 azimuthal asymmetries and de
scribe the dependences on the kinematic variables. Th
new p0 data provide additional information also for oth
phenomenological approaches@12–14,19#.

In summary, a single-spin azimuthal asymmetry forp0

production has been measured in semi-inclusive de
inelastic lepton scattering off a longitudinally polarized pr
1-3
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ton target. The dependence of this asymmetry on the k
matic variablesx, z, and P' has been investigated. Th
results are similar to the previously measured azimu
asymmetry forp1 electroproduction, while thep2 asymme-
try was consistent with zero. This finding can be well d
scribed by a model calculation where the asymmetry is
terpreted as the effect of the convolution of a chiral-o
distribution function and a time-odd fragmentation functio
The observed single-spin azimuthal asymmetries for neu
and charged pion electroproduction are consistent with
assumedu-quark dominance in both distribution and fra
mentation functions. These results provide evidence in s
port of the existence of non-zero chiral-odd structures t
.

e

,
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al
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t

describe the transverse polarization of quarks. New data
expected from future HERMES measurements on a tra
versely polarized target, which will give direct access to t
transversity@26#.
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