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We describe a general approach to quark flavor tagging in polarized hadronic processes, with particular
emphasis on semi-inclusive deep inelastic scattering. A formalism is introduced that allows one to relate
chosen quark flavor polarizations to an arbitrary combination of final-state hadron spin asymmetries. Within
the context of the presented formalism, we quantify the sensitivity of various semi-inclusive hadron asymme-
tries to the light quark flavors. We show thatpolarizedA’s may allow one to measure strange quark and
antiquark polarizations independently. We also highlight several applications of our formalism, particularly to
measurements intended to probe further the spin structure of the nuc8556-282198)50221-4

PACS numbgs): 13.88+e, 13.60-r, 13.85.Ni, 13.87.Fh

I. INTRODUCTION tributions from an arbitrary combination of final state asym-
metries. This new approach is particularly useful in light of
The interpretation of hard hadronic processes in terms othe latest generation of existilfelERMES, Spin Muon Col-
partonic(quark and gluondegrees of freedom forms a vital laboration (SMC), TINAF] and forthcoming[ COMPASS,
component of modern research in particle physics. In parELFE, HERAﬁ, BNL Relativistic Heavy lon Collider
ticular, the tagging of parton quantum numbers, such as flaRHIC) Spin|] experimental efforts, which allow identifica-
vor and charge, using appropriately chosen final states allowgon of a large number of final state hadrons. Within the
important tests of both QCD and electroweak dynamics. Irframework of the presented formalism, we quantify the sen-
the remainder of this paper, we will focus primarily on the sitivity, as a function of kinematics, of various hadrons to the
leptoproduction of hadrons in deep inelastic scatte(ikp),  light quark flavors.
/N—/"hX, where both initial states are polarized. Such
measurements continue to provide important information on
the spin structure of the nucledt]. However, the concep- Il. GENERAL CONSIDERATIONS
tual foundations of our approach and the formalism that we

introduce pertain to any hard hadronic process, and other T;adltllcmgllyl, clua;rhk flavor ttafgglng h?st_been gppll|e% al-
applications are mentioned in Sec. IV. most exclusively to the current fragmentation region in deep

The spin structure of the nucleon has received much aﬂ_nelastlc processes. Since a separation between the current

tention in the past decadd]. The experimental focus until and target regions is usually regarded as a necessary criterion

rather recently has been on the leading twist structure fun({prtsu?h me?sgretnr:er][ts, o?e |m_poseos kmem;’:tt_m:;}uts In c;]rder
tion g1(x,Q?), which is roughly proportional to the inclusive 0 lry to exclude the target region. Our point Is that such a

spin asymmetry on a longitudinally polarized target. How_separation is not possiblle., even in prin.ciplle, witgin a coher-
ever, processes where at least one hadron is detected in tE@tba?.d cct)r:npletetg_esfcr;lptmn fOf hat(:]ronlc_ fltnal st t?!spﬁ_r-
final state offer several distinct advantages over the inclusiv yrbation theory, this follows from the existence ot collinear

process aloné2—5]. In particular, semi-inclusive reactions singularities with respect to initial state partons that generate
provide a direct probe of the flavor dependence of quar

contribution to the target fragmentation regj@h We fur-
observables, allowing more stringent tests of hadron struc

ther argue that, generally speaking, there isangriori rea-
ture. Perhaps more importantly, semi-inclusive processes a?]_on LO mlnlrr?lzeﬂthtehe:fe_ctjs of ta(;geifr?grpentatlon. Indeed, it
low one to separatf4,5] contributions with definite charge tuani ceuigffs g:ll\,[clllir?e’alrn sienpeur:aﬁgeg % rrir&?;{g;snilm?g%n'
conjugation symmetry. This is particularly interesting since adrons cén be absorbed in?o so-called fracture fun}c/:fB)]ns

charge-odd quantities are free of the axial anomaly. It ha%'/Ih 9 ) i . -
been recently suggesté€l] that a comparison of the charge | iN(X.Xg,Q%), which give the joint probability of “find-

conjugation even and odd parts of parton helicity and transind” Within the targetN a partoni and hadrorh. Measure-
versity distributions may yield new information on the polar- MENtS sensitive to target fragmentation offer complementary
ized gluon contribution to the nucleon spin. information on the nucleon staff] and additional insights

Given this importance of semi-inclusive measurements idnte @ unified view10] of hadronic reactions.
hard hadronic processes, it is useful to have a formalism that Quark flavor tagging is based on the idea of local parton-

is independent of model assumptions. In Sec. Ill, we introf1adron duality(LPHD) [11], where it is assumed that the

duce a general method to extract chosen polarized quark dif®W of quantum numbers at the hadron level tends to follow
the flow established at the parton level. At leading order in

*Present address: Department of Physics, University of Illinois,
Urbana, Illinois 61801. 1Sophisticated hadronization models, such as the string and cluster
TPresent address: Stichting FOM, Utrecht, The Netherlands. models, reflect this fact.
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perturbation theoryfor infrared safe or factorizable parton tant result, because it illustrates that independent of the target
guantitieg, this has the practical consequence that theemnant, there are kinematical effects in the forward region
parton-hadron correspondence is essentially one-to-on#hat cannot be described by fragmentation functions depend-
Since quarks and gluons are not asymptotic stédee to ing onz andQ? alone, as is usually assumed. For increasing
confinemeny, it would be a mistake to conclude that we canVvalues of W, while the current and target regions become
ever measure, in effect, a primary parton, instead of merelppetter separated kinematically, the fraction of hadrons that
an event property that isorrelatedwith the primary parton. are strongly correlated with the current quark decreases
Within a complete description of hadronic processes, validroughly as 1/IW). Even in the central region, however, the
beyond the leading order, the relevant issue is the degree gprrelation between an arbitrary final state and the flavor of

correlation between the final state topology and the quanturi{!® current quark remains significant due to the finite number
numbers of the primary partons of accessible flavors. In the next section, we introduce a new

It is therefore instructive to discuss briefly the nature Offormahsm that allows one to quantity the aboy e correlations
parton-hadron correlations. Inclusive hadron distributions inand. to relate chos_en hadrqn-level asymmetries to the polar-
: .. lzation of partons involved in the hard scattering process.
all hadronic processes, regardless of whether the collisions
are hard or soft, are characterized by projectile fragmentation
regions separated by a central regi@g]. The key feature of ll. FORMALISM
the central region is that it is essentially independent of both
projectiles and hence universal for all hadronic procesaes
fixed invariant mas¥V). This has been confirmed in hadron-

hadron collision$13], and indeed, hadron spectra in thgcen-

tral region are found to be very simildd4] in pp, pp,
photoproduction, and low- DIS processes. These generic
features of hadronic final states have been recogiizZed 2|
a long time ago to be a consequence of Lorentz invarianc
and short range correlations in rapidity.

Hadronic final states in deep inelastic processes are typi-
cally analyzed in terms of the usual fragmentation functions
Dih [3], which parametrize the probability density for produc-
ing hadronsh, given an initial state parton of flavar (i

=u,u,d,d,...). The corresponding formulas for polarized
and unpolarized scattering, at leading twist, are well known.
However, fragmentation functions are not the most useful
Suantities in the context of quark flavor tagging. Instead, we
aQefine thequark flavor purity F? as the probability that a

Using an approach based on short range rapidity correl . . .
tions and LPHD, we have calculat¢€l] the correlations of quark of flavori was probed by the virtual photon, given a
y {inal stateh. In terms of the usual quantities, we can write

light hadrons with respect to the current quark and targe
remnant. Within our discussion, it is important to distinguish

between forward X>0) and backward Xz<<0) regions, e2q,D"
which aredefinedstrictly by kinematics, from the current, pihz—"z'—h_ (1)
target, and central fragmentation regions, which are never i1 €,9'D;

distinct, but represent varying degrees of correlation with the

guark and remnant. As the correlations depend strongly on ) .
rapidity differences, our definition of the fragmentation re-Wheree; are the quark c_:hargheq,iiqi(x,Qz) are helicity
gions coincides with their classification, within perturbative 2veraged quark distribution8;'=D;(x¢,Q",x) are gener-
QCD, in terms of collinear and soft divergences. This sugalized fragmentation functiorisand =;_;7Pf'=1 holds for
gests that it is favorable to use hadronic variables suctyas any final state. The purities not only have the physically
or rap|d|ty over the usual energy fractias Eh/E , since meaningful interpretation mentioned above, but also are the

the latter variable cannot distinguish between the central angglevant quantities for performing a polarized quark flavor
target regiongboth dominate at lovz). decomposition from semi-inclusive asymmetries.

In our calculations, we find that at smakg|<0.1-0.2 As a specific example, we consider semi-inclusive deep
and fixed @, both the current and target correlations de-inelastic scattering with both beam and target longitudinally
crease a8 increase$.This implies that most of the increase Polarized, where the photon is the exchanged boson. In this
in hadron production with increasiny occurs in the central Case, for hadronis in the final state, one measures the virtual
region, a result well known from hadronic phenomenology.Photon-nucleon asymmetry
Indeed, in DIS atonstant @, the charged pion fragmenta-
tion functionsD™(xg,W) rise linearly with InW at small

h h
. O~ O
|x¢|<0.1, but remain constant at larger valuegxf, both AN(x,xp ,Q2) = 232 )
in the forward and backward regiofis9]. This is an impor- 12T 032

Where02,2(3,2)(x,xF ,Q?) denotes the cross section when the
projection of the total angular momentum of the photon-
nucleon system is 1/2(3/2). We can then write any such

2Several quantitative examples were given in Hé6] on the
basis of scaling violation§17] in inclusive charged particle mo-
mentum spectra ie" e~ collisions. However, as discussed in Refs.
[17,18, these scaling violations are actually due to threshold pro-
duction of charmed particles, where, as expected, the region of
scaling extends down to lower valuesxgf asW is increased. 3For convenience, we integrate over the hadrgysnd ¢.
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asymmetry(at leading twisk in terms of only purities and 1r Y —
quark flavor polarizationsXq/q); : H(a)T (b)r
0.8 -
A 0.6
A= _P?<—q) 3
i=1,f a/;

0.4

Following the arguments in the previous section, E3). 0.2
holds in both the forward and backward regions, for suffi-
ciently hard hadrons. The derivation of E8) depends cru-
cially on the independence of the fragmentation process or_
the quark polarization. Although this is usually stated as ano‘8 i
additional assumption, it is actually a consequence of theO 6L
parity invariance of the strong interaction: for inclusive pro-
duction of unpolarized hadrons, there is no pseudovector obg 4 |
servable in the final state that could in principle couple to the
guark polarization. It follows that, for example, the presencegp.2
of target fragmentation does not dilute the asymmetry. In |
general, there is no reason to minimize the contribution of 0.02
target fragmentation, as long as the correct purities are useu *

in the analysis.

The form of Eq.(3) allows us to combine several inde- FIG. 1. PuritiesP{(x,|xg|>0.1) for typical final states with re-
pendent asymmetries into a column vector, yielding the maspect to the light quark flavors: (solid), u (short-dashed d (long-
trix equation: dashedl s (dotted, ands (dot-dashell The d-quark contribution

never exceeds 10% and is not shown.

(4)  purities are relatively insensitive to the choice of hadroniza-
tion model parameters and unpolarized parton distributions.
In Fig. 1, we plot quark flavor purities for typical final
When the matrix elements @ are determinedfrom data or  states as a function of the Bjorkenvariable, using a deu-
simulationg, Eq. (4) containsall information needed to ex- teron target(results on the proton are qualitatively simjlar
tract specified polarized quark distributions from a choserall quark flavor labels refer to the proton, using isospin sym-
set of semi-inclusive asymmetries. The inclusive asymmetrymetry. The cufxg|>0.1 is applied to suppress very central
where only the scattered lepton is detected, also containgadrons. Using the purities shown, it is straightforward to
useful information and can be trivially incorporated within qyantify the sensitivity of semi-inclusive asymmetries to the

g

A=7D(
q

the purity formalism: light quark and antiquark flavors. We summarize our general
conclusions here. As expected from charge counting, posi-
_ eiZQi tively charged hadrons are primarily sensitive to thquark
Pindz ) [see Figs. (a),(c)]. Given that the inclusive asymmetry on a

S 1750 —
=rf G proton target essentially probes the combinatiom+ Au,
Within the presented approach, then, the extraction of polar@N€ can reasonably constrain the and u-quark polariza-
ized quark flavor distributions is reduced to optimization, viations from a combined analysis of inclusive and positively
choice of final(and initia) state hadrons and kinematics, of charged hadron data alone. Sireg is dominated byu-,
;heest%nitr)]/ I;n;t[ré>]< Several methods of optimization are SU9%, and d-quarks at smalk<0.1 [see Fig. 1)], including
We have studied the kinematical dependence of puritieéﬁ__in the abO\./e analysis al!ows one to extraiot/u,
for light quark flavors and hadrons, on proton and deuteroddu/u, andAd/d in the sea region. In addition, as only
targets, usingLerTo-6.1 [20] for event generation and andd-quarks contribute significantly tBf in the valence
JETSEF7.4[21] for hadronizgt?qn. Since the p_urities.are ir}- region (x>0.2), one can extractu/u andAd/d (at largex)
dependent of the quark helicities, an unpolarized S'mU|at'°rL'JsingonIy A" andA™ . We conclude that a combination of
can be _used to generate them. We hav_e used the HERMEa%ymmetries using copiously produced hadrons can be used
kinematics and a parametric mod&P] of its acceptance in i tractAu/u. Auiu. andAd/d. On the other hand. it wil
our simulations(see Ref[6] for detaily, applying standard 0 extraciauru, aurd, an ' n- e.o_er and, '.W'
DIS selection cuts ofQ?>1 Ge\?, W2>4 Ge\?, andy be a challenge to measure the polarizationd-gfuarks, since
<0.85. The following numerical results therefore apply pri- the corresponding purities never exceed 10% for the final
marily to the forward region, as HERMES detects mostlyStates shown in Fig. 1. We suggest combinibd with a
forward hadrons. As expected from the form of Ef), the = measurement akd, (=Ad— Ad) using the pion charge dif-
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11 - ra— be well constrained by charged hadron and inclusive asym-
:(a)K (b)p—K'K metries(as discussed abojye\ production in the backward

region may be used to constrain the polarigeqijark sea. In
this case, to a good approximation, one can write

AS
g i=u,d q

AN D P?(ﬂu (6)

1
= A
Ps

Likewise, as theA event rate distribution irxg is rather
broad, one obtains appreciable sensitivity to polarized
s-quarks using only a modest cut o . In particular, for
Xe>0.25 (and x<0.1), we find thatP}=55% and P2
=PA=20%. Hence, given the contribution ai- and
d-quarks, theA asymmetry in this region probess/s. We
therefore emphasize the importance of measuringsym-
metries inboth the forward and backward regions.

- IV. OTHER APPLICATIONS

Thus far, we have introduced the quark flavor purities
with particular emphasis on their key role in interpreting
electroproduction of unpolarized hadrons, where both beam
and target are longitudinally polarized. However, it is clear
that our considerations generalize directly to all sufficiently
hard hadronic processes. In general, the purities allow us to
quantify, in a well defined way, the sensitivity of chosen
4 hadrons to the flavor of quarks involved in the hard scatter-
ference asymmetry method of RgA]." . _ing process. For the special case of polarization in the initial

We have also studied the sensitivity of semi-inclusivegiate the purities relate, within the framework of a compact
asymmetries to polarized strange quarks and antiquarks fymajism, hadron-level asymmetries to the polarization of
the nucleon. In F|g..2, we plot the purmes_ of selected strangg,itial state partons. For example, one may imagine using the
hadrons as a function of in the sea region(<0.1). The ity formalism to measure the polarization of various
K™ is often regarded as an interesting probe of the nucleory a1k flavors using identified hadrons in electroweak inter-
asitis an “all sea” object. We indeed find a large sensitivity 4¢tions, where parity violation provides polarization observ-
to sea quarks. As expected from charge counting, thgpies for free. We leave these possibilities to future work.
u-quark dominates over thg-quark contribution, indepen- We will focus instead on one example of particular interest
dently of xg [see Fig. 2a)]. On the other hand, selecting in spin physics: deep inelastic production of polarized had-
charged kaons frorp meson decay provides improved sen-rons(or jets.
sitivity to s- ands-quarks[see Fig. 2b)]. For example, using It is well known that polarized quarks can give rise to
the cuts x<0.1 and xz>0.1, we find that p;ﬁ+p§¢’ parity-odd correlations in the final stafg4]. We illustrate

~40—-45%. Thep meson may therefore be a useful probe there how virtual photoproduction of vector polarized final

the polarized strange sea, provided one applies kinematic fates(see Ref[25]) can .b.e conveniently ana!yzed using a
cuts to suppress elastic production ormalism based on purities. Our results, written explicitly

Semi-inclusive A (A . domi | for virtual photon-nucleon scattering, generalize trivially for
emi-inclusive A (A) asymmetries are predominantly qe hard hadronic processes. For definiteness, we choose a
sensitive tou- (u- and u-) quark polarizations, except at helicity basis oriented along the virtual photon direction

rather large values of [see Figs. &),(d)]. However, we (4 %) and neglect finite angle effects, so that the fragmenta-

find that theA is sensitive, at the 20% level, ®quarks at  tion helicity basis is collinear with the quark helicity basis.

slightly negativexg< —0.2, where the event rate is still rea- We then combine the polarizatiop8z of chosen final states

sonably large. The key point is that theasymmetry in this  h (possibly specified by kinematics and choice of targeb

region is determined essentially yu/u, Ad/d, andAs/s  a column vectorp=({p"}). Our result is that at leading

(and the corresponding puritlesSinceAu/u andAd/d will twist, for anunpolarizedbeam incident on a target with lon-
gitudinal polarization+z,

FIG. 2. PuritiesP!(xg ,x<0.1) for strange hadrons with respect
to the light quark flavorsu (solid), u (short-dashed d (long-
dashed] s (dotted, ands (dot-dashell The d-quark contribution
never exceeds 10% and is not shown (b the xg variable refers
to the daughteK ™.

“The derivation in Ref[4] assumes charge and isospin conjuga- I;:Ap(ﬂ )
tion symmetries for the fragmentation functions, which are formally q
violated in a complete QCD description of DIS. Phenomenological
consequences are studied in Hef3]. where the matrix elements &P are defined by
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- h vided we everywhere make the replacemefit—A;
API=Pil 5| - (8 (helicity—transversity). Indeed, formulas such as E@-—
: (9) are generic to processes with polarization observables in

The AD! are helicity difference fragmentation functions, the final state, where theAP/D)]' are the corresponding
which are assumed to be related, modulo dilution factors, ténalyzing powers. We therefore conclude that the purities
the quark helicity structure of the final state. Also, just as thePreviously defined are also the natural quantities for per-
purities satisfy the constrain}:i:f;Pih:l, the quantities form.mg a global analysis opolarized hadron(or jet) pro-
APih that enter Eq(7) are normalized by the longitudinal duction in hard processes.

hadron polarizationg"z using apolarizedbeam(+2) and an

unpolarizedtarget:
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