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Fragmentation functions for baryons in a quark-diquark model
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A perturbative QCD calculation of heavy flavor quark fragmentation into heavy flavor baryons is developed
along the lines of corresponding heavy meson models. The nonperturbative formation of the baryon is accom-
plished by implementing the quark-diquark model of the baryons. Diquark color form factors are used to
enable the integration over the virtual heavy quark momentum. The resulting spin-independent functions for
charmed and bottom quarks to fragment into charmed and bottom baryons with spin 1/2 and 3/2 are compared
with recent data. Predictions are made for the spin-dependent fragmentation functions as well, particularly for
the functionsg; andh;, in the case of spin 1/2 baryor[$§0556-282197)03723-§

PACS numbefs): 13.87.Fh, 12.38.Bx, 14.20.Lq, 14.20.Mr

I. INTRODUCTION fragmentation involves the reverse of the process by which
the nucleon spin is shared by its partdtie “spin crisis”),

Quarks produced in high energy processes materialize bgnd may reveal a similarly mysterious decoupling of valence
evolving into jets of hadrons. The particular hadronic frag-quark spin and hadron spin for some regions of kinematics.
ments and their kinematic dependences are of considerable For the fragmentation of a heavy flavor quark into “dou-
interest. This fragmentation process reveals the features ®ly heavy” mesons, perturbative QCD may provide a start-
the nonperturbative regime of QCD. The inclusive process ofng point to a theoretical determination of the fragmentation
quark fragmentation into a single observed hadron alondunctions. As examples, the fragmentation of guark into
with any number of unobserved accompanying particles ishe J/¢ or theb-quark into theB., were calculated several
described by a set of fragmentation functions. These fragyears agd3,4]. The reasoning follows the observation that a
mentation functions, defined in terms of appropriate lightheavy quark or diquark pair must be produced to form the
cone variables, kinematic variables, and invariants, are prolfinal hadron. At least one member of the pair will be nearly
ability distributions. These functions have received consideron shell because the heavy flavor hadrons have small binding
able attention in recent years. While experimental informa-€nergies relative to their masses. So, the gluon producing the
tion beyond the pion distributiofpresumably from light heavy pair must carry a large squared timelike four-
quarks has been slow in accumulating, theoretical interesmomentumk?. This gluon will be shaken off by the virtual
has been growing. The particular functional form for heavyfragmenting quark and the relevent coupling will be of order
flavored quarks to fragment into heavy flavored hadrons is ofrg(k?), which will be small. Hence perturbative QCD will
special interest. be applicable. Nonperturbative effects will be incorporated

Experimentally it is possible to identify heavy flavored into the binding of the initial quark with the pair produced
jets by the production and characteristic flavor changincheavy quark or diquark. If this is the case, the fragmentation
weak decays of the hadrons. Theoretically this situation haginctions are calculable, at an appropriate scale. The parton
been studied using operator product expansion techniqueshower that accompanies the jet is a result of QCD radiative
light cone quantization, QCD perturbation theory, and heavycorrections, which can be obtained from the renormalization
quark effective theory, among other methods. Some of thesgroup or Altarelli-Parisi equations.
methods yield general properties that reflect the overall Such calculations have been performed and scrutinized. It
structure of QCD, as it is currently understood. Other aphas been shown that in the heavy quark lithi., the mass
proaches take particular models of the low energy behaviogoes to infinity the functions have the form expected from
expected from QCD, but in regions that are not perturbamore general consideratioi§]. This corresponds to the
tively calculable. The particulars of the various approachesieavy meson taking all of the heavy quark’s momentum; the
are near the point of being tested against experiment. Ongistribution becomes & function atz=1. The 1ing correc-
general feature is known—the peak of the hadron distributions are calculated also. In any case, this approach can pre-
tion moves toward higher momenta as the quark mass indict the spin-dependent fragmentation functions along with
creases. This feature is a result of the kinematics implicit irtheir momentum and mass dependences. In the heavy mass
most models of the nonperturbative process and is incorpdimit, of course, the spin of the heavy quark is conserved, so
rated in the phenomenological Peterson funcfibhthat is  the spin dependence is simple. What is of phenomenological
used by experimenters to fit the sparse data on heavy quarkterest is the next order correction, at least, since that has
fragmentation 2]. nontrivial spin dependence.

It is more difficult to test the spin dependences of the The spin dependences of fragmentation are most readily
fragmentation processes experimentally. Yet these depestudied experimentally by observing baryons rather than me-
dences are very important to know. They reflect the details ofons. This is true for the production of hyperons or heavy
the primarily nonperturbative mechanism by which partonhyperons {\., A,, etc), wherein the weak, parity violating
polarization is passed on to the hadrons. The spin-dependedécays provide polarization analydéd. To consider frag-
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mentation into baryons in this perturbative scheme, the three-
guark system has to be confronted. A simple alternative is to
consider the baryons as quark-diquark bound statgsand

to use the same perturbative method as for the mesons. In
order for the perturbative calculation to be useful the creation
of a heavy pair of quarks or diquarks must be an intermediate
step. Ideally then, doubly heavy baryon fragmentation would
be an appropriate testing ground for this scheme. Such data
are sparse, however.

To begin to see the structure it will be worthwhile to
stretch the region of applicability to the “singly” heavy
baryons. We have been carrying out this program to see the
expected spin and kinematic dependences, with the hope of
providing an experimentally testable mod@]. A similar
approach has been developed independently by Martynenko
and Salee\ 9], but with significantly different assumptions
about how to represent the diquark structure. Of immediate
interest is the question of whether the baryon fragmentation FIG. 1. The amplitude forz’—mesonQQ’)+X or baryon
functions have the same kinematic dependence as the mes@pD) + X.
case. In general the answer is no in this model. Second, does

this approach give the right magnitude for fragmentation intajon from the opposite quarkThe hard gluon produces a
diquark chromodynamic form factoruniike Martynenko least twice the charm mass, since thend ¢ are both on or
and Saleeyvthe answer is yes. The spin-dependent fragmenf1ear their mass shell. So tr;e coupliag(k?) is small, justi-
tation is interestingly distinct from the naive heavy quarkfying the perturbative. approach ’

limit in detail. The calculations and results will be presented” = - nearly matching four-velocities € p/m) the b and

below, along with a comparison with some recent data. @ —

¢ form the B, meson bound state at roughly the same four-
velocity, with amplitude given by various projection opera-
tors multiplying the Bethe-Salpeter wave functigiip,q,)

The first calculations of the fragmentation functions in the[q, is the p(b)—p(c) relative momentum whilg is their
perturbative scheme were applied to some of the inclusiveum]. Since the doubly heavy mesons are weakly bound ob-
heavy flavor meson decays of ti#, as produced at the jects (the sum of constituents’ masses are near the bound
CERNe*e™ collider LEP[3,4]. The partial width for the state mass the wave function is expected to dampen non-
inclusive decay proces®’—H+ X can be written in general zero relative three-momentg in the hadron rest framie 0],

Il. PERTURBATIVE CALCULATION

for any hadrorH as so that theo and ¢ four-velocities are fixed gi/M. Then the
integration over the relative momentum of the two heavy
dl'(Z°—H(E)+X) quarks in the full decay probability can be replaced by the

1 squared amplitude evaluated at equal four-velocitiesthe
=> f dz d'(Z°—i(E/2)+ X, u)D; _n(z, ), (1)  two constituents and the hadpoThe remaining integration
i Jo over g, applies to| x(p,q,)|? which yields the square of the
wave function at the origin in the hadron rest frame. That
whereH is the hadron of energl and longitudinal momen- wave function is known from nonrelativistic quark models
tum fractionz relative to the parton, while u is the arbitrary ~ for the heavy-heavy meson system, or, more directly, from
scale whose value will be chosen to avoid large logarithmsthe meson-to-vacuum decay constant.
The quark and the hadron can carry spin labels as well, and The same procedure can be applied directly to the bary-
appropriate spin-dependent fragmentation functions will beons, if the quark-diquark model of the baryons is used. The
included, as we will show later. The fragmentation functionhard gluon in the process must produce a diquark-

Di_n(z,n) enters here in a factorized forithat can be  antidiquark pair,D—D, and the diquarkicolor antitriple}
maintained through the evolution equati)nrlﬂpon Obtaining combines with the hea\/y flavor quafk to form the baryon
theD;_y(z,x) in the model to be described, its evolution 10 B, . The relevent wave function will be calculated from a
observable scales is developed through summing Ieadin&my successful quark-diquark modgt].
logarithms via evolution equations. Note that an alternative scenario has been proposed by
Now, consider the final state with one heavy flavor me-Fa|k et al, in which the heavy quark fragments into a heavy
son, say theB, for definiteness. We will soon replace this diquark first, and then the diquark dresses itself to form the
process by one involving a heavy flavor baryon. To leadingharyon[11] with probability of one for the latter. This leads
order theB, meson arises from the production of a paitof to very different results, as pointed out in R¢®]. This
quarks, in which one of the quarks fragments into the mesonscenario will not be used here, since the processes we are
As Fig. 1 illustrates, witfQ=b,Q’=c¢,Q’ = c, the perturba- studying involve diquarks that do not necessarily carry the
tive contribution involves the virtud quark radiating a hard heavy flavor of the quark. The latter authd®12] have
gluon. (We work in axial gauge, so that there is no contribu-performed calculations that are similar in spirit to part of the
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procedure we follow below, although not emphasizing the 1 _ . 1 5

spin-dependent structure functions that we calculate below. Ffﬁf [dqlldql(2m)*s*(Z—q —Q)§Z |Aol?,
The tree level amplitude for Fig. B, can be evaluated ‘

explicitly from perturbation theory. The decay rate for unpo-

©)

channel, can be written generically as To obtain the full inclusive width the unobserved quark
degrees of freedom must be integrated over. By introducing
1 — ; ,
rlz_f [dq][dp][dp’](2m)* the variablesq, the off-shell quark’s four-momentum, and
2M; s=q?, the square of the virtual mass, the two-body phase

o 1 space forp andp’ can be written as an integration over
X&HZ—q—p—p )z |A? (20 =(po+pL)/(go+q.) ands. Note that the transverse mo-

3 mentum of the hadronp;, and the unobserved quark,
p't=—pt (relative to the fragmenting quark momentym

whereq, p, andp’ are the four-momenta of thi, B, and are fixed for each pair of ands values via the relation

¢ (or theQ, Bq, andD), respectively, andiA,|? is summed
and averaged over unobserved spins and colors. We use the

notation[ dp]=d3p/(167°p,) for the invariant phase space s=0%=(qo+03)(do—03) =
element. In spin-dependent fragmentation the sum will only z 1-z

cover the unobserved outgoing parton spin Iabelsr(D_in

M2+pT2+m/2+pT2

G

whereM andm’ are the masses of the hadron and the un-

this explicit casg To isolate the fragmentation function, the o i
. fthe f . P of observed quark or antidiquark, respectively. Then the phase
production of the fragmenting quafkil’ of Eq.(1)] mustbe  h50e integration in Eq2) can be written for the on-shell

factored out. The fictitious decay width for tdé—b+b or  hadron and unobserved quark and antidiquark production as
Q+Q, with theb or Q quark on shell is follows:

— _ d _ _
| tdaianap1@m s z-a-p-p)- | 5= [ tdalidaiem s z-a-a) | [dplldpI2m sta-p-p)

1 — — (1. Po
4 —a— -
— | ds] (qandaiem s z-a-q) | dzpe. )

The variableg, andp; have been replaced tsyandz, and  ranges fronsy, to (Mz—mg)?. Since the gluon propagator in
the integration ovepr has been performed via ti#unction  the amplitude emphasizes low valuesksf and the heavy
that requires quark propagator favors not far from on shell; the major
2 a 3 contribution to thes integration appears at losr Thence, the
pro=2(1-2)[s=snl, (6)  upper limit of the integration oves can be taken toc to
facilitate the evaluation of the definite integral. In the large
Mz or go—o° approximation the transverse momentum of
the hadron is small relative fm, andps, since Eq(6) shows
transverse momentum is independergpét fixeds and
z. Thus it is sensible to ignore the transverse momentum in

wheresy,=M?/z+m’'?/(1—2) is the minimum value thas
can assume. Note that the azimuthal integrationp{nhas
been performed assuming there is no such dependence in t
amplitude. This will be true for spin averaged probabilities

and for products of helicity amplitudes, but not for otherthe relationp=zq (after carefully evaluating dependent

orletntatlons of ((qju_arl: or hadron spin. If spin projfgt'otn lSp'terms in the integrandOnce the square of the amplitude
erators aré used in trace expressions, care must be taKen;f0g,mmed over spins and simplified by dropping nonleading
integrate out the azimuthal dependence first. The integrations

— . . contributions, the width fOZOHQ_Q can be factored out of
overq and g will be common to the direct production of an

on-shell quark i’y and the off-shell quark that fragments in the expression Ed1) via
I';. Providing the production dependend&4|?) can be fac-
tored out of the full probability |A;|?), this will allow the 1 = A2
fragmentation process to be defined irrespective of the pro- Do_n(2)= 77— lim ds—lz (7)
duction mechanism, obviously an essential feature of any 16m Aol
model. The factorization will be possible in the appropriate
large momentum limit.

To match the integrand to the fragmentation function ofleaving an integral over the fragmentation function, since the
Eq. (1) the integration will be performed over the variaBle production probability for the relevent quark has been fac-
keepingz fixed and lettingVl; andqy,— . Thes integration  tored out. Then

do— 7 Sth
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8a§|R(O)|2 o There is one coupling constant for the scalar diquark color
Do_n(z :WJ dsK(z,s), (8) octet vector current coupling to the gluon field—a color
Q “sn charge strength, along with a possible form fadtgr The

momentum space color octet currdmthich couples to the

whereR(0) is the Bethe-Salpeter wave function at the ori- X i
gluon field vectoy is

gin, anc;F(z,s) is the remaining integrand, which depends
on s=q°, z and the quark masses, with thig— having AS) — 2 1 aty A
been implemented. So the partial width f8P—H+ X is Tu T Z OO PH P, S hap S ©
given by an integral over the virtuality of the heavy quarkwherep andp’ are the scalar diquark four-momenta &nd
and the phase space of the unobserved degrees of freedonx.p’ —p. For the vector diquark there are three constants—
We now proceed with the calculation of fragmentationcolor charge, anomalous chromomagnetic dipole moment
functions for(singly) heavy flavor baryons. The basic cova- and chromoelectric quadrupole momeut along with the
riant coupling of diquarks to gluons was written long 4gb  corresponding form factor&e, Fy, andFq:

IV =gy(A™) go| Fe(k®)[e*(p)- €T(p)1(p+p") .+ (1+ ) Fu(K)[e2(p)p- €T(p") + €5 (p")p’ - €%(p)]

, (10

A 2 a B/t 1 a Bt v ’
Tz Fo(k9)| e,(p)e, (p')+ 29pv€ (p)-€”'(p") |KPK"(p+p'),
D

whereA is the color octet indexq, 8, . .., arecolor anti- tor is the gluon field—a color octet. Also, what is of concern
triplet indices, thee's are polarization four-vectors for the here is the timelike region of the form factor. For diquarks,
diquarks. of course, there is not any direct empirical evidence about
In the perturbative diagrams involved here, the virtualtheir electromagnetic form factors, but diquark-quark models
heavy quark emits a timelike off-shell gluon, that, in turn, of the nucleon have constrained the parametrization of the
produces a diquark-antidiquark pair while attaining nearlyform factors. For one thing, the dimensional counting rules
on-shell four-momentum. The diquark combines with thelead to 1fg|* asymptotic behavior of nucleon form factors
heavy quark to form a heavy flavor baryon, whose amplituddat asymptotic momentum transfer the baryon is a three
for formation is related to the Bethe-Salpeter wave functiorquark system A quark-diguark nucleon must approach this
for the diquark-quark system. As in the meson productiorasymptotic behavior also, for consisitency. Fopaintlike
calculations, it is assumed that the constituents are heawgcalar diquark bound to a quark, the asymptotic behavior will
enough so that the binding is relatively weak, i.e., the quarlbe 1/g|? from dimensional counting for the exclusive pair
and diquark are both on shell and the binding energy is negeroduction. Hence the composite scalar diquark must have
ligibly small. This is expected to be true for constituents withan effective coupling to the gluon, i.e., a form factor, that
masses well abové ocp, and even the light flavor diquarks approaches asymptotia agdif. Since the vector particle
almost satisfy this constraint. The basic perturbative amplihas a polarization four-vector associated with it, an extra
tude is shown in Fig. 1 with th@'-quark line replaced by an power of momentum arises in the asymptotic amplitude. It
(anthdiquarkD line. becomes necessary for the charge and magnetic form factors
It should be realized that the integratidover s, the to have 1jg|* asymptotic dependence, and the quadrupole
square of the virtual heavy quark magsvolved in the cal-  1/9|® behavior.
culation would diverge for pointlike vector diquarks, since  Using a quark-diquark model of the nucleon, and the well
the gluon coupling to a pair, Eq10) carries momentum mMeasured electromagnetic form factors of the nucleon, Kroll
factors. The virtual mass in the integratiofs, is passed on €t al. [13], have obtainecelectromagnetidorm factors for
to the gluon and, subsequently, to the gluon-diquark vertexhe diquarks. Two vector form factors are givergi/
Hence it is essential to regulate the integrand by soma@symptotic behavio(the third is set to zepoand the scalar
means. This is best accomplished via the chromoelectromagehaves as fig|%. For the nucleon form factor studt3] as
netic form factors for the gluon coupling to the diquark. TheWell as a recent study of higher twist contributions to the
form factor approach makes physical sense—it is a result ghucleon structure functiorjd4], the scalar diquark form fac-
the compositeness of the diquarks. And for consistency, onc®r and vector diquark form factor are assumed to have
the vector has form factors, the scalar diquark must have ong@mple pole and dipole forms, respectively, with pole posi-
also. tions Mg andM,, above 1 GeV:
There is no direct information about the chromoelectro-
magnetic form factors. We may expect that the ordinary elec-
tromagnetic form factors will have the same functional form  Fs(k)=1(1-k%/M%), Fe(k?)=1/(1-k*MJ)?,
as their QCD counterparts—the source of both sets of form
factors is the matrix element of a conserved vector current
operator. In the relevent case here, though, the vector opera- Fu(k?)=(1+x)Fg(k?), Fq(k?)=0. (11)
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The pole position values are somewhat higher than the dipolghere are nonleading twist functions likg andh, that will
position for the overall nucleon form factors—near 800receive contributions at next-to-leading twist. When we de-
MeV. If we make the assumption that the color form faCtorStermine what we calf,, §;, andh,, we actually have some
have the same functional form as the electromagnetic forr’ﬂonleading twist contributions that have not been disen-
factors, we can proceed. However, the region of most relev;,

X X L angled.
ence for the fragmentation functions is timelike below the The amplitudes for the baryon production can now be
4mﬁ threshold. In thes integration that will be performed

e, ) > calculated. The spin 1/2 ground state baryons are composed
here, the timelike&” region begins at Ag;q an for the value  of 5 scalar diquark and a heavy quark insastate. There is

z=1/(1+mp/mg), and at higher values for other choices of pnly one coupling, and it involves tHes. The amplitude is
z. This implies that the integration region either overlaps or

comes near to overlapping the pole positions. The pole sin- #(0) L
gularities have to be tamed, and the final integration may be Asyo=— Fs(k?)Uggd ky,—2mgv, IP*, (12
very dependent on the method used to moderate the singu- VeMy

larities. Treating the poles as real resonance positions, in-
cluding a small imaginary part, on the order of the nearbynere
vector meson width, would be sensible physically. However,
since the color octet form factor would be dominated by
color octet vector mesons, and the latter are not expected to
be strongly bound or narrow resonances, pole positions with
large widths may be preferred. This would hide our igno-  For the vector diquark baryons, there are two form factors
rance and provide an interpolation between the spacelike angve take the quadrupole to be zero—it falls algf/ asymp-
timelike asymptotic regions. That is the ansatz we adopt. totically). The chromomagnetic coupling involves a param-
The neccessity for diquark form factors has an importankter «, the “anomalous chromomagnetic moment.” This is
consequence theoretically. In the light cone expansion, thgsken to be—1.10, as will be explained below in Sec. IV on
baryon production via three quarks would contribute to thecomparing with data. The-state baryons are spin 3/2 and
leading twist fragmentation functions. Dimensional counting1/2, which we will refer to as 1/2 The 1/2 lies between the
requires the 16/|* behavior to which we alluded above. But 3/2 and the ground state 1/2 baryon. The amplitude for vec-
the diquarks depart from this behavior except at asymptotiaor diquarks to be produced, along with the heavy quark,
Hence the diquark form factors produce nonleading twist becontributes to both 3/2 and 1/2states. The amplitude is
havior for the fragmentation functions. Gluon contributions conveniently divided into a chromoelectric and chromomag-
are buried in those form factors. In terms of the full set ofpetic part, involving the two distinct form factors. The chro-
such functiong15], we have more than just, g;, andh;. moelectric part contributing to the spin 1/baryon is

Mo(1+Vv)+k

r. 13
p— (13

P*=Aup"gsy,

#(0) g M1+v T \
Ae12= — \/?FE(k Weysy" ——0se Lk —2mguy JP™. (14
d
The chromomagnetic contribution to the spin 142aryon is
#(0) _ 1+v
Al\/|1/2:\/?|:E(k2)(1‘F K)U3757’”Tgs[gﬂ>\(€TU)md_ EIkM]P)\- (19
d
For the spin 3/2 baryon the corresponding amplitudes are
#(0) —
Aga=— W&(k%%gseukr2mdvA]Ph (16)
d
and
‘/’(O) 2 I t T \
AM3/2=EFE(k )(1+ k)W g, (€' v)mg— ek, IP". 17)
d

Each amplitude should be multiplied by the color factor/83In these amplitudes(0) is the Bethe-Salpeter wave function
at the origin(for the s-stateQ-diquark system my is the appropriate diquark maddg is a spin 1/2 Dirac spinor for the
baryon,e'(p’) is the polarization four-vector for the unobserved antidiqudtg,is the Rarita-Schwinger spinor for the spin
3/2 baryon,y =p/M is the four-velocity for the heavy baryon of mass M,is the production vertex for the heavy quark-
antiquark pairk is the four-momentum of the gluon and, withk=(1,0,0,-1), the corresponding propagator in axial gauge is
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n“*k”+k*n"

AMV—l y2%
kAT T (nw

K (18

Considerable simplification of these amplitudes follows. Recall that the formation of the baryon requires that the quark and
diquark carry the same four-velocity as the baryon, sokkatp + p’, with r =mp /M andmg+ mp=M in the weak coupling
approximation. This leads to many simplifying relations among the kinematic variables. Of particular importance is the
relationk?=r(s— mé), which ties the gluon propagator to the heavy quark propagator asitttegration is performed. The
resulting simplified forms for each of the amplitudes become

$(0) _ 2M(1-1)+MK  (np)
ASl/z_\/Z_md s(k?)Ug293 (s—md)? (nK)(s—m3) r, (19
_ %(0) 292 (np) )
AE1/2——\/?md e(k)U B?’sm[(f p)+MéT](2MZ(l r-— 2( k)(kp)+'\/|k r, (20)
o) gs ( ) (ne) ..(np)
AM1/2—\/?md e(k )(1+K)U375W 2(kp)(pe')(1 ) —2r(pe )(nk)( p)
+ (neh) + h t +
+(3r—=2)M(pe")k+2M ) (kp)k—2rM (pe )(kp)( ) +2r(kp)ME"—(kp) €'k | T, (21
1//(0) X o[ 2M?(1-r)+Mk (np)
=- - 22
0 1 ne’
AM3/2:%FE(|<2)(1+K)‘I’ W( 2r(pe’)( (nk) —1)k,(peh)+2(kp) (( 6) )
d

(23

There are three cases to consider for each heavy quatke inclusive production of the virtual heavy quark can be
flavor—three final state baryons. For the two states resultingivided out to yield the analogue of E() for each baryon.
from the vector diquark, the electric and magnetic ampli-Finally the integration overs=g?> can be performed
tudes must be added together. Then for each baryon, theumerically—the form factors make it difficult to write an
amplitude is squared and a trace is taken to sum over spirenalytic expression for each case. The resulirppendent
(including spin projection operators for the spin dependenfragmentation functions are the “boundary” functions, ob-
cases The analog of Eq(2) is obtained for each baryon. By tained at a scal@? at the threshold (&, + mQ)z, with the
carefully organizing the terms in the integrand, the width forstrong coupling constant(u=2mp). To consider higher
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FIG. 2. Approximatef;(z,Q?) for (a) E.(1/2), (b) E.(1/2), FIG. 3. Approximatef,(z,Q?) for (@ A, (b) 3., and3*,

and(c) E%(3/2), each aQ=p, and 5.5 GeV. each atQ=u, and 45 GeV.
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FIG. 4. Approximatef ,(z,Q) for (a) Ay, (b) 3y, and3} , each alQ= uq and 45 GeV.

momentum scales, the Altarelli-Parisi evolution equationgowards higher z as the heavy quark mass increases, as ex-
are used. This strategy essentially sums the leading log comected from heavy quark QCD.
tribution of the parton shower that is generated by the off-
shell heavy quark.

We have taken some particular cases to illustrate the re-
sults. For thec(su) or c(sd) baryons, theZ. states, the In the preceding, the spin orientations of the virtual quark
diquark is given a mass of 0.9 Ged?/and the ratio of di- and heavy baryon have been summed. In general, however,

quark to hadron mass |§033 Form factor parametriza_ there is a Spin dependence to the fragmentation proceSS. For
tions are discussed in Sec. IV. The resulting function2 spin 1/2 baryon there are two fragmentation functions that

f1(z,Q?) is shown in Fig. 2 for the boundary value at ~ Ccharacterize the leading twist spin dependerg&z) and
=2mp+mg and forQ,=5.5 GeV, the jet energy obtained at h;(z). They correspond, at the parton model level, to the
CESR. The thres states lead to different behavior and over- transfer from the quark to the baryon of longitudinal polar-
all probability. Note that the 1/2 ground state is producedzation(or helicity) and transversitj6]. As a consequence of
roughly as frequently as the 1/2vhile the latter is produced the development leading to E(f), the spin-dependent frag-
about twice as often as the 3/2 state. The observed 1/ entation functiorgl can be written in the form

ground states are produced from the decays of these vector
diquark states approximately as often as they are directly

Ill. SPIN-DEPENDENT FRAGMENTATION FUNCTIONS

91(2)=Dg(+)—h(+)(2) Do) (- (2)

produced.
In Fig. 3 the corresponding fragmentation functions for _ = AL |2—|AL_|?
charmed states with nonstrange diquarks are shown. These =162 Im J . dST, (24)
Cqo—>* >th 0+

functions are evolved to 45 GeV, the jet energy attained at
LEP. Figure 4 shows thb-quark states with nonstrange di-

quarks, also evolved to 45 GeV. It is clear that these spin
averaged fragmentation functions peak at hagleven after

where|A ,|? is the probability for the helicity+1/2 quark to
produce a helicitn baryon, with a sum over the unobserved

evolution. The vector diquark baryon states have noticabléquuark dedgrees ogfrett_adomfimplied.hﬂ?l@ﬁ lr.ei?tre/szerr]]ts the
secondary peaks at the low scale, which get diluted at highe‘forrekSp(ir; Ing pio uchr?n 0 ‘Zn on-she kehlc i eahvy
scales. The secondary peaks arise from the polynomials jn quarx, atlargep T qs. 1he reader _ma’))/ ask, how can a neavy
in the chromoelectric and chromomagnetic contributions an(guark flip its helicity in hadronization? For the scalar diquark

depend on the amount of the latter, as fixed by the parameté:lmeining with the heavy quark, this has to be an effect that

1+ k. The shapes of the curves are significantly differentWOUId vanish in the heavy mass limit, relative to the spin

from the Peterson function shap] and eventually should independent fragmentation, i.@;(2) would coincide with
be distinguishable experimentally. The peak position move$,(z). For the corresponding vector diquark case this need
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0o b T T TS g0z 11 T  have not been classified in the light-cone expansion formal-
E A c AE ism, it is clear that the number of independent leading twist
~ 0OE j 1 {00 1 functions coincides with the number of forward amplitudes
= 002 / | —30.002F — for parity conserving elastic scattering of spin 1/2 on spin
0.01 -~ Joooab - 3/2. In general there will be 2@+ 1)— 1 such leading twist
0.00 e . . 6.006 E E fragmentation functions for a quark to fragment into a spin
Jiel YA PR R - I -FRUINEN IR P OO hadron. In the heavy quark limit the helicity of the quark will
0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0

be preserved in the hadron, so we expect the analogge of

z to be near the spin averaged function.

FIG. 5. Approximateg;(z,Q?) for (a) A, (b) 3., each atQ

=ug and 45 GeV. IV. COMPARISON WITH DATA

not be true, since the diquark can carry negative helicity The analysis of charmed baryon production data has been
leading to the opposite helicity for the baryon. extensive at CESR and, more recently, at LEP. Fragmenta-

The analogous transversity function requires the supertion data now exist from the CLEO Collaborati¢@] for
posed helicity states ¢ )=i|—))/v2=]y.): some of theZ ; states. The\ is studied at both LEP and the
- Cornell Electron Storage RinCESR. Bottom fragmenta-
tion into baryons is now being studied at LEP. CLEO, in

h1(2)=Dqyy, )—H(y, (D~ Day, )~y (2
Q) =HE) Q)= HE-) particular, has determined spin-independent fragmentation

A 12— |A 2 functions for the lowest mass spin 1/2 and 3/2 stafgs

1 o Yo Vs VoY o

=——lim [ ds . (25)  Polarization asymmetry has been measured\fand A, at
167 do—= ¥ Sth |A0y+|2 LEP. Production rates foA . from c quarks have been de-

termined. All of these data provide a testing ground for the
Now in the model we are considering the simple equalitymodel being proposed here.
f1(2)+91(2)=2|h,(2)| holds, since there is no chirality The parameters that enter our calculations of fragmenta-
change in the matrix elements. We have the transitiongion functions(and their integrals over) are the masses of
1+ 517 40% ori*+1*, analogous to a virtual quark decay the constituents, the poles in the chromodynamic form fac-
into a baryon and a positive parity boson. To get a nontriviafors the widths of those poles, and the anomalous chromo-
result there needs to be an opposite parity bosonic state §4dnetic moment of the vector diquark. For the diquark
well. masses we take(ud)=0.6 GeV andn(us)=0.9 GeV. The

In Figs. 5 and 6 the longitudinal fragmentation function lzaryoPMmafssgs arek takeg from the data, so t(;‘e rart[os,d

01(z,Q?) is plotted for the two spin 1/2 states with the same_ 1D of diquark to baryon masses are determine

) ) ) ] . thereby for each baryon. It is assumed that the difference
physical parameters as in the preceding figures. Notegihat petween a baryon mass and the constituent heavy quark mass

is very similar in shape to the spin averaged case forthe s the diquark mass is negligible, in order that the Bethe-
states, as expected when the diquark is a scalar. This showgpeter wave functions need be evaluated only at the origin.
that the helicity flip contribution is relatively small for the The poles that enter the form factors of Egjl) for the (ud)
values ofr =m, /M relevant for the bottom and charm bary- giquarks are taken from the electromagnetic form factors
ons. Hence the longitudinal polarization of the heavy quarlf13], Mg(ud)=1.8 GeV andM,(ud)=1.2 GeV. The full
is passed on to the baryon. But we will see that this Spifyigth at half maximum for the scalar form factor is set at
preservation is less than 100%. Furthermore, the productiog gg gev and, for simplicity, the vector form factor is as-
of excited baryons will dilute that spin preservation. The sping;med to have the same width. Recall that the width is in-
1/2 % states have very different behavior, showing the im-yoquced so that there are no singularities in the physical
portance of nonzero helicity for the vector diquarks. _region of s, the virtuality of the fragmenting quark, or, cor-
The spin-dependent .fragm_entatlon fu.nctlons for the SPintespondinglyk?, the square of the gluon four-momentum. It
3/2 baryons are even richer in complexity. There are seveqj| yranspire that the fragmentation probabilities will depend
such functions at leading twist, many of which will be ac- citically on the pole positions and width, since the integra-
cessible from the decay distributions of these states into thgy, region is dominated by the lowest valuesspfvhere the
1/2 state plus a pion. While these fragmentation functlonq]eavy quark is nearly on mass shell. In that region the poles

are nearby. The pole and width parameters are expected to be

0.15 A A "-|| ] 0.01 ib')' LA 'vv\| = different for the 6u) diquarks. We take a cue from the elec-
r i| 1 cooF < tromagnetic form factors of the chargeds andK'’s, where
& 00 I . VA the charge radii are roughly in a ratio of 1.3:1, corresponding
w - I —0.01 = | = to a pole postion that increases by 1.3 for the strange meson.
0.05 - ; I 002 zvv' 3 This is quaIitativer understandable by analogy. 'ph&actor
a 7 4.3 E | | L] meson contributes to the charge form factor, while the
000 06 o8 10 %%, o6 0B 1o vector meson contributes to the kaon electric charge form

FIG. 6. Approximateg;(z,Q?) for (a) Ay, (b) 3, each atQ

= ug and 45 GeV.

z

factor. The latter has a mass 1.3 times that ofgh8o, to fix
the (us) diquark chromodynamic form factors we choose an
overall scale factor of 1.4 for the pole positions and the
width, slightly bigger than the meson case.
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TABLE |. Total fragmentation probabilities.
Particle Experiment Prediction
P(c—A,) (including decays of,. andX?) 5.6+ 2.6% (OPAL) 3.26%
P(b—Ayp) (including decays o¥,, and3y) 7.6+:4.2% (ALEPH) 5.8%
P(b—3p+35) 4.8+1.6% (DELPHI) 4.8% (fixed)
P(b—3,) 0.24+0.12 (DELPHI) 0.33
P(b—32,)+P(b—35)
P(c—E?¥) 2.3+=1.4 and 0.20.7 (CLEO) 1.4
P(c—E.)
P(c—E,) (including decays oE; andE} - 0.53%
P(c—E,) (direct productioh - 0.17%
P(c—E*" or 2*° (direct productioh - 0.12%
P(c—A,) (direct production - 0.52%
P(c—3**" 3% or 3*% (direct production - 0.62%
P(b—A}) (direct productioh - 1%
P(b—3%*, 3%%or 3% ) (direct production - 1.06%

The anomalous magnetic parameigs, was determined and 3/2 statgsdecay strongly into\ .+ 7r, so contribute to
[13] for the (ud) vector diquarks to be a positive number—a the rate. With the parameters chosen, we find 0.5% for the
result of fitting the composite nucleon form factors. For thedirectly fragmentedA. and 3.3% when the's are in-
chromomagnetic case, however, a negative value is preferreduded. This is consistent with the LEP data. For the analo-
for « from calculations of the mass spectrum of excited bary-gousb-quark system we have fixed ti¥g,+3} rate to be
ons[7]. Furthermore, using a diquark-quark model of the4.8%, consistent with experimeft6], 4.8+ 1.6%. The total
nucleon to calculate the electromagnetic charge radii and pa\, is then 5.8%, comparing nicely with the measurement
larizabilities preferred a negative value fogy . Itis unclear  [19] of 7.6+ 4.2%. These and the following results are sum-
what value to take for this parameter, given the divergence ofmarized in Table I.
different methods. It is significant to note that we have obtained these sizable

We will determine a value fok by optimizing our model baryon fragmentation rates, in contrast with the similar
predictions compared to data for the ratio of productionmodel of Martynenko and Saled®]. Saleev[12] obtains
probabilities,R(X,) =2 /(2p+2§). In the model,X, and  only 0.2% for theA,. This indicates the importance of our
3} areb+vectofu,d} diquark states of spin 1/2 and 3/2. form factors in getting the correct normalizations.

The difference in production probabilities y(z) for these Having confidence in the overall normalization, we have
two states depends sensitively an Using the measured "€ason to trust the full fragmentation functions. These are
value from DELPHI[16] of 0.24+0.12 for the ratio, we ShOwn in Figs. 3 and 4 for the andb states. The input,
choosex=—1.10. This makes the overall chromomagneticunevolved “boundary data” show a large peak at higand
coupling small and negative {1« = —0.10). The reason for & secondary peak at mediumThat fairly severe behavior is
this small value is that the rati(S,,) would be exactly 1/3 moderated considerably after evolving to the scale of CESR
from spin counting if there were no chromomagnetic term af’" LEP. But even at the LEP scale, the functions are distin-
all; the 1/3 is compatable with the data.

The simplest states to study, from our point of view, are LOO g ey 100 g
the * ground states, since they involve the scalar diquark.~ 075 N / - 0 g
For these states the integral ovenf f;(z) should corre- ;" 0.50 — \ j 4 080 R\
spond to the total production probability for producing the &  o.25 Vo - 0B N\ 3
state from the corresponding heavy quark. However, theress 0'005_ vy E o.ooi— N\ ’_
are contributions to the same probabilities from the excited o 25§ L \ O 1 025 = /\L/'/ 4

H H V. Bl by NA v [ 19 = S N AN e
states that decay into these ground states. Consideh the oo oz o6 o8 o 0o o4 o6 o8 o

fragmented from & quark, for which OPAL[17] measures
5.6+2.6% and CLE( 2] finds 9.5-1.3%. These measure-
ments include directly fragmentinfy;'s along with any state

that decays into this ground state. The's (both spin 1/2

A

FIG. 7. Approximate ratiay;(z,Q?)/f,(z,.Q?) for (@ A., (b)
3., each atQ=u, and 45 GeV.
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10 W 100 prpmrr T T the heavier 1/2 states, as well as higherstateqradial and
- 08 :_a)/\_ /] o7sEs orbital excitations of the+ (su) andc+ (sd) system$ We
= F y 11 050 ;—\\ have calculated the fragmentation functions for the spin 1/2
2 0.8 i Vo — o&5E- AN quark-vector-diquark states and hence the numbg adpin
= s R X AN 1/2’ states vsE? spin 3/2 states. That is 0.5:1 for the pa-
04E” Vo T-oesE A / rametrization used in Fig. 2. Assuming is due entirely to
el bnnalbind o gofbnainbnbadd  ihese 1/2 states decaying 100% into the ground s@E®,

we have for the different charge stafeé+)=0.9+0.7 and
R(0)=2.3=1.4, both of which are consistent with the ratio
of 1.4:1 predicted by the same model calculation. Hence, if
the model is taken seriously, and the experimental uncertain-
ties are firm, the data do not require large contributions from

guishable from the Peterson function, being peaked at highdf2gmentation of thee quark into higher excitations of the
z and more skewed. As sufficient data are gathered, it will be~c States. _ _
possible to see such a difference. There are two reasons to be cautious about these experi-

For the singly strange diquark, the lowest charmed baryofental numbers, however. First, the errors are quite large,
1/2* states are the+[u,s] andc+[d,s] states,Z. and leaving considerable variation possible within two standard

L 1 H—(C . . . +

ES, involving the antisymmetric, spin O diquarks. These,ievlat'ons' Secon(i,otgeVCII:EOtrr[:sultsqu(at otbtamerﬁa a;
along with the spin 3/2 states ¢+{u,s} andc+{d,s} bary- € energy near ev. ror thequark Jet at roughly
ong, Z** and Z*°, involving the symmetric, spin 1 di- GeV, the extraction of asymptotically meaningful fragmen-

= B . . .
uarkgchave beHe?] seen and measured in sufficient uantitige;%%tlon functions is somewhat dubious.
9 ' 4 In a previous version of our modgd] our parametrization

for_ CLEO to sketcn /thelr fragmentatlon functiof@]. The gave a much larger vector diquark to scalar diquark produc-
spin 1/2° partners,=¢, of 3/2" states have not been seen o, “probability. With the more reasonable values now
yet. They are presumed to have a mass below3he m  ,qonted these diquark states and the corresponding baryons
threshold, so must be seen in radiative decay_chan_nels. Notgq produced with roughly the same probabilities, as the cal-
that these latteE (1/2" states have the same isospin as theyjations for heavy-heavy baryons by Martynenko and Sa-
lower lying ground state& 1/2" and could mix with them, |eey [9] favored.
in principle. In any case, the measured fragmentation func- Finally we consider the spin-dependent fragmentation. At
tions provide a crude test of the model. The data are fit byhis time there are not enough data to deterningepen-
the experimenters with a common parametrization of thgjence for polarization in heavy quark fragmentation. How-
Peterson functiofl]. It is easy to see in Fig. 2 that the data eyer, there is a determination of the net longitudinal polar-
fall nicely onf, of our model, evolved t@=5.5 GeV, with  ization of A, produced at LEP. That number is0.23
the possible exception of the highestata point. These data +0.25 as determined by ALEPHL9], using a technique
are not sufficiently accurate to be a crucial test of the modelsuggested by Bonvicini and Rand&#0]. Given that theb
but do exhibit the trends we expect. Note that the experimenguark produced at th&° pole is expected to have longitudi-
tal variablex, [2] does not correspond exactly to aurthe  nal polarization of —0.94, this measurement gives 0.24
light cone variable. +0.27 for the net transfer of helicity from thequark to the

The ratio of the 3/2 to 1/2 production can be extractedA,. This is rather low if one anticipates that the heavy
from the data with some uncertainty8]. The percentage of baryon carries most of the helicity of the heavy quark—the
all 2 states that arose from decag& °—Z=.+7 is  expectation of heavy quark field thedig].
given as (27 8)% and the percentage of &ll° states that Now the longitudinal polarization of thd, fragmenting
arose from decay&**—E%+ 7" is given as (1#6)%. from a positive helicityb-quark is a function of—the ratio
(Note that we have combined the statisitical and systematig,(z)/f,(z) as shown in Figs. 7 and 8 for the directly pro-
errors hers. ducedA, (calculated to leading twistThe integral over of

The experimenters do not see the® channels, that ratio would give a net polarization. Experimentally,
EX* 2+ 7% and E§°—>ES+ 0. From isospin conser- though, the net polarization is obtained by taking each event,
vation these channels account for 1/3 of the decays&ito regardless of itz (andpy), and calculating a quantity related
+ ar, while the reported chargest channels constitute 2/3. to its polarization. The result of this process is to give a net
SupposeNE¢ states of both charges are produced. Then 2/3olarization that will be the integral af(z) overz divided
N will be seen in the charged decay mode. The total num- py the corresponding integral d(z). Both of these inte-
ber of 2 s seen will beN, o=3N/(0.27,0.17)(supressing  grals are scale independent. Using our fragmentation func-
errors until the end The number o ;s not coming from  tions we obtained 0.90, only marginally lower than the heavy
the decays of the 3/2 states will B¢, ,—N. Assume that quark limiting value, but still not the small result extracted
N, o of the Ej'o’s come from other fragmented states’ de- from the data. However, from our spin-independent calcula-
cays. TherN, o—N—n, o is the number of direct fragmen- tion above and the LEP data, we know that Exgand 3.}
tation products of the charmed quark. The raict or 0) of  are produced in relative abundance, and will decay Mo
directly fragmented= . to E¥*° is given thereby aR  +r, so that the polarization will be diluted by these other
(+)=1.5£0.7-n, /N:1 andR(0)=2.9+-1.4—ny/N:1. channels. A heavy quark limit calculation by Falk and Peskin
The numbers . o will come from the radiative decays of [22] anticipated this circumstance. They summed the contri-

A

FIG. 8. Approximate ratiay;(z,Q%)/f,(z,Q?) for (a) Ay, (b)
3, each atQ=uq and 45 GeV.
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butions of all of these states in determining the Agtpo-  vides the starting point for QCD evolved fragmentation func-
larization. Using simplifying assumptions, they obtainedtions. The parametrization of the diquark structure through
about 0.72 for the fractional helicity transfer from tilee the chromodynamic form factors for scalar and vector di-
guark to the hadron. That estimate assumed the (aedited  quarks is accomplished by using the pole form applied to the
A in their papey of 3, andX} (vector diquark statego A,  electrodynamic form factors. The kinematic region near
(scalar diquark statesf 0.45. Taking that ratio to be 4.8 these poles is quite important because the integral over the
instead, which is our result and consistent with experimentfragmenting quark’s virtualitys (or indirectly, the baryon’s
the resulting fractional helicity transfer becomes 0.26. Falkransverse momentum at a fixedl, emphasizes the nearly
and Peskin also define a parameter which measures the on-shell region where the corresponding gludris near the
amount of helicity+ 1 diquark that combines with the heavy poles. It is this pole parametrization that is crucial for deter-
quark. They take that parameter to be zero, whereas we cdfining the overall magnitudes of the various production
calculatew;, which averages over atlto be=0.6. With our ~ probabilities.

values for bothA andw; we obtain the fractional helicity The production probabilities were all close to experimen-
transfer of 0.46. Both of these results are near the centrd@l values, which supports our reasoning about the form fac-
value of the measurement. In obtaining these results we havers. Thez andQ? dependences predicted have the common
assumed the heavy quark limiting values »fl/3 for the feature of being very sharply peaked at higfor the input
polarization of the secondary,’s resulting from theS, and ~ Scaleuo, and more broadly peaked at hi@?. For the 1/2°

3} decays. These results will obtain when the chromomagground states, the dependence of the spin-dependgntis

netic contribution is small, as it is for the we have chosen. close to the form foffb but their ratio(which will determine
The application of a similar model by Salegl2] to A,,  the baryon polarization as a function ofig striking. For the

production and polarization yields very different results. Ashigher mass 1/2 state containing the vector diquark tde

we noted above, his production probability is too small. Thepag 5 very differentz dependence. It will be particularly

polarization for directA, is less than our¢0.6-0.7. How- interesting to see if the peak and dip structures for both spin

ever, it seems that it is the chirality asymmeftgft-right) 1/2 states are reproduced by the data.
that Saleev has calculated, rather than helicity. It is the latter

that is measured experimentally. We have a much weaker ACKNOWLEDGMENTS
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