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Abstract

We consider the single-spin azimuthal asymmetries recently measured at the HERMES experiment for charged pions
produced in semi-inclusive deep inelastic scattering of leptons off longitudinally polarized protons. Guided by the
experimental results and assuming a vanishing twist-2 transÕerse quark spin distribution in the longitudinally polarized
nucleon, denoted as ‘‘reduced twist-3 approximation’’, a self-consistent description of the observed single-spin asymmetries
is obtained. In addition, predictions are given for the z dependence of the single target-spin asymmetry. q 2000 Elsevier
Science B.V. All rights reserved.

Ž .Semi-inclusive deep inelastic scattering SIDIS
of leptons off a polarized nucleon target is a rich
source of information on the spin structure of the
nucleon and on parton fragmentation. In particular,
measurements of azimuthal asymmetries in SIDIS
allow the further investigation of the quark and
gluon structure of the polarized nucleon. The HER-
MES collaboration has recently reported on the mea-
surement of single target-spin asymmetries in the
distribution of the azimuthal angle f relative to the
lepton scattering plane, in semi-inclusive charged
pion production on a longitudinally polarized hydro-

w xgen target 1 . The sinf moment of this distribution
was found to be significant for pq-production. For
py it was found to be consistent with zero within
present experimental uncertainties, as it was the case

Ž .E-mail address: kogan@hermes.desy.de K.A. Oganessyan .

for the sin2f moments of both pq and py. Single-
spin asymmetries vanish in models in which hadrons

Žconsist of non-interacting collinear partons quarks
.and gluons , i.e. they are forbidden in the simplest

version of the parton model and perturbative QCD.
Non-vanishing and non-identical intrinsic transverse
momentum distributions for oppositely polarized par-
tons play an important role in most explanations of
such non-zero single-spin asymmetries; they are in-
terpreted as the effects of ‘‘naive time-reversal-odd’’
Ž . w xT-odd fragmentation functions 2–6 , arising from
non-perturbative hadronic final-state interactions. In

w xRefs. 7,8 these asymmetries were evaluated and it
was shown that a good agreement with the HERMES
data can be achieved by using only twist-2 distribu-
tion and fragmentation functions.

In this letter the single target-spin sinf andh

sin2f azimuthal asymmetries are investigated inh
w xthe light of the recent HERMES results 1 . It will be
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shown that these results may be interpreted towards
a vanishing twist-2 quark transverse spin distribution
in the longitudinally polarized nucleon1. Under this
assumption, which will be called hereafter ‘‘reduced
twist-3 approximation’’, the sub-leading order in 1rQ
single target-spin sinf asymmetry reduces to theh

twist-2 level and is interpreted as the effect of the
convolution of the transversity distribution and the
T-odd fragmentation function. In this situation, also
measurements with a longitudinally polarized target
at HERMES may be used to extract the transversity
distribution in a way similar to that proposed in Ref.
w x11 for a transversely polarized target, once enough
statistics will be collected.

The sinf and sin2f moments of experimen-h h

tally observable single target-spin asymmetries in the
SIDIS cross-section can be related to the parton
distribution and fragmentation functions involved in
the parton level description of the underlying process
w x Ž .3,4 . Their anticipated dependence on p k , theT T

Ž .intrinsic transverse momentum of the initial final
parton, reflects into the distribution of P , thehT

transverse momentum of the semi-inclusively mea-
sured hadron. The moments are defined as appropri-
ately weighted integrals over this observable, of the
cross section asymmetry:

< <PhT² :sinfhMh

< <PhT2 q yd P sinf ds ydsŽ .H hT hMh
' , 1Ž .

2 q yd P ds qdsŽ .H hT

< < 2PhT² :sin2fhMMh

< < 2PhT2 q yd P sin2f ds ydsŽ .H hT hMMh
' . 2Ž .

2 q yd P ds qdsŽ .H hT

Ž . Ž .Here q y denote the antiparallel parallel longitu-

1 After this work has been completed we became aware of
w xRefs. 9,10 where this possibility has also been considered.

Ž .dinal polarization of the target and M M is theh
Ž .mass of the target final hadron . For both polarized

and unpolarized leptons these asymmetries are given
w x2by 3,4,12

< <PhT² :sinf x , y , zŽ .hMh

1
s I x , y , z q I x , y , z , 3Ž . Ž . Ž .1 L 1TI x , y , zŽ .0

< < 2PhT² :sin2f x , y , zŽ .hMMh

8
H Ž1. 2 H Ž1.s S 1yy h x z H z ,Ž . Ž . Ž .L 1 L 1I x , y , zŽ .0

4Ž .

where
2I x , y , z s 1q 1qy f x D z ,Ž . Ž . Ž . Ž .Ž .0 1 1

M 'I x , y , z s4S 2yy 1yyŽ . Ž .1 L L Q

= H Ž1.xh x zH zŽ . Ž .L 1

H Ž1. ˜yh x H z , 5Ž . Ž . Ž .1 L

I x , y , z s2S 1yy h x zH H Ž1. z . 6Ž . Ž . Ž . Ž . Ž .1T T x 1 1

Ž .With k k being the 4-momentum of the incom-1 2
Ž . 2 2ing outgoing charged lepton, Q syq where

qsk yk is the 4-momentum of the virtual pho-1 2
Ž . Žton. P P is the momentum of the target finalh

. 2 Ž . Ž . Ž .hadron , x s Q r2 Pq , y s Pq r Pk , z s1
Ž . Ž .PP r Pq , k the incoming lepton transverseh 1T

momentum with respect to the virtual photon mo-
mentum direction, and f is the azimuthal angleh

between P and k around the virtual photonhT 1T

direction. Note that the azimuthal angle of the trans-
Ž .verse with respect to the virtual photon component

Ž .of the target polarization, f , is equal to 0 p forS
Ž .the target polarized parallel anti-parallel to the

w xbeam 12 . The components of the longitudinal and
transverse target polarization in the virtual photon
frame are denoted by S and S , respectively.L T x

2 We omit the current quark mass dependent terms.
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Twist-2 distribution and fragmentation functions have
Ž . Ž .a subscript ‘1’: f x and D z are the usual unpo-1 1

larized distribution and fragmentation functions,
H Ž1.Ž . Ž .while h x and h x describe the quark trans-1 L 1

verse spin distribution in longitudinally and trans-
versely polarized nucleons, respectively. The twist-3
distribution function in the longitudinally polarized

Ž . w xnucleon is denoted by h x 14 . The spin depen-L
H Ž1.Ž .dent fragmentation function H z , describing1

Žtransversely polarized quark fragmentation Collins
w x.effect 2 , can be interpreted as the production prob-

ability of an unpolarized hadron from a transversely
w xpolarized quark 15 . The fragmentation function

˜Ž .H z is the interaction-dependent part of the twist-3
Ž . H Ž1.Ž .fragmentation function: H z s y2 zH z q1

˜ 2Ž . Ž .H z . The functions with superscript 1 denote p -T

and k 2-moments, respectively:T

p2
TH Ž1. 2 H 2h x ' d p h x , p , 7Ž . Ž .Ž .H1 L T 1 L T2ž /2 M

k 2
TH Ž1. 2 2 H 2 2H z 'z d k H z , z k . 8Ž . Ž .Ž .H1 T 1 T2ž /2 Mh

Ž .The function h x can be split into a twist-2 part,L
H Ž1. ˜Ž . Ž .h x , and an interaction-dependent part, h x1 L L

w x14,16 :

hH Ž1. xŽ .1 L ˜h x sy2 qh x . 9Ž . Ž . Ž .L Lx

w xAs it was shown in Refs. 4,16 this relation can be
rewritten as

d
H Ž1.h x sh x y h x . 10Ž . Ž . Ž . Ž .L 1 1 Ldx

The weighted single target-spin asymmetries de-
fined above are related to the ones measured by

w xHERMES 1 through the following relations:

< <2 M Ph hTsinf h ² :A f sinf , 11Ž .UL h² :P MhT h

< 2 <2 MM Ph hTsin2f h ² :A f sin2f , 12Ž .UL h2² : MMP hhT

where the subscripts U and L indicate unpolarized
beam and longitudinally polarized target, respec-
tively.

When combining the HERMES experimental re-
sults of a significant target-spin sinf asymmetry forh

pq and of a vanishing sin2f asymmetry with theh

preliminary evidence from Z 0
™ 2-jet decay on a

non-zero T-odd transversely polarized quark frag-
w xmentation function 17 , it follows immediately from

Ž . H Ž1.Ž .Eq. 4 that h x , the twist-2 transverse quark1 L

spin distribution in a longitudinally polarized nu-
Ž .cleon, should vanish. Consequently, from Eqs. 9 ,

Ž .10 follows that

˜h x sh x sh x . 13Ž . Ž . Ž . Ž .L L 1

In this situation the single target-spin sinf asymme-h
Ž .try given by Eq. 3 reduces to the twist-2 level

Ž .‘‘reduced twist-3 approximation’’ . The fact that
H Ž1.Ž . Ž Ž ..h x see Eq. 7 vanishes may be interpreted as1 L

H Ž 2 .follows: the distribution function h x, p , which1 L T

is non-zero itself, vanishes at any x when it is
averaged over the intrinsic transverse momentum of
the initial parton, p . As a matter of fact, in aT

longitudinally polarized nucleon partons polarized
transversely at large p may indeed have a polariza-T

tion opposite to that at smaller p , at any x.T

It is important to mention that the ‘‘reduced twist-
˜Ž .3 approximation’’ does not require H z s0, which

otherwise would lead to the inconsistency that
H Ž1.Ž . w xH z would be required to vanish 4,18 .1

For the numerical calculations the non-relativistic
Ž . Ž . 3approximation h x sg x is taken as lower limit ,1 1

Ž . Ž Ž . Ž ..and h x s f x qg x r2 as an upper limit1 1 1
w x Ž . Ž .23 . Here g x is the customary chiral even1

polarized distribution function. For the sake of sim-
plicity, Q2-independent parameterizations were cho-

Ž . Ž .sen for the distribution functions f x and g x1 1
w x24 .

To calculate the T-odd fragmentation function
H Ž1.Ž . w xH z , the Collins parameterization 2 for the1

3 Ž . Ž .For non-relativistic quarks, h x s g x . Several models1 1
Ž . Ž .suggest that h x has the same order of magnitude as g x1 1

w x13,19,20 . The evolution properties of h and g , however, are1 1
w x 2very different 21,22 . At the Q values of the HERMES mea-

surement the assumption h s g is fulfilled at large, i.e.1 1

valence-like, x values, while large differences occur at lower x
w x11 .



( )E. De Sanctis et al.rPhysics Letters B 483 2000 69–7372

Fig. 1. The single target-spin asymmetry Asin f h for pq produc-U L

tion as a function of Bjorken x, evaluated using M s0.28 GeVC
Ž .in Eq. 14 . The solid line corresponds to h s g , the dashed one1 1
Ž . w xto h s f q g r2. Data are from Ref. 1 .1 1 1

analyzing power of transversely polarized quark
fragmentation was adopted:

< < H 2 < <k H z ,k M kŽ .T 1 T C T
A z ,k ' s . 14Ž . Ž .C T 2 22M M qkD z ,kŽ .h C T1 T

For the distribution of the final parton’s intrinsic
transverse momentum, k , in the unpolarized frag-T

Ž 2 .mentation function D z,k a Gaussian parameteri-1 T
w x ² 2 2: 2 Žzation was used 25 with z k sb in the nu-T

w x.merical calculations bs0.36 GeV was taken 26 .
pqŽ . w xFor D z the parameterization from Ref. 27 was1

Ž .adopted. In Eq. 14 M is a typical hadronic massC

whose value may range from m to M . Usingp p
Ž .M s2m for the analyzing power of Eq. 14C p

results in

1 HdzH zŽ .H 1
z s0.10 s0.062, 15Ž .

1
dzD zŽ .H 1

z s0.10

which is in good agreement with the experimental
w xresult 0.063"0.017 given for this ratio in Ref. 17 .

H Ž .Here H z is the unweighted polarized fragmenta-1

tion function, defined as

H H z 'z 2 d2 k H H z , z 2 k 2 . 16Ž . Ž .Ž .H1 T 1 T

Ž .It is worth mentioning that the ratio in Eq. 15 is
rather sensitive to the lower limit of integration, z0

w x28 . By using z s0.01, the ratio reduces to 0.03;0
Ž .choosing a value of z equal to 0.2 0.3 , the ratio0

Ž .increases to about 0.1 0.12 . This behavior is mainly
Ž .due to the fact that the fragmentation function D z1

diverges at small values of z.
sinf hŽ . Ž .In Fig. 1, the asymmetry A x of Eq. 11 forUL

pq production on a proton target is presented as a
function of x-Bjorken and compared to HERMES

w x 2 2data 1 , which correspond to 1 GeV FQ F15
GeV 2, 4 GeV FE F13.5 GeV, 0.02FxF0.4,p

0.2FzF0.7, and 0.2FyF0.8. The two theoretical
curves are calculated by integrating over the same

² :kinematic ranges taking P s0.365 GeV as in-hT

put. The latter value is obtained in this kinematic
region assuming a Gaussian parameterization of the

² 2:distribution and fragmentation functions with pT
Ž .2 2 w xs 0.44 GeV 26 .
From Fig. 1 it can be concluded that there is good

agreement between the calculation in this letter and
the HERMES data. Note that the ‘kinematic’ contri-

sinf hŽ .bution to A x , coming from the transverseUL
Žcomponent of the target polarization with respect to

. Žthe virtual photon direction and given by I Eq.1T
Ž ..6 , amounts to only 25%.

The z dependence of the asymmetry Asinf h forUL

pq production is shown in Fig. 2, where the two
Ž .curves correspond to two limits for h x , as intro-1

duced above. No data are available yet to constrain
the calculations.

Fig. 2. The single target-spin asymmetry Asin f h for pq produc-U L

tion as a function of z evaluated using M s0.28 GeV. The solidC
Ž .line corresponds to h s g , the dashed one to h s f q g r2.1 1 1 1 1
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In conclusion, the recently observed single-spin
azimuthal asymmetries in semi-inclusive deep inelas-
tic lepton scattering off a longitudinally polarized
proton target at HERMES are interpreted on the
basis of the so-called ‘‘reduced twist-3 approxima-
tion’’, that is assuming a vanishing twist-2 transverse
quark spin distribution in the longitudinally polarized
nucleon. This leads to a self-consistent description of
the observed single-spin asymmetries. In this ap-
proach the target-spin sinf asymmetry is inter-h

preted as the effect of the convolution of the
Ž .transversity distribution, h x , and a T-odd frag-1

H Ž1.Ž .mentation function, H z , and may allow to1

probe transverse spin observables in a longitudinally
polarized nucleon.

In addition, predictions are given for the z depen-
dence of the single target-spin sinf asymmetry, forh

which experimental data are not yet published.
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