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Quark flavor tagging in polarized hadronic processes
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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 thatunpolarizedL’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 nucleon.@S0556-2821~98!50221-4#

PACS number~s!: 13.88.1e, 13.60.2r, 13.85.Ni, 13.87.Fh
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I. INTRODUCTION

The interpretation of hard hadronic processes in term
partonic~quark and gluon! degrees of freedom forms a vita
component of modern research in particle physics. In p
ticular, the tagging of parton quantum numbers, such as
vor and charge, using appropriately chosen final states all
important tests of both QCD and electroweak dynamics
the remainder of this paper, we will focus primarily on th
leptoproduction of hadrons in deep inelastic scattering~DIS!,
l N→l 8hX, where both initial states are polarized. Su
measurements continue to provide important information
the spin structure of the nucleon@1#. However, the concep
tual foundations of our approach and the formalism that
introduce pertain to any hard hadronic process, and o
applications are mentioned in Sec. IV.

The spin structure of the nucleon has received much
tention in the past decade@1#. The experimental focus unti
rather recently has been on the leading twist structure fu
tion g1(x,Q2), which is roughly proportional to the inclusiv
spin asymmetry on a longitudinally polarized target. Ho
ever, processes where at least one hadron is detected i
final state offer several distinct advantages over the inclu
process alone@2–5#. In particular, semi-inclusive reaction
provide a direct probe of the flavor dependence of qu
observables, allowing more stringent tests of hadron st
ture. Perhaps more importantly, semi-inclusive processe
low one to separate@4,5# contributions with definite charge
conjugation symmetry. This is particularly interesting sin
charge-odd quantities are free of the axial anomaly. It
been recently suggested@6# that a comparison of the charg
conjugation even and odd parts of parton helicity and tra
versity distributions may yield new information on the pola
ized gluon contribution to the nucleon spin.

Given this importance of semi-inclusive measurements
hard hadronic processes, it is useful to have a formalism
is independent of model assumptions. In Sec. III, we int
duce a general method to extract chosen polarized quark
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tributions from an arbitrary combination of final state asy
metries. This new approach is particularly useful in light
the latest generation of existing@HERMES, Spin Muon Col-
laboration ~SMC!, TJNAF# and forthcoming@COMPASS,
ELFE, HERA-pW , BNL Relativistic Heavy Ion Collider
~RHIC! Spin# experimental efforts, which allow identifica
tion of a large number of final state hadrons. Within t
framework of the presented formalism, we quantify the s
sitivity, as a function of kinematics, of various hadrons to t
light quark flavors.

II. GENERAL CONSIDERATIONS

Traditionally, quark flavor tagging has been applied
most exclusively to the current fragmentation region in de
inelastic processes. Since a separation between the cu
and target regions is usually regarded as a necessary crit
for such measurements, one imposes kinematic cuts in o
to try to exclude the target region. Our point is that such
separation is not possible, even in principle, within a coh
ent and complete description of hadronic final states.1 In per-
turbation theory, this follows from the existence of colline
singularities with respect to initial state partons that gene
a contribution to the target fragmentation region@7#. We fur-
ther argue that, generally speaking, there is noa priori rea-
son to minimize the effects of target fragmentation. Indeed
has been shown@7# that, independent of a transverse mome
tum cutoff, all collinear singularities for sufficiently har
hadrons can be absorbed into so-called fracture functions@8#
Mi ,N

h (x,xF ,Q2), which give the joint probability of ‘‘find-
ing’’ within the targetN a partoni and hadronh. Measure-
ments sensitive to target fragmentation offer complemen
information on the nucleon state@9# and additional insights
into a unified view@10# of hadronic reactions.

Quark flavor tagging is based on the idea of local part
hadron duality~LPHD! @11#, where it is assumed that th
flow of quantum numbers at the hadron level tends to foll
the flow established at the parton level. At leading order

,
1Sophisticated hadronization models, such as the string and clu

models, reflect this fact.
© 1998 The American Physical Society01-1
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perturbation theory~for infrared safe or factorizable parto
quantities!, this has the practical consequence that
parton-hadron correspondence is essentially one-to-
Since quarks and gluons are not asymptotic states~due to
confinement!, it would be a mistake to conclude that we c
ever measure, in effect, a primary parton, instead of me
an event property that iscorrelatedwith the primary parton.
Within a complete description of hadronic processes, va
beyond the leading order, the relevant issue is the degre
correlation between the final state topology and the quan
numbers of the primary partons.

It is therefore instructive to discuss briefly the nature
parton-hadron correlations. Inclusive hadron distributions
all hadronic processes, regardless of whether the collis
are hard or soft, are characterized by projectile fragmenta
regions separated by a central region@12#. The key feature of
the central region is that it is essentially independent of b
projectiles and hence universal for all hadronic processes~at
fixed invariant massW). This has been confirmed in hadro
hadron collisions@13#, and indeed, hadron spectra in the ce
tral region are found to be very similar@14# in pp, pp̄,
photoproduction, and low-x DIS processes. These gener
features of hadronic final states have been recognized@15,12#
a long time ago to be a consequence of Lorentz invaria
and short range correlations in rapidity.

Using an approach based on short range rapidity corr
tions and LPHD, we have calculated@6# the correlations of
light hadrons with respect to the current quark and tar
remnant. Within our discussion, it is important to distingui
between forward (xF.0) and backward (xF,0) regions,
which aredefinedstrictly by kinematics, from the curren
target, and central fragmentation regions, which are ne
distinct, but represent varying degrees of correlation with
quark and remnant. As the correlations depend strongly
rapidity differences, our definition of the fragmentation r
gions coincides with their classification, within perturbati
QCD, in terms of collinear and soft divergences. This s
gests that it is favorable to use hadronic variables such axF
or rapidity over the usual energy fractionz5Eh /Eg , since
the latter variable cannot distinguish between the central
target regions~both dominate at lowz!.

In our calculations, we find that at smalluxFu,0.120.2
and fixed Q2, both the current and target correlations d
crease asW increases.2 This implies that most of the increas
in hadron production with increasingW occurs in the centra
region, a result well known from hadronic phenomenolo
Indeed, in DIS atconstant Q2, the charged pion fragmenta
tion functionsDp(xF ,W) rise linearly with lnW at small
uxFu,0.1, but remain constant at larger values ofuxFu, both
in the forward and backward regions@19#. This is an impor-

2Several quantitative examples were given in Ref.@16# on the
basis of scaling violations@17# in inclusive charged particle mo
mentum spectra ine1e2 collisions. However, as discussed in Re
@17,18#, these scaling violations are actually due to threshold p
duction of charmed particles, where, as expected, the regio
scaling extends down to lower values ofxF asW is increased.
09150
e
e.

ly

d
of
m

f
n
ns
n

h

-

e

a-

t

er
e
n

-

-

d

-

.

tant result, because it illustrates that independent of the ta
remnant, there are kinematical effects in the forward reg
that cannot be described by fragmentation functions depe
ing onz andQ2 alone, as is usually assumed. For increas
values ofW, while the current and target regions becom
better separated kinematically, the fraction of hadrons t
are strongly correlated with the current quark decrea
~roughly as 1/lnW). Even in the central region, however, th
correlation between an arbitrary final state and the flavo
the current quark remains significant due to the finite num
of accessible flavors. In the next section, we introduce a n
formalism that allows one to quantify the above correlatio
and to relate chosen hadron-level asymmetries to the po
ization of partons involved in the hard scattering process

III. FORMALISM

Hadronic final states in deep inelastic processes are t
cally analyzed in terms of the usual fragmentation functio
Di

h @3#, which parametrize the probability density for produ
ing hadronsh, given an initial state parton of flavori ( i
5u,ū,d,d̄,...). The corresponding formulas for polarize
and unpolarized scattering, at leading twist, are well know
However, fragmentation functions are not the most use
quantities in the context of quark flavor tagging. Instead,
define thequark flavor purity Pi

h as the probability that a
quark of flavori was probed by the virtual photon, given
final stateh. In terms of the usual quantities, we can writ

Pi
h5

ei
2qiDi

h

( i 85 f , f̄ ei 8
2 qi 8Di 8

h ~1!

where ei are the quark charges,qi5qi(x,Q2) are helicity
averaged quark distributions,Di

h5Di
h(xF ,Q2,x) are gener-

alized fragmentation functions,3 and ( i 5 f , f̄ Pi
h51 holds for

any final state. The purities not only have the physica
meaningful interpretation mentioned above, but also are
relevant quantities for performing a polarized quark flav
decomposition from semi-inclusive asymmetries.

As a specific example, we consider semi-inclusive de
inelastic scattering with both beam and target longitudina
polarized, where the photon is the exchanged boson. In
case, for hadronsh in the final state, one measures the virtu
photon-nucleon asymmetry

Ah~x,xF ,Q2!5
s1/2

h 2s3/2
h

s1/2
h 1s3/2

h ~2!

wheres1/2(3/2)
h (x,xF ,Q2) denotes the cross section when t

projection of the total angular momentum of the photo
nucleon system is 1/2(3/2). We can then write any su

-
of

3For convenience, we integrate over the hadron’spT andf.
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asymmetry~at leading twist! in terms of only purities and
quark flavor polarizations (Dq/q) i :

Ah5 (
i 5 f , f̄

Pi
hS Dq

q D
i

. ~3!

Following the arguments in the previous section, Eq.~3!
holds in both the forward and backward regions, for su
ciently hard hadrons. The derivation of Eq.~3! depends cru-
cially on the independence of the fragmentation process
the quark polarization. Although this is usually stated as
additional assumption, it is actually a consequence of
parity invariance of the strong interaction: for inclusive pr
duction of unpolarized hadrons, there is no pseudovector
servable in the final state that could in principle couple to
quark polarization. It follows that, for example, the presen
of target fragmentation does not dilute the asymmetry.
general, there is no reason to minimize the contribution
target fragmentation, as long as the correct purities are u
in the analysis.

The form of Eq.~3! allows us to combine several inde
pendent asymmetries into a column vector, yielding the m
trix equation:

AW 5PS DqW

q
D . ~4!

When the matrix elements ofP are determined~from data or
simulations!, Eq. ~4! containsall information needed to ex
tract specified polarized quark distributions from a chos
set of semi-inclusive asymmetries. The inclusive asymme
where only the scattered lepton is detected, also cont
useful information and can be trivially incorporated with
the purity formalism:

Pi
incl5

ei
2qi

( i 85 f , f̄ ei 8
2 qi 8

~5!

Within the presented approach, then, the extraction of po
ized quark flavor distributions is reduced to optimization, v
choice of final~and initial! state hadrons and kinematics,
the purity matrix. Several methods of optimization are su
gested in Ref.@6#.

We have studied the kinematical dependence of puri
for light quark flavors and hadrons, on proton and deute
targets, usingLEPTO-6.1 @20# for event generation and
JETSET-7.4 @21# for hadronization. Since the purities are i
dependent of the quark helicities, an unpolarized simula
can be used to generate them. We have used the HER
kinematics and a parametric model@22# of its acceptance in
our simulations~see Ref.@6# for details!, applying standard
DIS selection cuts ofQ2.1 GeV2, W2.4 GeV2, and y
,0.85. The following numerical results therefore apply p
marily to the forward region, as HERMES detects mos
forward hadrons. As expected from the form of Eq.~1!, the
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purities are relatively insensitive to the choice of hadroni
tion model parameters and unpolarized parton distributio

In Fig. 1, we plot quark flavor purities for typical fina
states as a function of the Bjorken-x variable, using a deu-
teron target~results on the proton are qualitatively similar!.
All quark flavor labels refer to the proton, using isospin sy
metry. The cutuxFu.0.1 is applied to suppress very centr
hadrons. Using the purities shown, it is straightforward
quantify the sensitivity of semi-inclusive asymmetries to t
light quark and antiquark flavors. We summarize our gene
conclusions here. As expected from charge counting, p
tively charged hadrons are primarily sensitive to theu-quark
@see Figs. 1~a!,~c!#. Given that the inclusive asymmetry on

proton target essentially probes the combinationDu1Dū,

one can reasonably constrain theu- and ū-quark polariza-
tions from a combined analysis of inclusive and positive

charged hadron data alone. SincePf
p2

is dominated byu-,

ū-, and d-quarks at smallx,0.1 @see Fig. 1~b!#, including

Ap2
in the above analysis allows one to extractDu/u,

Dū/ū, and Dd/d in the sea region. In addition, as onlyu-

and d-quarks contribute significantly toPf
p2

in the valence
region (x.0.2), one can extractDu/u andDd/d ~at largex)
usingonly Ap1

andAp2
. We conclude that a combination o

asymmetries using copiously produced hadrons can be
to extractDu/u, Dū/ū, andDd/d. On the other hand, it will
be a challenge to measure the polarization ofd̄-quarks, since
the corresponding purities never exceed 10% for the fi
states shown in Fig. 1. We suggest combiningDd with a
measurement ofDdv ([Dd2Dd̄) using the pion charge dif-

FIG. 1. PuritiesPf
h(x,uxFu.0.1) for typical final states with re-

spect to the light quark flavors:u ~solid!, ū ~short-dashed!, d ~long-

dashed!, s ~dotted!, and s̄ ~dot-dashed!. The d̄-quark contribution
never exceeds 10% and is not shown.
1-3
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ference asymmetry method of Ref.@4#.4

We have also studied the sensitivity of semi-inclus
asymmetries to polarized strange quarks and antiquark
the nucleon. In Fig. 2, we plot the purities of selected stra
hadrons as a function ofxF in the sea region (x,0.1). The
K2 is often regarded as an interesting probe of the nucle
as it is an ‘‘all sea’’ object. We indeed find a large sensitiv
to sea quarks. As expected from charge counting,
ū-quark dominates over thes-quark contribution, indepen
dently of xF @see Fig. 2~a!#. On the other hand, selectin
charged kaons fromf meson decay provides improved se
sitivity to s- ands̄-quarks@see Fig. 2~b!#. For example, using
the cuts x,0.1 and xF.0.1, we find that Ps

f1Ps̄
f

.40– 45%. Thef meson may therefore be a useful probe
the polarized strange sea, provided one applies kinema
cuts to suppress elastic production.

Semi-inclusive L (L̄) asymmetries are predominant
sensitive tou- (u- and ū-! quark polarizations, except a
rather large values ofxF @see Figs. 2~c!,~d!#. However, we
find that theL is sensitive, at the 20% level, tos̄-quarks at
slightly negativexF,20.2, where the event rate is still rea
sonably large. The key point is that theL asymmetry in this
region is determined essentially byDu/u, Dd/d, andD s̄/ s̄
~and the corresponding purities!. SinceDu/u andDd/d will

4The derivation in Ref.@4# assumes charge and isospin conjug
tion symmetries for the fragmentation functions, which are forma
violated in a complete QCD description of DIS. Phenomenolog
consequences are studied in Ref.@23#.

FIG. 2. PuritiesPf
h(xF ,x,0.1) for strange hadrons with respe

to the light quark flavors:u ~solid!, ū ~short-dashed!, d ~long-

dashed!, s ~dotted!, and s̄ ~dot-dashed!. The d̄-quark contribution
never exceeds 10% and is not shown. In~b!, thexF variable refers
to the daughterK1.
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be well constrained by charged hadron and inclusive as
metries~as discussed above!, L production in the backward
region may be used to constrain the polarizeds̄-quark sea. In
this case, to a good approximation, one can write

D s̄

s̄
.

1

Ps̄
L FAL2 (

i 5u,d
Pi

LS Dq

q D
i
G . ~6!

Likewise, as theL event rate distribution inxF is rather
broad, one obtains appreciable sensitivity to polariz
s-quarks using only a modest cut onxF . In particular, for
xF.0.25 ~and x,0.1), we find thatPu

L.55% and Ps
L

.Pd
L.20%. Hence, given the contribution ofu- and

d-quarks, theL asymmetry in this region probesDs/s. We
therefore emphasize the importance of measuringL asym-
metries inboth the forward and backward regions.

IV. OTHER APPLICATIONS

Thus far, we have introduced the quark flavor puriti
with particular emphasis on their key role in interpretin
electroproduction of unpolarized hadrons, where both be
and target are longitudinally polarized. However, it is cle
that our considerations generalize directly to all sufficien
hard hadronic processes. In general, the purities allow u
quantify, in a well defined way, the sensitivity of chose
hadrons to the flavor of quarks involved in the hard scat
ing process. For the special case of polarization in the ini
state, the purities relate, within the framework of a comp
formalism, hadron-level asymmetries to the polarization
initial state partons. For example, one may imagine using
purity formalism to measure the polarization of vario
quark flavors using identified hadrons in electroweak int
actions, where parity violation provides polarization obse
ables for free. We leave these possibilities to future wo
We will focus instead on one example of particular inter
in spin physics: deep inelastic production of polarized h
rons ~or jets!.

It is well known that polarized quarks can give rise
parity-odd correlations in the final state@24#. We illustrate
here how virtual photoproduction of vector polarized fin
states~see Ref.@25#! can be conveniently analyzed using
formalism based on purities. Our results, written explici
for virtual photon-nucleon scattering, generalize trivially f
other hard hadronic processes. For definiteness, we choo
helicity basis oriented along the virtual photon directio
(1 ẑ) and neglect finite angle effects, so that the fragmen
tion helicity basis is collinear with the quark helicity basi
We then combine the polarizationsrhẑ of chosen final states
h ~possibly specified by kinematics and choice of target! into
a column vectorrW 5($rh%). Our result is that at leading
twist, for anunpolarizedbeam incident on a target with lon
gitudinal polarization1ẑ,

rW 5DPS DqW

q
D ~7!

where the matrix elements ofDP are defined by

-

l

1-4
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DPi
h5Pi

hS DD

D D
i

h

. ~8!

The DDi
h are helicity difference fragmentation function

which are assumed to be related, modulo dilution factors
the quark helicity structure of the final state. Also, just as
purities satisfy the constraint( i 5 f , f̄ Pi

h51, the quantities
DPi

h that enter Eq.~7! are normalized by the longitudina
hadron polarizationsrhẑ using apolarizedbeam~1ẑ! and an
unpolarizedtarget:

rh5 (
i 5 f , f̄

DPi
h . ~9!

Equations~7! and ~8! also hold for transversely polarize
hadrons produced off a transversely polarized target, p
-

Th

o
e/

P-

,

09150
to
e

o-

vided we everywhere make the replacementD→D'

(helicity→transversity). Indeed, formulas such as Eqs.~7!–
~9! are generic to processes with polarization observable
the final state, where the (DD/D) i

h are the corresponding
analyzing powers. We therefore conclude that the puri
previously defined are also the natural quantities for p
forming a global analysis ofpolarizedhadron~or jet! pro-
duction in hard processes.
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