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Charmed-quark fragmentation into charmed hadrons
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We show that in a model where fragmentation functions are created from jet calculus fol-
lowed by recombination, the fragmentation function of charmed quarks into D mesons will
fail to peak at low x at currently accessible values of Q . Likewise, the fragmentation of a c
quark into a A, is much less peaked toward small x than the production of protons by u

quarks. The model predicts a magnitude for the fragmentation function much smaller than
is experimentally observed.

GENERAL METHOD

We use the Konishi-Ukawa-Veneziano (KUV}.jet
calculus' to compute the distribution of partons in
the jet, and a form of the recombination model to
make these into mesons ' or baryons. As shown
in our previous papers, this approach has many
appealing features, including approximate agree-
ment with experiment for the production of non-

I

charmed mesons and baryons.
At present energies we allow only three flavors to

participate fully in the jet evolution; i.e., gluons are
not allowed to split into cc pairs at any stage in the
evolution or recombination. Hence each charmed-
quark jet will contain only one charmed hadron, and
no other jets will contain charmed particles. The
"quark propagators" can be obtained for this situa-
tion; we list them here for completeness:

D„(n,y) =exp[Aqqs(n)y],

Asq(n)Aqq(n) &,(n)y Ap(n)y X2(n)y bp(n)y

D;,(n,y}=
&t(n) —&2(n) &t(n) —Ap(tt) A2(n) —1p(rt)

Aq (n) A&(n}y A2(n)y

where A p(n) =Aqqs(n), and A, ~(n) and A2(n) are the other two eigenvalues of the Altarelli-Parisi equations. The
propagator Ds, is the same as Ds, , and D;, =Dtj. As a practical matter, for Q less than 1000 GeV,
D„andD;; are almost the same for x greater than 0.2. Hence we can use the propagator D„„instead of D„if
we wish.

In this paper we wish to stress one important feature of this jet-calculus model which strongly influences the
energy spectrum of produced heavy particles. Consider the KUV formula for the two-parton distribution:

F 1

D...,.t(xt, xg,'Q )= g I dy J dxdzduj, dw2D, b (tv&,y —Yp)D, b, (tv2, y —Yp)
b)b

Xpj~b &b2(z)D); (x,Y y)5(x t
—&xtv ) )5(x2 —x ( 1——z )to2 ), (2)

where

1 2

Y= ln 1+apbln
2mb A

12mb =11',—2',
with

blnQ /A'

%e use ao ——10.
The integration variable y represents the position

of the splitting vertex P, as shown in Fig. 1(a). If
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3), X)
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pairs, we "turn off" this mechanism for small x
charmed particles. This is an approximation to
more exact inclusion of the quark masses in the jet
calculus, but it seems physically reasonable.

For the production of baryons, we must compute
the three-parton distribution depicted schematically
in Fig. 1(b). The explicit formula is given by Eq. (2)
of Ref. 4. Again we allow only three flavors to par-
ticipate in the jet evolution.

PARAMETERS AND RESULTS

X

I j

W)

W2

In our calculations for charged pions, we comput-

ed parton sets qq, qg, and gg. All final gluons were

then converted into uu, dd, and ss pairs by a split-

ting function which conserves momentum, and all

ud and du pairs at x, and xb were recombined into

mesons at x using the recombination function

XgXb
R 5(x, +xb —x),

X

W3

I

33, X3

I

I

I

FIG. 1. (a) Pictorial representation of Eq. (1). The lines
with circles represent QCD "propagators" calculated in
the leading-logarithm approximation. The variable of in-

tegration y is determined by the mass of parton j just be-
fore the vertex. (b) Pictorial representation of the jet-
calculus expression for the three-parton inclusive cross
section.

the partons a~ and a2 are to be recombined into a
hadron of mass M, the mass just before the split-
ting must always be greater than M . Hence the
lower limit Fo in the KUV formula must obey
Yo &y(M ). Therefore, when the particle produced
is quite heavy, the region of integration is much
smaller than for the creation of light particles like
pions, at present Q . Physically speaking, this
means much less QCD radiation occurs and the
original heavy quark tends to have most of the jet
momentum. Hence charmed particles should be
concentrated near large x to a greater extent than
even the "leading" particles with normal quantum
numbers.

In addition, many pions and other light particles
are produced at small x by splitting of the produced
gluons into qq pairs and the subsequent recombina-
tion of these quarks. By forbidding splitting into cc

where R is a parameter whose maximum value is 4
by unitarity arguments. In comparisons with the
data on pion and kaon production we find R = 1 to
give agreement.

We use the same procedure and recombination
function to study D and D~ production as were used
for the pions and kaons. Only gc and qc pairs need
to be computed in the jet calculus. Due to the large
mass of the D, we consider the two possibilities

Qo
——4GeV and Q&&

——8 GeV. In Fig. 2(a) we
show the energy dependence of the fragmentation
function D, ; as shown it rises from a ah~pe peak
at large x to a shape peaked at small x as Q in-
creases. For very large Q, we would have to in-
clude charmed quarks in the QCD evolution; the re-
sulting g~cc vertices would result in further peak-
ing at low x. For comparison we show in Fig. 2(b)
the range of parametrizations preferred by the Euro-
pean Muon Collaboration (EMC) in fitting their
charm production.

Data for D and D* production in e+e reactions
are now available at several energies. " The values
from Fig. 2 are far too small to fit this data. Even
if we use the Inaximum R =4, and make a kinemat-
ic transformation to accommodate the fact that at
present Q the variable used by the experimentalists
(xE 2E/8') differs f—r—om ours (x~=p/p, „),our
predictions still lie beneath the data. This is shown
in Fig. 3.

As discussed in Ref. 2, the recombination term is
not the whole story. There is also the possibility
that there is an "intrinsic" fragmentation function
present at Qz=Qo2 which evolves according to the
Altarelli-Parisi equations as Q increases. This
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FIG. 2. (a) The fragmentation function D, as a function of Q for Qo
——4 GeV . Note the change in shape from a peak

at large x at low values of Q2 to a peak at small x at large Q2. The recombination parameter R was set to 1 in computing
these graphs, since that value yields agreement with pion and kaon data. (b) For comparison with (a) we show the range of
parametrizations preferred by the EMC (Ref. 8) to fit their data with 1 & Q'& 100 GeV . In preparing this graph, these
functional forms have been normalized to have roughly the same size at large x as our calculations in (a). (c) The fragmen-
tation function of charmed quarks into A„asa function of Q~ for Qo ——6 GeV and A=0.2 GeV.

difference between the data and the "maximum"
recombination term, as shown in Fig. 3, thus pro-
vides a lower limit for this piece. Because the
recombination contribution vanishes as Q ap-
proaches Qc, the intrinsic fragmentation is especial-
ly important in the low Q region.

To compute proton yields, we calculated the uud
distributions in the same way and recombined them
using the recombination function

&aXb&c
Rs 5(xg +xb +xq —x ),

X
27

with R~ ——
4 yielding rough agreement with the

data ( see Refs. 4 and 5 for details about the general
features of production of noncharmed baryons as
predicted in this model).

To compute charmed baryons, we simply modify
our proton calculation in a manner analogous to
that mentioned for the D: there are fewer terms and

Qo is larger. Using Eq. (4) with Rs ———,, we obtain
the fragmentation functions shown in Fig. 2(c).

In Fig. 4(a) we show the ratio of fragmentation
functions into A, and D, when both have been com-
puted using a value Qo ——6 GeV . Note that the ra-
tio decreases near x =1; as can be seen by compar-
ison with Fig. 4(b), the behavior is more like 1 —x
than like the (1 —x)2 we might expect from counting

rule arguments. This behavior is unlike that for
noncharmed baryons and mesons (see Ref. 3) where
the Qo is much larger for the baryons than the
mesons, and one obtains a decrease in the
baryon/meson ratio for x = 1 only for very large Q ~.

SUMMARY AND CONCLUSIONS

The fragmentation function of charmed quarks
into D mesons predicted in our model is peaked at
large x for small Q and flattens out as Q grows. It
is consistent with the shape required by the EMC
collaboration to fit their data; and the results have
many features in common with those hypothesized
by Suzuki' and Bjorken' using momentum argu. -

ments. Similar peaking near large x was produced
by Kartvelishvili et ah. ' in a model using Regge ar-
guments for heavy quark trajectories. Their formu-
la, however, lacks Q dependence. The work of
Peterson et al. ' shows that the expected hard spec-
trum is only slightly softened by b decays; we there-
fore feel justified in neglecting this source of
charmed mesons.

Within the constraints of the recombination
model, however, the size of the recombined frag-
mentation function cannot be made large enough to
fit currently available data. This implies the need
for an additional intrinsic fragmentation function.
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FIG. 3. Comparison of recombination-model predictions with data using maximum allowed size (four times Fig. 2} and
a transformation from the momentum-based x~ of Fig. 2 to the energy-based xE used in the data. Data are from Ref. 9
[Fig. 3(a)], Ref. 10 [Fig. 3(b)], and Ref. 11 [Fig. 3(c)].
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Due to the fact that charmed baryons and mesons
have similar masses, the ratio of baryons to mesons
predicted from recombination will tend to decrease
near x = 1; this is simply because for a given energy
it is harder to make three partons perturbatively and

have them carry all the momentum than it is to
make two.

Although the recombination model has proved
useful in the past, its quantitative failure here prob-
ably indicates that the approach cannot be pushed
much farther. The charm fragmentation functions
are intuitively most like the jet-calculus description.
The discrepancy between the calculations and exper-
iment seen in Fig. 3 is thus an indictment of the
recombination technique used.

We are currently computing distributions for nor-
mal quarks using a modified jet calculus' which ex-
plicitly keeps track of the color of the partons being
considered. The mechanism for hadronization can
then be studied in a more general framework than
that of the recombination model. It is hoped that
this will also lead to a better description for the
c~D fragmentation functions.
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FIG. 4. (a} Ratio of A, production to D production if
both are calculated using Qo'=6 GeV' and the normali-
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used. (b} Two shapes commonly postulated for the
baryon/meson ratio.
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