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Proposal for exotic-hadron search by fragmentation functions
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It is proposed that fragmentation functions should be used to identify exotic hadrons. As an example,
fragmentation functions of the scalar meson f(980) are investigated. It is pointed out that the second
moments and functional forms of the u- and s-quark fragmentation functions can distinguish the
tetraquark structure from ¢g. By the global analysis of f((980) production data in electron-positron
annihilation, its fragmentation functions and their uncertainties are determined. It is found that the current
available data are not sufficient to determine its internal structure, while precise data in the future should

be able to identify exotic quark configurations.
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In the hadron mass region below 1 GeV, there are scalar
mesons, [,(600), f,(980), and a((980), whose internal
configurations are not obvious [1]. Their flavor composi-
tions could be f((600) = (ui + dd)/~/2, f,(980) = s3,
a((980) = ud, (uit — dd)/~/2, iid in a simple quark model
by considering the mass relation, m, ~ m; < m;.
However, this assignment implies a mass sequence,
m(f(600)) ~ m(an(980)) < m(fy(980)), which contra-
dicts with the observed one, m(f(600)) < m(ay(980)) ~
m(f,(980)). If £,(980) and a((980) are exotic states such as
tetraquark ones, the observed spectrum could be naturally
understood. Since f,(980) and a((980) are experimentally
established resonances, they provide a good opportunity to
study exotic mesons beyond a naive gg-type quark model.

First, a brief outline of recent studies is given for the
f0(980) structure. In a simple quark model, a light scalar
meson f, with JP€ = 07" is identified as a 3P, quark-
onium with the flavor structure (uit + dd)/~/2. However, if
such an ordinary gg configuration is assigned for f;,(980),
the strong decay width is very large, I'(fy — 77) =
500-1000 MeV, according to various theoretical calcula-
tions [2]. The small experimental width 40-100 MeV [3]
cannot be consistently explained by simple quark models.

The strong-decay width suggests that f,(980) should not
be an ordinary nonstrange gg-type meson. The Fermilab-
E791 collaboration measured the decay D} — 7~ 7w 7™
[4], which can proceed via intermediate states, for ex-
ample, D] — f,(980)7* with s5 quarks in f,(980). This
experiment suggested a sizable strange-quark component
in f,(980). The simplest configuration is a pure strange
quarkonium s5 for f,(980). In addition, since its mass is
just below the KK threshold, it could be considered as a
KK molecule [5]. If two color-singlet states of K and K are
not well separated, it corresponds to a tetraquark state,
(uiiss + dds3)/+/2, which was originally suggested in
the MIT bag model [6]. Recent QCD-sum-rule studies
support this idea of a tetraquark state [7]. Furthermore,
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there are lattice-QCD studies that f,(980) corresponds to
the tetraquark state because the scalar tetraquark mass is
about 1.1 GeV [8]. In addition, f,,(980) used to be consid-
ered as a glueball candidate; however, recent lattice-QCD
calculations rule out such a possibility because the mass of
a 0% glueball is estimated about 1700 MeV [9]. The
situation of scalar mesons with masses in the 1 GeV region
is summarized in Ref. [1]. All the possible f,(980) con-
figurations are listed in Table I although the nonstrange-¢g
and glueball states seem to be unlikely according to the
recent studies.

In the following, the notation f, indicates the f,(980)
meson and f,(600) is not discussed. There were proposals
to find the structure by a ¢ radiative decay into f, [10—12].
Since it is an electric dipole decay, the width should reflect
information on its size, namely, its internal structure [10].
The experimental measurements of VEPP-2M [13] and
DA®NE [14] were reported for the decay ¢ — fy. The
data may suggest the tetraquark picture; however, there are
still discussions on their interpretation [12]. Another pos-
sible experimental probe is the yy — 7 7~ process in the
fo mass region. The two-photon decay width of f;(980)
was recently reported as 0.205%0:3%3 (stat) T3 1{7 (syst) keV
by the Belle collaboration [15]. Model calculations indi-
cate 1.3-1.8 keV in the nonstrange ¢g picture; however,
the measurement is consistent with the s§ and
KK-molecule configurations. There are also ideas to use
elliptic flow and nuclear modification ratios in heavy-ion
reactions for finding exotic hadron structure [16].

There are compelling theoretical and experimental evi-
dences that the scalar meson f,(980) is not an ordinary
nonstrange ¢gg meson. However, a precise configuration is
not determined yet, and a clear experimental evidence is
awaited. It is the purpose of this paper to show that the
internal structure of exotic hadrons should be determined
from their fragmentation functions by noting differences in
favored and disfavored functions. We investigate f;(980)
as an example in this work.
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TABLE I. Possible f;(980) configurations and their features in fragmentation functions at
small Q2.

Type Configuration Second moments Peak positions
Nonstrange ¢g (ui + dd)/\2 M;<M,<M, Zax > pmax
Strange qg S5 M, <M, =< Mg Zax < pmax
Tetraquark (or KK) (uiiss + ddss) /2 M,~M;<M, Zmax ~ gmax
Glueball g8 Mu ~ MS < Mg Zglax ~ Z;nax

A fragmentation function is defined by a hadron-
production cross section and the total hadronic cross sec-

tion Fh(z, Q%) = L deleie =hX)

Tot

defined by the hadron energy E, and the center-of-mass

energy /s = 0¥ byz=E,/ (1/s/2). The fragmentation
occurs from primary partons, so that it is expressed by the
sum of their contributions F"(z, Q%) = ¥ ,Ci(z, @) ®
D(z, 0?),: where ® indicates the convolution integral,
fR)®gz) = [Ldyf(y)g(z/y)/y, DIz Q% is the frag-
mentation function of the hadron % from a parton i =
(u, d, s, - -, g), Ci(z, ay) is a coefficient function, and «;
is the running coupling constant. The favored fragmenta-
tion means a fragmentation from a quark or an antiquark
which exists in a hadron as a constituent in a quark model,
and the disfavored means a fragmentation from a sea
quark. The favored and disfavored functions are assigned
in the following discussions by considering the naive quark
configurations in Table 1.

We first consider a possible s§ configuration for f.
Then, the u- and d-quark fragmentation functions are
disfavored ones and the s-quark function is a favored
one. For example, the favored fragmentation from s is
possible if a gluon is radiated from s, and then it splits
into a s§ pair to form the f; meson as shown in Fig. 1. The
notations O(g?) and O(g?) indicate the second and third
orders of the coupling constant g. In the disfavored process
from u, there are processes in the order of O(g?) without an
O(g?) term, so that its probability is expected to be smaller
than the favored one from s. It leads to the relation for the
second moments of fragmentation functions: M, < M,

where M; = [ dzzD{ °(z). The second moment M; is the
energy fraction for f, which is created from the parton i. In
the same way, fragmentations occur from a gluon as shown
in the figure. Since there are two processes in O(g?) with a

.: Here, the variable z is
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FIG. 1 (color online).
the 55 configuration.

Schematic diagrams for f, production in

soft gluon radiation, the second moment for the gluon is
expected to be larger than the others. These considerations
lead to the relation M, < M < M, in Table L. Such a naive
estimation should be a crude one, but it has been shown to
work for the moments of the pion, kaon, and proton [17], so
that it is also expected to be a reasonable guideline in other
hadrons.

Next, functional forms are discussed in the s§ picture.
More energy is transferred to f; from the initial s in the
O(g?) process than the one from the initial « due to an extra
gluon emission in Fig. 1. It means that the fragmentation
function D{°(z) is distributed in the larger z region in
comparison with D/ (z) because the f, energy is directly
proportional to z. Namely, they should have different func-
tional forms and their peak positions are different at small
0?% (~ 1 GeV?). We express this situation as 1 < zmax
in Table I. The form of the gluon fragmentation function
may not be simply compared with the quark processes.

In the same way, the second moments and functional
forms are roughly estimated for the tetraquark picture.
Since the fragmentations from u and s quarks are equally
favored processes in this case, their moments and functions
forms should be almost the same. The fragmentations into
fo proceed by creating uii (or dd) and s5 pairs as shown in
Fig. 2. There are more fragmentation processes from a
gluon, so that the gluon moment is expected to be larger
than the others. In this way, we obtain the relations, M, ~
M, = M, and z;* ~ zi"™*, in Table 1. Since the flavor
composition of f is simply considered in the above dis-
cussions, this relation could be also applied to the KK case.
However, the KK is a loose and extended bound state so
that its production probability in the fragmentation is ex-
pected to be much smaller than that of the tetraquark state.

Although the nonstrange-gg and glueball configurations
seem to be unlikely according to recent theoretical inves-
tigations, we also estimated possible relations in Table I.
Since the estimation method is essentially the same, deri-
vations are not explained here. If f; were a nonstrange-qg
meson, the relations My <M, <M, and z;}** > 7™ are
expected, whereas they are M, ~M; <M, and z;}** ~
2y if it were a glueball.

The fragmentation functions are determined by a global
analysis of hadron-production data in e* e~ annihilation
[18]. There is recent progress on their analysis.
Uncertainties of the fragmentation functions are deter-
mined in Ref. [17], and it was shown that the gluon and
light-quark functions have large uncertainties for the pion,
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FIG. 2 (color online). Schematic diagrams for f, production in
the tetraquark configuration.

kaon, and proton. Then, a global analysis with data in
lepton scattering and proton-proton collisions was also
reported [19]. This kind of global analysis is suitable for
finding exotic hadrons by noting the typical features in the
favored and disfavored functions.

All the possible configurations for f indicate that up-
and down-quark compositions are the same; however, they
are generally different from the strange-quark and other
ones. Therefore, a natural and model-independent parame-
trization is

DI*(z, 03) = D*(z, Q) = D’ (z. Q) = D¥(z, 03)
— N{:Ozaﬁo(l _ Z)Bﬁn,
3 T f
Di*(z, Q3) = DL'(z, Q%) = N[°z%" (1 — 2)B’,

(1)
D£O(Z, Q(2)) — NS{OZ&{’U(I _ Z)ﬁgo,

1 S
DI(z, m2) = DL(z, m2) = N[°z%' (1 — z)B’,

S S
DJ(z, m3) = DP(z, m3) = Nf°z" (1 — 2)Pv,

where N;, «;, and B3; are the parameters to be determined
by a y? analysis of the data for e* + e~ — f, + X [20].
The initial scale is taken QF = 1 GeV?, and the masses are
m,. = 1.43 GeV and m; = 4.3 GeV. The details of the
analysis method in the next-to-leading order are explained
in Ref. [17]. Uncertainties of the determined functions are
estimated by the Hessian method [17], which has been used
also in the studies of various parton distribution functions

[21,22]:
)A. @)
3

Here, 5D{ °(z) is the uncertainty of the fragmentation func-

aDl(z, &) aDl(z, &)

[6D{°(z)]2:AX2%<T>$Hﬁ‘I( 27"

tion D{ °(z), Ax? value is taken so that the confidence level
P becomes the one-o-error range (P = 0.6826) by assum-
ing the normal distribution in the multiparameter space,
H;; is the Hessian matrix, §; is a parameter, and £ indicates
the optimum parameter set.

The number of f|, data is very limited at this stage. In
fact, available data are merely 20 three. This situation
makes the analysis difficult in obtaining the minimum y?
point. There are irrelevant parameters which do not affect
the total 2. We decided to fix three parameters at 8 ¢ = L,
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a, = 10, and a; = 10 because of the lack of data. Then,
the total number of parameters becomes 12. The minimum
X’ is obtained y?/d.o.f. = 0.907 in our analysis.

The determined functions are shown in Fig. 3. It is
interesting to find that the up- and strange-quark functions
are distributed relatively at large z, and both functions have
similar shapes, whereas the gluon, charm-, and bottom-
quark functions are distributed at smaller z. It may indicate

that both functions, D'f:" and D{", are equally favored ones,
which implies that the up-quark (and down-quark) is one of
main components of f, as well as the strange-quark.
Furthermore, they are peaked almost at the same points
of z (z™ ~ z™), which may be also considered as an
evidence for the tetraquark structure according to Table I.
However, if it is judged from their second moment ratio
(M, /M, = 0.43), it looks like the s5 configuration.

This conflict is mainly caused by the inaccurate deter-
mination of the fragmentation functions although it may be
understood by admixture of the s5 and tetraquark configu-
rations. In Fig. 4, the uncertainties of zDﬁ", zD{O, and zDg"
are shown at Q> = 1 GeV? together with the functions
themselves. We notice huge uncertainties which are an
order of magnitude larger than the determined functions.
If their moments are calculated, they have large errors
M, = 0.0012 = 0.0107, M, = 0.0027 = 0.0183, and
M, = 0.0090 = 0.0046. From these results, the error of
the moment ratio is estimated as M,/M, = 0.43 * 6.73,
which makes it impossible to discuss the effect of the order
of 50%. In this way, we find the structure of f cannot be
determined by the current e e~ data.

It is the purpose of this work to point out that structure of
exotic hadrons should be determined by the fragmentation
functions. Accurate measurements of hadron-production
cross sections can be used for determining their internal
quark and gluon configurations as explained in this paper
by taking f;,(980) as an example. We have shown that s5
and tetraquark configurations, and also nonstrange-gg and
glueball states, should be distinguished by the second mo-
ments and functional forms of the favored and disfavored

0.03

Q*=1GeV:,m 2, m,}?

0.02 -

zD(z)

0.01 1/

FIG. 3 (color online). Determined fragmentation functions of
f0(980) by the global analysis. The functions DL, 7D, and
ZD‘£” are shown at Q> = 1 GeV?, and the functions zD'* and
zD)° are at Q% = m? and m, respectively.
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FIG. 4 (color online). Fragmentation functions, zD{:", zD{O,
and zD‘gf,“, and their uncertainties are shown at Q? = 1 GeV?2.
The uncertainties are shown by the shaded bands.

functions. Especially, the ratio of the u-quark moment to
the s-quark one should be useful to judge the configuration.

In order to determine the internal structure, the flavor
separation is important especially because the difference
between the up- and strange-quark functions is the key to
find the structure of f,. First, charm- and bottom-quark
tagged data should be provided for f, as they have been
obtained for the pion, kaon, and proton. Then, the charm-
and bottom-quark functions should be determined accu-
rately. Second, semi-inclusive fj-production data in
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lepton-proton scattering can be used for distinguishing
between up- and strange-quark fragmentations because
the initial quark distributions are different in the proton.
These flavor separations will become possible by future
experimental analyses. Our work is a starting point for
exotic hadron search by suggesting the relations in the
second moments and the functional forms and by indicat-
ing the current experimental situation as the uncertainty
bands.

The fragmentation functions of f;; and their uncertain-
ties have been determined by the global analysis of f
production data. At this stage, the e*te” data are not
precise enough; however, accurate experimental measure-
ments could create a field of exotic hadrons which are
beyond the naive ¢gg and gqq type ones. Currently, analy-
ses are in progress by the Belle collaboration [23] to
provide accurate fragmentation functions. They are espe-
cially important because the functions are measured at
small Q% ( < M%), so that scaling violation can be inves-
tigated to find the gluon functions [17]. It is also important
to have accurate measurements for ordinal mesons such as
#(1020) and f,(1270) in order to establish the f, configu-
ration by comparing their favored and disfavored functions
with the ones of f,. We could investigate other exotic
hadrons in the same way by their fragmentation functions.
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