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We discuss the quark parton structure of théaryon and the fragmentation of quarks iftdaryons. We
show that the hyperfine interaction, responsible forAhl and3.°-A mass splittings, leads not only to sizable
SU(3) andSU(6) symmetry breaking in the quark distributions of the but also to significant polarized
non-strange quark distributions. The same arguments suggest flavor asymmetric quark fragmentation functions
and non-zero polarized non-strange quark fragmentation functions. The calculated fragmentation functions
give a good description of all measured observables. We predict significant pdsifpedarization in semi-
inclusive DIS experiments while models based on(3Ulavor symmetry predict zero or negative polar-
ization. Our approach also provides a natural explanation for the dependence of the maximuméof the
=1In(1/z) spectrum on the mass of the particles produced‘ia™ annihilation.

PACS numbgs): 13.87.Fh, 13.85.Ni, 13.88e

I. INTRODUCTION flavor and SU(6) spin-flavor symmetry, which are fre-
quently crucial elements in predictions a&f baryon struc-

An impressive amount of information on the quark partonture. In Sec. Il we point out that one should expect both the
structure of nucleons has been collected since the pioneeringpolarized and polarized quark distributions in the Lambda
experiment at SLAC which showed the first evidence ofto show substantial differences from predictions based on
nucleon partonic substructurgl]. However, significantly —either SU(3) flavor or SU(6) spin-flavor symmetry. The
less is known about the structure of other baryons. This isame mechanism which is responsible for breaking the
because of the impossibility of producing targets of shortSU(6) symmetry of the nucleon’s quark distributions leads to
lived baryons for lepton nucleon deep-inelastic scattering-dependent, polarized, non-strange valence quark distribu-
(DIS) experiments which might measure their unpolarized ottions in theA. This contrasts with the naive expectation that
polarized structure functions. One possibility is to measurdhe up and down valence quarks of theshould be unpo-
the fragmentation functions of quarks into baryons and relatéarized. In order to estimate the magnitude of these symme-
the information obtained in these experiments to the quarkry breaking effects and the size of the up and down quark
structure of baryons. The Lambda hyperon is of special inpolarizations, the quark distributions in theare calculated
terest in this respect since its decay is self-analyzing. Polain the MIT bag model. In Sec. lll, we discuss how these
ization measurements are thus relatively simple to perfornilavor symmetry breaking effects carry over into the frag-
and the polarized fragmentation functions of quarks itto mentation of quarks intd baryons. In Sec. IV A, we show
can be measured. Furthermore, in the quark parton model tiibat the calculated fragmentation functions give a good over-
A has a rather simple structure: thandd quarks couple to all description of all measured observables in inclusive par-
a spin and an isospin singlet state, so thespin is carried ticle production ine*e™ annihilation. We also discuss the
exclusively by its strange quark. relevance of our approach to the dependence of the maxi-

As is well known, the naive quark model fails to explain mum of theé=In(1/z) spectrum on the mass of the produced
the data on hyperop decay and on deep inelastic scatteringparticles. In Sec. IVB it is demonstrated that these polarized
[2-5]. The violation of the Ellis-Jaffe sum ru[€] suggests a non-strange quark distributions give rise to sizablgolar-
large strange quark polarization in the nucleon. These obseization in polarized semi-inclusive DIS experiments, in con-
vations suggest that the non-strange quarks ofAtheight  trast to predictions based @U(3) flavor symmetry.
also be substantially polarized]. This and related ques-
tions, together with the experimental feasibility &f polar-
ization experiments, have stimulated much theoretical activ-
ity [7—34] on this subject. Information on the structure of the  Baryon flavor symmetry is widely used to relate the struc-
A should lead eventually to a deeper understanding of théure of particles within the baryon octet. Flavor symmetry
structure of the nucleon. breaking effects are generally accounted for by using differ-

In this paper, we re-examine assumptions sucB d63) ent phenomenological masses for the strange quark than for

Il. QUARK DISTRIBUTIONS IN THE A
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up and down quarks. Howeve8U(3) symmetry breaking tions have correct support. This is guaranteed by @Y.
can be much more subtle, as has been pointed out in Refeegardless of the approximation used for the stétep,)
[23,24. In a world of exacSU(6) spin-flavor symmetry the and|A;PS). The quark operatoys acts on the initial state
up and down quark distributions should be identical. Experi{A;PS). It either destroys a quark, producing an intermedi-
ments indicate that they are different from each other; forate two quark state, or it inserts an anti-quark into the target,
example, it is known that the ratid(x)/u(x) drops rapidly  producing a four quark intermediate state. The delta function
below unity asx—1. The hyperfine interaction responsible implies that the contribution to the quark distribution arising
for the splitting of theA-N masses gives a natural explana-from an intermediate state with malsk, peaks at

tion for this observatioh25—27. It is not yet clear whether
this ratio actually goes to zero at=1 or approaches the
perturbative QCD §QCD) limit of 0.2[28,29, although the
latter now seems favord@®0,31]. If SU(3) flavor symmetry

is used to relate th& * quark distributions to those in the
proton, one would predict an analogous laxg®&ehavior,
Sy /us—0 for x—1. However, as has been pointed out in
Refs.[23,24], the hyperfine interaction responsible for the

splitting of the3-A masses predicts a behavior opposite to
the SU(3) expectation. For this reason it is mandatory tha

we re-examinéSU(3) symmetry arguments in th& case.
This has been done partly in our previous paper on the qua
distributions in theA [24] and in a quark diquark spectator
model for the fragmentation functions in R¢82] and also
for the quark distribution functions83]. Here, we extend our

earlier discussion to fragmentation, emphasizing the clos

relationship between distribution and fragmentation func

t

Xmax=(1—=M,/M,). (3

As a result, the shape of the quark distribution at laxde
determined by the smallest masgs, which can contribute to

the particular distribution. Since the mass of the intermediate
state, in general, depends on the flavor of the struck quark,
this mass dependence translates into a flavor dependence of
the quark distribution functions of the baryon. We also see
that contributions from four-quark intermediate states peak at
negative xvalues, sinceV,>M, and are thus suppressed in

jbe positivex region.

QCD color-magnetic effects lift the mass degeneracy be-
tween hadrons that differ only in the orientation of quark
spins, such afN and A. The interaction is repulsive if the

pins are parallel, so that a pair of quarks in a spin-1 state
?vectob has higher energy than a pair of quarks in a spin-0

state (scalaj. The energy shift between scalar and vector

diquarks produces thd— A mass splitting. The;-s; struc-
ture of the hyperfine interaction shifts the mass of the vector
and scalar diquarks in the ratio4 3. From the experimental
A-N mass difference, we conclude that the triplet diquark is
heavier by 50 MeV than the diquark state without hyperfine
interaction, while the singlet diquark is lighter by 150 MeV.
The diguark masses which reproduce thandA masses are
roughlymg=600 MeV andm,~800 MeV for the scalar and
vector diquarks, respectively. Since tthguark in the proton
whereI' is a Dirac matrix,P and S are respectively the is always accompanied by a vector diquark as opposed to the
momentum and spin of thé and we define®*=P°=P3.  u quark which has a large probability to be accompanied by
Inserting a complete set of intermediate states, using tha scalar diquark, the-quark distribution peaks at larger
translation invariance of the matrix elements and the integrabalues than the-quark distribution. Using Eq(3) with the
representation of thé function the twist-2, helicity projec- scalar and vector diquark masses, one obtains quantitative
tions,q'!, are given by predictions for the location of the peak in thendd valence
quark distributions.

The same arguments applied to theand > mass split-
ting predict that theus vector diquark is heavier by=30
MeV, and the corresponding scalar diquark is lightert§0
MeV, than the diquark without hyperfine splitting. To esti-
mate the masses of diquarks containing a strange quark and
an up or down quark we use the phenomenological fact that
and A.=3(1*vys) [=3(1Fvys)] are the relevant light- the strange quark adds about 180 MeV. Thus, we haye
cone helicity projection operators for qualflentiquark$ and =800+ 180— 90~890 MeV andm, =800+ 180+ 30=1010
we definedy™ = y%+ y*. S, is the spin vector parallel to the MeV for singlet and triplet diquarks.
target's three-momentum. Further, the stdtep,) are in- If the struck quark is accompanied by a scaleecto
termediate states with mad, and form a complete set of diquark, its distribution peaks at highéower) x values. The
states withp, \/M2n+ p2n+ pnz- All states are normalized to probabilities for finding au, d or s quark polarized parallel or
(27)38(p—p’). q'' can be interpreted as the probability to anti-parallel to a\ hyperon, and accompanied by a scalar or
find a quark with the same or opposite helicity as the targevector diquark, can be obtained from t8&J(6) wave func-
hyperon. tion of the A and are given in Table I. If the struck quark is

The advantage of using E) is that energy-momentum a strange quark, the intermediate state must always be a sca-
conservation is ensured so that the resulting quark distribuar diquark; Eq.(3) shows that this will produce a very hard

tions. Since the publication of our paper, RE24], there
have been discussions along similar lines by &al. [34].

It is instructive to review how the QCD hyperfine inter-
action breaksSU(6) spin-flavor symmetry. The leading-
twist quark distributions can be formally defined[8%5,36]

(o F — B
ar0=P" [ S ¢ (APSHOTy(E )|A;PS),
D

q”<x>=2P+§ S(1-x)P"—py]
X |(n;pal w1 HO)| AP S )

Here, ¢l =3(1+ yo¥3) 3 (1= y5) ¢ with P, =3(1+ yo73)
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TABLE I. The probabilities for finding a quark polarized paral- tion in the bag andy,, d! are annihilation and creation
lel (1) or anti-parallel () to the Lambda and accompanied by a gperatorg The spin-dependent parton distributions are then

scalar(s) or vector (/) diquark. given by[37,39
a(aa)y Pla(qa),] a(aa)s Pla(qa)s] 2M

iy)y= T T
ul=d) 1/12 ul=d] 1/12 ' (x)= (2m)? §m: (AT[PrmAT)
ul=d} 2/112 ui=d. 0
X 0 s 4112 " F | b2(Pn)|?
Sy 0 Sq 0 2, 2 2 __ PntPn 2
net 1/2 net 1/2 [IMA(1=X)=M{1/12M s (1-x)| | $3(0)|

X ¢y (P ®)

strange quark distribution in th&. However, if the struck Here,T | indicates the he|icity projections_ The operalr,,
quark is an up or down quark, the remaining diquark has grojects out the appropriate spin and isospin quantum num-
higher probability to be a vector diquark than a scalar di-pers from theSU(6) wave functions of the polarized target
quark. This leads to softer up and down quark distributionsparyon. Its matrix elements are given in Tablesj, (py) is
Furthermore, while the valenag, or d, quarks with spin  the Fourier transform of the bag wave function with angular

anti-parallel to theA spin are always associated with a vec- momentum componemn, and may be split into spin depen-
tor diquark,u, andd, quarks with spin parallel to th& spin  gent and spin independent parts:

have equal probabilities to be accompanied by a vector or
scalar diquark. This has the important consequence that the 1
distribution of non-strange quarks with spin parallel to the I\Iffni(pn)|2=§[f(pn)t(— 1)™32g(p,)]. (7)
spin is harder than the corresponding distributions with anti-
pa.rallel SPInS. T'husufl(x) [d‘T’(X)] and u\l,(x) [d‘l’(f)]T are Denoting byF(x) andG(x) those contributions to Ed6)
Sh'ffed inx relative to_e?Ch othler, S0 thAtu\,(x)=u_\,(x_) which come from thef(p,) andg(p,) parts of the integral
—uy(x) and Ad,(x)=d,(x)—d,(x) are non-vanishing e gptain, for the unpolarized distributions,
functions ofx. They are positive for large and negative for
small x values. Note that their total contribution to the spin 1
of the A is zero since the integrals ov&ru, and Ad, are dy(X)=u,(x)= Z[3FV(X)+F5(X)]
zero. Nevertheles\u,, andAd, can be sizable for large
values since both, andAu, are dominated by the spin-zero
component in the large limit. sa(X)=F4(x), ®
These properties of the quark distributions are quite gen- ) o )
eral. Once we assume that the intermediate states can B&d for the polarized quark distribution functionsq=q'
regarded as on shell physical states with definite masses,;d":
they follow immediately from the definition of the quark
distributions and from thesU(6) structure of the baryon
wave functions. Since, up to now, quark distributions cannot
be calculated from first principles, we have to use model
wave functions to estimate the magnitude of the expected Asy(X)=G4(X), 9
symmetry breaking effects. We use MIT bag wave functions
and the Peierls-Yoccoz method for constructing translationrespectively(see Refs[37,3§ for details of the proton case
ally invariant momentum eigenstatg®,p), from n par-  gnq Ref.[24] for other baryons
ticle bag state$Byy(r)), centered at: The calculated quark distributions for teare shown in
Figs. 1 arlg 2 at the scale relevant for the bag mogél,
_ . =0.25 GeV, and with a bag radius of 0.8 fm. The distribu-
|BinP), =L én(p)] 1j dre'®"|Byny(r)). 4 tions are compared to the corresponding quark distributions
in the proton which were also calculated in the bag model,
using the scalar and vector diquark mass splitting fixed from
the A-N splitting. We see that the quark distributions of the
A are quite different fron8U(3) expectationss, #d,, etc.
|¢n(p)|2:f dRe "P'R( Bin}(R)|Bn(0)). (5) PerfectS L_J(6_) symmetry would give |dent|c_al up, _dovv_n and
strange distributions. The strange quark distribution is much
harder than the up and down quark distributions. The polar-
The matrix element in the definitions of the quark distribu-ized up and down distributions are positive for lasgerhe
tion functions can be obtained by using these bag states amghn-strange distributions can play an important role when-
the bag operatqu/:Em{bmz,/;m(Jr)+dTm</;(—)} [4n(x) are  ever the strange contribution is suppressed, such as in pro-
the positive and negative energy solutions of the Dirac equasesses induced by photons, where the up quark distributions

1
Ady(x)=Aux(x) = 7[Cs(x) = Gy(x)]

The normalizationg,(p) is given by

014007-3
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o I e B B functions are also flavor asymmetric. In the fragmentation of

T 1.2 1 guarks into a specific baryon, quarks with different flavor

4l couple to different spin-flavor components of the baryon
08l wave function. For example, in order to producA &rom an
06| up (down) quark or a strange quark, the fragmentation pro-

cess has to produceds (us) vector orud scalar diquark.
The mass differences between the scalar and vector diquarks
inevitably lead to flavor dependent fragmentation functions,
” analogous to the flavor dependence of the quark distribu-
X tions.

Fragmentation functions can be defined in a manner simi-
FIG. 1. Unpolarized quark distributions in thee (heavy lines  |ar to quark distribution functions, as light-cone Fourier

compared to those in the protdhight lines) at the bag scaleu”.  ransforms of matrix elements of quark operats,40;
The quark distributions of the\ evolved to Q?=10 Ge\? are

shown as dotted lines. 1 . pt dé= .

- _DqA(Z):_Z _eflp &z
are weighted by a factor of 4/9 as opposed to 1/9 for the z 2 W) 27w
strange quarks. Their relative magnitude is sizable as can be )
seen in Fig. 2, where we show five timeAu(x) as a dotted XTr{T (04 (0)[A(PS)in(pn))
line to indicate the relative contribution afandd to gf X(A(PS):n(py)|#(£)|0)], (10)

If the flavor dependence predicted for the polarization of

non-strange quarks was retained in quark fragmentation, owere,I" is the appropriate Dirac matrix. Translating the ma-
predictions could be tested in semi-inclusive DIS experi-trix elements, using the integral representation of the delta
ments with longitudinally polarized electrons. Here, thefunction and projecting out the light-cone helicity compo-
smallness of thel andd polarizations relative to the strange nents, we obtain
quark polarization is compensated by the abundance of
guarks in the valence region, and by the enhancement factor
of 4/9 for theu quark(relative to the factor 1/9 fos quarks
in electro-magnetic interactiofs89]. A’s produced in the
current fragmentation region are mainly fragmentation prod- X |<O|z//Ll(O)|A(PSﬂ);n(pn))|2. (11
ucts ofu quarks. Part of the polarization of the electron is
transferred to the struck quark in the scattering process. Thi44 can be interpreted as the probability that a right- or
polarization will be transferred to the final if the helicity ~ left-handed quark fragments into a right-handeand simi-
dependent fragmentation functiomsD;} , are non-zer¢39].  lar for antiquarks. Using Eq(11) has the advantage that
In the following section we extend our discussion to frag-€nergy-momentum conservation is built frefore any ap-
mentation and compare the resulting predictions with experiProximation is made for the states in the matrix element. The
mental data on hyperon formation and polarization and wittflelta function in Eq.(11) implies that the functiorD, /z
predictions of other models for the fragmentation functions.Peaks at

04}
0.2
0

1
ED;iA(z)z P*; S[(1/z—1)P*—p]

IIl. QUARK FRAGMENTATION INTO A HYPERONS 7~ Ma (12)
. o T MA+M

Since the quark distributions of the baryon are not fla-
vor symmetric, it is probable that the quark fragmentationwhere we have chosen to work in the rest frame of Ahe
For M,=2/3M, and M,=4/3M ,, we obtain 3/5 and 3/7,
respectively. The contributions from the four quark interme-
diate states therefore peak in the physical region, at relatively
large z values. Thus, in contrast to the quark distribution
functions, the fragmentation functions are not dominated by
the lowest intermediate mass states. However, we still expect
that for largez the most important contribution comes from
02l the fragmentation of a quark into & and a diquark state.
P S Since the fragmentation functions are sensitive to the mass of

"0 0.2 0.4 0.6 0.8 1 the intermediate states, our argumentsSay(6) flavor sym-

metry breaking apply in the same way to the fragmentation

FIG. 2. Polarized quark distributions in the (heavy lineg ~ functions as to the quark distributions. Most importantly,
compared to those in the protdhght lines at the bag scaleg?.  Since u' andu' couple to different spin-flavor components
The heavy dotted line stands for 5 timedu, and indicates the Of the Lambda wave function, we expect that not only are the
relative importance of the andd quarks ing,. The quark distri- U andd quarks in a polarized hyperon polarized, but that
butions of theA evolved toQ?=10 Ge\? are shown as dotted andd quarks may also fragment into a polarizéd Further-
lines. more,AD,, andADy, are positive at large for the same

17—
0.8}
06
04}
02 ..
01¢

XAq(x)
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reason as\u and Ad are positive at large. Thus, for ex-
ample,A’s produced in the current fragmentation region of
semi-inclusive DIS processes should be positively polarized.
We stress that, as for the quark distributions, our analysis
is very general and follows from the definition of the frag-
mentation functions and from energy momentum conserva-
tion. The matrix elements can be calculated using model
wave functions at the scale relevant to the specific model and
the resulting fragmentation functions can be evolved to a
higher scale to compare them to experiments. First, let us
discuss the action of the operators in Etfl). The operator,
/2 (zﬂ for antiquark fragmentation when acting on the

Sta(tSAC ";] tge I'rnal State:rk i\ leaving a diquark state which lines) and evolved taQ?=10 Ge\? (light lines). The mass of the
an gestroy a qua eaving a diquark state ¢ four-quark intermediate state is set to 1.8 GeV &ngl, is a sum

has to match the quantum numbers of_the anti-diquark statg . flavors,D g4y = Dy + D3y + D3y . The dashed vertical lines
to give vacuum quantum numbers. This corresponds to the jicate the position of the maxima using Ed2).
fragmentation of the quark via production of two quark an-

tiquark pairs from the vacuung— (qqaq)+(qq), i.e. the
fragmentation ofj into a A and an anti-diquark.

N.

FIG. 3. Contributions of two and four quark intermediate states
to the unpolarized fragmentation functions at the bag sdaavy

(gﬂR)|BZ(O)).l We will calculate this overlap and adjust
(ii) Alternatively, it can insert quark or antiquark into the the normal!zatmn constant by flttmg. one d?‘a pomt later
when we discuss the phenomenological implications of our

A wave function. In this case, the intermediate state must b?ragmentation functions. The expression for the four quark
a four-quark state such that vacuum quantum numbers ate

> : intermediate states can be obtained by repladingB, and
preserved. This corresponds to the fragmentation of an antlg_ through ¢4, B, and By and by replacing the positive
quark or quark into &\ via production of three quark anti- 2 9N ¢4, Ba 4 y rep 9 P

) — energy, ground state bag solutions, (—p,) by ¢!}
quark pairsg—(qqq) +(aqqq) or 9—(qqa+(qqqq). 9. 9 g B8, 15(=Pr) BY 9/s5(Pr)

In order to quantify our discussion we have to use modeP" Py the corresponding negative energy Stﬁﬂ?g(—pn) for
wave functions for the states. Choosing the Peierls-Yoccothe three anti-quark one quark intermediate state or the four
projection method and MIT bag wave functions, the frag-anti-quark intermediate state, respectivesg].
mentation functions are given by Denoting byF(z) and G(z) those contributions to Eq.

(13) which come from thd(—p,) andg(—p,) parts of the

Ty — A 1 1 integral, the contributions from the diquark intermediate
Dra(x) 2 %" (ATIPrm[AT) states to the fragmentation functions are then given by

(27)

o 1 . .
Xf Pdp(0l 1 (0)[A(PS)in(pn) % Dar(2)=Dyr(2)= Z[3F\(2) +Fy(2)]

(13 A
with Dsa(2)=F4(2)
| Ma 2 My 14 ADg\(2)=8D (2= 11642~ 6,(2)]
min 2M,z(1-2) |’ 4

The matrix element for the fragmentation through a diquark A
intermediate state yields ADs(2)=G4(2), (16)
(0¢H(0)|A(PS);n(py,)) with ADgy =D/}, —Dgy ;Sinceés is shifted towards posi-
_ 15l tive z values relative tdG,, AD4, andAD,, are positive
[$2(Pn) $3(0)] 74 (= pn) for largez The results are shown in Figs. 3 and 4. We show
- the results both at the bag scalé=0.25 Ge\f and atQ?
X f dR ePn¥(0[B(0)Bz(R)). (15 =10 Ge\A We evolved the fragmentation functions in lead-
ing order and set the gluon fragmentation function to zero at
Here, ¢»(p,) and ¢5(0) are normalization constants of the
final states.fpll(—pn) is the Fourier transform of the pro-
jected bag wave function. The matrix element, ithis factor is basically a normalization factor. In the case of the
(0[B2(0)B3(R)), describes the transition between the di-quark distributions, the corresponding expression gives just
quark and anti-diquark states and the vacuum. We assume,(p,)|2. It has a small effect on the shape of the fragmentation
that it is proportional to the overlap of the diquark and anti-functions which is mainly determined by the kinematic constraints
diquark states with a7y, sandwiched between them and the Fourier transform of the wave function of the struck quark.
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FIG. 4. Contributions of two quark intermediate states to the FIG. 5. Location of the maxima of thg distributions as a func-
polarized fragmentation functions at the bag s¢hiavy linegand  tion of the particle mass. The solid and open symbols represent
evolved toQ?=10 Ge\? (light lines). The dotted line stands for 5 mesons and baryons, respectively. The data are fidm44. The
timesADﬁ . solid and dashed lines are the prediction of 8q) for mesons and

baryons, adjusting the normalizationg@, and tog’; , respectively.
the starting scale for non-singlet evolution. We used the
package of Refl52] modified for the evolution of fragmen- maxima of the distributiorD(z)/z, we can expect that Eq.

tation functions. _ _ (12 is also a good approximation for tiedistribution since
The fragmentation functions possess the following qualithe fragmentation functions for a given mals, are very
tative features: narrow, as can be seen in Fig. 3.

(1) The mass splitting associated with the hyperfine inter- From Fig. 3, we can also see that E42) is a good
action leads to ConSideraW(G) breaking in the fragmen- approxima’[ion for the maximum OD(Z) [Equation (12)

tation functions. _ _ _ gives the maximum of th¢ distribution exactly in the limit
(2) At large z, fragmentation functions are dominated by when the distribution is & function] In the following, we
the diquark intermediate states. will use Eq. (12) to estimate the maxima of the

(3) Since the contributions of higher mass states to fragz.gistribution. Now, the maximum of the distribution com-
mentation functions have maxima in the physical regionjng from this highest mass state determines the maximum of
they play an important role at lowervalues. the fragmentation function in first approximation through Eq.

(4) The splitting of the vector and scalar diquark masseg12). AlthoughM,, is not known, it should be proportional to
leads to polarized, non-strange fragmentation functions. Js. Thus, the maximum of thé distribution has the correct

In(s) dependence as seen in the experinjdit-44. How-

IV. PHENOMENOLOGY ever, if we take the difference of the maxima of tife
=In(1/z) distributions of different particles, this dependence
on the unknown maximum value ®f,, drops out for large

Before making predictions for the expectddpolariza- M, . It follows from Eq.(12) that
tion in semi-inclusive DIS, we check whether availaiie
production data are consistent with our approach.

Let us start our discussion with an interesting conse-
guence of our approach for the loweend of the spectrum
of particles produced ie"e™ annihilation. When the num- Thus, the difference of the maxima is determined by the
ber of particles produced is plotted as a function &f logarithm of the ratio of the masses. We calculated the
=In(1/z), one finds that the spectra exhibit an approximatemaxima of the¢ distributions using this formula and taking
Gaussian shape around a maximuf, which depends on the maximum of they’ and the proton distributions as a
the produced particlp41-44. While the shape of the spec- reference value for mesons and baryons, respectively. The
trum can be understood in perturbative QCD as a conseesults are compared to the experimental §da-44 in Fig.
quence of the coherence of gluon radiatidh], the position 5. We stress that our results follow from the general defini-
of the maximum is a free parameter which has to be extion of the fragmentation functions and from energy-
tracted from experiment. Energy-momentum conservatiormomentum conservation and are in remarkably good agree-
dictates that the spectrum at smalbe dominated by high ment with the data.
mass intermediate states. At a given total invariant mass Let us turn our attention to the highregion where, ac-
there will be a maximum value for the mass of the interme-cording to our discussion in Sec. Il, significant flavor sym-
diate state which can be produced in the fragmentation. Thimetry breaking effects are to be expected. There are experi-
maximal mass determines the “lower” edge of the spectrummental data for the production ok hyperons ine*e”
Note also that because of thez Tactor in the lower limit of  annihilation. A considerable fraction of the data was taken at
the integration in Eq(13), the fragmentation function drops the Z resonance, where the quarks produced in the annihila-
at low z values. The¢ distribution is given bydo/d¢  tion process are longitudinally polarized. The spin dependent
=zdo/dz~2zD(2), and thus it is proportional ta® times  fragmentation functions can then be determined by measur-
D(z)/z. Although Eq.(12) describes the location of the ing the polarization of the produced Lambda baryons.

A. ete™ annihilation at the Z resonance

My | Mgy 1
nM—a~nM—a. (7)

Ma+M,

— |+
Mp+M,

Mg =g —g~In
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In the quark parton model, the cross section for the inclu-
sive production of a Lambda hyperoasfe™ — A + X, is ob-
tained by summing over the cross sections éée” —qq
and weighting with the probabilitie® 5 that a quark frag-
ments into a Lambda with energy fractian

LI B B B B B B B B E e
@ ALEPH

O OPAL
A DELPHI

O sLD

1/c do/z

d? dot
Gz =2 goPa(2Q) Dz QY (8

Here,z is defined ag=2p,-q/Q?=2E, / /s for center-of-
mass systemic.m.s) energy s, and p, and E, are the
four-momentum and energy of the; g andQ?=q?=s are 10
respectively the four-momentum and invariant mass of the 02 04 06 08
virtual Z boson. z

After integrating over angles, the cross section at Zhe
resonance can be written as

FIG. 6. The inclusive cross section ¢1)do™/dz in eTe”
annihilation at the&Z resonance. The dash-dotted and the dotted lines
do, Aol represent the contributions frobg and Duv+ Dq , respectively;

a9z s > eDgr(z.Q?)+Dgr(z.Q?)], (19  the dashed line is the totdl,, contribution and the short dashed
. line stands foquS. The data are from Ref§46-49,44.

where the coupling of the quarks is given by

Y ) 5 ) process populate more the central rapidity region and are

eg=egt (1+ve)(1+vg)x(M32) likely to be independent of the flavor of the initial quarks.
Thus, the “sea” type fragmentation functioqusAEDgA

with can be identified with the contributions from intermediate
1 2 four quark higher mass states.

x(s)= - NI IVEL (20 In the following, we use our calculated fragmentation

256 sirf @y cos' Oy, (s—MZ)*+T M7 functions for the valence contribution and parametrize the

sea part, since the mass of the higher mass four quark states
is not well known. As the production of non-leading particles

is independent of the flavor of the initial quarks, it is reason-
able to assume that the sea type fragmentation functions are
flavor  symmetric—i.e. Dga=Dya=Dyr=Dgp=""-

=Dy, . As thee'e™ experiments measure the sum/ofnd

A production[44,46—-49, we useCP invariance to relate the

do, 4ma? - ) ) fragmentation functions of thé\ to those of theA, i.e.
dz s % €4[ D, (2,Q9)+2D g1 (2,Q9)]. Dga=Dga and Dgy=Dgx. We evolve the fragmentation
(22) functions in leading orde®? evolution from the scale rel-

evant to the bag model;>=0.25 GeVf, to M2 in order to
Experimental measurements show that the particles prQ?btaianvA(z,Q2= M%) . In order to evolve the singlet part

duced containing the initial quark as a valence quark havgy the fragmentation functions, we assume that the gluon
higher momenta than the other hadrons in the jet—this is thg.agmentation functions are zero at the starting scale. Our
“leading particle” effect. For exampleA’s produced in @ regyit is shown in Fig. 6 in comparison with data from SLAC
light quark jet have higher momenta thdn indicating that  Large Detector(SLD) [44] and the CERNe*e™ collider
the fragmentation function®,, are harder thaD,;, or by  LEP experiment§46—49. The long dashed line represents
CP invariance harder thaDy, . Thus, the flavor non-singlet the contribution oD, , the dotted line is the fitted sea quark
combination of the fragmentation function8q y=Dgq, fragmentationD,_and the solid line is the sum of the two
—Dga , effectively measures leading particle production andzontriputions. The dash-dotted and short dashed lines are the
can be identified with the contribution from the diquark com-contributions of strange and up plus down valence terms,
ponent of the fragmentation functions, for obvious reasonsiespectively. We do not attempt to reproduce the data at low
On the other hand, particles produced in the fragmentation yajyes where gluon coherence effects become important
and the usual evolution equatiofs0,51] break down[45].
The data clearly favor a two component picture.
2Since the data are taken at tieresonance peak, we have The asymmetry in leading and non-leading particle pro-
dropped terms in Eq19) which cancel fors=M3. Note also that ~ duction in e"e” annihilation provides a further test for the
the terms proportional tej are very small and can be neglected in fragmentation functions. This asymmetry has been measured
numerical calculations. by the SLD Collaboratiof44] and is defined as

where M, andI'; are the mass and width of thé v.=
—1+45sirt Oy, v ,=1-2sirP Oy, vq=—1+1 sirP O, are
the vector coupling of the electron and the quarks tozRe
In the following, we introduce “valence” and “sea” type
fragmentation functions Dg,a=Dga—Dga, and Dg

=Dy, - Equation(19) can then be re-written as
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< ' ' ' ' ' ' metric fragmentation functions. Therefore, more information
is needed to differentiate between the two models. Polariza-
tion measurements at thé resonance can give additional
constraints on the fragmentation functions.
............ ) ] The initial quarks produced ia* e~ annihilation at theZ
-z : resonance are polarized because the parity violating coupling

"’? of the fermions favors certain helicity states. This initial po-
% larization of the produced quarks can be transferred to the

! ! ! ! ! ! final state hadrons and may lead to polarized lambda produc-
01 02 03 04 05 06 tion [7]. The difference between the cross sections to pro-
duce left- or right-handed lambdas at tHeresonance is

FIG. 7. The asymmetry between leading and non-leadinggiven by[7]

lambda production. The solid line is the prediction of the two com-
ponent picture. The dashed and dash-dotted lines are the contribu- dA o do, dog
tions from the strange and from the up plus down quarks, respec- EE dz  dz
tively. The data are taken from Rg#4].

47a? A ) )
R1-RY =5 2 9[AD(2QY) - AD(2.QY)],
A= . (22) a
RA+RY (25)
with with the effective couplings
. 1 d — — A 2 2
R=5ns gzlN@— ) +N(@—A)] Jq=28V(1+ VI x(M3). (26
1 d o - Here, a,= —ay=1 are the axial vector coupling of the
R%:W d—Z[N(q—>A)+ N(g—A)] (23 quarks to theZ and y was defined in Eq(20). We introduce
ev

valence and sea type polarized fragmentation functions
ADqVAEADqA—ADEA and ADqSAEADEA similar to the
unpolarized case. According to our interpretation, the va-

(/f&’s) proc’i\lucedv\i/%elq (9) jet norlmalizfedhto the total number once tyne fragmentation functions are given by the fragmen-
of eventsN,, . While a zero value of the asymmetry corre- ¢ oo of ciiarks into a\ and an anti-diquark.

sponds to equal production of hadrons and anti-hadrons, a gjnce the hyperfine interaction leads to polarized up and

value of+1 (—1) corresponds to total dominance of hadrony,n quark distributions for the lambda, we expect that po-
(anti-hadron production. In our model, the asymmetry is |41;e4 up and down quarks may also fragment into polarized

w_heredN[q(a)ﬂA(/T)_]/dz is the number density ol’s

given by A’s. On the other hand\D,_ is given by the contributions
R of four quark states. Since these are insensitive t&GtHES)
> €D A (2,Q7) wave function of theA, we expect that they do not contrib-
A= q (24) ute to polarized lambda production. Note that since the dif-

-y 2 2 ference of the cross sections in Eg5) is proportional only
% € [quA(Z'Q )+2Dqu(Z’Q )] to the valence part of the polarized fragmentation functions,
the former assumption is not necessary for the description of
Here, the summation runs only over the light flavors sinceghe cross section difference.
only light quark jets were used in the experimental determi- The calculated lambda polarizatiol,=—Ao/o, is
nation of the asymmetry. Our results are compared to theompared to the Alepf53] and OPAL datg54] in Fig. 8.
data in Fig. 7. The dashed and dash-dotted lines are thEhe dominant contribution comes from the fragmentation of
strange quark and up plus down quark contributions, and thetrange quarkéthe dash-dotted curve in Fig).7The contri-
solid line is their sum. Our model gives reasonable agreebution from up and down quarkslashed curveis negligible
ment with A as measured by SLD. At high the initial because the corresponding polarized valence type fragmen-
strange quarks give the dominant leading particle contributation functions are small. The non-strange quark contribu-
tion to the asymmetry. tion to theA polarization also peaks at lowewalues where
Unpolarizede*e™ cross section measurements clearlynon-leading particle production dominates. In the lirnit
support a two component picture of quark fragmentation—1, bothAo and o are dominated by strange quark frag-
However, they cannot differentiate between a flavor symmetmentation and®, behaves like
ric model and a flavor asymmetric picture for the fragmen-

tation functions. For example, both the total cross section 2 AD ADA

. . . i Vd SVA Sy
and the asymmetry between leading and non-leading particle lim P,(2)= 5 ~—0.94 . (27
production could be described in a model with flavor sym- z-1 (1+v)) DSVA DSVA
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< ' ' ' ' AL tation functions are bounded by the positivity constraint,

a 06F  opaL , .
' EALEPH |AD4|<D,, we have not included a suppression factor.
04l The limiting behavior of the polarization is
' SU@),
0.2 ) :
SUG . , 2v
_____ RTRTTT TR P et lim P (z) = S ~-034
0] T -1 (1+v2)+2(1+v3)

FIG. 8. Lambda polarization ia* e~ annihilation at theZ reso- lim P®)(2)= 2[(Cy+Cs)Vg—CyVy] _
nance. The solid line is the prediction of the two component picture. ", A (1_,_\,5) + 2(1_,_\,5)
The dashed and dash-dotted lines are the contributions from the
strange and from the up plus down quarks. The short dashed and

dotted lines correspond to the prediction of a model with flavor A d(B velv. Th larized
symmetric fragmentation functions using the naive quark partor]cor cases(A) and (B), respectively. The unpolarized cross

model[SU(3)] andg; measurements for the proton pl8&J(3) sections were fit using flavor symmetric fragmentation func-
flavor symmetry to relate the polarized fragmentation functions totions for both the valence and sea type fragmentation func-
the unpolarized onefSU(3)g]. The data are taken from Refs. tions, and the lambda polarization was calculated using Eq.
[53,54. (28). The results are shown in Fig. 8. Even when the posi-
tivity constraint is saturated, i.ADgy =Dy, , the lambda
where we have used $if,~0.23. SinceADs y—Ds s i polarization for highz values is considerably smaller than
the limit z— 1, P, (z) approaches-0.94 forz—1. In deriv-  experiment in both cases. The data strongly suggest that the
ing Eq. (27), we neglected the production of higher massfragmentation functions cannot be flavor symmetric.
hyperons and their subsequent decays intdf these hyper- In this connection, we note that Monte Carlo models often
ons are produced by the initial quarks they are, in generaluised by the experimental Collaborations, elgTSET [55]
also polarized and can transfer part of their polarization tayhich is based on the Lund fragmentation mof#8], can
the final A. However, the distribution of the\’s coming  describe theP, data using parameters obtained from the
from the decays of such hyperons should be shifted towardgajve quark model for the\ spin content. However, these

smallerzvalues, where the contribution from the, is large  Monte Carlo programs have built in parameters which sup-
and this will strongly suppress any polarization. ress

> : p
We can contrast our predictions with those from models (a) the production of strange quarks relative to up and
with flavor symmetric fragmentation functions. We &4,  jown quarks

=D, =Dy, and discuss two different scenarios proposed in (b) the . - : .
! . . production of strange diquarks relative to diquarks
the literaturg7,17,19 for the spin dependent fragmentation containing only up and down quarks, and

functions? : : .
(A) Naive quark model inspired scenario: all spin depen-diq(S;rthe production of vector diquarks refative to scalar
dent fragmt'an.tatlon functions except #Ds, are zero. These suppression factors result flavor asymmetric
.(B) Predictions based o8U(3) flavor symmetry and po- fragmentation functions. For example, an initial strange
larized DIS on nucleon targelts: .not only thd, but also guark has a higher probability to fragment into a lambda than
ADyj andADg, are non-vamshm_g. an up or down quark, due to the suppression for the produc-
In both cases, we set the polarized valence type fragmeny,, of strange diquarks from the vacuum. The suppression
tation functions proportional to the unpolarized ones: factor (c) makes it straightforward to implement our ideas in

—0.1, (29

AD\(2)=CDex(2), ADys(2)=ADy(2)=C Dy, (2). a polarized version of such Monte Carlo programs.
(28)
In case(A), we havec,=1 andc,=0, and in casé¢B), we B. Semi-inclusive deep-inelastic scattering
havecs=0.6 andc,=—0.2. We could allow a different We have seen that, i@ e~ annihilation, a flavor separa-

dependence between the polarized and unpolarized quagfyn of the polarized fragmentation function is not possible
distributions by multiplying by a power of, for example.  pecause the lambda polarization is dominated by the frag-
However, we are interested in the upper limits one can obtaif,entation of strange quarks. However, since fragmentation
from flavor symmetric models. Since the polarized fragmen-¢ up quarks is the dominant channel for lambda production
in semi-inclusive DIS, this process is very useful for study-
ing the polarized up quark distribution functions, as was
3For a discussion of the effect of hyperon decays ontheolar-  pointed out in Ref[39)].

ization see Refd.11,19. The lambda polarization resulting from the scattering of
“See Ref[18] for a next to leading order analysis along the samepolarized electrons from an unpolarized nucleon target is
lines. given by[39]
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0.15}

0.1}

0.05}

0

easily differentiate between our predictions and those ob-
tained from flavor symmetric models.

V. CONCLUSIONS

We discussed the quark parton structure of Ahbaryon

-0.05} and the fragmentation of quarks intoAa Starting from the
0.k | general definition of quark distributions and fragmentation
'0_3- I S S T functions, which explicitly incorporates energy momentum

z conservation, we were able to show the following:

(i) The hyperfine interaction responsible for theN and
FIG. 9. The polarization of thé\ produced in semi-inclusive, ¥ _A mass splitting leads to quark distributions and fragmen-
polarizede-p scattering. The results were calculated #y=30  tation functions which differ significantly from those based

GeV, x=0.3, andQ?=10 Ge\2. The electron polarization is arbi- gpn SU(3) andSU(6) symmetries.

trarily set to 50%. The contributions from the fragmentationuof (i) The hyperfine interaction leads to two main qualitative

+d ands quarks are shown as dash-dotted and dashed lines, r¢egictions for lambda quark distributions and quark frag-
spectively. The solid line is the total polarization. The predictions Ofmentation functions.

the flavor symmetric model&\) and(B) are shown as short dashed First, it implies that the strange quark distribution in the

and dotted lines, respectively. and the strange quark fragmentation functions into a Lambda
are much harder than the corresponding up and down quark

2 2 2 distributions and fragmentation functions.
e X, ADA(2, . .
A y(2—y) 2 aIn(x.Q%) ADar(2.Q7) Second, it predicts that the non-strange valence quarks of
PA:e3Pe1+(1_y)2 ' the A are polarized and hence that non-strange quarks can
% e5an(X,Q%) Dy (2,Q%) fragment into polarized lambda’s.

(iii) The relative magnitude of the non-strange quark po-
larization is substantial for large Bjorkex values, where
where y=(E—E')/E is the usual DIS variable and both the polarized and the u_npolarized quark distributions
=p,-pn/Pn-p Wherep, , py andgq are the four-momenta are governe_d by the scalar diquark co_mp.onent. of the_ wave
of the A, nucleon and the virtual photon. The electron beanfunction. This large non-strange polarization will dominate

) - . . o n rvable in which th ran mponent i -
defines thee; axis andP,, is the degree of polarization of the Sreyss%tijse able ch the strange component Is sup
incident electron. At not too small Bjorkenvalues the con- '

tributions from strange quarks may be neglected, Bnd Our approach also gives a natural explanation for the de-
measures effectivel D, /Dy, . We calculated the\ po- pendence of the maximum of te=In(1/z) spectrum on the

larizati : f tation funci Fi 9 sh type of particles produced ie* e~ annihilation.
arization using our fragmentation functions. FIguré = ShowS™ \yjie | these associations follow quite naturally from

the result calculated aE.~30 GeV, x=0.3 andQ?=10 - P
o the general definitions of the quark distributions and frag-
2 —
GeV', wherey=0.58. A beam polarlzat|pn of 50% Was as- pantation functions and energy-momentum conservation,
sumed. The dash-dotted and dashed lines are contrlbutlogﬁe magnitude of these effects has to be calculated in a

from th_e fragmentati_on_otj _plus d quarks a_nds_ quarks, model-dependent way. We calculated the quark distribution
respectively. The solid line is the total polarization. We see_ fragmentation functions in the MIT bag model, using the
that the polarization is positive and large for highesalues, X

. LS Peierls-Yoccoz projection method to construct translationally
anq that the dominant contributions come from the.fragmenl'nvariant states. The calculated fragmentation functions give
tation of up quarks. At even I_argervalues_, the cc_>ntr|but|on an overall good description of all measured observables and
of strange quarks becomes Important sidd@s, is ha_rder are in far better agreement with the data than flavor symmet-
thanADUA.’ as can be seen from '.:'g'. 2. Hovyever, since theric models. We predict positive and significafit polariza-
cross section decreases rapidly W'th increagirge bulk of tion in semi-inclusive DIS experiments induced by charged
the producedA’s are fragmentation products af quarks. leptons, while models based on @flavor symmetry pre-
Thus, in semi-inclusive scattering of polarized electron ’

- ) ; Sdict zero or negativeé\ polarization.
from nucleons, a positive value &%, at intermediate values
of z would confirm our prediction. Although the absolute
values of AD, , are quite small, they lead to a relatively ACKNOWLEDGMENTS
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