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Mixing of scalar tetraquark and quarkonia states in a chiral approach
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A chiral invariant Lagrangian describing the tetraquark-quarkonia interaction is considered at the
leading and subleading order in the large-N,_. expansion. Spontaneous chiral symmetry breaking generates
mixing of scalar tetraquark and quarkonia states and nonvanishing tetraquark condensates. In particular,
the mixing strength is related to the decay strengths of tetraquark states into pseudoscalar mesons. The
results show that scalar states below 1 GeV are mainly four-quark states and the scalars between 1 and
2 GeV quark-antiquark states, probably mixed with the scalar glueball in the isoscalar sector.
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L. INTRODUCTION

The spectroscopic interpretation of the scalar states
below 1 GeV represents an important issue of modern
hadronic physics. It is not yet clear if the dominant con-
tribution to their wave function constitutes of quarkonia,
mesonic molecules or Jaffe’s tetraquark states. In turn, this
subject is strongly connected to the nature of the scalar
states above 1 GeV (we refer to the review papers [1-3]).

Various interpretations have been proposed in the litera-
ture about the scalar resonances below and above 1 GeV.
According to the most popular scenario, one interprets the
isovector and isotriplet resonances ay(1450) and K(1430)
as the ground-state quark-antiquark bound states. The three
isoscalar resonances f,(1370), f,(1500), and f,(1710) are
an admixture of two isoscalar quarkonia and bare glueball
configurations (we refer to [1,2,4—11] and references
therein; recently the inclusion of hybrids in the mixing
scheme has been performed in Ref. [12]). As a conse-
quence, the scalar states below 1 GeV [f(600), k(800),
f0(980), and a((980)] must be something else, like (loosely
bound) mesonic molecular states [13,14], dynamical gen-
erated resonances [15], or Jaffe’s tetraquark states [1,3,16—
18]. It is indeed possible that an interplay of these three
possibilities takes place.

The tetraquark states, whose building blocks are a di-
quark (¢%) and an antidiquark (%), play a central role in
this paper. Calculations based on one-gluon exchange
[1,19], instantons [20,21], Nambu Jona-Lasinio model
(NJL) [22], and Dyson-Schwinger equation (DSE) [23]
support a strong attraction among two quarks in a color
antitriplet (3¢), a flavor antitriplet (35), and spinless con-
figuration [1,16] (color and flavor triplets are realized for
an antidiquark). Naively speaking, such a scalar diquark
“behaves like an antiquark*“ from a flavor (and color) point
of view, thus a nonet of light scalar tetraquark states
naturally emerges in this context. Support for the existence
of Jaffe’s states below 1 GeV is in agreement with the
Lattice studies of Refs. [24-26].
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In the recent work of Ref. [18], the present author
analyzed the strong and the electromagnetic decays of
the light scalar states {f,(600), k(800), f,(980) and
ay(980)}' interpreted as Jaffe’s tetraquark states, which
naturally account for the mass degeneracy of f,(980) and
ay(980) and their large KK decay strength. The dominant
[Fig. 1(a)] and the subdominant [Fig. 1(b)] decay mecha-
nisms in the large-N,. expansion, respectively, proportional
to the decay strengths ¢; and c,, have been systematically
taken into account in an effective SUy (3)-invariant inter-
action Lagrangian.

In the present work we extend the model of Ref. [18],
which was built under the requirement of flavor symmetry
SUy(3), by considering invariance under the chiral group
SUR(3) X SU;(3). The explicit inclusion of a scalar-
quarkonia nonet, lying between 1 and 2 GeV (see discus-
sion in Sec. Il A) as the chiral partner of the pseudoscalar
nonet, and the inclusion of the pseudoscalar diquark, as the
chiral partner of the scalar diquark, are required. As in [18],
we keep the leading and the subleading terms in the
large-N, expansion.

As a consequence of chiral symmetry breaking, mixing
among tetraquark and quarkonia states takes place. The
most important theoretical result of the present work is the
possibility to relate the mixing strength between the scalar
tetraquark and quarkonia nonets to the tetraquark decay
strengths ¢; and ¢, of Fig. 1 and to the pion and kaon decay
constants. Furthermore, the tetraquark-quarkonia mixing
in the scalar sector is responsible for the emergence of
nonvanishing tetraquark condensates.

The connection of the decay strengths ¢; and ¢, to the
mixing allows us to evaluate its strength. As a result, we
find that the tetraquark assignment for the light scalar states
is consistent: by analyzing the isovector channel the reso-
nance ay(980) has a dominant tetraquark content; the

'The resonance k(800) is now listed in the compilation of the
Particle Data Group [27] but it still needs confirmation, and is
omitted from the summary table. The resonance is also found in
many recent theoretical and experimental works ([15,28-32]
and references therein).
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FIG. 1 (color online). Dominant (a) and subdominant (b) con-
tributions to the transition amplitudes of a scalar tetraquark state
into two pseudoscalar mesons. They correspond to the
Lagrangian in Egs. (15) and (16).

quarkonium amount in its spectroscopic wave function
turns out to be relatively small ( = 10%). An analogous
result is obtained in the kaonic sector.

The use of chiral Lagrangian for the analysis of
tetraquark-quarkonia mixing has been studied in
Refs. [33-36], where sizable admixtures in the scalar
physical resonances below and above 1 GeV are found.
In the present work a different chiral Lagrangian is utilized
and only the scalar (and not the pseudoscalar) diquarks are
considered as a basic constituent for low-energy mesonic
resonances. Our results point to a smaller mixing strength
and thus to a substantial separation of four-quark states
below 1 GeV and quarkonia states above 1 GeV.

The paper is organized as follows. In Sec. II, the model
is constructed: we recall the basics of the chiral treatment
of the scalar and pseudoscalar nonets, we introduce the
scalar diquark and briefly review Ref. [18], we describe the
pseudoscalar diquark and write down the chiral invariant
tetraquark-quarkonia interaction Lagrangian. In Sec. III
the phenomenological implications are studied: the scalar
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tetraquark-quarkonia mixing and the magnitude of the
tetraquark condensates. In Sec. IV we present the summary
and the conclusions.

II. SETUP OF THE MODEL

A. Quarkonia nonets

We briefly recall the basic elements for the setup of the
pseudoscalar and the scalar-quarkonia nonets. At a micro-
scopic level, one has the quark field g;(x) with i = u, d, s.
The right and left spinors are given by
gir =q:PL (1

qir = Prq; QIR = q;Pg,

qi1 = Prq; CIIL =q,P, dir = qiPr,  (2)

where P = 3(1 + s) and P, = 1(1 — ys).
The SUR(3)X SU, (3) transformation on the quark fields
is defined as

q9; = qir T 9i = Rijqjr + Lijq; with R € SUR(3),
L € SU.(3). (3)

Out of quark fields, one can build up operators (currents)
with the correct quantum numbers of the physical reso-
nances. In fact, at a composite level one deals with mesons,
which have the same transformation properties of the
underlying quark currents. In Table I we summarize the
properties of the pseudoscalar and scalar-quarkonia
Hermitian matrices 2 and S and of the matrix 3 = S +
iP: the corresponding matrix elements and the compo-
nents in the Gell-Mann basis (denoted as “‘currents‘‘ in
Table I), the transformations under parity (P), charge con-
jugation (C), SUy(3) [occurring for R=L =U in
Eq. (3)], chiral SUR(3) X SU.(3) and U,(1) (occurring
for q; — e"5q;, ie. qig— €”qix and q;;, — e "q; 1)
are reported.

Following [30] and references therein, which we refer to
for a careful treatment, we introduce the Lagrangian Ly

Ly =1Td0,30*31] = Vo3, 31) — Vp(3, 21) 4

(Tr denotes trace over flavor) which describes the dynam-
ics of the pseudoscalar and scalar-quarkonia mesons. As

TABLE I. Summary of the properties of P, S, and ..

P=53EPA S=53LSN 3=8+iP
Matrix elements P =q,iv’q, Sii=4q;q 3 =2q;rqi1L
Currents Pl = E[iys%q Si = q%q 3= 2qR%qL
P — P, —x) SO, —x) ST(x0, —x)
C P S 3!
SU(3) UPU? usut usut
SUR(3) X SU,(3) L(LSR' — RSTLY) L(LERY + RITLY) L3Rt
UA(l) (qi — eil/ysqi) %(6721‘1/2 _ eZiVET) %(6721‘1/2 + eZiVET) e*ZiVE
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usual, V, represents the chiral invariant potential while Vgp
encodes symmetry breaking due to the nonzero current
quark masses.” In the present work we are not concerned
with the detailed description of the properties of the po-
tentials V, and Vgg. What is important for us is sponta-
neous chiral symmetry breaking (ySB); that is, the
minimum of the potential V, + Vgp is realized for nonzero
vacuum expectation values (vev’s):

<Sij> = ai5zj

(with @, = a: isospin symmetry).
)

The expectation values «; are related to the pion and the
kaon decay constants in a model-independent way [30,37]:

(S1) +(Sp) =2a, = V2F,,
Si) +(Sy) = a, + a, = V2F.

We use F, = 0.0924 GeV and Fx = 1.22F .. This leads
us to shift the matrix >, as

3=8+iP—->3=3+S+iP

where X, = diag{a,, a,, a,}.

(6)

)

The pseudoscalar nonet is well established: P =
{m, K, 1, n'}. The identification of the scalar states is con-
troversial. Some models [22,38—40] identify the resonance
fo(600) as the chiral partner of the pion, hence a quark-
onium 7in = \/1/2(iiu + dd). This assignment encounters
a series of well-known problems: (i) in this scheme the
resonances a8(980) and f;(980) would be respectively
V1/2(iiu — dd) and §s. Their mass degeneracy is then
hard to be explained from their quark content (see also
the different point of view in Refs. [39,40]). (ii) The strong
coupling of a,(980) to KK cannot be explained within this
assignment [the points (i)—(ii) are naturally explained
when interpreting the light scalar resonance as mainly
Jaffe’s four-quark states, see Refs. [3,16—18] and next
subsection]. (iii) The scalar-quarkonia states are p-wave
(L = S = 1), therefore expected to have a mass compa-
rable to the p-wave nonets of tensor and axial-vector
mesons which lie well above 1 GeV. (iv) The lattice results
of Refs. [26,41] predict a mass for the quarkonium state ud

about 1.4-1.5 GeV, thus well above 1 GeV (see also the
|

lqq)—s—o = |space: L = 0)|spin: S = 0)|color: 3¢)|flavor: 3);

As discussed in the Introduction, the scalar diquark
|gq);—s—o forms a compact and stable object, as one-gluon
exchange, instanton-based calculations, NJL and DSE ap-

*Notice that we are considering nonets of states and not only
octects (the sum in Table I runs from i =0, ..., 8). Thus, in Vgg
also Uy (1) breaking, mixing, and large-N, suppressed terms are
(implicitly) included.
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different result of Ref. [42]). (v) As shown in Ref. [43] [and
recently confirmed in Ref. [44] at two-loop order in uni-
tarized chiral perturbation theory for the resonance
f0(600)], the large-N, behavior of the masses of the scalar
states below 1 GeV is not compatible with a dominant
quarkonium content, thus further pointing to a heavier
bare mass of the latter.

Thus, we expect that the bare quarkonia masses lie
above 1 GeV. We will then analyze the mixing of the
quarkonia states with the (lighter) four-quark states in
Sec. III.

B. Scalar diquark and corresponding tetraquark states

We turn our attention to the scalar diquark current. To
this end we consider the following scalar flavor-
antisymmetric (37) diquark-matrix D:

1 3.
D; = \[E(q}Cvsqi —4iCYq) = > @A (8)
i=1

@ = \gsijkq;CYSQk» &)
where the superscript ¢ refers to transposition in the Dirac
space. Color indices, formally identical to the flavor ones
(3¢), are understood. We refer to the quantities ¢, arising
from the decomposition of D in the basis of the antisym-
metric matrices A’, as the scalar-diquark currents and to the
Hermitian conjugate go;r as the scalar antidiquark currents.

In terms of flavor the currents ¢; read

(A = &k

or=Hdsl=a  ¢=—fusl—d
L3 = \/%[”) d] -« E!

where the correspondence < refers to the fact that a
diquark in the flavor (and color) antisymmetric decompo-
sition behaves like an antiquark, as already anticipated in
the Introduction.

The spinor structure of the kind g’C7y’ ¢ corresponds to a
diquark with parity +1 (ergo to L =S=0).
Schematically:

(10)

JP=0". (11)

{
proaches show, rendering it a good constituent for light
meson (and baryon) spectroscopy [3].

In Table II we recall the microscopic decomposition of
the elements of the diquark matrix D and the correspond-
ing currents ¢; of Eq. (8) and the properties under SUy(3),
parity and charge-conjugation transformations.

As one can notice, the SUy(3)-transformation of the
diquark currents ¢; — gokU,:rl. is exactly analogous to the
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TABLE II. Properties of the scalar-diquark matrix D and components ¢;.
D= 2?21 @A Pi
Elements/Currents D;; = \g(qj-Cysqi - 4'C¥%q;) ;= \gsijkq;Cyqu
P D @i
c pt of
SU(3) UDU' @ UL

SUy(3)-transformation of an antiquark: g; — qu,:fi. This
is the formal way to express the correspondences in
Eq. (10).

The scalar tetraquark nonet is given by the composition
of a scalar diquark and a scalar antidiquark, resulting in the
following diquark-current:

.r

where the superscript [4¢q] refers to four-quark states and
avoid confusion with the scalar-quarkonia nonet intro-
duced previously.

In flavor components S94! explicitly reads [from
Egs. (8) and (9)]

st =ole, (12)
(@S] —[d5Mus) 145w d]
Sttal = 5 —[a,51d, s] [ 50w s] —[a 5 u d] (13)
[a,dlds] —[adlus] [ dlud
V3 sl4q] — adl4q) ~ag[4q] k*[4q]
- —aglag)  \BUsl4ql + aflag)  —KT4q] | (9
k~[44] —k°[44] o5l44]

where in Eq. (14) we explicitly introduced the tetraquark
fields. In particular, the states o [4q] = %[u, d][i, d] and
ful4q] = ﬁ([u, slla, 51+ [d, s][d, 5]) refer to bare (un-
mixed) tetraquark scalar-isoscalar states.

In Ref. [18] the SU(3), C and P invariant interaction
Lagrangian describing the decay of a tetraquark meson into
two pseudoscalar quarkonia mesons has been introduced as

Lgigpp = —c; TIDP'D'P] + ¢, Ti[DDT P?] (15)

= | SEITHAIP'AIP] — ;8,1 Ti[AIATP?]
(16)

where the dominant and the subdominant terms in the
large-N, expansion are considered and correspond to the
decay diagrams expressed in Figs. 1(a) and 1(b), which are
proportional to ¢; and c,, respectively. In Eq. (15) the
interaction Lagrangian is expressed in terms of the diquark
matrices D and D1: in this way invariance under SU(3),
C, and P transformation is easily verified by using the
transformation properties listed in Tables I and II. In the
form (16) the tetraquark states are made explicit by using
Eq. (12): the decay amplitudes for the tetraquark states into
pseudoscalar mesons can be easily evaluated from
Eq. (16), see Ref. [18].

[
Identifying the light scalar mesons as tetraquark states
means the following assignment [18]:

s~ afO80)  —af©s0) Kt

sHal = —ay (980) \/%(fB+a8(980)) —0 |
k™ —k° op

(17)

where ay[4q] and k[44] of Egs. (13) and (14) are identified
with the physical resonances a,(980) and k(800). Then, a
mixing of the isoscalar tetraquark states oz[4q] = op and
fgl4q] = f3, leading to the physical states f,(600) and
£0(980), occurs [18]. The nonet S9! transforms as a usual
scalar nonet under flavor, parity, and charge transforma-
tions: S — US#lyt (U C SU,(3)), S1*4), and (SH*4l)
respectively.

The assignment of Eq. (17), i.e. the interpretation of the
light scalar states as tetraquark resonances, has some char-
acteristics able to explain some enigmatic properties of the
light scalar mesons: the almost mass degeneracy of the
state a((980) and f,(980) and the strong decay rates into
KK are an immediate consequence of the quark content of
such states in this scenario. Then, in the analysis of [18] the
strengths of diagrams of Figs. 1(a) and 1(b) are analyzed
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quantitatively: it has been found that the sizable contribu-
tion of the subdominant decay mechanism [Fig. 1(b)],
resulting in the ratio ¢,/c; = 0.62, improves the theoreti-
cal prediction of the important branching ratio
g12‘0—> e/ 81210—» tx 311, In fact, at the leading order
[Okubo-Zweig-lizuka—superallowed, Fig. 1(a), ¢, = 0],
one has |g7 _¢./82 gl = 1. in clear contrast with the
result g7 ¢ /8% g =2.15%0.40 reported in the
analysis of Refs. [31,32].

In the Lagrangian (15) only flavor symmetry, and not
chiral symmetry, is present. The basic question which we
address in the present work is what happens when extend-
ing the symmetry group. As we shall see, we obtain mixing
of the tetraquark and quarkonia scalar states. That is, the
strict equivalence of Eq. (17) is not anymore valid: the
physical scalar resonances below and above 1 GeV will be
an admixture of four-quark and gg configurations. One
crucial question is if the tetraquark content for the light
scalar states below 1 GeV (and correspondingly quarkonia

above 1 GeV) is the dominant one or not.
|

lgq)—s—1 = |space: L = 1)|spin: S = 1)|color: 3¢)|flavor: 35);

The matrix D and the pseudoscalar diquarks ¢; trans-
form exactly as in Table II but with opposite parity.

In the chiral limit the scalar and the pseudoscalar di-
quarks have the same mass. However, chiral symmetry is
spontaneously broken by the QCD vacuum. Calculations
based on instantons show that a strong attraction is gen-
erated in the scalar channel and a strong repulsion in the
pseudoscalar one [20,21]. Support for this picture is found
in the recent Lattice calculation of Ref. [45], in the chiral
model for diquarks of Ref. [46], in which the pseudoscalar
diquark D is about 600 MeV heavier than the scalar
partner, and in the framework of Dyson-Schwinger equa-
tion [23], where the mass difference is of the same order of
magnitude.

The common result of the above cited works is that the
pseudoscalar diquark is loosely bound and heavier when
compared to the scalar partner. Indeed, it is not clear if the
pseudoscalar diquark can play the role of a constituent for
hadronic states. As emphasized in Ref. [47], in the large-N,.
limit only quarkonia states survive in the mesonic sector, a
fact which also explains why nonquarkonia states are rare
in the mesonic spectrum. The scalar diquark, being the
most compact diquark state, can represent an exception and
play a role in the physical world at N. = 3. For all these
reasons we will consider only the scalar diquark, and not
the pseudoscalar diquark, as a basic and compact constitu-
ent of low-energy physical resonances. The inclusion of the
pseudoscalar diquark is however a necessary intermediate
step in order to write down a chiral invariant Lagrangian,
see below.
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In order to see these phenomena at work, we first con-
sider the chiral partner of the scalar diquark of Eq. (8), a
necessary step in order to write down a chiral invariant
interaction Lagrangian.

C. Pseudoscalar diquark

The pseudoscalar diquark is the chiral partner of the
scalar diquark and is described by the diquark-matrix D
and by the currents @;:

- 1 3 .
D;; = \g(%a]i —qiCq;) = Z @;A";
=

- 1
e = \/;SijkCI;CCIk

The pseudoscalar diquark has the same flavor (and color)
substructure (37, 3) as the scalar diquark but negative
parity. It corresponds to

(18)

JP=0". (19)

D. Chiral invariant interaction Lagrangian

Out of the scalar and pseudoscalar matrices D and D of
Egs. (8) and (18) we define the matrices Dy and D; :

1 - 3 ‘ 1
Dg = .|=(D + D) = RAl R=_ =@ + ¢)),
R \/;( ) ,~=§1 @i @i \g(% ®;)

(20)

1 - 3 . 1
D, = .|-(D—D) = LA, R— | (3, — @)
L \g( ) l_:ElsD, ; @] \g(% ®;)

21

The transformation properties of the matrices Dy and D,
are summarized in Table III.

Under chiral transformations the diquark components
@R transform as a right-handed antiquark, while the com-
ponents ¢F as a left-handed antiquark:

TABLE III. Properties of the diquark matrices Dy and D; .
Dy= 50, ofA DL =31 ot

Currents of = euq'CPrq @ = €ijxqCPLqx
P -Dy —Dp
c D} D!
SUy(3) UDRU' UD, U’
SUR(3) X SU, (3) RDgR! LD, L
Uu(1) (g; — €"73q;) e*’D e *'D

054007-5



FRANCESCO GIACOSA

¢t — oLL] under SUR(3) X SU,(3).
(22)

of — prRl:ri’

We are now in the position to write a chiral invariant
interaction Lagrangian in terms of the diquark matrices Dy
and D; and the quarkonia nonet matrix . By taking into
account the transformation properties in Tables I and III the
chiral invariant interaction Lagrangian at leading and sub-
leading order in the large-N,. expansion reads

‘£C.i. = —C Tr(DRE'D;EE + DLEKD;EET)

+ ¢, Te(DRDESYS + D, DS, (23)

A diquark matrix and an antidiquark matrix are coupled to
two X’s: in both cases two quarks and two antiquarks are
present. The Lagrangian (23) is also invariant under parity,
charge conjugation, and U, (1) axial transformations.

The constants ¢; and ¢, are exactly those of Eq. (15). In
fact, the flavor invariant Lagrangian (15) has to emerge out
of the chiral invariant Lagrangian. We discuss the precise
relation between Egs. (15) and (23) in the next section.

The presence of two different diquark types leads to 4
tetraquark nonets: two scalars given by go;rgo j (= Stadly
and gb;f @; and two pseudoscalars given by gaj ¢; and gb;r ®;
(admixtures of these nonets with definite properties under
chiral transformations are found, see Appendix A).

As discussed in Sec. IIC we do not consider the pseu-
doscalar diquark of Eq. (19) as a suitable constituent for
mesonic states. For this reason, we consider only the scalar
diquark as relevant constituent for low-energy spectros-
copy, thus only the tetraquark nonet SM41 = go;r @; is taken
into account. The other three nonets may eventually exist,
but be heavier, and/or too broad to be measured. In the
QCD spectrum below 2 GeV, one notices the presence of
supernumerary scalar states, which can accommodate a
nonquarkonia nonet like S/ (and probably a scalar glue-
ball), but the presence of a second nonquarkonia scalar
nonet, such as the composition of two pseudoscalar di-
quarks gbj @ ;, seems to be excluded by present data [27].

The pseudoscalar sector is less clear: beyond the well
established low-energy pseudoscalar nonet {7, K, 1, 7'}, a
second nonet shows up at around 1.3 GeV: the state
(1300) is usually interpreted as the radial excitation of
the pion [1]. A kaonic state K(1460) is also reported in
[27]. The two isoscalar states 1(1295) and 7(1475) are
usually interpreted as the excited 1 and 1’ mesons. The
resonance 7)(1405) is ambiguous, and various interpreta-
tions have been proposed, such as a pseudoscalar glueball,
but some authors do not accept its existence [48]. Other
massive pseudoscalar states such as 77(1800), K(1830),
1(1760) are identified and interpreted as the second radial
excitation [1] (but this assignment is not yet conclusive).

The fact that we take into account only scalar diquarks
and the corresponding scalar nonet S*4l = go;rgo is the
basic difference with Refs. [30,34-36], where a scalar
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and a pseudoscalar nonet are considered (see also
Appendix A). For instance, the resonance w(1300) is
mainly a four-quark state in Ref. [34]. Furthermore, the
Lagrangian interaction of Refs. [30,35] breaks U4(1) in-
variance, while Eq. (23) does not. Here we do not evaluate
the masses of quarkonia (we did not specify the potential
Vo + Vg in Sec. ITA) and of tetraquark states, but we
concentrate on their interaction. Theoretical evaluation of
masses of bare states is, on the contrary, an important part
of Refs. [30,34-36].

III. LIGHT TETRAQUARK STATES: MIXING
WITH SCALAR QUARKONIA AND
CONDENSATES

A. The “remnant” interaction Lagrangian

By isolating in the interaction Lagrangian (23) only
those terms involving the scalar-diquark matrix D (and
not the pseudoscalar matrix D) we obtain

L suayy =3 TDY'DYS + DX*DI3H]

+ % TDD'SS + DDTSST]  (24)

- %ng‘ﬂ THA/SIAS, + DS*DTS 1]

- %SE;?‘J] THAIAISTS + AIAISSH] (25)

where in the last line the expression is explicitly presented
in terms of the tetraquark scalar nonet S*¢) defined in
Eq. (12).

For completeness we report the total Lagrangian under
consideration. It is the sum of the Lagrangian Ls in
Eq. (4), which involves the pseudoscalar and the scalar-
quarkonia nonets, of a quadratic Lagrangian involving the
kinematic and the mass terms of the scalar tetraquark nonet
Sl and of the quarkonia-tetraquark interaction £ Salss
of Eq. (24):

L= -[:E + £8[4‘1]-quadratic + 'ESW]EE‘ (26)
The term L gsq1_guagrasic 18 described in Ref. [18], where the
nonet mass splitting and the isoscalar mixing are taken into
account. In the present work we do not need to specify it.
Our attention is focused on the quarkonia-tetraquark inter-
action term L gugys.

The phenomenon of chiral symmetry breaking, encoded
in the nonvanishing vev for the field % in Eq. (5), intro-
duces further terms beyond the tetraquark-quarkonia decay
diagrams of Fig. 1: a mixing term among the two scalar
nonets S1*? and S and a linear term in SI*7), corresponding
to nonvanishing tetraquark condensates, are generated. In
fact, when substituting % = 3, + S + iP into (24), we
can decompose it into four different terms:
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£3[4I,JEE = £S[4q]PP + £S[4q]SS + Lo+ £4q-cond' 27)

The Lagrangian £ guqpp of Eq. (15) is reobtained (with
the same coupling strengths ¢; and c¢,). The Lagrangian
L Slalgg 1s analogous to L sisapp> Where one has two scalar-
quarkonia mesons instead of two pseudoscalar ones. We
will not study the phenomenological implications of this
term because in the present work the bare tetraquark states
are lighter than the quarkonia states, thus such a decay is
not kinematically allowed.

The term L, is linear in 3, and describes the mixing
of S*4) and S, see the next subsection. The term Lyg-cona 18
quadratic in 3, and linear in St and is responsible for the
nonzero vacuum expectation value of the isoscalar tetra-
quark fields (see Sec. III C).

In Eq. (27) we obtained a decomposition of the tetra-
quark interaction terms by expanding 3, around 2, which
is a minimum for the potential V) + Vgp as discussed in
Sec. I A. Care is however needed: when including the
interaction term L Slass of Eq. (24) in the total
Lagrangian L, of Eq. (26), the potential involving the
3 -matrix has been extended to V, + Vgg — L stass: the
matrix 2 is not anymore the minimum. Strictly speaking,
one should not expand around 3 as in Eq. (27) but around
the new minimum of Vj, + Vsg — L guays. We will discuss
the issue in detail in Sec. III C, where we show that in our
case 3 still represents a good approximation for the
minimum and that the expansion of Eq. (27) is justified.
We also illustrate the point by means of a simple toy
model.

B. Scalar tetraquark-quarkonia mixing
in the isovector sector

1. The mixing Lagrangian

The tetraquark-quarkonia mixing Lagrangian L, is
derived from Eq. (24) by using % = 3, + S + iP with
3 = diag{a,, a,, a,} and keeping terms linear in 3:

£mix = Tr[DEOD-rS + DStDTEO]
+ ¢, Ti[DD3,S + DD1S3]
= —;SHITHAIS(A'S + AIS'A'S, ]

— o SHATHAIA(SS + S3)] (28)

We depict the process corresponding to L, in Fig. 2,
where the two diagrams resemble Figs. 1(a) and 1(b), but at
one vertex the vacuum expectation matrix X, enters in the
game. If 3, vanishes, such terms vanish as well. It is
noticeable that the decay-strength parameters c¢; and c,
also regulate the intensity of the mixing. In Eq. (17) and in
Refs. [16—18] the scalar states below 1 GeV are interpreted
as pure tetraquark states. The present analysis shows that
such an assignment cannot be strictly valid because mixing
occurs. We aim now to evaluate the intensity of this mixing
in the isovector channel.
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FIG. 2 (color online). Dominant (a) and subdominant (b) con-
tributions to the tetraquark-quarkonia mixing, corresponding to
Eq. (28). At one vertex the vev’s for the scalar-isoscalar quarko-
nia fields, encoded in the matrix 3, of Eq. (7), appears. As a
consequence a tetraquark-quarkonia mixing is generated, whose
strength is related to 3, i.e. to the pion and kaon decay
constants.

An important point is the following: in Sec. I A we
discussed various arguments in favor of bare quarkonia
masses well above 1 GeV. At the same time in the
Introduction and in Sec. IID we recalled that the scalar
diquark emerges a compact light object within different
approaches (one-gluon exchange [1,19], instantons
[20,21], NJL model, and DSE [22,23]). The s-wave tetra-
quark states arising by composition of a diquark and anti-
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FIG. 3 (color online). Dominant (a) and subdominant (b) con-
tributions to the linear terms in the scalar-isoscalar tetraquark
fields, which generate a nonzero vacuum expectation value for
the latter, see Eq. (44). At both vertices the vev’s of the scalar-
isoscalar quarkonia fields, encoded in the matrix %, of Eq. (7),
appear.
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diquark [as expressed in Eq. (12)—(14)] is expected to have
a mass below (or about) 1 GeV, as discussed in Secs. IT A
and II B by means of phenomenological arguments and as
suggested by the lattice works of Refs. [24—26]. These
facts lead us to consider the bare level ordering My, <
Mg,.

2. Mixing in the isovector channel

We analyze the mixing of the two neutral a states,
denoted as af[4q] [from the tetraquark nonet Sl of
Eq. (13) and (14)] and as a)[gq] (from the quarkonia nonet
S of Table I). The isovector channel is free from isoscalar-
mixing (and glueball) complications, and is experimentally
better known than the kaonic sector.

We isolate in L;, of Eq. (28) the part concerning the
neutral a states:

L mix-a(oJ = 2(Cl o, + C2au)(a8[4q] : ag[@‘l]) (29)

When including the kinematic and (bare) mass contribu-
tions, one has to diagonalize the following Lagrangian:

L =19,ai[4gD)* + X0,a)[gq])* + ' Qv,  (30)

- (08[4q]>
aflaql )

where

) 31
_ _Mu8[4q] 2(cia, + cray,)
2(c a5 + cray,) _Mig[qq]
The orthogonal transformation matrix B, given by
BQOB"' = —diag{Mﬁo(%o), M§0(1470)}’ (32)

connects the bare tetraquark and quarkonia states to the
physical ones:

( a)(980) ) _5. <a8[4q] )

a§(1470) allgq] .
B— cos(f)  sin(6)
—sin(f) cos(0) )
The physical masses read [27]
M, 030) = 984.7 = 1.2 MeV  and )

M”O(]450) = 1474 = 19 MeV.

The decay rates for the decay channel a,(980) — n7
and a,(1450) — n are given by

Fu()(980)—>1]77 = 187610(98(2))—“/]77 gi 0501

TM, (030) ! (35)
Fao(l450>—~mr = ZGO(M;OPW i (1450)—n

TM, (4s0) " K

where p, 980)—n= and pg (1450—n~ represent the phase-
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space factors and the decay amplitudes g, 9s0)—n~ and
8a,(1450)—n are a superposition of the tetraquark and quar-
konia contributions:

2 — - 2
8ay080—n7 = [8afagi=nm €08(0) + & faqlym SN(O)F,

gig(1450)—>7]7r = [~ 8uaglaglon=SINO) + & gg1—nm cos(9) ]
(36)

The amplitude g, 441y~ is calculated from Lgugpp of
Eq. (15) and reads [18]

8aglagl-nm = 2\/%'[\/5 cos(6p) + sin(6p)] + \Ecz[cos(ap)

— V2sin(6p)], (37)

where 6p = —9.95° at tree level [10,49].

The quantity g, [s4}—n~ depends on the Lagrangian
describing the decay of scalar quarkonia into pseudoscalar
mesons, which we did not specify in this work. In the
following we will treat it as a free parameter, see below.

We now turn the attention to the experimental informa-
tion about the coupling constants in Eq. (37). The coupling
constant 830(980)—>n7r as extracted from experimental analy-
ses varies between 5 and 10 GeV? [50]. We then consider
the following three values in the above range:”

gio(%o)—.m =5,7.5,10 GeV? (38)

which  corresponds  to T’y (930)~p7 = 65.8, 987,
131.6 MeV, respectively. These values are compatible
with the data reported by Particle Data Group (PDG)
[27], which are however not yet precise. By using [27]

Lop080) = Uogos0)—kx T Lag0s0)—n» and

T o
_wO80=KK _ () 183 + 0.024,

Fao (980)—n

we obtain (ignoring the error on the last ratio)
Lyy080)—ym = 'y, /1.183. In PDG [27], the value
L4080 = 50-100 MeV is  reported, thus implying
[, 080)—n~ €qual to 42.3 and 84.6 MeV, respectively. The
largest value g2 g0, ., = 10 GeV? seems disfavored and

we regard it as an upper limit.

We now turn the attention to gio(l 4507 In Ref. [27]

the averages for the following branching ratios are re-
ported:

*Because of the large uncertainties in the experimental analy-
ses, we do not report in Eq. (38) a single value with correspond-
ing errors, but three possible values in agreement with present
experimental information.
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Yaussomns _ 354 0,16

Fa0(1450)—>1]77

r .
—a(450—KK _ () g + (23,

1_‘(10(1450)—“:777'

The full width amounts to I'; (1450 = 265 = 13 MeV. The
contribution of the two-pseudoscalar decays to the full
width is unknown. By assuming it to be dominant, and
thus that the wp mode is suppressed, we obtain
I (1450)—y= = 119 MeV, corresponding to gio(l 450 =
10.4 GeV2. We do not include errors because we
ignore the contribution of the wp decay to the
full width. Furthermore, the experimental result
L1450 —wp/Tag(1450)—nm = 10.7 2.3 reported  in
Ref. [51] would indicate a dominant wp mode. This value
is however not listed as an average or fit in [27]. We will
consider the value

= 10.4 GeV?, (39)

2
8 4y(1450)—
being aware that it could be smaller.

We now turn to the evaluation of the mixing angle. We
consider the theoretical coupling g, (741—n~ Of Eq. (36) as
a free parameter, thus we are left with five parameters:
{c1, 3, M 01aq1 M ailaqy Salgql-n=t- We fix the ratio
cp/c; = 0.62 as obtained in [18], where the light scalars
are interpreted as tetraquark states. Although this choice
cannot be a priori justified, we will then vary the ratio
¢,/ c; checking the dependence of the results on it.

We fix the remaining four parameters to the physical

. . 2 _
masses of Eq. (34), to the intermediate value 8ay(980)—ym —
7.5 GeV? of Eq. (38), and to Eq. (39).

By using the bare level ordering M o1ag) < Mopg4); the
parameters are determined as (values in GeV, ratio ¢, /c; =
0.62 fixed)

le,| = 0.96,
Mag[qq] == 145,

M o = 1.01
agl4q] ’
- (40)
= 3.75.

8aglgql-nm

corresponding to a quarkonium amount in the resonance
ao(980):

(sinf)? = 4.93%. (41)

According to our result, the resonance a((980) has a by
far dominant tetraquark substructure and only a small
quarkonium amount. Similarly, the resonance ay(1450)
has a dominant quarkonium substructure with a small
4.93% tetraquark content. The mixing between the tetra-
quark and quarkonia states turns out to be small.

To have used ¢,/c; = 0.62 from [18] is then justified
a posteriori. Anyway, when varying the ratio ¢,/c, and the
couplings of Egs. (38) and (39), the results show a stable
behavior: the mixing turns out to be small for all reason-
able parameter choices, see Appendix B.
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Notice that we cannot determine the sign of the mixing
angle 6 and c;. In fact, we have no information about the
sign of g4 (1450)—n= and g4, (980)—n~ from experiment. For
this reason, the modulus |c;| is reported in Eq. (40). If
¢y > 0, then 8 > 0 and vice versa. The two possibilities are
however indistinguishable here.

3. Further discussion

Some comments are in order:

(a) In the kaonic sector the situation is similar. For
instance, the part of the Lagrangian L, ; (28) de-
scribing the k~[4¢]-K,, [§q] mixing reads

-Emix—k = _(2C1au + CZ(au + as))

X (k"[44]- Ky [94)) (42)

By using the solution reported in Eq. (40) and the
masses Moy = 800 MeV and Mg (14300 = 1414 =
6 MeV, we obtain a quarkonium amount in k(800)
of the order of 3%, i.e. very small. As a conse-
quence, the state Ky(1430) has a dominant quark-
onium content. The corresponding bare masses of
the tetraquark and quarkonia states are My, =
823 MeV and Mz, = 1400 MeV, thus only
slightly shifted from the physical masses.

Let us turn to the problematic 7K-decay of the two
resonances: the smallness of the mixing allows us to
consider the approximate relations gysoo)—nkx =
Siaq—mk [ = V3(\2¢; + ¢5/+/2) as evaluated in
[18]] and gx(1430—7k = &k[gq}~nk- Using the pa-
rameters of (40), one finds I'y(g00)—-x = 130 MeV.
The uncertainty on the decay strengths ¢, and ¢,
allows for a width between 100 and 220 MeV. The
values in this range are smaller than the present (not
yet conclusive) experimental value of about
600 MeV [27]. We refer to the discussions about
the experimental caveats in Ref. [31], where it is
also pointed out that quarkonium, molecular, or
tetraquark interpretations all fail in reproducing the
large width of k(800). Meson-meson interaction
governed by chiral symmetry as presented in
Ref. [15] can play an important role to explain the
large width of k(800). It is important to stress that
also the decay K(1430) — 7K, evaluated in
Ref. [10], turns out to be smaller than the present
data of a factor 4. This problem has been analyzed in
detail in Ref. [10] and is rather model independent.
Further work both on theoretical and experimental
sides is clearly needed to fit all the properties of the
kaonic states k(800) and K;(1430) in a unified
picture.

We report the mixing Lagrangian in the isoscalar
sector in terms of the bare states og[4q] =% X

[u, d)l@, d). fsl4q] = 55w, s]@ 5] + [d, s][d, 5])

(b)
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©

(d)

(e)

and N = \g(fm + dd), S = 5s:

L ix-iso = 2(cra5 + cr0,)Nfp[44]
+2v2(c @, + cra,)Sf5[44]

+232(c; + ¢r)a,Nog[4q]. (43)

The intensity of the mixing is of the same order of
magnitude of the isovector and isodoublet channel,
that is small. The system is then complicated by
internal mixing terms like ogfp and NS and glue-
ball mixing, which lead to the resonances f,(600)
and f((980) below 1 GeV, and to f,(1370),
f0(1500), and f,(1710) above 1 GeV. Here we do
not analyze this system quantitatively (see Ref. [36]
for such a study). However, the tetraquark-
quarkonia mixing is small as verified in the isovec-
tor and isodoublet channels, thus it is still valid to
deal with two separated tetraquark and quarkonia
nonets with the scalar glueball intruding in the
scalar-isoscalar quarkonia sector between 1 and
2 GeV. We therefore expect smaller mixing than in
Ref. [36].

We did not take into account the momentum depen-
dence of the theoretical amplitudes g, 741y~ and
8ay[4q]—n= FOr instance, within a chiral perturbation
theory framework the quantity g, 741~y has a
(dominant) momentum-squared p?> dependence of
the form g, (ag1nx * (p* — M%Z — M%) [10]. When
including such a form in the calculation the results
are similar. In general (reasonable) momentum de-
pendence does not change the picture, see
Appendix B.

One of the basic starting points of the evaluation of
the mixing has been the bare level ordering
M o1ag1 < M 01441 The reasons for this choice have

been listed in Secs. I A and III B 1. Here we notice
that solutions are possible also for the reversed bare
level ordering M, Qlaq) =~ Md[gq)- for which the

quarkonium content is dominant in @ (980).
Although the case M 1aq) = M 01541 SCCMS unlikely

for the above-mentioned discussions, it cannot be
ruled out.

The interaction Lagrangian L ; of Eq. (23) contains
the dominant and subdominant terms in large-N,
expansion. Further large-N, suppressed terms and
flavor-symmetry breaking terms were not included
in the present analysis. Although they can quantita-
tively influence the results, they are not believed to
change the qualitative picture emerging from this
work.
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C. Tetraquark condensates

1. Vacuum expectation values and estimation
of tetraquark condensates

The term L4, cong of Eq. (27) is linear in Sl and
quadratic in %, (see Fig. 3). It explicitly reads
‘£4q-cond = C TI'[DE()DTE()] + CH Tr[DDTE(Z)]
= 2(c; + cr)agop[4q]

+ \/z(zclauas + C2(a5 + a?))fBHQl (44)

where in the second line the flavor trace has been per-
formed and a linear dependence in the isoscalar fields
opl4q] and fg[4q]is found. This implies nonzero vacuum
expectation values for these two (bare) fields:

2(c; + )

(opl4q]) = 5 :
T Bl4q) 45)
2c a0, + cy(ak + a?)
(falq) = v2 2t o T ),
fal4q]

where M, 4,1 and M?'B[th] refer to the (bare) tetraquark

masses of the states og[4q] and fz[4q].
The nonzero vacuum expectation value (vev) of the
nonet S*4) (13) and (14) reads

B, = B, = <fB\[/42_'Q:|>)

Bs = (o5[4q]).

Sty — 8.5,
(Si;7) = Bidy; 46)

We can estimate the corresponding tetraquark condensate
following the discussion of [34]:

|(MeimdCY’ 3 (€;ma - CY’ gl ~ AaCDBiaij- 47
The scale factor AgCD enters on dimensional ground. In
virtue of the flavor content of the fields o[4q] =% X
[u,d][@ d] and fsl4q] = 555w, s]a, 5] + [d, s]d, 5])
and using the parameter set of Eq. (40) together with
Agep ~ 0.25 GeV we obtain

|4, d)[, dD) ~ AdepBs = 3.1 X 1075 GeV®  (48)
Au, sTa 5D1 = |Ad, sTd 5D ~ AdepBi
=19 X107 GeV", 49)

where the typical bare tetraquark masses M, (4,1 ~

0.65 GeV and MJ%B[4q] ~ 1 GeV have been employed

[18]. The precise value of the bare tetraquark masses is
not relevant for our estimation. It is interesting to notice
that the magnitude of the condensates is similar to [34].
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2. Self-consistency problem

The tetraquark nonet S*7 acquires nonzero vev’s
(SE?q]> = B;9;; [Egs. (45) and (46)]. Then, one has to shift
the nonet as ngq] — qu] + B;6,; and substitute it back

into the Lagrangian (24). In particular, when considering
the mixing term of Eq. (43) the shift generates linear terms

in the quarkonium scalar-isoscalar fields N = \/%(ﬁu +
dd) and S = §s:
£mix-iso - 2\/E(clas + CZau)NBI
+ 4\/§(c‘lau + CQCYS)SBI

+ 2\/5(6'1 + Cz)auNB:; + o (50)

Then, these linear terms modify the vacuum expectation
values for the scalar quarkonium nonet of Eq. (5) as

<511> = <522>

(cray + cpa,) By + (¢ + ), B

=a,—a,t?2 Y2
N

D

4\/§(C1 a, + C2as)
M

<S33> =0y T +

B, (52)
where My and M refer to the bare quarkonia masses; we
employ the typical values My ~ 1.3 GeV and Mg ~
1.6 GeV [10].

The modification of the vacuum expectation values of
the scalar-quarkonia fields acknowledges the problem
mentioned in Sec. III A: the minimum 2, of the potential
Vi + Vsp is not anymore a minimum of our entire potential
V() + VSB - £S[4”]22'

We have to take it into account when evaluating the
values of «,, and « from Eq. (6). When using the modified
expressions (51) and (52) in the Eq. (5), here rewritten as

(Sn) +(Sp) = V2F,, (S1) + (S33) = V2Fy,
(53)

the constants «, and «, change as follows [the parameter
set of Eq. (40) and the above listed scalar masses are
employed]:

Fo Frq_
F F
a, = — 7721 +\2Fg — <— 7% + \/EFK>(1 - 0.06).
(55)

The corrections to the vacuum expectation values are
11% and 6%, respectively, which is safely small. The
results of the mixing evaluation in Sec. IIIB and in
Appendix B are therefore confirmed. Indeed, the imprecise
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knowledge of the experimental coupling constants of
Egs. (38) and (39) generates a larger uncertainty than the
neglect of the vev’s corrections. The smallness of the latter
originates from factors of the kind (v2a,/Maa)* ~
(F,/Ma)? in Egs. (51) and (52), where M, ~
1 GeV refers to the typical order of magnitude for the
bare scalar tetraquark and quarkonia fields.

One should then proceed iteratively, by shifting again
the vev of the scalar-quarkonia fields according to Eqgs. (51)
and (52) and subsequently finding in the Lagrangian the
new linear terms in the scalar tetraquark fields (which arise
from the scalar-tetraquark mixing terms); in turn, this
procedure allows one to determine the next-to-leading
order correction to the tetraquark vev of Eq. (46). For
instance, by using the new ‘‘alfa-values” of Eqgs. (54)
and (55) and calculating the next-order correction to the
vev (3, a slight increase of 4% is found, a small fraction
which does not change the results of the previous subsec-
tion about the tetraquark condensates. This result is ex-
pected because the nth correction involves factors like
(F,/Ma)?", thus decreasing very fast. Naively, the
minimum of the extended potential Vjy + Vsg — Lguass
is close to the minimum 3, of V, + Vgg. In the next
subsection, an explicit study of this issue by means of a
simple toy model is performed avoiding complicated alge-
braic expressions. Notice that the iterative process is the
unique way to proceed because the exact form of the
potential V;, + Vgg is not specified.

The shift of the tetraquark nonet also induces contribu-
tions to the pseudoscalar and scalar-quarkonia masses
[terms L gugpp and L guage in Eq. (27)]. This fact has no
influence in this work because we do not evaluate the bare
quarkonia and tetraquark masses.

3. Toy potential

Let us consider only the light quarks u and d: as well
known, chiral symmetry invariance under SUg(2) X
SU,(2) is fulfilled by considering X = N7° + imi7,
where N = jin = M(ﬁu +dd) is the isoscalar-
quarkonium field, 7 the pseudoscalar pionic fields, and
7! the 3 Pauli matrices (7° is the 2 X 2 identity matrix).

In the SU(2) limit, only one scalar-diquark field sur-

vives: ¢ = \gs jkq;-Cy5qk. The scalar-diquark matrix is

given by D = @A where A = i7%. Thus, we are left with

only one tetraquark field: 7 = o5[4q] = 1[u, d][a, d].
The Lagrangian £ gugys in Eq. (24) reduces to the very

simple form:

L gugss — gT(N? + @), g=c + ¢y (56)

[In the SU(2) case, the expressions for the dominant and
subdominant terms in large-N,. expansion coincide.] For
illustrative purposes, we use the usual Mexican-hat poten-
tial Vo =4(N? + 72 — F?)* and neglect Vgg. Thus, the
toy potential of the reduced SU(2)-problem reads
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A 1
Viey == (N? + 72 — F?)2 + EM%T2 — gT(N* + ),

4
(57)

where a mass term for the tetraquark field has been
included.

The minimum of V, is at {N, = F, & = 0}. By expand-
ing around this point, i.e. shifting N — F + N, the quantity
Lguass in the SU (2) limit generates analogous terms to
those discussed throughout this section:

L sugss — gT(N? + 72) = gT(N? + #* + 2FN + F?).
(58)

In fact, we recognize the tetraquark-mesons decay terms,
the mixing term (whose strength amounts to 2gF), and the
linear term in the field 7.

But the minimum of Vj, is not the minimum of V. The

corresponding minimum point of V., denoted as P, =
{No, T, 7> = 0}, can be analytically calculated:

F

2
N — =F<1+g—2+--->, (59)
1 _ 2g2 AMT

8 .n_ & Fr gF? 2g?
w2 e\ )
T Tl— T T

(60)

When g = 0 we reobtain the minimum at Ny = F and
Ty = 0. If the term g?/AM? entering in the expansions is
small, one simply has small corrections to the value Ny =
F. The toy model clarifies what kind of correction terms
one evaluates in the iterative process sketched in the pre-
vious subsection leading to Egs. (54) and (55).

The bare mass of the field NV and the mixing strength can
be also exactly evaluated by expanding around the mini-
mum P ;.:

3 Vioy _ 2MF?
aNz )P_Pmin 1 2g2 '

MN=<

0%V,
(ﬂ) = —2gN,.
P:Pmin

AM? 61)

INOT

Let us estimate the corrections. The parameter A at first
order is A =~MZ%/2F% This value is accurate if
(2¢%)/(AM2) ~ (4g*F?)/(M2M%) < 1. The condition is
satisfied in our case. In fact, using the typical values g ~
1.5 GeV [as in Eq. (40)] F ~ F,, My ~ 0.65 GeV and
My ~ 1.3 GeV, one has (4g’F2)/(M3M?%) =0.1; we
also see the appearance of a factor like (F,/M.,,)> in
the Taylor expansion, as already discussed in Sec. III B.
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IV. SUMMARY AND CONCLUSIONS

This work aimed to study the implications of Jaffe’s
tetraquark states as a necessary component to correctly
interpret the scalar low-energy QCD sector. We summarize
the relevant points.

(a) The scalar and the pseudoscalar quarkonia nonets
are introduced in the usual fashion. We did not
specify the potential for these fields, but we solely
assumed chiral symmetry breaking to occur, thus
nonvanishing vev’s for the isoscalar quarkonia
fields, in turn related to the pion and kaon decay
constants F' . and Fg, are generated. The bare scalar-
quarkonia masses are set above 1 GeV (in accord
with the Lattice study of Refs. [26,41,45]), where
the other p-wave nonets of axial-vector and tensor
mesons lie.

(b) The scalar diquark in the flavor (3,) and color (3.)
antitriplet configurations is a compact and stable
object, thus a good candidate for the basic building
block of the light scalar mesons, which naturally
emerge as a tetraquark scalar nonet. This assignment
is in agreement with the mass degeneracy of ay(980)
and f,(980), their large KK decay strengths, and
their nonquarkonia behavior for large-N, analysis.
These facts, together with point (a), support the bare
level ordering My, < Mg,.

(c) In a chiral framework the (3, 3.) pseudoscalar
diquark is introduced as the chiral partner of the
scalar diquark. Chiral symmetry breaking driven
by instantons predicts a strong attraction in the
scalar channel and a repulsion in the pseudoscalar
one. This fact makes the pseudoscalar diquark heav-
ier and loosely bound, thus we do not consider it as a
relevant constituent for the light meson spectros-
copy. For instance, an extra nonquarkonia nonet
built out two-pseudoscalar diquark is not seen in
the spectrum below 2 GeV.

(d) A tetraquark-quarkonia interaction Lagrangian in-
variant under SU(3) X SU,(3) X U4(1) is written
down at the leading and subleading order in the
large-N, expansion. Both scalar and pseudoscalar
diquark constituents enter in its expression. Then, in
virtue of point (c) only the scalar diquark and the
corresponding tetraquark nonet are taken into
account.

(e) The xSB of point (a) generates a mixing term
among the scalar quarkonia and tetraquark nonet.
The corresponding mixing strengths are a linear
combination of F . and Fg and the tetraquark decay
strengths ¢ and ¢,, which parametrize the processes
of Figs. 1(a) and 1(b). The mixing is then evaluated
in the isovector channel: a((980) is mainly a Jaffe’s
tetraquark state, with a small quarkonium amount
( = 10%), and a((1450) has a dominant quarkonium
content. The results are similar in the kaonic sector
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and are stable under changes of the employed pa-
rameters, as long as the bare level ordering My, <
Mg, holds.
The ySB at a quarkonia level induces also linear
terms in the isoscalar tetraquark fields, thus non-
vanishing vev’s for the latter emerge. They are also
related to the magnitude of corresponding four-
quark condensate(s), whose values have been esti-
mated about 2-3 X 107> GeV®. As a last step, a
self-consistency check about the minimum of
scalar-isoscalar fields has been done and a simple
toy model for the reduced SU(2) problem discussed.
We found a substantial separation of the tetraquark states
(below 1 GeV) and quarkonia states (between 1-2 GeV,
where the scalar glueball intrudes in the isoscalar sector).
The confirmation of the falsification of this scenario is an
important issue of low-energy hadronic QCD. Further-
more, decays of heavy states in the charmonia region
involve the scalar mesons below 2 GeV. Thus, the correct
interpretation of the latter is a crucial step for the analysis
of the decays of charmonia and heavy-glueball states,
which according to lattice QCD are believed to show up
in the mass region between 3—5 GeV [52], in turn related to
the planed experimental search of PANDA at FAIR [53].
As an interesting development, the analysis of electro-
magnetic decay of (and into) a vector meson such as V —
S[4"]y [54] and S*4] — Vv [55] within a phenomenologi-
cal composite Lagrangian can constitute a useful step in
disentangling the nature of the light scalar states below
1 GeVand is planned as a future work. Along the same line,
possible interactions involving the experimentally well-
known tensor mesons within a composite approach as in
[56] can also be performed.

®)
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APPENDIX A: NONETS AND THEIR
TRANSFORMATION

Out of the introduced diquarks we can (formally) iden-
tify four nonets, with definite properties under chiral trans-
formations. We first consider the matrix of tetraquark states
T (analogous to @ in [35] and M’ in [34]):

T = \/§¢H GDf;

; T =T5+iT?, (Al)
which constitutes a scalar and a pseudoscalar nonet of

tetraquark states given by the Hermitian matrices:

| i _ _
Tfj=$(¢?¢j—qof¢,), T{}=E(¢f¢j—¢j¢j).
(A2)
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The matrices T, TS, and T? transform as 3, S, and P in
Table 1, except for the U,(1) transformation, which now
reads T — ¢ **T.In particular, for chiral transformations:
T — LTR'. Notice that the scalar nonet S*4! of Egs. (12)
and (17) is now a part of 5. In the chiral context the scalar
nonet 7% is an admixture of both diquarks. In [30,35] the
tetraquark-quarkonia mixing occurs via the chirally invari-
ant [but not U, (1) invariant] term

Lo =e- T3TT + T31] (A3)
where e is a free parameter.
Other two tetraquark meson nonets can be formed:
TR =V2¢ftek,  Th =216}

1

(A4)

which under chiral transformations transform as TR —
RTRR' and Tt — LTRLY, ie. such as quark’s left and
right currents, connected to vector and axial-vector me-
sons. In the present context we still deal with scalar and
pseudoscalar tetraquark states, which we denote as ITS and
17

1 4.
1S = E(TR + TL); Hfj = E(‘Pj@j + %T%')

(A5)

1 1 -, .
7 = E(TR - Th); Iy, = \/—E(q’:r &+ ¢le)).
(A6)

The scalar and pseudoscalar nonets ITS and I1” transform
as vector and axial-vector under chiral transformation. Out
of a quark and an antiquark such scalar and pseudoscalar
objects do not exist because they vanish identically (direct
product Pp - P; = 0 in the expression for the currents).
They are however possible for tetraquark states: four non-
ets can be then formed.

After chiral symmetry breaking at a diquark level oc-
curs, there is no reason that the physical nonets are those
listed in the present Appendix. The scalar nonets 75 and
ITS can mix and split. This fact resembles the flavor wave
functions of the vector mesons w and ¢, where the quark
mass splitting generates a separation of (u, d) and s quark
dynamics. We assumed that the splitting is large enough to
generate two separated nonets of scalar and pseudoscalar
diquark constituents:

TS, 11 =S¥l = ol ! g, (A7)
The scalar nonet gb;rgizj does not show up in the spectrum
below 2 GeV. It could be heavier, too broad, or simply not
realized in nature. Here we simply concentrated on S141, A
more quantitative analysis of the splitting of scalar and
pseudoscalar diquarks would represent an interesting sub-
ject on its own.
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APPENDIX B: RESULTS FOR PARAMETER
VARIATION

We evaluate the quarkonium amount in the resonance
ay(980), represented by the quantity sin’6, for different
choices of the parameters. We consider all three values for
=5, 7.5, 10 GeV? listed in Eq. (38). We first

employ g V(1450 =g — = 10.4 GeV? (Table IV) and we con-

sider dlfferent values for the ratio c,/c;. (The value
cy/c; =1 would imply large-N, violation. Here it is
used to show the stability of the results under changes of
this ratio.)

Notice that the dependence on the ratio c¢,/c; is ex-
tremely weak.

As stressed in Sec. IIIB 2, the value for g7 450, ., can

be smaller than 10.4 GeV2. We evaluate sin?6# for
g§0(1450)—>1777 = 5.2 GeV? (Table V). This value corre-

sponds to a width 4 times smaller: Iy (1450)—r~ = 119/4 =
29.75 MeV, probably too small. It can be regarded as a
lower limit.

The previous results are confirmed.

As a last step we include a possible momentum depen-
dence for the quarkonium coupling constant: we use the
dominant term of Ref. [10] obtained in the framework of a
chiral ~ Lagrangian: g, [sg}—nz = Y(P* — M% — M3),
where y is a constant involving the pseudoscalar angle
fp and a nonet decay strength. Strictly speaking, one
should consistently also include a running coupling con-
stant for the four-quark amplitude g, (44}—y~- This opera-
tion goes beyond the goal of this work. The present aim is
to show the stability of the results even in the presence of
an explicit momentum dependence of the amplitude
8aglggl—nm (Table VI).

The results point to a slightly larger quarkonium content,
which is however still smaller than 11%. Furthermore, this

2
8 a(980)—

PHYSICAL REVIEW D 75, 054007 (2007)

TABLE IV. sin’§ when varying gio(ggo)ﬁm and Z—:
(gio(l450)_.-,]7,- = 10.4 GeVz)_

=) (=062 (2=1
gio(%o - (GeV?) sin%6 sin%6 sin%6
5 3.23% 3.22% 3.22%
7.5 4.82% 4.81% 4.80%
10 6.40% 6.39% 6.38%
TAZBLE V. sin%f wh;:n varying g20(980)~n7r and Z—?
(gao(1450)—>7]7,- = 5.2 GeV~).

==3) (%=O.62) (%= 1)
gio(%o o (GeV?) sin%6 sin%6 sin%6
5 3.79% 3.78% 3.77%
1.5 5.66% 5.65% 5.63%
10 7.51% 7.50% 7.48%
TABLE VL. sin?# when varying gao(‘)S())—'nrr and g—’l (running

ga[)[(iq]—vmr)-

;—*) (%=0~62) (CZ_ D
gao(980 i (GeV?) sin%6 sin%6 sin%6
5 4.97% 4.96% 4.94%
7.5 7.68% 7.66% 7.64%
10 10.56% 10.53% 10.51%

. . 2 . 2 .
value is realized for 8y (980)—nm — 10 GeV~, which, as

discussed in Sec. IIIB2, can be considered as an upper
limit.
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