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It is shown that unpolarized and polarizedL and L̄ production in neutrino and antineutrino dee
inelastic scattering, can provide a clean separation of unpolarized and polarized fragmentation fun
of a quark into aL, for both light-flavor quarks and antiquarks and also for strange quarks. Combi
with L andL̄ production in polarized electron deep inelastic scattering, one can systematically me
or check the various flavor and spin dependent fragmentation functions. Such measurements can
crucial tests of different predictions concerning the spin structure of hadrons and the quark-ant
asymmetry of the nucleon sea. [S0031-9007(99)08684-6]
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Spin physics is currently one of the most active r
search directions of hadron physics due to the rich p
nomena, which are different from the naive theoretic
expectations, and the large number of experimental fac
ties which can provide precision measurements of ma
physical quantities related to the underlying spin stru
ture of hadrons. Among the various topics, the stran
content of the proton is one of the most attractive d
to its close connections to the proton spin problem
and to the quark-antiquark asymmetry of the nucleon
[2]. Although there has been much progress and achie
ment, both theoretically and experimentally, our curre
knowledge of the strange quark content of the proton
still very poor, since one is still unclear as to whether
not [1,2] strange quarks are highly polarized inside t
proton, and it is even more obscure whether or not [2
the strange quark-antiquark distributions are symmet
Thus a precision measurement of the strange-antistra
polarizations of the proton is one of the most challengi
and significant tasks for hadron quark structure.

From another point of view, the quark distribution o
a quark inside a hadron is related to the fragmentat
function of the same flavor quark into the same hadr
by a simple reciprocity relation [4]

qhsxd ~ Dh
q szd , (1)

where z ­ 2p ? qyQ2 is the momentum fraction of the
produced hadron from the quark jet in the fragmentat
process, andx ­ Q2y2p ? q is the Bjorken scaling vari-
able corresponding to the momentum fraction of the qu
from the hadron in the deep inelastic scattering (DI
process. Although such an approximate relation may
valid only at a specific scaleQ2, which deserves furthe
studies, it could provide reasonable connection betw
different physical quantities and lead to different pred
tions about the fragmentations based on our understan
of the quark structure of a hadron [3]. Thus measu
ments of quark fragmentations into a hadron can also p
vide new insights into the quark structure of the hadro
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Among the various produced hadrons,L hyperon is most
suitable to study the polarized fragmentation due to its se
analyzing property owing to the characteristic decay mod
L ! pp2 with a large branching ratio of64%. The tech-
nology to disentangle betweenL and L̄, which relies on
magnetic spectrometers, is also mature for DIS process
[5]. In fact, there are already some available data onL

andL̄ productions in different DIS processes, and more t
come in the near future [6–9]. Therefore it is meaningfu
and urgent to exploit a systematic way to extract the var
ous quark contributions toL fragmentation functions.

There have been many proposals concerning the me
surements of theL fragmentation functions in different
processes, for different physical goals [2,10–21], and
this Letter we will focus our attention on the longitudi-
nally polarized case. One promising method to obta
a complete set of polarized fragmentation functions fo
different quark flavors is based on the measurement
the helicity asymmetry for semi-inclusive production o
L hyperons ine1e2 annihilation on theZ0 resonance
[12], but the existing data can only provide a poor con
straint for different scenarios [19]. Measurements of th
light-flavor quark fragmentations intoL have also been
suggested from the polarized electron DIS process [1
and the neutrino DIS process [17], based on theu-quark
dominance assumption. There is also a recent intere
ing suggestion to determine the polarized fragmentatio
functions by measuring the helicity transfer asymmetry i
the processp $p ! $LX [18]. From its dependence on the
rapidity of theL, it is possible to discriminate between
various parametrizations. In this Letter we will show tha
the neutrino and antineutrino deep inelastic scattering pr
cesses of unpolarized and polarizedL andL̄ productions
can provide a clean separation of unpolarized and pola
ized fragmentation functions of a light-flavor quark into a
L, for both quarks and antiquarks, and also for strang
quarks. Combining with polarized electron beam DIS
processes of unpolarized and polarizedL and L̄ produc-
tions, one can systematically measure or check the vario
© 1999 The American Physical Society



VOLUME 82, NUMBER 11 P H Y S I C A L R E V I E W L E T T E R S 15 MARCH 1999

pro-
ide

e

-

ion
e-

re
.e.,

ur

o-

g
he

es.

r

ll
flavor and spin dependent fragmentation functions. Thu
in addition to the known processe1e2 ! $LX [12], we
have a different method: We measure a complete s
of quark to L unpolarized and polarized fragmentation
functions for different quark flavors by the systematic ex
ploitation of unpolarized and polarizedL and L̄ produc-
tions in neutrino, antineutrino, and polarized electron DI
processes.

Our considerations rely on the fact that neutrino
(antineutrinos) can be regarded as a purely polariz
lepton beam, due to the fact that neutrinos are le
handed (antineutrinos are right handed), therefore th
only interact with quarks of specific helicities and flavors
For example, a neutrino (antineutrino) can only intera
with the d, ū, ands (u, d̄, ands̄) light-flavor quarks with
left-handed quarks and with right-handed antiquarks of
hadronic target, regardless if this target is polarized or n
and the scattered quarks will keep the same helicities
their parent quarks before the collision [10]. Thus th
scattering of a neutrino (antineutrino) beam on a hadron
target provides asource of polarized quarks with specific
flavor structure, and this particular property makes the
neutrino (antineutrino) DIS process an ideal laborato
to study the flavor-dependence quark fragmentation in
hadrons in the current fragmentation region, especially
the polarized case.

From the charged current quark transitions, for neutrin
induced reactions,

nd ! m2u, nd ! m2c ,

nū ! m2d̄, nū ! m2s̄ ,

ns ! m2c, ns ! m2u ,

(2)

and, for antineutrino induced reactions

n̄u ! m1d, n̄u ! m1s ,

n̄d̄ ! m1ū, n̄d̄ ! m1c̄ ,

n̄s̄ ! m1c̄, n̄s̄ ! m1ū ,

(3)

the expressions for theL andL̄ longitudinal polarizations
in the beam direction are, forL and L̄ produced in the
current fragmentation,

PL
n sx, y, zd ­ 2

dsxdDDL
u szd 2 s1 2 yd2ūsxdDDL

d̄ szd
dsxdDL

u szd 1 s1 2 yd2ūsxdDL
d̄ szd

for nN ! m2 $LX , (4)

PL
n̄ sx, y, zd ­ 2

s1 2 yd2usxdDDL
d szd 2 d̄sxdDDL

ū szd
s1 2 yd2usxdDL

d szd 1 d̄sxdDL
ū szd

for n̄N ! m1 $LX , (5)

PL̄
n sx, y, zd ­ 2

dsxdDDL̄
u szd 2 s1 2 yd2ūsxdDDL̄

d̄ szd

dsxdDL̄
u szd 1 s1 2 yd2ūsxdDL̄

d̄ szd
for nN ! m2 $̄

LX , (6)
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PL̄
n̄ sx, y, zd ­ 2

s1 2 yd2usxdDDL̄
d szd 2 d̄sxdDDL̄

ū szd

s1 2 yd2usxdDL̄
d szd 1 d̄sxdDL̄

ū szd
for n̄N ! m1 $̄

LX . (7)

Here we have neglected the Cabibbo suppressed
cesses and the small strange quark distributions ins
the hadronic target;DDh

q szd ­ D
h"
q"szd 2 D

h#
q"szd denotes

the polarized fragmentation function,D
h"
q"szd [D

h#
q"szd]

being the probability for finding a hadron with positiv
(negative) helicity in a quarkq with positive helicity,
and y ­ nyE is the energy fraction of the incident neu
trino carried by the charged intermediate bosonW6 in the
laboratory frame. For any value ofx andz, we see that
the measurement of these four quantities in the reg
y . 1 leads directly to the two fragmentation asymm
tries DDL

q szdyDL
q szd, whereq ­ u for processes (4) and

(7) andq ­ ū for processes (5) and (6). Of course, he
we have applied matter and antimatter symmetry, i
DL

q,q̄szd ­ DL̄
q̄,qszd and similarly for DDL

q,q̄szd. We can
also assume theu andd symmetry for the fragmentation

functions DL,L̄
u szd ­ D

L,L̄
d szd and D

L,L̄
ū szd ­ D

L,L̄
d̄ szd,

from the symmetry ofu and d inside L and L̄. Hence
we have, for the unpolarized fragmentation functions,

DL
q szd ­ DL

u szd ­ DL
d szd ­ DL̄

ū szd ­ DL̄
d̄ szd ,

DL
q̄ szd ­ DL

ū szd ­ DL
d̄ szd ­ DL̄

u szd ­ DL̄
d szd ,

(8)

and, for the polarized fragmentation functions,

DDL
q szd ­ DDL

u szd ­ DDL
d szd ­ DDL̄

ū szd ­ DDL̄
d̄ szd ,

DDL
q̄ szd ­ DDL

ū szd ­ DDL
d̄ szd ­ DDL̄

u szd ­ DDL̄
d szd .

(9)

Equations (4)–(7) thus reduce to equations of the fo
fragmentation functionsDL

q szd, DL
q̄ szd, DDL

q szd, and
DDL

q̄ szd. The cross sections of the corresponding unp
larizedL andL̄ productions can be written as

1
stot

ds

dz
­

P
ifaiqisxd 1 biq̄isxdgDL,L̄

i szdP
ifaiqisxd 1 biq̄isxdg

, (10)

where i implies all quark (antiquark) flavors involved
in the corresponding process (i ­ d, ū for neutrino
beams andi ­ u, d̄ for antineutrino beams, neglectin
the Cabibbo mixings and the strange distributions of t
target in the formula), andai andbi are two factors with
ai ­ 1 and bi ­ 0 (ai ­ 1y3 and bi ­ 0) for relevant
quarks andai ­ 0 andbi ­ 1y3 (ai ­ 0 andbi ­ 1) for
antiquarks for neutrino (antineutrino) induced process
[We can replace in the numerator the factor1y3 by
s1 2 yd2 for y dependent cross sections, and the facto1
by

Ryh

yl
dy and the factor1y3 by

Ryh

yl
dy s1 2 yd2 to take

into account the experimental cuts foryl , y , yh.]
In principle, Eqs. (4)–(7) are sufficient to determine a

four independent fragmentation functionsDL
q szd, DL

q̄ szd,
2251
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q szd, andDDL

q̄ szd, at specifiedx andy, or integrating
both the numerators and denominators overy and/or x
within the experimental cuts. However, in practice w
must be careful, since the contribution from the Cabibb
suppressed process ofu ! s ! L (ū ! s̄ ! L̄) is by
no means negligible in process (5)n̄N ! m1LX [(6)
nN ! m2L̄X]. By measuring both the unpolarized an
polarizedL andL̄ productions, using the relatively clean
processes (4) and (7), it seems enough to determine
four independent fragmentation functions. Neverthele
as already mentioned above, by varyingy and/orx, if data
allow it, one may make a clean flavor separation (ev
without the assumption ofu and d flavor symmetry) by
only the polarized processes (4) and (7). The antiqua
contribution of the target can be safely neglected only
largey for process (4), not for processes (5) and (7) (whe
it dominates).

There are many possible ways to obtain the stran
fragmentation functions from the neutrino, antineutrin
and polarized electron DIS processes. The first way
to use processes (4) and (7),y and/or x dependent (or
varying the cuts forx andy), or polarized combined with
unpolarized ones within all the cuts, to extract the fo
light-flavor quark fragmentation functions. Then, by sub
stituting these four quantities in polarized (5) and (6) (o
a y and/or x dependent single process), one can det
mine the strange fragmentation functionsDL

s and DDL
s .

[The fragmentation process̄s ! L (s ! L̄) is expected
to be much smaller compared tos ! L (s̄ ! L̄), since
the former is from the seass̄ pairs inL, whereas the lat-
ter is from the dominant valence configuration in whichs
provides the spin ofL.] Besides, with an unpolarizedL
production of process (5) one can also, in principle, e
tract the strange fragmentation functionDL

s szd, provided
DL

q szd andDL
q̄ szd are known and then check this quantit

by using (6). [One can also use the unpolarized proces
(4)–(7) to determineDL

q , DL
q̄ , DL

s , andDL
s̄ , if one thinks

thatDL
s̄ is not negligible, and then, by extending the sam

analysis to the polarized processes, measureDDL
q , DDL

q̄ ,
DDL

s , andDDL
s̄ .] Then, by extending the same analys

to the polarized cases, one can also first measureDDL
s szd

in process (5) and then check this quantity by proce
(6). Thus the measurements of unpolarized and polariz
L andL̄ productions in neutrino and antineutrino can, i
principle, provide a full determination of the flavor depen
dent unpolarized and polarized fragmentation functions

Another way is to combine the polarizedL and L̄

productions in neutrino and antineutrino DIS process
with those of polarized electron DIS processes [15] a
determine the four light-flavor fragmentation functions an
two strange fragmentation functions from six independe
equations ofL (L̄) polarizations of the six processes
(New high statistics data are expected soon from seve
experiments [8,9].) This method has the advantage t
one does not need to take care of the magnitudes or
y and/or x dependences of theL and L̄ productions,
2252
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but only their polarizations. Needless to say, the stran
(antistrange) quark distributions of the hadronic target
the polarized electron DIS processes must be taken i
account due to the large fragmentation processs ! s !
L (s̄ ! s̄ ! L̄), as we have mentioned. It is interesting t
note that the use of different nuclear targets, with differe
isospin properties, can also help us to gain addition
information on the flavor dependence for the fragmentati
functions.

Clearly, the above analysis can also be extended
the production of other hadrons, such asS, J, etc., or
even to heavier flavor hadrons such asLc. Although
such studies might be tedious theoretically and difficu
experimentally, they are meaningful not only for the
own purpose but also for the physics purpose of th
paper. The reason is that the finalL and L̄ hyperons
might come from decays of these hadrons which gener
a background to be studied and removed for a prec
understanding of the quark toL fragmentation. Notice
that some progress has already been achieved al
this direction [10,11,17,20], as well on the quantu
chromodynamics (QCD) evolution of the fragmentatio
functions [19] and on higher order corrections [16
It should be pointed out that the presented results
Eqs. (4)–(7) hold only in leading order. In next-to
leading order thexyz factorization does not hold any
longer, which complicates the analysis considerably. Al
processes induced by gluons and the fragmentation
gluons into L and L̄ become relevant. All of these
effects, including also the contributions from Cabibb
mixings, will have to be further taken into accoun
with increasing statistical accuracy of the data. (T
our knowledge, the highest statistics data onL and L̄

production separately comes from the NOMAD neutrin
beam experiment [7].)

It is known that the original proposal [13] for measurin
the strange quark polarization of a protonDssxd from the
semi-inclusiveL polarization of an unpolarized electron
beam on the polarized proton target DIS process suff
from the contributions ofu and d quark fragmentations
due to the nonzeroDDL

q szd [15,17,19]. With a better
knowledge of the flavor and spin dependent quark
L fragmentation functions, one can try to remove th
background from contributions of the polarizedu and d
quarks of the proton to the polarizedL, to allow the
measurement ofDssxd. As also mentioned in Ref. [2],
a complementary measurement ofL̄ polarization in the
same process can also help to pin down the antistra
quark polarization inside the proton. [Remember th
the neutrino (antineutrino) DIS process cannot be do
on a polarized target and therefore cannot provide a
information concerning the spin structure of the nucle
target.] Such measurements can provide crucial te
of different predictions concerning the spin structure
hadrons [1,2] and the quark-antiquark asymmetry of t
nucleon sea [2,3]. Besides, theu and d polarizations
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inside aL are closely related to the physical mechanis
for the s polarization inside a proton. Measurement o
DDL

q is also helpful to understand the mechanism for th
s polarization of the proton.

We need to point out that the measurement ofDDL
q̄ is

also related to the quark-antiquark asymmetry discuss
in Refs. [2,3]. From the SU(3) symmetry argument o
Burkardt-Jaffe [12], we know that theu and d quarks
inside aL should be negatively polarized. If the valenc
u and d in a L are unpolarized, one may simply expec
the u and d polarizations coming from the sea, with
the same polarizations for quarks and antiquarks, for t
u and d flavors, and thereforeDDL

q̄ fi 0. However,
this might not be true in general and, in the baryo
meson fluctuation model of the intrinsic sea quark
of a hadron [2], the intrinsicuū and dd̄ pairs inside
a L are mainly from the configurationsLsudsuūd ­
psuuddK2ssūd and Lsudsdd̄d ­ nsudddKssd̄d. From
this picture theu andd quarks inside aL are negatively
polarized, whereas̄u and d̄ should be unpolarized or
slightly polarized from higher fluctuations. In fact, the
predictions [2,22] of a small or zero polarization o
the sea antiquarks in the proton are supported by
Spin Muon Collaboration measurement of theu and d
antiquark helicity distributions from the semi-inclusive
DIS process [23]. Therefore the future measurement
DDL

q̄ can provide another test of different prediction
concerning the hadron spin structure. For example, t
L andL̄ polarizations for processes (4) and (6) aty . 1
are predicted to bePL

n ­ 0.14 6 0.04 andPL̄
n ­ 0.06 6

0.02 for case I andPL
n ­ 0.09 6 0.04 andPL̄

n ­ 0.12 6

0.04 for case II in Ref. [15], whereas they arePL
n ø

0.02 andPL̄
n ­ 0 in the baryon-meson fluctuation mode

assuming an intrinsicuū sea fluctuation probability at
about10% andDuN 1 DdN ø 0.5 [2].

In summary, we showed that a complete investigati
of L andL̄ hyperon productions in neutrino and antineu
trino DIS processes can provide an ideal laboratory f
a systematic study of the flavor and spin dependence
the quark fragmentations. The flavor and spin separat
we propose is based on the particular property that t
scattering of neutrinos (antineutrinos) on a hadronic ta
get provides a source of polarized quarks with speci
flavor structure. A full determination of unpolarized an
polarized quark toL fragmentation functions is also help
ful, to measure the strange and antistrange polarizatio
of the proton and to test ideas related to the spin struct
of the nucleon and to the quark-antiquark asymmetry
the nucleon sea.
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