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While the ground-state tensor (J*¢ = 27") mesons a,(1320), K5(1430), £,(1270), and f5(1525) are
well known experimentally and form an almost ideal nonet of quark-antiquark states, their chiral partners,
the ground-states axial-tensor (J©¢ = 27~) mesons are poorly settled: only the kaonic member K, (1820) of
the nonet has been experimentally found, whereas the isovector state p, and two isoscalar states @, and ¢,
are still missing. Here, we study masses, strong, and radiative decays of tensor and axial-tensor mesons
within a chiral model that links them: the established tensor mesons are used to test the model and to
determine its parameters, and subsequently various predictions for their chiral partners, the axial-tensor
mesons, are obtained. The results are compared to current lattice QCD outcomes as well as to other
theoretical approaches and show that the ground-state axial-tensor mesons are expected to be quite broad,
the vector-pseudoscalar mode being the most prominent decay mode followed by the tensor-pseudoscalar
one. Nonetheless, their experimental finding seems to be possible in ongoing and/or future experiments.
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I. INTRODUCTION

The classification of the observed mesonic resonances
into nonets of quark-antiquark (gg) states using flavor
symmetry (as well as chiral symmetry) is one of the greatest
achievements of modern high energy physics.

In the nonrelativistic spectroscopic notation, gg nonets
are specified by the expression n?5*!L;, with n being the
radial quantum number, and S, L and J being the spin,
spacial, and total angular momenta of the quark-antiquark
system, respectively. Upon restricting to the first radial
excitation n = 1, the situation is summarized in Table I,
in which also the relativistic notation JX¢ [with parity
P = (=1)!*! and charge conjugation C = (—1)t+5] is
reported.

Examples of very well-known ¢g mesonic nonets
include the pseudoscalar mesons with J©¢ = 0=+ (spectro-
scopic notation: 1S,), the vector mesons with JF€ =17~
(®S}), and the axial-vector mesons with J*¢ = 17+ (3P))
[1]. The above resonances are in good agreement with the
quark model of Ref. [3] and the Bethe-Salpeter approach of
Ref. [4]. The scalar mesons with J*€ = 07+ (1S,)) are in the
center of a long-standing debate, e.g., Ref. [5—12]: there is
no lack of candidates, on the contrary there are more states
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than expected from ¢g alone, in agreement with the
intrusion of four-quark states and the scalar glueball.
Summarizing, upon including the nonet of pseudovector
mesons with JP€ = 17~ (!P,) and the orbitally excited
vector mesons with J°¢ = 17~ (®D,), for all nonets with
n = 1and J < 2 there are corresponding resonances in the
PDG (with the interesting exception of the missing orbitally
excited vector state ¢b(?), with an expected mass at about
1.9 GeV, see Ref. [2]).

Moving to J > 2, one recognizes the well-established
nonet of tensor mesons with J°¢ = 2++ (3P,), see e.g.,
Refs. [7,13,14], and the quite well-known nonet of pseu-
dotensor mesons with J*¢ =2 (ID,), even if, for the
latter, some questions are still open [15,16]. The nonet of
mesons with J?¢ = 37~ (3D;) is also well known, as the
recent detailed report of Ref. [17] shows.

On the other hand, as it is visible from Table I, the nonet
of the so-called axial-tensor mesons with J*¢ = 2=~ (3D,)
is extremely poorly known. Only the kaonic member
K,(1820) (with eventual mixing with K,(1770)) is listed.
The isovector member p, and the isotensor ones @, and ¢,
were not yet discovered. One may actually regard this nonet
as a sort of “missing multiplet”. It is then evident that it
deserves further theoretical and experimental investigations.

One of the main goals of the present paper is a
phenomenological study of masses, strong, and radiative
decays of tensor and, most importantly, of axial-tensor
mesons. In the latter case, predictions for the missing states
are delivered. For our purposes, we shall use a well-defined
chiral model of QCD, called the extended linear sigma
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model (eLSM), that was previously successfully applied to
pseudoscalar mesons and vector mesons and their chiral
partners, the scalar and the axial-vector mesons [18] (see the
first four entries of Table I). Within this context, the linear
realization of chiral symmetry, together with its explicit and
spontaneous breaking patterns, allows one to study chiral
partners (that is, gg mesons with the same J related by chiral
transformations) on the same footing. Applications of the
eLSM to the excited (pseudo)scalar mesons [19,20], to
pseudovector and orbitally excited vector mesons [21] and
more recently to hybrid mesons [22] were undertaken.

It then seems quite natural to apply the eLSM to the
tensor sector, thus describing in a chiral framework both
tensor and axial-tensor mesons. Since masses and decays of
the ground-state tensor mesons are well established, the
tensor mesons allow for the determination of the (addi-
tional) parameters of the model and for a test of its validity
in the energy range between 1 and 1.6 GeV. As we shall
see, the overall agreement of theory with experiments is
rather good and therefore confirms the predominant ¢g
nature of the ground-state tensor mesons. (For different
interpretations of tensor mesons and some other states
listed in Table I, see e.g., Refs. [23-25]).

Next, we move to the yet mostly unknown axial-tensor
mesons. The estimate of masses for the nonet members is
possible thanks to the tensor states and to the known axial-
tensor kaonic state K3(1820). The decays of axial-tensor
mesons into a vector-pseudoscalar pair turns out to be
quite large and dominant. Also the decays into tensor-
pseudoscalar and axial-vector-pseudoscalar are sizable
and represent interesting decay modes for the future
search of the missing states of this nonet.

Light mesons (both conventional and exotic) are in the
center of various experimental searches, such as the BESIII
[26,27], CLAS12 [28], COMPASS [29], GlueX [30-32]
experiments as well as the planned PANDA experiment
[33]. In particular, photoproduction of tensor mesons
represents an active experimental [34] and phenomeno-
logical [35-37] topic. It is well possible that the missing
axial-tensor mesons discussed in this work can be discov-
ered in the future.

This work is organized as follows: in Sec. II we
introduce the fields and the Lagrangian terms describing
masses and decays of (axial-)tensor states; in Sec. III we
show the corresponding results. Finally, in Sec. IV our
conclusions are outlined.

II. CHIRAL MODEL FOR SPIN-2 MESONS

In this section, we first recall the form of flavor and chiral
multiplets and then we present the novel chiral Lagrangian
terms that involve (axial-)tensor mesons.

For conventional ¢gg pairs, the spin S can take the value
S €{0,1}, while the angular momentum L any value
L =0,1,2,.... As a consequence, the parity eigenvalue
P = (=1)l! and the charge conjugation eigenvalue

C = (=1)t*S follow. The spin and angular momentum
couple to the total angular momentum J=L+5.

For S§=0, the ¢g state reads [S=0)=
%Mq l3= 14 15), whilefor § = 1'is |[S = 1) = {|1,1).
% 1, 4a+ 14 15).[14dg)} Thus, for S = 0 the possible
quantum numbers for conventional gg mesons are
JPC € {even=",0dd "}, while for S = 1 they are JC €
{{0,1,2,...}77,{1,2,...}7"}. [Mesons with JFC e
{even®",odd "} as well as 0~ are considered exotic.]

In this work, we concentrate on (pseudo)scalar, (axial-)
vector, as well as (axial-)tensor multiplets. These fields
enter into appropriate chirally invariant Lagrangian terms
that describes the masses and the decays of (axial-)tensor
mesons.

A. Mesonic nonets

The ground-state pseudoscalar mesons with J¢ = 0=+
(1Sy) comprise 3 pions, four kaons, the 7(547) and the
17 (958). They can be collected into the following nonet
with light-quark elements P;; = 27'/2g;iy q;:

e o gt

| V2
P = v ””\/‘E”O K° | (2.1)
K- I_{O Hs

where 5y = +/1/2(iau + dd) stands for the purely non-
strange state and ng = 5s for the purely strange one. The
isoscalar physical fields emerge upon mixing reported in

e.g., Ref. [38] as
( n(547) > _ < 00§ﬁp Sinﬁp)<mv), (22)
n' =n(958) —sinfip cosfp s

with a large mixing angle fp = —43.4°. This sizable
admixture is a consequence of the so-called U, (1) axial
anomaly [39,40]. Namely, pseudoscalar mesons belong to a
so-called “heterochiral” multiplet [41], see below.

Scalar mesons with JP¢ =0%t (following from
L = S =1, thus 3P,) are the chiral partners of the pseu-
doscalar ones. The discussion about their assignment is still
ongoing and there is not yet a general agreement.
Nevertheless, the set of resonances {a((1450), K;(1430),
fo(1370), fo(1500)/fo(1710)} reported in Table I is
favored [here, also the scalar glueball is expected to enter
with f,(1710) being a good candidate]. Having the quan-
tum numbers of the vacuum, the isoscalar members of this
nonet may condense, see Sec. IIB. By introducing the
currents S;; = 27'/2,¢,, the nonet of scalar states can be
written as
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TABLE L

List of conventional ¢gg mesons following the quark model review of Ref. [1] up to J = 3 and for the lowest radial

excitation. The columns refer to different values of the isospin /. The first eight nonets are grouped into four chiral partners. The kaonic
states K| 4 and K|  mix and give rise to K (1270) and K, (1400). Note, the entries for which no assignment is proposed are the orbitally

excited vector ¢(???) [2] as well as three axial-tensor states p,(???)

main subjects of this work.

= Py, 0,(7??) = w, and ¢,(?7?) = ¢, which represent one of the

nSHL, JPC 1=1 ud, di ‘1‘1%/21’” I=1/2us, ds sd, si 1=0 %% I1=0 ~s5 Meson names Chiral partners
1S, 0~ n K n(547) 7' (958) Pseudoscalar J=0
1Bp, 0 ao(1450) K} (1430) £o(1370)  £o(1500)/f£,(1710) Scalar
138, 1= p(770) K*(892) (782) $(1020) Vector J=1
13P, i a,(1260) K4 f, (1285) f’ (1420) Axial-vector
1'P, 1= by(1235) Kz hy(1170) hy(1415) Pseudovector J=1*
’p, 1 (1700) K*(1680) w(1650) $(777) Excited-vector
1Bp,  2tF a>(1320) K3(1430) £2(1270) £4(1525) Tensor J=2
1°D, 27 p2(777) K,(1820) ®,(77?) $-(2777) Axial-tensor
1'D, 2= 7,(1670) K,(1770) 17,(1645) 1,(1870) Pseudotensor
1°D, 37 p3(1690) K3(1780) 5(1670) ¢5(1850) J = 3—tensor
ontdy o+ peat respectively. This is in agreement with the so-called
1 V2 0 0 “homochiral” nature of these states [41], see also below.
S = 5| @ on—dg K20 (2.3) The chiral partners of the vector mesons [47] are realized
2 -ﬂo for the quantum numbers L = S =1 (just as for the scalar
— *
K K; Os mesons discussed previously) coupled to J°¢ = 17+ (3P)):

The isoscalar sector cannot be described by a simple 2 x 2
mixing because (at least) the scalar glueball should be taken
into account, thus implying a more complicated 3 x 3
mixing pattern leading to the resonances f((1370),
f0(1500), and f,(1710), e.g., Refs. [20,42-46]. Yet, these
fields do not appear as final states of decays of (axial-)tensor
mesons; therefore, its detailed treatment of the scalar-
isoscalar mixing is not required in this work.

The third entry in Table I refers to the J©€ = 17~ (35,)
nonet with L =0 and S = 1. These are the very well-
known vector states {p(770), K*(892), w(782), ¢(1020)}.
The matrix V# with elements V%, = 27'/2g;y#¢; has the
form

“”;v\'/"é’oﬂ pt K
1
VH = ﬁ pH “/llv\;goﬂ Ko |, (24)
K RO o

where @y and wg are purely nonstrange and strange,
respectively. Similar to the pseudoscalar case, the physical

fields arise upon mixing
< (782) ) B < cosfy  sinpfy ) <a)N) (2.5)
#(1020) ) \ =sinpy cospy )\ ws )’ '
where the small isoscalar-vector mixing angle f, = —3.9°

is taken from the PDG [1]. Thus, the physical states @ and
¢ are dominated by nonstrange and strange components,

this is the so-called axial-vector meson nonet A, that arises
from the microscopic current A, = 27'/2g,°y#g;:

H Op
+a + K+
LN 1 1% "
a 1A

| V2
M=l R kn ] @O
— 70,
KRN

The isoscalar sector reads

<f1(1285)> B ( cosfa,  sinfy, )( ’{,N> @
£1(1420) —sinfy, cospy )\ fig) '
where the mixing angle 4, is expected to be small because
of the homochiral nature of the multiplet [41], see also
Ref. [48]. Here, we shall set this angle to zero for simplicity.

An important digression is needed for the kaonic axial-
vector mesons. Since these states are not eigenstates of C,
the state K, 4 belonging to the JF¢ = 17" (*P,) axial-
vector nonet and K z belonging to the J7¢ =17~ ('P))
pseudovector nonet mix:

<K1(1270)>/’ ( cospg —isin(p,() <K1.A>ﬂ 2.8)

K,(1400))  \—isinggy cospx J\K,z)
For a detailed study on the K;(1270)/K,(1400) system

using an approach similar to the one used in this work, see

Ref. [48]. The numerical value g = (56.4 +4.3)° [47,48]
implies that K| (1270) is predominantly K 3 and K (1400)

036008-3



SHAHRIYAR JAFARZADE et al.

PHYS. REV. D 106, 036008 (2022)

is predominantly K, 4 (but the mixing is large). The study
of this mixing angle via semileptonic decays can be found
in e.g., Ref. [49].

The next (fifth and sixth) entries of Table I are the
pseudovector (from which the K 5 above stems) and their
chiral partners, the (orbitally) excited vector mesons. One
can build similar nonets (see Refs. [21,22]), yet they are not
part of the decay products of the (axial-)tensor mesons
studied in this paper; therefore, we omit them in the
following.

Finally, we present the two tensor (J/ = 2) meson nonets
(seventh and eighth rows of Table I), which constitute the
main subject of this work.

The well-known JP¢ =2+* (3P,) tensor states with
elements 77 = 271/2g,(iy*® + ---)g; form an almost
ideal nonet of quark-antiquark states:

W | O
Jantay +uv

*kA-pv
72 a4 K,
0,
THY — a—yy ;fN—aZM K*O;w (29)
V2 2 Na 2
*—UY T Ouv v
K2 K2 2,8

The physical isoscalar-tensor states are

<f2(1270)> _ ( cos fir SinﬂT) (fz,zv) (2 10)
£5(1525) —sinfy cosfr) \ fas /)’ )

where fr ~5.7° is the small mixing angle reported in the
PDG, in agreement with the fact that tensor mesons belong
to a homochiral multiplet, just as (axial-)vector states. Later
on, we shall recalculate the mixing angle fr by a fit to data
on decays. The decays of tensor mesons were studied in
detail in Refs. [13,14] and references therein, and fit well
into the standard gg picture [3]. This point is corroborated
by the results of this work, see the next section.

The axial-tensor nonet with JP¢ =2"" (®D,) with
currents 27/2g;(y’y*0” + - - -)g;, builds the chiral partners
of the previously introduced tensor mesons. This nonet is
however poorly known: at present, only the kaonic states
K,(1820) and K,(1770) have been measured, the heavier
one being considered as predominately axial-tensor and the
lighter mainly pseudotensor, see Table I (as for the axial-
vector and pseudovector kaons, mixing is possible, but at
present not calculable due to lack of experimental data). For
some recent theoretical works devoted to the vacuum
properties and thermal properties of these resonances,
see Refs. [50,51] and Refs. [52,53] respectively. The matrix
for this nonet reads

TABLE II. Mesonic nonet transformations under P, C, and
Uy(3).
Charge
Nonet Parity (P) conjugation (C) Flavor (Uy(3))
0Ff=P —P(t,—X) P! UPU"
0tt =8 S(t,—X) S Usut
1= =V V,(1,=X) —(vr)! uvrut
1t = A¥ —Ay,(t,-X) (A UAYUT
2+ = T T,,(t.—%) (THv)! urwut
27— =AY —Ag, (1, —X) —(A5")! UAS'U?
“/;.LN\;%/"ZW p;ﬂy K;‘/U’
1 0
A =— Y T 2.11
Pzl o T K 21
- 0
Kz’w sz wgys

The isoscalar mixing is expected to be small in view of the
homochiral nature of the corresponding chiral multiplet in
which this nonet is embedded [41] (see also below). Thus,
for the isoscalar members: w, y ~ w, and w, g = ¢,.

The transformation rules under parity, charge conjuga-
tion, and flavor transformations for all the relevant nonets
of this work (P, S, V,A,, T, A,) are summarized in Table II.

Finally, we introduce the chiral multiplets which contain
chiral partners and have simple transformations under the
chiral group Ug(3) x U (3).

The pseudoscalar and scalar nonets build the matrix

® =S+ iP, (2.12)

whose “heterochiral” transformation can be found in
Table III. As a consequence, the strange-nonstrange mixing
angle can be large, as it is the case for the pseudoscalar
mesons (the scalar one is not easy to determine because one
has a three-state mixing problem) and possibly for the
pseudotesnor mesons [15,41].

Vector and axial-vector nonets and similarly tensor and
axial-tensor nonets build the following left-handed and
right-handed objects:

L# = Vi 4+ A,

Rf =V — A (2.13)

LA = TH 4 A%, R* = TH — AS". (2.14)
Their homochiral transformations are also listed in
Table III. One expects small isoscalar mixing angles in
these four nonets [41].

The fields listed in Table III are the needed ingredients to
write down chiral Lagrangian terms, as we shall show in the
next subsection.
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TABLEIII. Transformations of the chiral multiplets under P, C,
and UR(3) X UL(3)

Charge
Nonet Parity (P)  conjugation (C)  Ug(3) x U.(3)
(1, %) O (1, -7%) (1, X) U, U}
R (1,X) L,(t,—%) —(L*(1, X)) UrRMU',
LF(1,X) Ru(t’ —X) —(R*(1,X))" ULL”UZ
R#(1,%) L, (t,-X) (L (1, %)) UrR*™ U,
L*(t,X) R, (1. —%) (R™(1,%))" U, LW Uz

B. Chiral invariant Lagrangian terms

The standard eL.SM Lagrangian is a function of (pseudo)
scalar and (axial-)vector mesons as well as a dilaton (or
scalar glueball) field G, see Refs. [18,20,22]:

. G\?
Lo = Lay + Tel(D,®)! (D, )] — i (G—) Trioi o)

1
- ZTr[(L/%v + R/%b)]

’/n%CCG2
+TrK 22 +A>(L,%+Rﬁ)]+---, (2.15)

where Lg; is the dilaton Lagrangian for the field G [54,55]
and G, is the corresponding vacuum expectation value
(v.e.v.). [Note, the dilaton field G will not be relevant but
is formally important for dilatation invariance, but will not
appear as a decay product.] The covariant derivative
entering in the previous equation reads D,® := 9,® — ig,
(L,® — ®R,). The matrix A breaks flavor symmetry by
including a different mass for mesons carrying the strange
quark:

5y 0 0
A=| 0 8y O | wheredy~m2, Sg~m2. (2.16)
0 0 o

The eLLSM is based on the proper treatment of dilatation
and chiral invariances and their explicit and spontaneous
breaking patterns. (For other chiral models that make use
of dilatation invariance, see e.g., Refs. [56,57] and refs.
therein). The results for masses and decays of (pseudo)
scalar and (axial-)vector mesons can be found in the afore
mentioned Refs. [18,20]. For our present work, we need to
recall some of its basic features.

(i) The scalar-isoscalar fields of the model acquire
nonzero v.e.v. The dilaton field G condenses to a certain
value G, (whose numerical value is not needed here),
which is related to the breaking of dilatation invariance.
Similarly, gg scalar-isoscalar fields develop a v.e.v. as a
consequence of spontaneous symmetry breaking (SSB),
which in simple terms is due to the Mexican hat form of the

effective potential when m3 < 0. As a consequence, shifts
are necessary:

G—>G+Gy,, S—S+®d, with
PN
(% 0 0
D, = —— 2% , 2.17
=50 % o (2.17)
0 0 ¢

where the numerical values are reported in Table IV.
(ii) The axial-vector matrix must be shifted because SSB
induces a mixing of scalar and axial-vector fields, which is

proportional to the parameter ¢ = ; ’f' 1- % ~58
[18,19]. This operation amounts to
Ay = Ay +9,P,
L) 7wt ZgwgK*
1
P = ﬁ Zﬂ:wﬂ”— ZIIWJIEZ%/_”O) ZKWKKO . (2 18)
ZKWKK_ ZKWKI_(O Z’?SW"/Sr]S

where the constant terms are also given in Table IV. The
matrix P contains the pseudoscalar fields, just as the matrix
P of Eq. (2.1), but proper renormalization factors have been
included. The shifts in Egs. (2.17) and (2.18) shall also be
applied to the novel Lagrangian terms introduced below.

Next, we turn to the chirally invariant Lagrangian terms
that contain (axial-)tensor mesons. For convenience, we
shall split them into four distinct ones.

First, the chiral invariant Lagrangian that generates,
among other interactions, the masses of the spin-2 mesons
reads

TABLE IV. Numerical values of (scalar and axial-vector) shift-
related quantities needed in this work.

Parameters Expressions Numerical values [18]
Z,=7 M 1.709
w M, =915

Wy =Wy, 9in 0.683 GeV~!
my,

ZK 2m, 1.604

/4 =G (bn+V2hs)?

Wk 91 (P +v24s) 0.611 GeV~!
2

Zy, _Mhs 1.539

AT

Wy \/%11415 0.554 GeV~!
"

dn Zofn 0.158 GeV

bs i 0.138 GeV

" 5.8
o zr 1 %
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2 2
Mg, G en
Lnass = Tr K—;g% + A" ) (L, + R,%D)}

ten

h
+ %Tr[(b*d)]Tr[L””LW +R*“R,,]
+ h§"Tr[®'L*L,,® + ®R*R,, O]

+ 2K Tr[ORM DL, ], (2.19)

where A" = diag{5}j", %", 5" }; one may set the (anyhow
small) light-quark contribution 3" =0, since a term
proportional to the identity matrix can be reabsorbed into
the term proportional to m,,; the element &§" is then

obtained from the mass relation &§" =m% —m} ~

0.3 GeV? using PDG values for the tensor mesons (details
in Sec. (2.18). Besides the term proportional to A™", all the
other terms involve dimensionless coupling constants.

According to the large-N, limit, the coupling constants
RS™ and A" scale as N !, while A" as NZ3, thus being
suppressed. The mass term m, is N, independent [it is a
mass term that sets the mass scale of (axial-)tensor mesons],
while the condensate G scales as N,.. As a consequence,
the dimensionless coupling mZ,/G} scales as Nz2.

We then turn to other interaction terms that generate the
decays of (axial-)tensor mesons. The first of such terms
involves solely left- and right-handed chiral fields:

ten

g v v
Lo =2 (Tr[LW{LI‘,L }] + Tr[R,, {R". R }])
/ten
+ 2L, + R, Te[{LF, LY} + {R*. R*}],

6
(2.20)

whose coupling constants scale as ¢5" o« N 12 (dominant)

and ¢f*" « NZS/ 2 (suppressed). Further suppressed terms
are possible, but are not considered here. The coupling
constants have dimension (energy), thus the Lagrangian
can be made dilatation invariant by multiplying by G/G,,.
(Upon condensation of G, the term above is reobtained; this
is omitted here, since no relevant additional interactions
emerge.) The Lagrangian Eglzcn enables us to compute the

following two types of decays:

() 2t 50" +0;

2) 277 =>0t+1.
Both decays are extremely relevant in this work, since
the pseudoscalar-pseudoscalar mode is the dominant one for
the tensor mesons, while the pseudoscalar-vector one is the
dominant channel for the axial-tensor states. Equation (2.20)
shows that they are related by chiral transformations, and
hence depend on the same coupling constant(s).

The next Lagrangian that couples left-handed and right-
handed fields involves derivatives:

ten

a
Eale“ = TTI‘[L”U{L”, Lyﬁ} + RMD{RM, R”ﬂ}]

/ten

+ %Tr[LW + Ry, Tr[{LE, L#} + {RE, R},
(2.21)

where L := 0*LY — d“L* and analogously for R*. The
large-N,. scaling behaviors are a*" « N Zl/ 2 (dominant) and

a"* o« N*/* (subdominant). This Lagrangian cannot be
made dilatation invariant' because the coupling constants
have dimension (energy~!), thus it is expected to deliver
suppressed decays into mesons (as it turns out to be the
case). Yet, it is relevant because, after an appropriate
inclusion of the photon field via vector meson dominance
(VMD), it describes the decay of the tensor mesons to two
photons, one photon and one vector mesons, as well as
giving a subleading but important contribution to the decay
into two vector mesons.
The next chiral interaction term reads

Loen = " Tr[*LL,,0,0P" — 'R0, ®R,,
- 0'R**R,,0,®'® + 0*L""®9, DL, ]
+ c$"Tr[0"L**0,®R,, &' — R DL, 0,P

- 0'R**0,®L,,,® + 0*L"*®R,,0,P], (2.22)

where I:,,D i= 22 (0’ L° — 0°LP) and similarly for RW. This
Lagrangian breaks also dilatation invariance as it is typical
for terms involving the Levi-Civita tensor. Both constants
i and 5" scale as N Zl/ 2, Large-N . suppressed terms are
possible but are omitted here since present data do not
allow one to constrain them. The relevant decay terms are

(1) 2t >0t 4+17;

2) 277> 0" 417,
These decay channels are related by chiral symmetry and
for tensor mesons they are quite relevant. Note, the
pseudoscalar meson as a decay product is a consequence
of the shift of Eq. (2.18).

The decay of a generic spin-2 state has the form

Ftl _ |ka,b ‘
T8 = 40mm?

X |MPxx; xO(m, —m,—my), (2.23)

where m, is the mass of the decaying (axial-)tensor particle,
m, and m, are the masses of the decay products, ©(x)
denotes the Heaviside step function, and the modulus of the

'Note, formally one could multiply the Lagrangian of
Eq. (2.21) by G,/G, but that implies a nonanalytic point of
the interaction potential for G — 0; this is why only terms with
coupling constants with zero or positive dimension can be made
dilatation invariant.
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TABLE V. Decay amplitudes for different decay modes.

1X|M|2

Decay mode

2tt 5 0t 40t

ten2 2k (D ,p2) ‘4
15

9
— —+ — 2
27" >0 +1 gten2x|k s (5+2V< \)
—_ —+ ++ jten2
2 e d 0 —|— 2 41; (45 _"_4“()‘])' + 30‘:1%1)‘ )
2t 5 07 417 vl

(c (len+L(.en> mz|k o
5

e e  a (en=cim)m?, Ky "

outgoing particles momentum has the following analytic
expression:

1

k 2 2
| ab| th (

m? —m2 —ml)? —4miml.  (2.24)

We obtain the (eventually dimensionful) factors «; entering
in Eq. (2.23) for the ith decay channel from the explicit
forms of the Lagrangian (the index i runs over the flavor
channels, see the following). The decay amplitudes | M|?,
derived via Feynman rules under the use of the polarization
vectors (tensors) and their corresponding completeness
relations, are listed in Table V. To this end, we recall that
one has to average over all incoming spin-polarizations,
sum up all possible outgoing ones, as well as considering

the following completeness relations (for further details see
e.g., [58]):

(2.25)
=1
5
K P G VG(I G (le +G Gba
ZEW(/L k)eqp(A k) = ——+- p | Zuaup wva
=1 3 2
(2.26)
where
1 0 0 O
k.k, 0 -1 0
G=n, :12 ) N = 0 0 1 (2.27)
0O 0 0 -1

III. RESULTS

In this section we present the results for the (axial-)tensor
mesons. First, we discuss the masses of the well-established
tensor mesons and of their poorly known chiral partners,
the axial-tensor ones. Then, we turn to the decays, first
those of tensor mesons (that are well measured and serve as
a test of the approach and for parameter determination), and

TABLE VI. Parameters of the eLSM connected to the (axial-)
tensor mesons as determined by fits to known experimental data
(see the following for details). Note, the suffix “lat” in g5,
indicates that it was obtained via a comparison to lattice results.

Parameters Numerical values Fitting data
h5" —41 Table VII
5" 0.3 GeV? Table VII
g‘f“ (1.392 4 0.024) x 10* (MeV) Table IX
g (0.024 4 0.041) x 10* (MeV) Table IX
oo (0.7 £ 0.4) x 10* (MeV) Table XVI
ctn (4.84£0.9) x 1077 (MeV)~3 Table X
a" (=2.09 £ 0.06) x 1072 (MeV)™! Table XII
a"n (3.5+£0.4) x 1073 (MeV)™! Table XII
Pr (3.16 £ 0.81)° Table IX

then to the decays of the ground-state axial-tensor mesons
(that are mostly experimentally unknown). For the reader’s
convenience, in Table VI we summarize the parameters of
the eLSM related to the (axial-)tensor sector that will be
obtained via various fit procedures later on.

A. Masses of (axial-)tensor mesons

The expressions for the masses of tensor mesons are
obtained by expanding Eq. (2.19) and taking into account
the v.e.v.s and shifts of Eqgs. (2.17) and (2.18):

Jyten ¢2 Jjten ¢ hten
mg, Z(mtzen+25§$“)+—32 N+ 22 N+ (¢N+¢s)
(3.1)
2 2 ten en hten 2
mkzz(mten+5 +5t )+ (¢N+¢>
1 ten
+ Thwnﬁbzvfﬁs +—= (¢2 +2¢3), (3.2)
5 5 len¢N ten ten¢12v
= ey 20 + S B g 4 g3 P
(3.3)
2 2 ten htlen 2 2 ten 42 ten 42
mfz,s - (mten + 255 ) +T(¢N + ¢S) + h3 ¢S + h2 ¢S'
(3.4)

The analogous expressions for the axial-tensor mesons read

hgen ¢12V htzen ¢N hten

m2 = (mtzen + 255\6111) - 2 2

P2

5 (% +93),
(3.5)
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ten

h
M, = (s + 3§ + 35" + == (43 + ¢3)

1 h[el’l
VG h3"dnds + % (5 + 245%). (3.6)
Jpten ¢2 hten ¢2 Jpten
M = (Mien +203") = =50+ =228 2 (9 + 45),
(3.7)

ten

h
Mo = (mien + 2057) = HE"5 + WSS + == (9 + 453)-

W5

(3.8)

We observe that in each nonet the masses of the isovector
and the nonstrange isoscalar members are identical:
2 _ 2 2 2
m,, =mg,  and my =my . (3.9)
This degeneracy is broken by the (small) isoscalar mix-
ing angle.
The following three equations relate the masses of chiral
partners:

mlsz = m%z - htfn¢2 s (310)
m%(ZA = m%(z - \/ihgenququ? (311)
mg, o = mi = 2h"P3, (3.12)

out of which one obtains the following numerical estimate
[using K,(1820) and K%(1430) as inputs]:

(3.13)

Next, by using the PDG masses of the two tensor mesons
and considering %" ~ 0 and ¢73, =~ 2¢3, one gets
8" = m%z —mj ~0.3 GeV2. (3.14)

The following considerations are in order:

(1) The mass of the purely strange resonance @, g =~ ¢,
is predicted to be

(3.15)

3
2 o2 — 2 ten __ = pten 2
My, = My, s = Ma, + 25S 2h3 .

which implies the numerical value for the missing
resonance ¢, ~ w, g as
my, ~ 1971 MeV. (3.16)

In other words, the missing state ¢,(???) of Table I
could appear as a novel resonance ¢,(1971).

(2) Using the following relation between the masses of

chiral partners
my = my, — h§"py,,
we get the following prediction for the not-yet
discovered resonance p,:
m,, = 1663 MeV. (3.17)

Since we neglect the isoscalar mixing, we also
have m,, =~ 1663 MeV. Thus, the new resonances
(1663) and w, (1663) could possibly appear in the
mesonic spectrum.

(3) As aconsistency check, the eLSM predicts the mass
of the purely strange isoscalar tensor meson as

2 2

my, = mg,  + 205", (3.18)

out of which my, =~ 1520 MeV, slightly lighter

than the physical value of the resonance f%(1525)
that amounts to 1538 MeV. According to the
relation mj, = m}ZN, one has my, = 1317 MeV,
to be compared with the mass of f,(1270) of about
1297 MeV.

The small departures of the two isoscalar-tensor
states can be easily explained by introducing a small
isoscalar mixing angle. In our case, we shall study
this mixing angle in the context of two-pseudoscalar
and two-photon decay processes. When including
the isoscalar mixing in the tensor sector, Table VII
summarizes our results for the (axial-)tensor masses.

B. Decays of tensor mesons

In this subsection, we compare the predictions for the
strong and radiative decay of tensor mesons with available
PDG data.

1. T — PY + P?) decay mode

The interaction Lagrangian describing the decay of spin-
2 tensor mesons to two pseudoscalar mesons follows from
the chiral Lagrangian of Eq. (2.20) by applying the shift of
Eq. (2.18):

TABLE VII. Masses of the mesons predicted by the eLSM.
Bold entries are the PDG values. The (small) mixing for the
tensor-isoscalar mesons has been taken into account.

Resonances Masses (in MeV) Resonances Masses (in MeV)

a,(1320) 1317 pa2(?) 1663
K3(1430) 1427 K,(1820) 1819
£,(1270) 1297 oy 1663
£5(1525) 1538 W 1971
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TABLE VIII.  Coefficients for the decay channel 7 — P + P,
Decay process Kipp.i
a,(1320) — KK 2(9‘2‘“?%)2

a,(1320) - 7

2
ten
(g2 2,2, Wwy, €0s fBp

a,(1320) - =/ (—gf"Z Z, waw, sinﬂp)2

K§(1430) — 7K 3 (yze"Zkv;kZ,,w,,)Z

f2(1270) —» KK 2(waf((45f2‘°"+3g‘2°")Cos/f7-+\/§(25f2‘°"+3g‘2°")sin/jr))2
6

6 (L Q30 conpr /2 sinfr) 5

S2(1270) = 2<Z'INW'IN cos 3 (295" +345

) cos fr+/2g3" sin fr) +Z5 Wy Sin Br(V2(g+3gk") sin fr+2g5" cos /)‘T)) 2
6

) Ziwi (=(4g5"+-3g5") sin ﬂT+\/§(25/2‘°"+39‘2°“) cos i) 2

6
6 (Zﬁw,zl(—(2gg“"+3g‘2°") sin/iTJr\/zg'Z'“" cos ﬂT)) 2

6

2(23 - Way 08 B3 (— (29543 sin B+ V24" cos Br) +ZysWag sin B2 (V2(gie0 +3g5") cos fr—2g/" smﬁ;))Z
6

Lipp = g5 Tr[T"{(9,P), (9,P)}]

2
+ 3

Tr[T*]Tr[{(d,P). (9,P)}]. (3.19)

The factor 1/3 in front of the second term is chosen in
such a way that for the singlet state the same normalization
occurs. Namely, by using the decomposition \/ETQW =

8_ oTﬁu\/Hz together with 10 = \/%1, it follows T,, =
\/_ 79,1+ .... For the singlet state the Lagrangian reduces
to L,,, = ( i +g’2‘en)T0””Tr[{(aﬂ73), (0,P)}] + .... This
convention (thch of course does not affect the results) is
used in other terms as well.

The tree-level decay rate is

;{_>P(1)+P(2) (m,, m,a, mp<2>)
[k 0
= Ktpp,iTG(mt my —mye).  (3.20)

TABLE IX. Decay rates for 7 — P1) + P,

where the coefficients «;,,; (with dimension [energy~2])
are listed in Table VIII.

We perform a fit to the PDG data of Table IX with three
parameters: two coupling constants, the large-N, dominant
¢5™ and the subdominant ¢4*", as well as the mixing anlge
pr. The fit gives

gen = (1.392 £ 0.024) x 104 (MeV),
g = (0.024 + 0.041) x 10* (MeV),

Br = (3.16 £ 0.81)°. (3.21)

As predicted by large-N . arguments, the results confirm
that the coupling constant ¢4°" is much smaller than g5".
Due to the quite large error, it is also compatible with zero.
Yet, the phenomenology of large-N, suppressed decay (as
e.g., the decays of the J/y [59]) shows that such terms,
even if small, do not vanish. Moreover, the following
prediction is obtained:

Decay process (in model) eLSM (MeV) PDG (MeV)
a,(1320) - KK 4.06 +0.14 70720 < (4.9 +£0.8)%
a,(1320) > 2537 +0.87 185+3.0 < (145+1.2)%
a>(1320) — 717 (958) 1.01 +0.03 0.58 £ 0.10 <> (0.55 + 0.09)%
K3(1430) - 7K 44.82 +1.54 499+ 1.9 < (49.9 +0.6)%
£2(1270) = KK 3.544+0.29 8.5+ 0.8 < (4.6702)%
f2(1270) — 7z 168.82 -+ 3.89 157249 o (842%29)%
f2(1270) - 0.67 £ 0.03 0.75 +0.14 <> (0.4 4 0.08)%
15(1525) - KK 23.72 + 0.60 75+4 < (87.6+£22)%
15(1525) > 2z 0.67 +0.14 0.71 +0.14 < (0.83 +0.16)%
15(1525) — 1.81 +0.05 994+1.9 < (11.6+22)%
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Th:F[K;(1430) - nk} = (1.13£0.03) x 10 MeV,

PDG:0.15703% MeV.  (3.22)
which due to large uncertainties was excluded from the
fitting procedure.

Note, the isospin mixing angle f; = 3.16° is close (albeit
not equal) to the value f; = 5.7° of PDG calculated via the
following formula:

2 2 2
dmy, —my, — 3mf,2

r = 35.3° — arctan (3.23)

2 2 2
—4mK2 +my, + 3mf2

In general, the results of Table IX show a good qualitative
agreement. Yet, some entries are at odds with experimental
ones, but one should recall that the experimental data are
quite precise and only three parameters were used. The
results could be improved by adding further large-N.
suppressed terms as well as flavor-symmetry breaking
contributions. In this way a more accurate description of
the tensor decays could be possible. Such a precision study
of tensor states could be interesting on its own but is not the
main goal of this paper, thus it is left for the future.

2. T - V+P decay mode

The next experimentally well-known decay channel is
the one into a vector-pseudoscalar pair. Upon considering
the shift of Eq. (2.17), the chiral Lagrangian of Eq. (2.22)
contains the term
Etﬂp =

(57 + €572, Tr [T (V7 (9,P)

- CI)O(aaPa”V"))]. (3.24)

Defining ¢"*" := " + ¢§", the tree-level decay rate for-
mula reads

cten2 | ]_C)@,p |5

407 Knnp,i@(mt - my = mp),

F¥_>V+P(mzv my, mp) =

(3.25)

where the factors «,,, ; of mass dimension 2 are reported in
Table X.

We obtain the value for the coupling ¢**" by performing a
42 fit to the data of Table X (for a brief overview of this
procedure including the determination of the error of the
obtained parameter(s), see the Appendix of Ref. [2]):

" = (4.84+0.9) x 1077 (MeV)™3. (3.26)

In the very same table the theoretical results are also
presented. The model results are in good agreement with
the experimental data. Moreover, a noteworthy prediction
concerning f5(1525) — K*(892)K + c.c. is obtained.

C. Radiative decays

Radiative decays can be obtained via vector meson
dominance [60] by applying the additional shift
e
Vi =V +—F,0, (3.27)
9p
where V,, =0,V, - 9,V,, Q = diag{2/3,-1/3,-1/3} is
the quark charge matrix, F,, = d,A, — d,A, is the electro-
magnetic field tensor, e = v/4za is the electric coupling
constant, and g,~35.5+0.5 parametrizes the photon-
vector-meson transition. As a first application, we consider
T — yP by applying the VMD shift of Eq. (3.27) into
Eq. (3.24) that leads to the Lagrangian

e
Ly, = 0 " Tr[* T (F,, Q(0,P)®y — @y (0, PF,,0)].
P
(3.28)
and to the corresponding decay rate
y cten? | ]_éy,p 5
FT—>y+P(ml’ mp) = 407 Ktyp,iG)(mf - mp)' (329)

Taking into account ¢ in Eq. (3.26) as well as
g, = 5.5+ 0.5, we use the following equation to calculate
the theoretical errors in Table XI:

TABLE X. Decay rates and coefficients for the decay channel 7 — P + V.

Decay process (in model) eLSM (MeV) PDG-2020 (MeV) Kiop,i
a,(1320) — p(770)x 71.0+£2.6 73.61 +3.35 <> (70.1 £2.7)% 2(¢_~)2
4

K;(1430) — K*(892)% 2794+ 1.0 2692 £2.14 < (247 £ 1.6)% 3((/%)2
K3(1430) — p(770)K 103 £04 9.48 £0.97 <> (8.7+0.8)% 3 (@)2
K3(1430) —» o(782)K 35+0.1 3.16 £0.88 <> (29+0.8)% (%}qﬁvsmmy

42
£5(1525) — K*(892)K + c.c. 19.89 £0.73 4(2¢s cos P+ sinﬁf)2
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TABLE XI. Decay rates and coefficients for the decay channel 7 — y + P.
Decay process (in model) eLSM PDG-2020 Kiyp.i
K5(1430) — yK* 1.12 £ 0.47 MeV 0.24 +0.05 MeV Z_; (¢N+122\/§¢s)2
K9(1430) — yK° 5.1 +£2.2 keV <5.4 keV qu ("5”_1? S)z
ai (1320) — yot 1.01 £0.43 MeV 0.31 £0.03 MeV ;7(4%)2

ol , 2 ol , 2
5FT—>7P(mt’mp) = \/( . yP(mt mP>5Cten) + < 4 yP(mt mp)591)> .

acten

Our results for the photon-vector decays are reported in
Table XI: they are somewhat larger but, in consideration of
the large errors, in qualitative agreement with the PDG
results.

Next, we describe the two-photon decays. We note that
the chiral Lagrangian of Eq. (2.21) delivers the following
TVV interaction term:

/ten

a
‘Ctvv = atenTr[Tﬂu{Vﬂ’ VDﬁH + TTr[Tﬂ’/]Tr[{VZ’ Vbﬂ}]’
(3.31)

Then, through the VMD shift (3.27) for both vector fields,
we get the Lagrangian

2
e
L, =a ?Tr[TﬂU{QF;’,, QF“}]
P

a'en 2
+ 3 ?Tr[Tﬂy}Tr[{QF”, QF“"}], (3.32)
P
and the decay rate of the type
et 20k et m}
t7{—>yy = _—ZKY}’YJ = : (333)

4 7 tyy.is
gy Smm; g, 80x

where m, = 2|k| was used.

(3.30)

By using the experimental values of Table XII, a
standard »? approach with two free parameters (the
coupling constants ¢ and a"", f; = 3.16° kept fixed)
and three experimental data-points, gives

a® = (—2.09 + 0.06) x 102 (MeV)~!,
— (3.5+04) x 107 (MeV)~!

a/ten

(3.34)

The theoretical results are also listed in Table XII. Thus, in
this case the coupling constants are directly fitted to the
decay rates. The fact that all three data points are well
described confirm that the value the mixing angle f; =
3.16° is consistent with data. Moreover, the parameter a"*"
turns out to be much smaller than ¢™" in agreement with the
large-N . expectations. (Note: in the fit, we fixed g, = 5.5
and determined the coupling constant a'"; actually, the
combination a*"/ gf, enters into the expressions. Yet,
allowing for a variation of g, would not lead to any
significant changes here, since it could be reabsorbed by
a change of a™".)

These radiative decay channels also show that the
coupling with photons is sizable, thus the production of
these not-yet discovered states p,, @,, and ¢, in photo-
production experiments is well upheld.

It is possible to use the two parameters presented in
Eq. (3.34) for the predictions of numerous photon-vector
decay mode by shifting only one vector field of the
Lagrangian of Eq. (3.31)

TABLE XII. Decay rates and coefficients for the decay channel 7 — yy.

Decay process (in model) eLSM (keV) PDG-2020 (keV) Kiyy.i

a,(1320) - yy 1.01 £ 0.06 1.00 £ 0.06 a;:

f2(1270) - yy 1.95+0.10 2.6+0.5 <(5a‘°"+40"°“)COS/fT+\/§(a‘°“+20"°") Sinﬁr)2
18

f5(1525) —= yy 0.083 £ 0.009 0.082 £ 0.009

18

(—(Su‘e" +4a"") sin fr+ \/E(a‘e" +2a"*") cos ﬂT) 2
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TABLE XIII. Coefficients for the decay channel 7" — y 4+ V decays.

Decay process (in model) Kiyo.i
a,(1320) — p(770)y (a‘6°")2
a(z)(1320) - w(782)y (a‘°" czoSva)z
a,(1320) — ¢(1020)y (@ s2inﬁv)2
K3%(1430) — K*=(892)y (%)2
K30(1430) - K*0(892)y (&2

£2(1270) = p(770)y

£,(1270) = (782)y

((a'e" +2d"") cos fir+V/2d"" sin /)‘T> 2
2

f2(1270) - ¢(1020)y

(cosﬂv((a‘e“+2a"e") o8 fr++/2d"" sin f7) =2 sin fy (@ +a"") sin fr+1/2a"" cos /i,v)) 2
6

12(1525) = p(770)y

£4(1525) = (782)y

(sin By (@' +2a"") cos fr++1/2a"" sin fr)+2 cos fy ((a"+a"") sin fr-++/2ad"" cos /iT)) 2
6

(—(a‘°“+2a"°“) sin ﬂTJr\/ia"C" cos[)’r) 2
2

£5(1525) - ¢(1020)y

(sin Sr(=(a""+2a") cos fy+21/2a"" sin By ) +cos fr(v/2a"" cos fy—2(a'"+a"*") sin ﬂv)) 2
6

(cos/j’»,-(—2(a'e" +a"") cos fy—v/2d"" sin By )+sin fir (2v/2d"" cos fy+(a"+2a"") sin/fv)) 2
6

(T, {QF". VY]
P

2 /ten
a_¢ Tr|
9p

‘Ct}/V = 2ate“

T,,JTr[{QFY, V1] (3.35)

The vector-photon decay rates take the form

2
Kt)/? i€
157rm,mbg/,

+ 5|k, [*m2y/ K, |2 + m?

+ |k1;,y| (10m11 - 3(|kv.y|2 + m%)))
(3.36)

Ftl

T—>y+V(mt’ mv) (3|kL ;'|7 +5|k |3m12/

The corresponding coefficients are reported in Table XIII
and the numerical predictions for the not-yet measured
decay rates in Table XIV. The corresponding errors are
obtained by considering Eq. (3.34) together with g, =
5.5+ 0.5 (Note, the variation for g, = 5.5+ 0.5 must be
taken into account for the evaluation of the errors since the
different ratio «'*"/g, enters into the expressions.)
Additional sources of errors, such as the uncertainties of
masses, were neglected for simplicity. Thus, the actual
errors can be somewhat larger but of the same order of the
ones reported in Table XIV.

1. Vector-vector decay mode of tensor mesons

We conclude the present subsection by considering the
following PDG data:

PDG:T[f,(1270) — 2+ 222 ~ 19.5 MeV;
PDG :T'[a,(1320) — o(782)7a] ~ 11.3 MeV;
PDG:T[K3(1430) — K*(892)77] = 13.5 +2.3 MeV.

It is natural to interpret these decays as vector-vector
decay modes [p(770)p(770), w(782)p(770), and K*(892)
p(770)], in which the p(770) meson further decays into
two pions. In order to describe them, we introduce the
properly normalized “Sill” spectral function discussed in
Ref. [61] for the p-meson as

2_y v — 4m,2Tl:'p
T (v =mp)* + (Vy? —4mil,)?

XA dyd,(y) =1,

TABLE XIV. Predictions for 7 — y + V.

dp(y) = G(x - zmﬂ)’

(3.37)

Decay process (in model) Decay width (MeV)

a,(1320) = p(770)y 0.22 + 0.04
ad(1320) > w(782)y 1.94 4 0.04
a,(1320) = $(1020)y 0.0024 + 0.0005
K35E(1430) > K*+(892)y 0.23 4 0.04
K30(1430) — K*0(892)y 0.94 +0.18
£2(1270) = p(770)y 0.70 £ 0.17
£,(1270) = (782)y 0.068 +0.017
£2(1270) = $(1020)y 0.007 4 0.002
2(1525) = p(770)y 0.32 4 0.08
£4(1525) - w(782)y 0.012 + 0.005
£5(1525) = $(1020)y 0.61 +0.12
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where f,, is defined as

i F—>7z n
£ o=—r2 (3.38)

’ ) 2’
m, — 4my

in which I',_,,, = 149.1 MeV and m, = 775.11 MeV are
taken from the PDG (small errors omitted).

The Sill spectral function is useful because the normali-
zation is guaranteed also for broad states and because the
contribution of virtual particles (the pion-pion loop for the

|

© ©
Ffz—>pp—>4ﬂ = A dyl dp (yl) A dy2 dp<y2)r‘f2—>pp (mfz’ V1> )’2> ~29.9 MeV’
Fa2—>a}p—>a}2ﬂ = A dyl dp<y1)ra2—>pw(ma2v Mg, yl) ~11.1 MeV;

©
FK2—>K’/)—>K271' = A dyl d/)(yl)FKz—»pw(sz’ mK] ’ yl) ~ 6.6 MeV.

The results are in qualitative agreement with the exper-
imental ones: this is quite remarkable since no additional
parameter is requested. Moreover, this is a nontrivial
process that involves two distinct interaction terms (with
destructive interference) as well as the integral over the
spectral function of the p-meson.

D. Decays of axial-tensor mesons

The ground-state mesons with J”¢ = 27~ are elusive. In
this section we use the eL.SM to predict their decay rates
and compare with the available lattice QCD (LQCD) and
other theoretical results.

1. A, —» V+P decay mode

The chiral Lagrangian (2.20) contains the decay of axial-
vector states into a vector and pseudoscalar pair:
Lo,y = 95" Tr[A5{(0,P), V,}]. (3.42)

The tree-level decay rate takes the form

gl26n2|kv,p|3 ( +2|kﬂ,p|2>K .
1207m2, 2 aavp

tl —
FA2—>V+P(ma2’ mw mp) -

X O(my, —m, —m,), (3.43)

where the «,,,,; can be found in Table XV together with
the decay widths. We observe quite large decay rates for
this decay mode. Yet, our results can be considered
qualitative for various reasons:
(i) the interaction strength is determined solely by the
knowledge on tensor mesons: while this is in

p meson) has a vanishing real part, thus only the imaginary
part describing the decay width is sufficient [in other
words, no modification of the p(770)-mass part of the
denominator appears], see details in Ref. [61].

There are two chiral invariant Lagrangians, Eq. (2.20)
and Eq. (2.21), that contribute to the coupling of tensor
mesons to two vector mesons. We present the following
approximate results by considering destructive interference
between the corresponding amplitudes (the constructive
case delivers too large decay rates):

(3.39)

(3.40)

(3.41)

agreement with chiral symmetry, no corrections to
it have been taken into account, but chiral symmetry
breaking effects are expected to be relevant between
1 and 2 GeV,
(ii) the result depends on quantities of the type (Zw)? «
g‘l‘ (see Tables XV and IV), thus an even small
uncertainty in this parameter of the original eLSM
generates a quite large change of the results of the
decays of axial-tensor states;
(iii) the parameter g; (as well as others, such as ¢§") is
taken as a constant over a large range of energies, yet
it is reasonable to assume that it has a (soft) energy
dependence. One might expect that it becomes
smaller when the mass of the decaying particle
increases, thus embedding the effect of form factors
(and eventually corrections due to quantum fluctua-
tions). Also in this case, even a small change would
have a non-negligible consequence leading to the
left side of the quoted ranges in Table XV.
Summarizing, the used parameters (in particular g;)
imply a quite large and difficult to determine source of
uncertainty of our decays of axial-tensor states. In order to
be on the safe side, we thus estimate a quite large error of
about 50%, for the reported numbers in Table XV.

Experimental data is missing for the p,, @, y ~ ®,, and
@, 5 =~ ¢h,. In the kaonic sectors, the resonances K, (1820)
and K,(1770) are expected to emerge from the bare axial-
tensor and pseudotensor mesons which can mix in a way
that resembles the mixing of the axial-vector and pseudo-
vector mesons described in Eq. (2.8).

According to the assignment of Table I, K,, is closer to
K,(1820), (but this is not yet settled). The decay width for

036008-13



SHAHRIYAR JAFARZADE et al.

PHYS. REV. D 106, 036008 (2022)

TABLE XV. Predictions and coefficients for the decay channel A, — V + P.

Decay process (in model) eLSM (MeV) Kayop.i
p2(2) = p(770)n ~99 + 50 (=W, Z,, cos fp)?
p2(?) = K*(892)K +c.c. ~85 + 43 4(Zeyey?
(7)) = w(7182)x ~419 £ 210 (—w,Z, cos fy)?
p2(7) = ¢(1020)x ~0.8 (WeZ, sin By)?
KZ,A - p(770)K ~195 + 98 3 (22
K, 4 — K*(892)x ~316 £ 158 3 (%)
Ky 4 — K*(892) ~0.01 (-1(V2z,w, sinBp + Z, w, cospp))?
Ky — o0(782)K ~51 426 (=282 (v/2sin By + cos By))?
K4 — $(1020)K ~50 + 25 (‘“gzk (—V2cos fy + sin fy))?
wyn = p(770)7 ~1314 + 657 3(=Z,w,)?
w,n = K*(892)K +c.c. ~85 +43 4(— a2
@y y — o(782)n ~93 447 (Z, Wy, Os fBp cos By )?
oy = $(1020)n ~0.06 (Z,, Wy, cos Bpsin fy)*
w5 — K*(892)K + c.c. ~510 £ 255 4(—Zpe)?
Wy s — w(782)n ~1.0£0.5 (_\/EZ”SW”S sin f3p sin By )
w5 — »(782)1(958) ~0.3 (—V/2Z,,,w,, cos Bp sin fy)?
was = ¢(1020)y ~101 + 51 (—v/2Z,y,wy, cOs By sin fp)?

the K, state described in our work is approximately twice
that of the experimentally measured decay of K,(1820).
This fact suggests that the left sides of the range of
Table XV for the K,, state is favored.

This interpretation can be extended to the other decay
rates by a comparison with the lattice QCD results reported
in Table XVI. Namely, our theoretical results for decays are
of the same order of magnitude but about 2-3 times larger
than the LQCD ones. Even though both approaches have

TABLE XVI.
results.

Predictions for the A, — V + P based on LQCD

Decay process (in model) eLLSM (MeV) LQCD (MeV) [62]

p2(2) = p(T70) ~30
p2(?) = K*(892)K + c.c. ~27 36
(7)) - w(782)x ~122 125
pa(2) = $(1020)7 ~0.3

Kau = p(T70)K ~53

Ky s — K*(892)7 ~87

Ky, — K*(892)y ~0.004

Ky = (782)K ~13.8

K4 = ¢(1020)K ~13.7

wyy — p(770)7 ~363 365
@y — K*(892)K + c.c. ~25 36
W,y = o(782)n ~27 17
wyn — $(1020)n ~0.02

w5 > K*(892)K + c.c. ~100 148
w, s — »(782)n ~0.2

w5 — 0(782)n'(958) ~0.02

w5 = $(1020)n ~17 44

large uncertainties, this comparison (as well as the previous
arguments) signalizes that the low side of the range of each
decay mode of the eLSM should be preferred.

For completeness we also perform a parameter determi-
nation by directly using the LQCD results, that leads to
g5h =~ (0.7 £0. 4) x 10* (MeV) (assuming 50 percent
error in [62]) This value is within two sigma of the
previous determination in Eq. (3.21). In Table XVI, we
present the corresponding results. Quite interestingly, the
various entries are consistent with each other, thus showing
that any ratio of decays constructed with lattice results is in
agreement with the corresponding eLSM one.

In summary, the outcome of our theoretical study is
pretty clear: although the uncertainties are still large, the
axial-tensor states are expected to be broad even when
taking the low side of our results. This fact could eventually
explain the missing experimental observation of the puta-
tive states p,, @,, and ¢, up to now.

2. Ay - Ay +P decay mode

The chiral Lagrangian of Eq. (2.22) contains the decay
into an axial-tensor and pseudoscalar pair:

'Cazalp = C/tengﬂupoTr[a”ALZ/a((apA?)(aap)q)
— @y (0,P)(AT))], (3.44)
where ¢"" := ¢ — ¢§". The corresponding decay is

*Note that, in the SU(3) flavor symmetry based LQCD
calculation, the lightest pseudoscalar states have a mass of about
700 MeV.
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TABLE XVII. Predictions and coefficients for the decay
channel A, — A + P.

TABLE XVIII. Predictions and coefficients for the decay
channel Ay — T + P.

Decay process

(in model) eLSM (MeV) Kayap.i
22(?) = a;(1260)x 113(2&?)2 2(4%)2
Kyp — a)(1260)K 1(??::)2 3(@>2

KZ.A - I_(I,A” ~11 (L./[en>2
Kya = f1(1285)K

)

~0.2 (L;e“ : (72 (pn sinfi, — s cos By, ))2

i)

w5 = Ky oK +c.c.

y Cnenz | kal » |5

FA2—>A]+P(ma2’ mg,, mp) = 407 arap,i

X O(my, —m, —m,). (3.45)

The theoretical predictions (as well as the k,,,, ; values) for

each channel proportional to the factor iff:: are presented
in Table XVII [we assume here, for simplicity, that
K4 ~ K, (1400)].

Thus, in this case the decay of the tensor mesons does
not fix the strength for the axial-tensor since two equivalent
terms are present in the original Lagrangian of Eq. (2.22),
and their sum/difference appears for tensors and axial-
tensors, respectively. Nevertheless, it is reasonable to
expect that ¢ is of the same order of ¢*". In general,
rather small decay widths are therefore expected. Within
this context, it is worth mentioning that our prediction for
the p, — a;(1260)x is quite similar to the prediction in

Ref. [50] for the case of ‘c/f:: ~1.

3. Ay > T +P decay mode

The last term of the Lagrangian (2.19) enables us to
make some predictions for the decay of the axial-tensor
mesons into a tensor and pseudoscalar pair. Namely, that
Lagrangian reduces to the following interaction:

Loy = 2iht36“Tr[Ag”(PTW(DO - CDOTWP)], (3.46)
which leads to the corresponding decay
FX2—>T+P(ma2» mg,mp)
_ (B[ (1 4k 2|/?t,,,|2> |
2m2 45m? 3m2 ) e
X O(my, —m, —m,). (3.47)

The theoretical results are reported in Table XVIIL. As it
is visible, quite sizable decays are obtained in some
channels, which are then promising for future investigations
of the axial-tensor states. Note, in [50] the decay rate of
2(?) = a,(1320)x is calculated to be about 200 MeV.

Decay process (in model) eLSM (MeV) Kayip,i

() = a,(1320)7 ~88 2(%)2

Ky 4 — K3(1430)7 ~49 3(%>2
Ky 4 = a(1320)K ~84 3<@)2
Koa = f2(1270)K ~4 (dm cosr=24s Sinﬂr)z
w, s — K35(1430)K + c.c. ~15

i

In the end, it should be stressed that the sum of the
various decay rates for the axial-tensor mesons generates
quite large decay widths for these states, even by taking the
lowest side of the given ranges. Nevertheless, the discovery
of the missing axial-tensor states seems possible, especially
by looking into the decay channels described in this
subsection.

IV. CONCLUSIONS

In this work we have studied the well-known lightest
tensor mesons and their (still poorly known) chiral partners,
the axial-tensor mesons, in the framework of a chiral model
for low-energy QCD, the eLSM.

The masses as well as the strong and radiative decays
of the ground-state tensor nonet fit well into the quark-
antiquark picture, thus confirming the assignment of the
quark model review of the PDG. Thanks to chiral sym-
metry, the parameters determined in the tensor sector allow
one to make predictions for masses and decays for the
basically unknown ground-state axial-tensor resonances
[the states p,, @,y ~w,, and w, g~ ¢, were not yet
seen in experiments; only the kaonic state K,(1820) is
listed in the quark model review of the PDG]. Even though
the uncertainties are large—the widths are determined
solely by the chiral link of tensors to axial-tensors and
small changes in some key parameters generate quite
sizable variations—the emerging picture is quite clear:
the axial-tensor mesons are broad, the largest decay
channel is the one into vector-pseudoscalar, followed by
tensor-pseudoscalar and axial-vector-pseudoscalar pairs,
respectively. Large decay widths into vector-pseudoscalar
pairs are also obtained by LQCD and the corresponding
decay ratios from the lattice fit well with the ones
determined by our model calculations.

We may conclude that the states p,, @,, and ¢, can be
discovered in ongoing and future experiments (see e.g.,
Refs. [26-37] and references therein), even if that shall not
be an easy task, due to the expected large decay widths.

The study of partial wave analysis [16,63] of the decays
of (axial-)tensor mesons represents an interesting direction
to further constrain models in the future. Moreover, a
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detailed investigation of the tensor glueball (whose LQCD
predicted mass is about 2.2 GeV [64]) in a chiral framework
is a promising outlook, since the topic of glueballs is a
relevant one in low-energy QCD and various tensor mesons
in the energy region at about 2 GeV exist.
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