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We study the phenomenology of two nonets of excited vector mesons, fρð1450Þ; K�ð1410Þ;ωð1420Þ;
ϕð1680Þg and fρð1700Þ; K�ð1680Þ;ωð1650Þ;ϕð???Þg, which (roughly) correspond to radially excited 23S1
and to orbitally excited 13D1 vector mesons. We evaluate the strong and radiative decays of these mesons
into pseudoscalar and ground-state vector mesons by using an effective relativistic QFT model based on
flavor symmetry. We compare decay widths and branching ratios with various experimental results listed in
the PDG. An overall agreement of theory with experiment reinforces the standard quark-antiquark
assignment of the resonances mentioned above. Predictions for not-yet-measured quantities are also made.
In particular, we shall also make predictions for the not-yet-discovered ss̄ state of the 13D1 nonet, denoted
as ϕð???Þ. Its mass can be estimated to be about 1930 MeV; hence we shall call this putative state ϕð1930Þ.
Its main decays are into KK�ð892Þ (about 200 MeV) and KK (about 100 MeV). Since this state couples
also to γη, it can be searched for in the near future in the photoproduction-based experiments GlueX and
CLAS12 at Jefferson Lab.
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I. INTRODUCTION

Strong interactions are described by quantum chromo-
dynamics (QCD). While the degrees of freedom of the
QCD Lagrangian are elementary “colored” quarks and
gluons, the physical spectrum listed in the PDG [1] consists
of “white" hadrons. Hadrons are, in general, bound states of
quarks and gluons and are further classified into mesons
(bosonic hadrons) and baryons (fermionic hadrons).
The vast majority of mesons consist of “conventional”

quark-antiquark states (see the results of the quark model in
Ref. [2]), but nowadays experimental evidence for non-
conventional mesons is mounting, e.g. Refs. [3,4]. Some
known resonances in the low-energy sector might be
predominately four-quark states, e.g. Ref. [5], or gluonic,
e.g. Ref. [6]; in the energy region of charmonium and
bottomonium masses many resonances, the so-called X, Y
and Z states, have been found [7]. Similarly, conventional
baryons are three-quark states [8], but pentaquark states
have been also recently discovered [9].
In this work we concentrate on the light mesonic sector

by studying the phenomenology (in particular, strong and
radiative decays) of two types of excited quark-antiquark
vector mesons. The firm understanding of conventional q̄q
states is necessary to look for further nonconventional
states with the same quantum numbers. Moreover, the
general status of excited states is rather poorly understood
and improvement is needed; see the quark model review in
the PDG [10]. Excited vector mesons (for some previous
theoretical studies on them, see Refs. [11–15]) are espe-
cially interesting in this context for various reasons:

(i) The ground-state vector mesons fρð770Þ; K�ð892Þ;
ϕð1020Þ;ωð782Þg are very well known and re-
present an excellent example of an ideal q̄q nonet.
The nonrelativistic quantum numbers are ðn; L; SÞ ¼
ð1; 0; 1Þ (n being the principal quantum number, L
the spacial angular momentum, and S the spin);
hence, in the nonrelativistic spectroscopic notation
one has n 2Sþ1LJ ¼ 1 3S1 and in the relativistic
notation JPC ¼ 1−−. Considering that the nonet of
the pseudoscalar meson is special due to the im-
portance of spontaneous symmetry breaking and the
axial anomaly, one may say that ground-state vector
mesons are the lightest ideal q̄q objects.

(ii) Two types of excited vector mesons have been
experimentally measured. Although data need im-
provement, there is enough information on masses
and decays to undertake a systematic analysis. One
nonet corresponds (predominantly) to the radial
excitation, with the quantum numbers ðn; L; SÞ ¼
ð2; 0; 1Þ (spectroscopic notation 23S1, relativistic
notation JPC ¼ 1−−); the associated states are
fρð1450Þ; K�ð1410Þ;ωð1420Þ;ϕð1680Þg. [Note that
there are only two nonets of states with n ¼ 2 listed in
the PDG. Besides vector mesons, a tentative assign-
ment is done also for excited pseudoscalar mesons
with ðn; L; SÞ ¼ ð2; 0; 0Þ; for details and references
see the recent work in Ref. [16].] The second nonet
corresponds (predominantly) to the orbital excitation;
i.e. it has quantum numbers ðn; L; SÞ ¼ ð1; 2; 1Þ
(spectroscopic notation 13D1, relativistic notation still
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JPC ¼ 1−−). The associated states are
fρð1700Þ; K�ð1680Þ;ωð1650Þ;ϕð???Þg. It should
be stressed from the very beginning that the physical
resonances listed above do not correspond exactly to
the mentioned nonrelativistic quark-antiquark con-
figurations, but can arise from mixing of them
(moreover, a dressing of meson-meson pairs also
takes place). Hence we should regard the previous
assignment as indicating the predominant contri-
bution.

(iii) The state ϕð???Þ belonging to the nonet of orbitally
excited 13D1 states has not yet been observed. It is the
last missing state of that nonet, hence the empty space
in Table II of Ref. [10]. Its mass can be estimated
by the mass differences between the two nonets
described above, obtaining mϕð???Þ −mϕð1680Þ≃
mρð1700Þ −mρð1450Þ ≃ 250 MeV. Thus we expect that
ϕð???Þ has a mass of about 1930 MeV and we
therefore postulate the existence of a new resonance,
denotedϕð1930Þ (note that the value 1930MeVis not
far from the old quark model prediction of
1880 MeV [2]).

In this work, we study the decays of the excited
vector mesons fρð1450Þ; K�ð1410Þ;ωð1420Þ;ϕð1680Þg
and fρð1700Þ; K�ð1680Þ;ωð1650Þ;ϕð???Þ≡ ϕð1930Þg by
using a quantum field theoretical (QFT) approach whose
d.o.f. are mesons. The fields entering in our model
correspond to these resonances and hence roughly, but
not exactly, to the quark-antiquark configurations 23S1 and
13D1 predicted by the quark model (as discussed above
mixing is possible). Indeed, a direct link of our vector fields
to an underlying microscopic wave function of the quarks is
not possible and also not necessary (details later on). The
Lagrangian of the model is constructed under the require-
ment of flavor symmetry (i.e. the invariance under the
rotation of the quarks u, d, and s, a well-proven approxi-
mate symmetry of QCD), as well as invariance under parity
P and charge conjugation C. Indeed, flavor symmetry is
present in various approaches of low-energy QCD, such as
chiral perturbation theory [17,18], linear sigma models [19–
23], and also Bethe-Salpeter approaches [24,25]. Namely,
even after spontaneous symmetry breaking (SSB), flavor
symmetry is still manifest. The use of flavor symmetric
mesonic QFT models, on which our approach is based, has
proven to be successful in the past in studies on decays of
mesonic multiplets, such as the well-known tensor mesons
[26], the pseudovector mesons [27], the pseudotensor mes-
ons [28], and also the more difficult scalar mesons (in which
the scalar glueball leaks in) [29,30]. Here,we shall follow the
very same methodology of those works.
To be more specific, we write a Lagrangian that contains

the two nonets of excited vector mesons previously men-
tioned as well as their main decay products: the ground-state
vector mesons and pseudoscalar mesons. Moreover, in a
second step, we shall also include the photon for radiative
decays.When dominant terms in the large-Nc expansion are

kept, the number of parameter of our Lagrangian is rather
small: four parameters (two for each nonet) which allow us
to calculate a large number of decay rates (about 64 decay
rates, 32 per each nonet). As a result, we can check the
status of the quark-antiquark assignment for these states and
make predictions for decay rates which are poorly known or
have not yet been measured. In the PDG there are also many
branching ratios which can be compared to our results. We
shall find that the overall interpretation as q̄q states is
satisfactory, but some points deserve further clarification
and more data are needed (fortunately, the experiments
GlueX and CLAS12 start operation soon). Then, as a last
important step, we will make predictions for the yet-
undiscovered s̄s state ϕð???Þ≡ ϕð1930Þ.
The paper is organized as follows. In Sec. II we present

the fields of the model, the Lagrangian, and the theoretical
expressions for the decay widths, as well as the determi-
nation of the parameters. Then, in Sec. III we present the
results (separately for each excited nonet) of the decay
widths and compare them to the experimental results. In
particular, we shall also discuss various decay ratios. In
Sec. IV we summarize our results and present our outlook,
in particular in connection with the putative and yet-
undiscovered state ϕð1930Þ. Various details are relegated
to the appendixes.

II. THE MODEL

We use an effective relativistic quantum field theoretical
model based on flavor symmetry. The d.o.f. are mesonic
fields, which correspond to quark-antiquark states. In this
section, we first present the fields of the model and their
assignment; then we show the Lagrangian and finally the
expressions of the strong and radiative decay widths.

A. The fields of the model

As a first step, we introduce four nonets of mesons, which
are given in terms of matrices. Intuitively, each matrix
corresponds to the following quark-antiquark content:

1ffiffiffi
2

p

0
B@

ūu d̄u s̄u

ūd d̄d s̄d

ūs d̄s s̄s

1
CA: ð1Þ

Although strictly speaking only the relativistic notation JPC

is relevant in a relativistic QFT treatment, we shall also
keep track of the nonrelativistic notation for these multiplets,
which should be heuristically understood as the dominant
contribution in the (in our approach invisible) microscopic
wave function of the quark and the antiquark pairs. In
this way, a link with the quark model results—although
approximate—is possible and allows for a better intuitive
understanding of these states. The explicit form of the
matrices for the nonet of pseudoscalar mesons, the nonet
of ground-state vector mesons, and two nonets of excited
vector mesons read
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P ¼ 1ffiffiffi
2

p

0
BBB@

ηNþπ0ffiffi
2

p πþ Kþ

π− ηN−π0ffiffi
2

p K0

K− K̄0 ηS

1
CCCA; Vμ ¼ 1ffiffiffi

2
p

0
BBB@

ωμþρμ0ffiffi
2

p ρμþ Kμ⋆þ
i

ρμ− ωμ−ρμ0ffiffi
2

p Kμ⋆0

Kμ⋆− K̄μ⋆0 ϕμ

1
CCCA; ð2Þ

Vμ
E ¼ 1ffiffiffi

2
p

0
BBBBB@

ωμ
Eþρμ0Effiffi

2
p ρμþE Kμ⋆þ

E

ρμ−E
ωμ
E−ρ

μ0
Effiffi

2
p Kμ⋆0

E

Kμ⋆−
E K̄μ⋆0

E ϕμ
E

1
CCCCCA; Vμ

D ¼ 1ffiffiffi
2

p

0
BBBBB@

ωμ
Dþρμ0Dffiffi

2
p ρμþD Kμ⋆þ

D

ρμ−D
ωμ
D−ρ

μ0
Dffiffi

2
p Kμ⋆0

D

Kμ⋆−
D K̄μ⋆0

D ϕμ
D

1
CCCCCA: ð3Þ

(For the explicit quark-antiquarkmicroscopic current leading
to these fields, see Ref. [28]). The matrix P describes the
nonet of pseudoscalar mesons corresponding to the states
fπ; K; η≡ ηð547Þ; η0 ≡ η0ð958Þg. Namely, the two fields
denoted as ηN and ηS in Eq. (2) mix and generate the physical
fields η and η0:

ηN ¼ η cos θP − η0 sin θP and ηS ¼ η sin θP − η0 cos θP:

ð4Þ

Themixing angle θP is set to−42° [31]. Using other values in
the range (−40°, −45°), e.g. Refs. [22,32,33], would
affect only marginally our results. In the nonrelativistic
notation, this nonet corresponds (predominantly) to
ðn; L; SÞ ¼ ð1; 0; 0Þ, and hence to n 2Sþ1LJ ¼ 1 1S0. The
relativistic notation is JPC ¼ 0−þ.
The nonet of ground-state vector mesons, denoted as Vμ,

is associated to the resonances fρð770Þ; K�ð892Þ;ϕð1020Þ;
ωð782Þg. Actually, also the bare fields ω ¼ ffiffiffiffiffiffiffiffi

1=2
p ðūuþ

d̄dÞ and ϕ ¼ s̄s entering in Eq. (2) mix, but the mixing is
sufficiently small to be neglected (about −3° [10]); then,
ωð782Þ is regarded as purely nonstrange and ϕð1020Þ
as purely strange. The nonrelativistic quantum numbers
are ðn; L; SÞ ¼ ð1; 0; 1Þ, and hence n 2Sþ1LJ ¼ 1 3S1.
Relativistically, JPC ¼ 1−−.
Finally, we turn to the excited vector mesons. The matrix

Vμ
E describes the first nonet of excited vector mesons that

we assign to the states fρð1450Þ; K�ð1410Þ;ωð1420Þ;
ϕð1680Þg. As for vector mesons, we neglect the
isoscalar mixing; hence ωð1420Þ is purely nonstrange
[
ffiffiffiffiffiffiffiffi
1=2

p ðūuþ d̄dÞ] and ϕð1680Þ purely strange, s̄s. This
nonet corresponds to (predominantly but not identically)
radially excited vector mesons with the nonrelativistic
quantum numbers ðn;L;SÞ¼ð2;0;1Þ, and hence n 2Sþ1LJ ¼
2 3S1. Relativistically, JPC ¼ 1−− (just as the ground-state
vector mesons). Note that the state K�ð1410Þ has been
clearly seen in the recent lattice studies of Ref. [34] while
ωð1420Þ and ϕð1680Þ have been observed in the lattice
studies of Refs. [35,36].

The matrix Vμ
D describes the second nonet of

excited vectors: fρð1700Þ; K�ð1680Þ;ωð1650Þ;ϕð???Þg.
Also here, the isoscalar mixing is neglected. Non-
relativistically, this nonet corresponds (always predomi-
nantly) to orbitally excited vector mesons with ðn; L; SÞ ¼
ð1; 2; 1Þ, and hence n 2Sþ1LJ ¼ 1 3D1. Relativistically,
JPC ¼ 1−−. The s̄s state in the 13D1 nonet, denoted as
ϕð???Þ, has not yet been experimentally seen. By using our
model, we make predictions for this resonance. In order to
include this state into our calculation, we have to estimate
its mass. In Table I we present the masses of the known
members of the two nonets. It is visible that the mass
difference between radially and orbitally excited vector
mesons are approximately the same for all states. The
reason for that is the same type of strong dynamics
describing these mesons and their masses.
Hence, we can estimate the mass of ϕð???Þ as

mϕð???Þ ≃ ðmϕð1680Þ þ 250� 20Þ MeV ¼ 1930� 20 MeV:

ð5Þ
From now on we shall call this hypothetical state

ϕð???Þ≡ ϕð1930Þ:

All the fields have precise transformations under parity
P, charge conjugation C, and flavor symmetry Uð3ÞV,
which are summarized in Table II.

B. The Lagrangian

The Lagrangian of the model is obtained by properly
coupling the matrices listed above and by requiring
invariance under P, C, and Uð3ÞV . It explicitly reads

TABLE I. Mass differences between the members of the two
nonets of excited vector mesons.

VE ρð1450Þ K�ð1410Þ ωð1420Þ ϕð1680Þ
VD ρð1700Þ K�ð1680Þ ωð1650Þ ϕð???Þ
Difference 250 MeV 270 MeV 230 MeV ?
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L ¼ LEPP þ LDPP þ LEVP þ LDVP ð6Þ

where

LEPP ¼ igEPPTrð½∂μP; VE;μ�PÞ;
LDPP ¼ igDPPTrð½∂μP; VD;μ�PÞ; ð7Þ

LEVP ¼ gEVPTrð ~Vμν
E fVμν; PgÞ;

LDVP ¼ gDVPTrð ~Vμν
D fVμν; PgÞ: ð8Þ

The terms contain various processes: LEPP describes the
decay VE → PP, LDPP the decay VD → PP, LEVP the
decay VE → VP, and finally LDVP the decay VD → VP.
The notation ½A;B� ¼ AB − BA stands for the usual
commutator and fA;Bg ¼ ABþ BA for the anticommuta-
tor. Moreover, the dual fields have been defined in the
standard way:

~Vμν
E ¼ 1

2
ϵμναβð∂αVE;β − ∂βVE;αÞ; ð9Þ

~Vμν
D ¼ 1

2
ϵμναβð∂αVD;β − ∂βVD;αÞ: ð10Þ

For every term of the Lagrangian there is a corresponding
coupling constant: gEPP, gDPP, gEVP, and gDVP; hence the
model contains four parameters. To fix them we use some
of the experimental data taken from PDG; see Sec. III. A.
The extended forms of the interaction terms are presented
in Appendix A.
Finally, we shall also study the radiative decays of the

type V → γP. To this end, we need to perform the
following replacement of the vector field strength tensor
as (see e.g. Ref. [37])

Vμν → Vμν þ
e0
gρ

QFμν; ð11Þ

where Fμν is the field strength tensor for photons; e0 ¼ffiffiffiffiffiffiffiffi
4πα

p
(with α ≈ 1=137) is the electric charge of the proton;

gρ ¼ 5.5� 0.5 is the ρππ coupling constant; and Q ¼
diagf2=3;−1=3;−1=3g is the matrix with the charges of

the quarks. Note that radiative decays do not necessitate
any new parameter. For more details, see Appendix B.
Next, we discuss three important theoretical aspects and

further developments/improvements of our model.
(i) Large-Nc suppressed terms. In our framework, all

the nonets are interpreted as q̄q states; hence the
coupling constants gEPP, gDPP, gEVP, gDVP scale as
1=

ffiffiffiffiffiffi
Nc

p
and are dominant in the large-Nc expansion

[38] (for a review, see Ref. [39]). For instance,
concerning the decay, the ~Vμν

E → VP further flavor-
symmetric terms which are suppressed in the large-
Nc limit have the form

Trð ~Vμν
E ÞTrðVμνPÞ and Trð ~Vμν

E ÞTrðVμνÞTrðPÞ
ð12Þ

(and similarly, for ~Vμν
D → VP). The corresponding

coupling constants are proportional to 1=N3=2
c and

1=N5=2
c , respectively. At the present level of accu-

racy of the experimental data, these terms can be
safely neglected. Once more precise data become
available, they can be included. Note that such terms
do not exist for VE → PP and VD → PP because of
the anticommutator (in turn, this is the reason why
ωE;D → ππ and ϕE;D → ππ vanish).

(ii) Flavor-breaking terms. There are terms which
explicitly break flavor symmetry, such as

iTrð~λ½∂μP;VE;μ�PÞ; ð13Þ

where ~λ ∝ diagf0; md −mu;ms −mug is propor-
tional to the mass differences. Typically, md −mu
can be safely neglected, but ms −mu can be non-
negligible (in Refs. [29,30] there is a contribution of
about 10% from such a term). Also in this case, these
effects are not taken into account here because the
precision of data would not allow us to constrain
them. Note that one could also write down terms
which break flavor symmetry and are subleading in
the large-Nc expansions, but they are doubly sup-
pressed and neglected in the present work.

(iii) Mixing between excited vectors. Within our treat-
ment, the mesonic fields correspond directly to the
physical fields. Indeed, one could start with two
nonets of fields Vμ

E;bare and V
μ
D;bare which correspond

to purely radially excited (23S1) and orbitally excited
(13D1) mesons, respectively. In this case, one would
write down a Lagrangian analogous to the one of
Eqs. (7)–(8), where however the couplings should be
named differently: gbareEPP, gbareDPP, gbareEVP, gbareDVP. In
addition, one should add the mixing term between
the bare configurations:

TABLE II. Transformation properties of the nonets under
charge, parity, and flavor transformations. Notice that the parity
transformation for vector states is obtained by lowering the
Lorentz index.

Parity (P) Charge conjugation (C) Flavor [Uð3ÞV]
P −Pðt;−x⃗Þ Pt UPU†

Vμ Vμðt;−x⃗Þ −ðVμÞt UVμU†

Vμ
E VE;μðt;−x⃗Þ −ðVμ

EÞt UVμ
EU

†

Vμ
D VD;μðt;−x⃗Þ −ðVμ

DÞt UVμ
DU

†
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δmixTr½VE;bare;μV
μ
D;bare�: ð14Þ

Then, one should perform the usual Oð2Þ rotation:

VE;μ ¼ VE;bare;μ cos θED þ Vμ
D;bare sin θED; ð15Þ

VD;μ ¼ −VE;bare;μ sin θED þ Vμ
D;bare cos θED: ð16Þ

The previous equations are valid in the flavor limit
because all the members of the nonet rotate with the
same mixing angle. In terms of the physical VE;μ and
VD;μ no mixing is present. For instance, the coupling
constant gEPP reads in terms of the bare couplings as

gEPP ¼ gbareEPP cos θED þ gbareEPP sin θED; ð17Þ

similar relations hold for the other coupling con-
stants. The important point is that, once we have
performed the rotation, the fields VE and VD
correspond to the physical ones and the mixing
angle θED cannot be determined as long as flavor
symmetry is valid (in fact, it completely disappears
from all physical quantities). This is why, by no loss
of generality, we did not include any mixing term in
our Lagrangian of Eqs. (7)–(8). Thus, while we
cannot state that the physical fields have a certain
microscopic wave function, our analysis is more
general in the sense that the fields of our model are
already a mixture of the bare quark-model configu-
rations. Even though we do not expect θED to be
large, our analysis is independent of its precise
value. Indeed, the only way to render the mixing
of bare configurations visible is to include the
violations of flavor symmetry discussed above in
point (ii). In that way, different mixing angles
emerge and one cannot “rotate away” the mixing.
Such deviations are anyhow expected to be small, as
the splitting of the masses in Table II shows (similar
mass differences between the corresponding mem-
bers of the multiplets).

In conclusion, the (here neglected) effects (i), (ii), and
(iii) show how to potentially improve the present model in a
systematic way. This is left as work for the future.

C. Decay widths: Theoretical expressions

The tree-level decay widths for a resonance R ¼ VE ≡ E
or R ¼ VD ≡D can be calculated by performing a standard
QFT calculation. The results for the three channels that
we consider [pseudoscalar-pseudoscalar (PP), vector-
pseudoscalar (VP), and photon-pseudoscalar (γP)] read
explicitly

ΓR→PP ¼ sRPP
jk⃗j3
6πm2

R

�
gRPP
2

λRPP

�
2

; ð18Þ

ΓR→VP ¼ sRVP
jk⃗j3
12π

�
gRVP
2

λRVP

�
2

; ð19Þ

ΓR→γP ¼ jk⃗j3
12π

�
gRVP
2

e0
gρ

λRγP

�
2

; ð20Þ

where

jk⃗j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m4

R þ ðm2
A −m2

BÞ2 − 2ðm2
A þm2

BÞm2
R

p
2mR

ð21Þ

is the modulus of the three-momentum of the outgoing
particles. Moreover, mR refers to the mass of the decaying
resonance, while mA and mB to the masses of decay
products. In Tables III, IV, and V we report the flavor
degeneracy coefficients sRPP, sRVP as well as the Clebsch-
Gordan coefficients λRPP, λRVP, λRγP arising from the
explicit evaluation of traces (see Appendix A).
The inclusion of loops and the evaluation of the positions

of the poles would allow us to go beyond tree level; this is
also left as an outlook. For the decays that we will examine,
the ratio “width”/“mass” (Γ=M) is safely below 1, ensuring
that loop corrections do not change much the tree-level
results [40]. Yet, the study of the pole trajectories and the

TABLE III. All symmetry factors and the amplitude’s coefficients of Eq. (18). They can be extracted from the
Lagrangian of Eq. (7), whose expanded form is presented in Appendix A.

Decay channel Symmetry factor, Eq. (18) Amplitude, Eq. (18)

VE → PP VD → PP sEPP ¼ sDPP λEPP ¼ λDPP

ρð1450Þ → K̄K ρð1700Þ → K̄K 2 1
2

ρð1450Þ → ππ ρð1700Þ → ππ 1 1
K�ð1410Þ → Kπ K�ð1680Þ → Kπ 3 1

2

K�ð1410Þ → Kη K�ð1680Þ → Kη 1 1
2
ðcos θp −

ffiffiffi
2

p
sin θpÞ

K�ð1410Þ → Kη0 K�ð1680Þ → Kη0 1 1
2
ð ffiffiffi

2
p

cos θp þ sin θpÞ
ωð1420Þ → K̄K ωð1650Þ → K̄K 2 1

2

ϕð1680Þ → K̄K ϕð1930Þ → K̄K 2 1ffiffi
2

p
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eventual generation of additional poles (a typical QFT
phenomenon that occurs when the coupling strength is
strong enough, e.g. Refs. [41–44]) are surely interesting
and could be addressedwithin our framework at a later stage.

III. RESULTS

In this section we present the results. First, in Sec. 3. A
we determine the parameters of the model by using some
selected data from PDG. Then, in Sec. III. B we concentrate
on the results for the decays of the states fρð1450Þ;
K�ð1410Þ;ωð1420Þ;ϕð1680Þg and in Sec. III. C for the

states fρð1700Þ; K�ð1680Þ;ωð1650Þ;ϕð???Þ≡ ϕð1930Þg.
In both cases we shall present summarizing tables and
compare to additional ratios quoted in the PDG. When
referring to a particular experiment, we shall use the
notation of the PDG (first author and year in which the
corresponding publication appeared).

A. Determination of the coupling constants

In order to determine the coupling constants one has to
choose four well-known experimental values (two for each
nonet). At present a full fit to all experimental values does
not seem like the best procedure. In some cases, some
observables were measured by a single experiment; in other
cases different experimental results are not compatible with
each other. Hence, the choice of four rather stable exper-
imental results seems like the best strategy to fix our four
parameters. Later on, it will be possible to compare the
results to partial widths and to quite many ratios between
partial widths; see Secs. III. B and III. C.
Concerning gEPP and gEVP, we use the following

experimental data taken from PDG [1]:

Γexp
K�ð1410Þ→Kπ ¼ 15.3� 3.3 MeV ð22Þ

Γtot;exp
ϕð1680Þ ¼ 150� 50 MeV: ð23Þ

We do so because the decayK�ð1410Þ → Kπ is well known
and the width of the rather narrow resonance ϕð1680Þ is the
sum of a few decay channels, all of them also described by

TABLE IV. All symmetry factors and the amplitude’s coefficients of Eq. (19). They can be extracted from the Lagrangian of Eq. (8),
whose expanded form is presented in Appendix A.

Decay channel Symmetry factor, Eq. (19) Amplitude, Eq. (19)

VE → VP VD → VP sEVP ¼ sDVP λEVP ¼ λsDVP

ρð1450Þ → ωπ ρð1700Þ → ωπ 1 1
2

ρð1450Þ → K�ð892ÞK ρð1700Þ → K�ð892ÞK 4 1
4

ρð1450Þ → ρð770Þη ρð1700Þ → ρð770Þη 1 1
2
cos θp

ρð1450Þ → ρð770Þη0 ρð1700Þ → ρð770Þη0 1 1
2
sin θp

K�ð1410Þ → Kρ K�ð1680Þ → Kρ 3 1
4

K�ð1410Þ → Kϕ K�ð1680Þ → Kϕ 1 1

2
ffiffi
2

p

K�ð1410Þ → Kω K�ð1680Þ → Kω 1 1
4

K�ð1410Þ → K�ð892Þπ K�ð1680Þ → K�ð892Þπ 3 1
4

K�ð1410Þ → K�ð892Þη K�ð1680Þ → K�ð892Þη 1 1
4
ðcos θp þ

ffiffiffi
2

p
sin θpÞ

K�ð1410Þ → K�ð892Þη0 K�ð1680Þ → K�ð892Þη0 2 1
4
ð ffiffiffi

2
p

cos θp − sin θpÞ
ωð1420Þ → ρπ ωð1650Þ → ρπ 3 1

2

ωð1420Þ → K�ð892ÞK ωð1650Þ → K�ð892ÞK 4 1
4

ωð1420Þ → ωð782Þη ωð1650Þ → ωð782Þη 1 1
2
cos θp

ωð1420Þ → ωð782Þη0 ωð1650Þ → ωð782Þη0 1 1
2
sin θp

ϕð1680Þ → KK̄� ϕð1930Þ → KK̄� 4 1

2
ffiffi
2

p

ϕð1680Þ → ϕð1020Þη ϕð1930Þ → ϕð1020Þη 1 1ffiffi
2

p sin θp
ϕð1680Þ → ϕð1020Þη0 ϕð1930Þ → ϕð1020Þη0 1 1ffiffi

2
p cos θp

TABLE V. Amplitude’s coefficients of Eq. (20) extracted from
Eq. (8), together with the shift of Eq. (11).

Decay channel Amplitude, Eq. (20)

VE → γP VD → γP λEγP ¼ λDγP

ρð1450Þ → γπ ρð1700Þ → γπ 1
6

ρð1450Þ → γη ρð1700Þ → γη 1
2
cos θp

ρð1450Þ → γη0 ρð1700Þ → γη0 1
2
sin θp

K�ð1410Þ → γK K�ð1680Þ → γK 1
3

ωð1420Þ → γπ ωð1650Þ → γπ 1
2

ωð1420Þ → γη ωð1650Þ → γη 1
6
cos θp

ωð1420Þ → γη0 ωð1650Þ → γη0 1
6
cos θp

ϕð1680Þ → γη ϕð1930Þ → γη 1
3
sin θp

ϕð1680Þ → γη0 ϕð1930Þ → γη0 1
3
cos θp
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our model: ϕð1680Þ → K�ð892ÞK, ϕð1680Þ → ϕð1020Þη, and ϕð1680Þ → K̄K. Moreover, ϕð1680Þ → K�ð892ÞK is
reported by the PDG to be dominant: this property fits very well with our results (details in the next subsection). Upon
minimizing the function

FEðgEPP; gEVPÞ ¼
 
ΓK�ð1410→KπÞ − Γexp

K�ð1410Þ→Kπ

δΓexp
K�ð1410Þ→Kπ

!
2

þ
 
Γϕð1680Þ→K�ð892ÞK þ Γϕð1680Þ→ϕð1020Þη þ Γϕð1680Þ→K̄K − Γtot;exp

ϕð1680Þ
δΓtot;exp

ϕð1680Þ

!
2

ð24Þ

we obtain

gEPP ¼ 3.66� 0.4 and gEVP ¼ 18.4� 3.8: ð25Þ

Similarly, in order to determine the coupling constants
gDPP and gDVP we need to choose two experimental values.
For consistency, we use the results of the experiments
Aston 84 [45] and Aston 88 [46] in connection to the rather
well-known resonance K�ð1680Þ. The values that we will
use are also in agreement with the fit of PDG; see below.
The first quantity that we use is the Kρ to Kπ ratio

ΓK�ð1680Þ→Kρ

ΓK�ð1680Þ→Kπ

����
exp

¼ 1.2� 0.4 by Aston 84 ½51�; ð26Þ

which basically fixes the ratio gDVP=gDPP. Note that the fit
done by the PDG [1] reads 0.81þ0.14

−0.09 and is compatible with
Aston 84. Next, we use the decay width ΓK�ð1680Þ→Kπ ,
obtained by the following two quantities:

ΓK�ð1680Þ→Kπ

Γtot
K�ð1680Þ

����
exp

¼ 0.388� 0.036 and

Γtot
K�ð1680Þjexp ¼ 205� 50 MeVby Aston 88 ½45�; ð27Þ

out of which

ΓK�ð1680Þ→Kπjexp ¼ 79� 21 MeV from Aston 88 ½45�: ð28Þ

Note that the PDG quotes the fit ΓK�ð1680Þ→Kπ=Γtot
K�ð1680Þ ¼

0.387� 0.026, which is basically the value determined in

Aston 88. The full width quoted by the PDG reads 322�
110 MeV (as average) and is also compatible with Aston
88. Finally, by using Eqs. (26) and (28) and performing the
standard minimization of

FDðgDPP;gDVPÞ¼

0
B@

ΓK�ð1680Þ→Kρ

ΓK�ð1680Þ→Kπ
− ðΓK�ð1680Þ→Kρ

ΓK�ð1680Þ→Kπ
Þexp

δðΓK�ð1680Þ→Kρ

ΓK�ð1680Þ→Kπ
Þ

1
CA

2

þ
 
ΓK�ð1680Þ→Kπ −Γexp

K�ð1680Þ→Kπ

δΓK�ð1680Þ→Kπ

!
2

ð29Þ

we obtain

gDPP ¼ 7.15� 0.94 and gDVP ¼ 16.5� 3.5: ð30Þ

For further details on the used approach for the determi-
nation of the parameters and for the subsequent error
propagation, see Appendix C. Note that in calculating
the errors of the coupling constants of Eqs. (25) and (30) we
did not consider the uncertainties on the masses.

B. Results for the nonet
fρð1450Þ;K�ð1410Þ;ωð1420Þ;ϕð1680Þg

In Tables VI, VII, and VIII we report the results for the
decays of fρð1450Þ; K�ð1410Þ;ωð1420Þ;ϕð1680Þg into
PP, VP and γP pairs. An overall agreement of theory
with data is visible: theoretically large decays are clearly
seen in experiments, while theoretically small decays were
generally not seen. These results show that the under-
standing of this nonet as a regular q̄q is quite stable.

TABLE VI. Decays widths of (predominantly) radially excited vector mesons into two pseudoscalar
mesons (VE → PP).

Decay process VE → PP Theory (MeV) Experiment (MeV)

ρð1450Þ → K̄K 6.6� 1.4 < 6.7� 1.0 by Donnachie 91 [49]
ρð1450Þ → ππ 30.8� 6.7 ∼27� 4, seen by Clegg 94 [47]
K�ð1410Þ → Kπ 15.3� 3.3 15.3� 3.3 by PDG
K�ð1410Þ → Kη 6.9� 1.5 Not listed in PDG
K�ð1410Þ → Kη0 ≈0 Not listed in PDG
ωð1420Þ → K̄K 5.9� 1.3 Not listed in PDG
ϕð1680Þ → K̄K 19.8� 4.3 Seen by Buon 82 [54]
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Yet, there are some quantities which deserve more detailed
comments; see below. Namely, besides partial widths, the
PDG reports experimental results about ratios of different
decay channels.

(i) Resonance ρð1450Þ, strong decays. Concerning
ρð1450Þ, various ratios can be checked. The
ππ=ωπ ratio was determined by Clegg 94 in
Ref. [47]:

Γρð1450Þ→ππ

Γρð1450Þ→ωπ

����
exp

∼ 0.32 by Clegg 94 ½46�: ð31Þ

The corresponding theoretical 0.41� 0.20 agrees
well with Clegg 94. Note that this ratio depends on
the ratio of coupling constant gEPP=gEVP and there-
fore represents an independent confirmation of this
quantity. Along the same line, the ratio

Γρð1450Þ→ππ

Γρð1450Þ→ηρ

����
exp

¼ 1.3� 0.4Aulchenko 15 ½47� ð32Þ

is in qualitative agreement with the theoretical value
of 3.3� 1.6. Moving on, the upper limit for the ratio

Γρð1450Þ→KK

Γρð1450Þ→ωπ

����
exp

< 0.08Donnachie 91 ½48� ð33Þ

is also compatible with the theoretical value of
0.088� 0.043. In summary, gEPP=gEVP ≃ 1=5 is
in good agreement with various experimental results
of ρð1450Þ. Next, we consider

Γρð1450Þ→ηρ

Γρð1450Þ→ωπ

����
exp

¼
8<
:

0.081� 0.020Aulchenko15 ½47�
∼0.21Donnachie91½48�
>2Fukui91

ð34Þ

TABLE VII. Decays widths of (predominantly) radially excited vector mesons into a pseudoscalar meson and a
ground-state vector meson (VE → VP).

Decay process VE → VP Theory (MeV) Experiment (MeV)

ρð1450Þ → ωπ 74.7� 31.0 ∼84� 13 seen by Clegg 94 [47]
ρð1450Þ → K�ð892ÞK 6.7� 2.8 Possibly seen by Coan 04 [62]
ρð1450Þ → ρð770Þη 9.3� 3.9 <16.0� 2.4 by Donnachie 91 [49]
ρð1450Þ → ρð770Þη0 ≈0 Not listed in PDG
K�ð1410Þ → Kρ 12.0� 5.0 <16.2� 1.5 by PDG
K�ð1410Þ → Kϕ ≈0 Not listed in PDG
K�ð1410Þ → Kω 3.7� 1.5 Not listed in PDG
K�ð1410Þ → K�ð892Þπ 28.8� 12.0 >93� 8 by PDG
K�ð1410Þ → K�ð892Þη ≈0 Not listed in PDG
K�ð1410Þ → K�ð892Þη0 ≈0 Not listed in PDG
ωð1420Þ → ρπ 196� 81 Dominant, Γtot ¼ ð180 − 250Þ by PDG
ωð1420Þ → K�ð892ÞK 2.3� 1.0 Not listed in PDG
ωð1420Þ → ωð782Þη 4.9� 2.0 Not listed in PDG
ωð1420Þ → ωð782Þη0 ≈0 Not listed in PDG
ϕð1680Þ → KK̄� 110� 46 Dominant, Γtot ¼ 150� 50 by PDG
ϕð1680Þ → ϕð1020Þη 12.2� 5.1 Seen by Achasov 14 [63]
ϕð1680Þ → ϕð1020Þη0 ≈0 Not listed in PDG

TABLE VIII. Decay widths of (predominantly) radially excited vector mesons into a photon and a pseudoscalar
meson (VE → γP).

Decay process VE → γP Theory (MeV) Experiment (MeV)

ρð1450Þ → γπ 0.072� 0.042 Not listed
ρð1450Þ → γη 0.23� 0.14 ∼0.2–1.5 (see text)
ρð1450Þ → γη0 0.056� 0.033 Not listed
K�ð1410Þ → γK 0.18� 0.11 < 0.0529 MeV seen by PDG and Alavi-Harati 02B [64]
ωð1420Þ → γπ 0.60� 0.36 1.90� 0.75 (see text)
ωð1420Þ → γη 0.023� 0.014 Not listed
ωð1420Þ → γη0 0.0050� 0.0030 Not listed
ϕð1680Þ → γη 0.14� 0.09 Seen
ϕð1680Þ → γη0 0.076� 0.045 Not listed
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which shall be compared to our theoretical result of
≈0.12. This value is in good agreement with the
latest determination of Aulchenko 15 [48] and also
with Donnachie 91 [49]. On the contrary, the lower
limit of Fukui 91 [50] is in disagreement with the
other experiments as well as with theory. Here, the
theoretical result is parameter independent: this ratio
is purely fixed by flavor symmetry and phase space.
Due to the fact that in Sec. III. A we used only the
errors of the decay width to determine the param-
eter’s errors, no theoretical error for this ratio can be
determined. Of course, the uncertainties of other
quantities (such as the masses) and the validity of
the employed Lagrangians (see the discussion in
Sec. II. B) induce an error for this quantity (with the
estimate of about 10%–20%, which is the expected
precision of our effective model). The very same
comment will apply to all the ratios of the type
PP=PP and PV=PV, which are independent of the
coupling constants of our approach.
As a concluding remark, the interpretation of

ρð1450Þ as an excited ρ meson is in good agreement
with the present data of various experiments. In this
respect, a lighter resonance ρð1290Þ (see e.g.
Refs. [14,15,51]) is not needed in the q̄q assignment.
Eventually, such a lighter resonance can emerge as a
companion pole [41–43] once loops are included.

(ii) Resonance K�ð1410Þ, strong decays. The resonance
K�ð1410Þ is well established, both experimentally
and on the lattice [34]. Its decay into Kπ reported in
Table VI turns out to be correct because this
branching ratio was used to fix the parameters
(see Sec. III. A). However, the decay K�ð1410Þ →
K�ð892Þπ is too small when compared to the
summary of the PDG: roughly, an overestimation
of a factor 3 is present. We now discuss the ratios of
K�ð1410Þ. We start with

ΓK�ð1410Þ→ρK

ΓK�ð1410Þ→K�ð892Þπ

����
exp

< 0.17Aston 84 ½51�; ð35Þ

which should be compared to ≈0.42, which is too
large. This ratio is fixed by flavor symmetry and is
independent of the parameters; hence a disagree-
ment is quite surprising and should be clarified in the
future. Next, we consider

ΓK�ð1410Þ→πK

ΓK�ð1410Þ→K�ð892Þπ

����
exp

< 0.16Aston 84 ½51�; ð36Þ

which should be compared with 0.53� 0.26. In-
deed, this is the seed of the disagreement concerning
the decay K�ð1410Þ → K�ð892Þπ of Table VII.
Namely, the value by Aston 84 has been used to
set the upper limit quoted in the PDG.

(iii) Resonance ωð1420Þ, strong decays. The decays
of the resonance ωð1420Þ are in agreement with
data. The decay ωð1420Þ → K�ð892ÞK is theoreti-
cally the largest one (in agreement with the PDG,
which classifies this decay as dominant). All the
other decay rates are quite small (few MeV) and
were not yet discovered experimentally (hence, our
results are predictions). From the 2017 update of the
PDG one can use the values [52–60]

Γωð1420Þ→ωη

Γtot
ωð1420Þ

Γωð1420Þ→eþe−

Γtotal
ωð1420Þ

����
exp

¼ ð1.6þ0.09
−0.07Þ × 10−8 by Achasov 16B ½52� ð37Þ

Γωð1420Þ→ρπ

Γtot
ωð1420Þ

Γωð1420Þ→eþe−

Γtotal
ωð1420Þ

����
exp

¼ ð0.73� 0.08Þ × 10−6 by Aulchenko 15A ½53�
ð38Þ

to extract (in the numerator the average of errors is
used)

Γωð1420Þ→ωη

Γωð1420Þ→ρπ

����
exp

¼ ð1.6� 0.08Þ × 10−8

ð0.73� 0.08Þ × 10−6
¼ 0.021� 0.001: ð39Þ

This result compares very well to our theoretical
result ≈0.025. [Note that for the quantity in Eq. (37)
other values are listed in the PDG: they are all
compatible with Eq. (37) and with each other.]

(iv) Resonance ϕð1680Þ, strong decays. The partial
decay widths of the resonance ϕð1680Þ fits reported
in Tables VI and VII show that the channel
ϕð1680Þ → KK�ð892Þ is dominant, in agreement
with the PDG quote. Moreover, the following ratios
can be experimentally obtained and both of them are
compatible with theory:

Γϕð1680Þ→KK̄

Γϕð1680Þ→K�ð892ÞK

����
exp

¼ 0.07� 0.01Buon 82 ½54�

ð40Þ

is in good agreement with the theoretical value
(dependent on the ratio of couplings gEPP=gEVP)
of 0.18� 0.09; similarly, the parameter independent
ratio

Γϕð1680Þ→ηϕ

Γϕð1680Þ→K�ð892ÞK

����
exp

¼ 0.07� 0.01Aubert 08S ½55�

ð41Þ
agrees with the theoretical value of ≈0.11.
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(iv) Radiative decays. As a last step, we discuss also the
decay rates of excited vector mesons into photon and
pseudoscalar mesons. These radiative decays were
determined by using “vector meson dominance”
without the need for any new parameter. The
radiative decays of fρð1450Þ; K�ð1410Þ;ωð1420Þ;
ϕð1680Þg are still poorly determined experimen-
tally, but the theoretically predicted sizable decays
were seen in experiments. In two cases, numerical
values can be extracted (in other cases, our theo-
retical results represent predictions). The decay
ρð1450Þ → γη can be estimated by using

Γρð1450Þ→γη

Γρð1450Þ→eþe−

Γtotal
ρð1450Þ

����
exp

¼ 2.2� 0.5� 0.3 eV by Akhmetshin 01B ½56�;
ð42Þ

and

Γρð1450Þ→ππ

Γρð1450Þ→eþe−

Γtotal
ρð1450Þ

����
exp

¼
�
0.12 keV byDiekmann 88 ½57�
0.027þ0.015

−0.010 keV byKurdadze 83 ½58� : ð43Þ

as well as Γρð1450Þ→ππ ≈ 84 MeV (see Clegg 94
[47]). One obtains

Γρð1450Þ→γηjexp ≈
�
1.5 MeV

0.2 MeV
; ð44Þ

which is reported in Table VIII. The error unfortu-
nately cannot be determined since Clegg 94 did not
report any and there are no other determinations of
Γρð1450Þ→ππ . Nevertheless, the qualitative agreement
of the second determination with the theoretical
result (0.23� 0.14 MeV) is rather promising. Sim-
ilarly, concerning ωð1420Þ → γπ0 we use

Γωð1420Þ→γπ0

Γtotal
ωð1420Þ

Γωð1420Þ→eþe−

Γtotal
ωð1420Þ

����
exp

¼ 2.03þ0.70
−0.75 × 10−8 by Akhmetshin 05 ½59� ð45Þ

together with

Γωð1420Þ→eþe−

Γtotal
ωð1420Þ

����
exp

¼ ð23� 1Þ × 10−7 by Henner 02 ½60� ð46Þ

to obtain

Γωð1420Þ→γπ0 jexp ¼ ð1.9� 0.75Þ MeV: ð47Þ

[Note that the ratio (46) was also estimated by
Achasov 03D [61] to be 6.6, but without errors,
therefore we chose to use Henner 02. Moreover, the
value 6.6 combined with Eq. (38) would deliver a
ratio Γωð1420Þ→ρπ=Γtot

ωð1420Þ larger than 1, a result
which is not consistent.] Also in this case, the
agreement with the theoretical result Γωð1420Þ→γπ0 ¼
0.60� 0.36 MeV is interesting. Quite remarkably,
the decay ωð1420Þ → γπ0 is the strongest radiative
decay that the theory predicts and correspondingly
there is a sizable value that can be extracted by the
present experimental information.

Finally, the upper limit of decay K�ð1410Þ → Kγ as
quoted by the PDG (determined in the work of Alavi-Harati
02B [64]) is 0.052 MeV; this value is compatible with the
present theoretical result. In future experiments it should be
possible to determine this quantity. The decay width
ϕð1680Þ → γη has been also seen experimentally by
Achasov 14 [63], but no value is reported.
Summarizing, the overall agreement of theory with data is

stable and confirms that the first nonet of excited vectors
fρð1450Þ; K�ð1410Þ;ωð1420Þ;ϕð1680Þg is a standard q̄q
nonet, predominantly corresponding to the first radial exci-
tation of vector mesons. Future experimental results are
expected to come and further checks will be possible in the
near (GlueX and CLAS12) and less near (PANDA) future.

C. Results for the nonet
fρð1700Þ;K�ð1680Þ;ωð1650Þ;ϕð???Þ≡ ϕð1930Þg

In Tables IX, X, and XI we report the results
for the second nonet of excited vector mesons
fρð1700Þ; K�ð1680Þ;ωð1650Þ;ϕð???Þ≡ ϕð1930Þg. With
some exceptions to be discussed later on, there is also in
this case an overall qualitative agreement of theory with
data. One may therefore conclude that the assignment of
these mesons to a nonet of orbitally excited vector mesons
is viable. Next, we concentrate on the detailed description
of the results and to the comparison of numerous ratios
listed in the PDG.

TABLE IX. Decays widths of (predominantly) orbitally excited
vector mesons into two pseudoscalar mesons (VD → PP).

Decay process
VD → PP Theory (MeV) Experiment (MeV)

ρð1700Þ → K̄K 40� 11 8.3þ10
−8.3 MeV (see text)

ρð1700Þ → ππ 140� 37 75� 30 by Becker 79 [65]
K�ð1680Þ → Kπ 82� 22 125� 43 by PDG
K�ð1680Þ → Kη 52� 14 Not listed in PDG
K�ð1680Þ → Kη0 0.72� 0.02 Not listed in PDG
ωð1650Þ → K̄K 37� 10 Not listed in PDG
ϕð1930Þ → K̄K 104� 28 Resonance not yet known
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(i) Resonance ρð1700Þ, strong decays. The total width of
the resonance ρð1700Þ as resulting from our theoreti-
cal analysis reads 417� 147, which is in agreement
with the PDG estimate of 250� 100 MeV. The
theoretical results show a slight overestimation of
PP decays. Namely, while the ππ channel is in
agreementwithBecker79 [65] as reported inTable IX,
there are additional measurements of this channel in
older experiments [66–70]:

Γρð1700Þ→ππjexp ¼
8<
:

56� 29Martin 78C ½65�
75� 32Froggatt 77 ½66�
63� 30Hyams 73 ½67�

; ð48Þ

overall it looks compatible, but a new experimental
determination would be useful.
For the KK channel, we combine

Γρð1700Þ→KK

Γρð1700Þ→2ðπþπ−Þ

����
exp

¼0.015�0.010Delcourt81B½68�;

ð49Þ

Γρð1700Þ→ππ

Γρð1700Þ→2ðπþπ−Þ

����
exp

¼ 0.13� 0.05Aston 80 ½69�;

ð50Þ

and

Γρð1700Þ→ππ

Γtot
ρð1700Þ

����
exp

¼ 0.287þ0.043
−0.042 � 0.05Becker 79 ½64�;

ð51Þ

in order to obtain

Γρð1700Þ→KKjexp ¼ 8.3þ10.4
−8.3 MeV: ð52Þ

This is the result reported inTable IX. It is smaller than
the theoretical result, but large errors are present.
In a similar way, we use

Γρð1700Þ→KK�ð892Þ
Γρð1700Þ→2ðπþπ−Þ

����
exp

¼ 0.15� 0.03Delcourt81B ½68�

ð53Þ

to obtain

Γρð1700Þ→KK�ð892Þjexp ¼ 83� 66 MeV ð54Þ

TABLE X. Decays widths of (predominantly) orbitally excited vector mesons into a pseudoscalar meson and a
ground-state vector meson (VD → VP).

Decay process VD → VP Theory (MeV) Experiment (MeV)

ρð1700Þ → ωπ 140� 59 Seen (see text)
ρð1700Þ → K�ð892ÞK 56� 23 83� 66 MeV (see text)
ρð1700Þ → ρη 41� 17 68� 42 MeV (see text)
ρð1700Þ → ρη0 ≈0 Not listed in PDG
K�ð1680Þ → Kρ 64� 27 101� 35 by PDG
K�ð1680Þ → Kϕ 13� 6 Not listed in PDG
K�ð1680Þ → Kω 21� 9 Not listed in PDG
K�ð1680Þ → K�ð892Þπ 81� 34 96� 33 by PDG
K�ð1680Þ → K�ð892Þη 0.5� 0.2 Not listed in PDG
K�ð1680Þ → K�ð892Þη0 ≈0 Not listed in PDG
ωð1650Þ → ρπ 370� 156 ∼205, 154� 44, ∼273, 120� 18 (see text)
ωð1650Þ → K�ð892ÞK 42� 18 Not listed in PDG
ωð1650Þ → ωð782Þη 32� 13 ∼100, 56� 30 (see text)
ωð1650Þ → ωð782Þη0 ≈0 Not listed in PDG
ϕð1930Þ → KK̄� 260� 109 Resonance not yet known
ϕð1930Þ → ϕð1020Þη 67� 28 Resonance not yet known
ϕð1930Þ → ϕð1020Þη0 ≈0 Resonance not yet known

TABLE XI. Decay widths of (predominantly) orbitally excited
vector mesons into a photon and a pseudoscalar meson
(VD → γP).

Decay process
VD → γP Theory (MeV) Experiment (MeV)

ρð1700Þ → γπ 0.095� 0.058 Not listed
ρð1700Þ → γη 0.35� 0.21 Not listed
ρð1700Þ → γη0 0.13� 0.08 Not listed
K�ð1680Þ → γK 0.30� 0.18 Not listed
ωð1650Þ → γπ 0.78� 0.47 Not listed
ωð1650Þ → γη 0.035� 0.021 Not listed
ωð1650Þ → γη0 0.012� 0.007 Not listed
ϕð1930Þ → γη 0.19� 0.12 Resonance not yet known
ϕð1930Þ → γη0 0.13� 0.08 Resonance not yet known
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as reported in Table X. Although the resulting
experimental error is very large, the result is compat-
ible with the theoretical value of 56� 23 MeV. Note
that the decay mode ρð1700Þ → KK�ð892Þ was also
possibly seen by Coan 04 [62] and clearly seen in
radiative decays by Bizot 80 [71] and Delcourt 81B
[69], but one cannot use those results to obtain an
independent determination of this partial width.
The last decay that can be determined along the

same procedure is ρð1700Þ → ρη. Upon using [72]

Γρð1700Þ→ρη

Γρð1700Þ→2ðπþπ−Þ

����
exp

¼ 0.123� 0.027Delcourt82 ½72�;

ð55Þ

we derive

Γρð1700Þ→ρηjexp ¼ 68� 42 MeV; ð56Þ

as reported inTableX.Again, the error is large, but the
value fits well with theory. [For completeness, it
should be also stressed that Γρð1700Þ→ρη=Γtot

ρð1700Þ was
determined to be< 0.04 by Donnachie 87B [73], out
of which Γρð1700Þ→ρη < 10� 4. This result is not
compatible with theory or with Eq. (56).]
We now turn to the discussion of ratios. To this end,

we use the reported decay widths involving the

dilepton pair eþe−, Γρð1700Þ→MM ·
Γρð1700Þ→eþe−

Γtot
ρð1700Þ

, and

decay ratios involving 2ðπþπ−Þ, Γρð1700Þ→MM

Γρð1700Þ→2ðπþπ−Þ
, where

MM is a certain meson-meson channel (PP or VP).
We first study PP=PP ratios, then PP=PV, and
finally PV=PV.
Concerning the (parameter independent) ππ=KK

ratio, we have [first two ratios from eþe−, third one
from 2ðπþπ−Þ]

Γρð1700Þ→ππ

Γρð1700Þ→KK

¼
8<
:
∼3.7Diekman88 ½57� þBizot80 ½71�
0.83� 0.82Kurdadze83 ½58� þBizot80 ½71�
8.7� 6.7Aston80 ½69� þDelcourt81B ½68�

;

ð57Þ

which shall be compared to the theoretical result of
≈3.5, which is in rough agreement with experiment
(especially with the first determination above).
Concerning ππ=πρ, one obtains [first two ratios

from eþe−, third one from 2ðπþπ−Þ]

Γρð1700Þ→ππ

Γρð1700Þ→ηρ

����
exp

¼
8<
:
∼18Diekmann88 ½57�þAntonelli88 ½74�
4.1�2.7Kurdadze83 ½58�þAntonelli88 ½74�
1.1�0.47Aston80 ½69�þDelcourt82 ½72�

:

ð58Þ

The theoretical result 3.4� 1.1 fits quitewell with the
second entry. There is also agreement with the last
experimental result quoted above.On the contrary, the
first entry (without error) is not compatible with
theory or with the other experimental values.

Next, for the KK=ηρ ratio [first result from eþe−,
second from 2ðπþπ−Þ] we get

Γρð1700Þ→KK

Γρð1700Þ→ηρ

����
exp

¼
�
5.0�4.7Bizot80½71�þAntonelli88½74�
0.12�0.09Delcourt81B½68�þAntonelli88½74�:

ð59Þ

The corresponding theoretical width of 0.98� 0.33 is
compatible with the first entry (due to the larger
experimental errors) but not with the second. Also in
this case, the experimental values do not agree with
each other.

Going further, we discuss the ratioKK=K�ð892ÞK,
which is quite problematic [first result from eþe−,
second from 2ðπþπ−Þ, third one listed in the PDG]:

Γρð1700Þ→KK

Γρð1700Þ→K�ð892ÞK

����
exp

¼
8<
:
0.11�0.10Bizot80½71�
0.10�0.07Delcourt81B½68�
0.052�0.026Buon82½54�

:

ð60Þ

The corresponding theoretical result reads0.71�0.24.
Hence, we have a mismatch of the listed experimental
ratios with our value. The reason for this mismatch is
easy to understand: ratios of the type PP=VP depend
solely on the ratio of coupling constants gDPP=gDVP,
which is fixed byEq. (26) inwhich the results ofAston
84 [45] and Aston 88 [46] are used (see Sec. III. A).
There is noway to bring those experimental results and
the ones of Eq. (60) in agreement with each other.
Since the ratio in Eq. (26) seems to be based on a quite
solid result, we tend to believe that a new determi-
nation of KK=K�ð892ÞK is necessary.

Finally, we turn to the (parameter independent)
K�ð892ÞK=ηρ ratio [first result from eþe−, second
from 2ðπþπ−Þ]: [74]
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Γρð1700Þ→K�ð892ÞK
Γρð1700Þ→ηρ

����
exp

¼
�
43�21Bizot80½71�þAntonelli88½74�
1.22�0.27Delcourt81B½68�þDelcourt82½72� :

ð61Þ

Unfortunately, the two values are not consistent with
each other. The theoretical result that reads ≈1.37 fits
quitewell with the second entry. This result shows that
Γρð1700Þ→K�ð892ÞK is possibly overestimated by the

quantity Γρð1700Þ→K�ð892ÞK ·
Γρð1700Þ→eþe−

Γtot
ρð1700Þ

¼0.305�0.071

reported by Bizot 80 [71]. A smaller value of the latter
would lead to a better agreement with our theoretical
results. This comment also applies for the disagree-
ment with the ratio reported in Eq. (60).

(ii) Resonance K�ð1680Þ, strong decays. We now dis-
cuss the resonance K�ð1680Þ, which is experimen-
tally rather well known. The decay widths fit well
with the experiment (in agreement with the fact that
we used one of them to fix the strength of the
parameters; see Sec. III. A). In addition, we can
study two ratios.
The Kπ=K�ð892Þπ ratio is determined by the

PDG and Aston 84 (both entries bold) as

ΓK�ð1680Þ→Kπ

ΓK�ð1680Þ→K�ð892Þπ

����
exp

¼
�
1.30þ0.23

−0.14 fit byPDG

2.8� 1.1byAston84 ½51� :

ð62Þ

The two values do not agree well with each other,
but due to large errors they are not incompatible. The
theoretical result 1.01� 0.34 fits well with the PDG
value.
The second ratio, Kρ=K�ð892Þπ, reads [75]

ΓK�ð1680Þ→Kρ

ΓK�ð1680Þ→K�ð892Þπ

����
exp

¼
�
1.05þ0.27

−0.11 fit by PDG

0.97� 0.09þ0.30
−0.10 byAston 87 ½75�

: ð63Þ

The theoretical value≈0.79 fits well with both entries.
(iii) Resonance ωð1650Þ, strong decays. The dominant

decay of ωð1650Þ is represented by the mode
ωð1650Þ → ρπ. The qualitative picture agrees well
with the theory (see Table X). Yet, the theoretical
result has a very large error. The decay width
Γωð1650Þ→ρπ can be determined by using the ratios

Γωð1650Þ→ρπ

Γtot
ωð1650Þ

����
exp

¼
�∼0.65Achasov 03D ½61�
0.380� 0.014Henner 02 ½60�

ð64Þ

together with Γtot
ωð1650Þ ¼ 315� 35 MeV [1], finding

Γωð1650Þ→ρπjexp ¼
�∼205 MeVAchasov 03D ½61�
120� 18 MeVHenner 02 ½60� :

ð65Þ

The theoretical result is in agreement with the upper
determination but overestimates the latter. (The latter
value would point to a smaller value of the parameter
gDVP.) Yet, other determinations can be obtained by
using

Γωð1650Þ→ρπ

Γtot
ωð1650Þ

Γωð1650Þ→eþe−

Γtot
ωð1650Þ

¼ 1.56� 0.23Aulchenko 15A ½53� ð66Þ

together with

Γωð1650Þ→eþe−

Γtot
ωð1650Þ

����
exp

¼
�∼18Achasov 03D ½61�
32� 1Henner 02 ½60� ð67Þ

out of which

Γωð1650Þ→ρπ ¼
�∼273 MeV;Achasov 03D ½61� þ Aulchenko 15A ½53�
154� 44Henner 02 ½60� þ Aulchenko 15A ½53� : ð68Þ

The results still have large errors and a clear outcome is difficult to assess. Surely, this decay width is large and is the
dominant decay channel of ωð1650Þ.
Following the same procedure, by using [76]

Γωð1650Þ→ωη

Γtot
ωð1650Þ

Γωð1650Þ→eþe−

Γtot
ωð1650Þ

����
exp

¼ 0.57� 0.06Aubert 06D ½76�; ð69Þ
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we obtain

Γωð1650Þ→ωηjexp ¼
�∼100 MeV; Achasov 03D ½61� þ Aubert 06D ½76�
56� 30MeV; Henner 02 ½60� þ Aubert 06D ½76� ; ð70Þ

which shall be compared with the theoretical result
of 32� 13. Hence, it fits quite well with the second.
Finally, we can use Eqs. (66) and (69) to deter-

mine the ratio

Γωð1650Þ→ωη

Γωð1650Þ→ρπ

����
exp

¼ 0.365� 0.054 ð71Þ

which is somewhat larger than the theoretical value
≈0.086.

(iv) Putative resonance ϕð1930Þ, strong decays. This
resonance has not been found yet. The results of
Tables IX and X are therefore predictions. For
the reader’s convenience we summarize them in
Table XII. Hopefully, it will be possible to measure
this state in the upcoming studies of GlueX and
CLAS12 at Jefferson Lab. We comment further on
this possibility in the conclusions.

(v) Radiative decays. The results are reported in
Table XI. Experimentally, they were not yet seen.
The magnitude of these decay widths is similar to
the one of the lighter nonet of excited vector mesons;
compare with Table VIII. In particular, the largest
decay rate is ωð1650Þ → γπ, in agreement with the
fact that ωð1650Þ → ρπ is dominant. In general,
these radiative decays seem quite interesting and
important for the future studies of this nonet.

Finally, the nonet fρð1700Þ; K�ð1680Þ;ωð1650Þ;
ϕð???Þ≡ ϕð1930Þg is well compatible with a nonet of
excited vector mesons, predominantly corresponding to
orbitally excited vector states. However, the errors of the
theoretical results are quite large and some experimental
results are not yet fully in agreement with each other.
Hence, even if the qualitative picture is quite satisfactory,
there is room for quantitative improvements. Moreover, the
experimental determination of radiative decays and the
measurement of the yet-missing state ϕð1930Þ represent a
useful test to fully establish the nature of this nonet.

IV. DISCUSSIONS AND CONCLUSIONS

In this work we have studied the strong and radiative
decays of the vector mesons fρð1450Þ; K�ð1410Þ;
ωð1420Þ;ϕð1680Þg and fρð1700Þ; K�ð1680Þ;ωð1650Þ;
ϕð???Þ≡ ϕð1930Þg by using a flavor-invariant QFT
Lagrangian approach. This Lagrangian contains four cou-
pling constants, corresponding to the dominant interaction
terms in the large-Nc expansion, that have been determined
by using four well-known experimental quantities. Then,
we have compared our results to the averages and fits of the
PDG as well as to selected experiments listed therein; see
Tables VI–XI. Moreover, we have studied a large number
of ratios for which an experimental counterpart was
measured or could be deduced by combining present data.
In summary, the assignment of these mesonic states to
(predominantly) radially excited and to orbitally excited
vector mesons works well. Typically, the dominant decays
seen in experiment are also the leading ones in theory,
while those decays which were not yet seen in experiment
are generally quite small theoretically. In the future, it will
be possible to further test our theoretical approach by
measuring those decays which are not yet listed in PDG. In
some cases, some decay ratios which were measured by
more than one experiment are not in agreement with each
other. Also along this direction, future determinations will
be useful.
Besides strong decays, we have also calculated radiative

decays of the type R → γP by using vector meson
dominance. For the lighter nonet fρð1450Þ; K�ð1410Þ;
ωð1420Þ;ϕð1680Þg some radiative decays have been mea-
sured (in a couple of cases even the corresponding decay
width can be determined from existing data); for the
heavier nonet fρð1700Þ; K�ð1680Þ;ωð1650Þ;ϕð???Þg, no
experimental results exist at present. Hence, our results are

TABLE XII. Summary table for the putative state ϕð1930Þ.
Meson ϕð1930Þ

Quark composition ≈ss̄
Old spectroscopy notation (Predominantly) n2Sþ1LJ ¼ 13D1

n (Predominantly) 1
S (Predominantly) 1↑↑
L (Predominantly) 2
JPC 1−−

Mass ≈1930� 40 MeV
Decays

Decay channel Decay width
(MeV)

ϕð1930Þ → K̄K 104� 28

ϕð1930Þ → KK̄� 260� 109

ϕð1930Þ → Φð1020Þη 67� 28
ϕð1930Þ → Φð1020Þη0 ≈0
ϕð1930Þ → γη 0.19� 0.12
ϕð1930Þ → γη0 0.13� 0.08
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predictions. The study of radiative decays of excited
vector mesons seems quite promising in future experimen-
tal activities.
One important outcome of our approach concerns the

predictions for a novel ϕ state, belonging to the heavier
nonet (predominantly orbitally excited vector mesons). By
comparison with the mass differences between the two
nonets, we have estimated that the mass is about
1930 MeV; hence we have called this state ϕð1930Þ.
This mass is not far from the quark model prediction of
1890 MeV [2] and is also compatible with the lattice result
of Ref. [35] in which the mass of this predominantly s̄s
state is about 1950 MeV. In Table XII we summarize the
results for the putative state ϕð1930Þ. Note that the KK
decay is about 100 MeV [2], which turns out to be similar
to the results of the quark model. On the contrary, the mode
ϕð1930Þ → K�ð892ÞK is quite different: the quark model
predicts 50 MeV, sizably smaller than the result reported
in Table XII. (Even if the errors are large, one can conclude
that in our approach the corresponding partial decay
width is larger than 100 MeV. In general, we predict that
Γϕð1930Þ→K�K > Γϕð1930Þ→KK .)
The putative state ϕð1930Þ is quite broad, thus making

its discovery more difficult. Yet, a dedicated search by
using partial wave analysis could reveal the existence of
this state. In general, the very promising GlueX [77–79]
and CLAS12 [80] experiments take place in the near future.
The process in Fig. 1,

γ þ p → Kþ þ K− þ p; γ þ p → K0 þ K̄0 þ p; ð72Þ

is an example of a process that can be studied at GlueX and
CLAS12. Quite remarkably, each mesonic vertex is con-
tained in the present paper: ϕð1930Þγη and ϕð1930ÞKK.
An important outlook of the present work is a dedicated
study of this reaction. For the baryonic part, one can use a
well-defined hadronic model containing baryons and their
interactions with mesons (in particular, the coupling of the
nucleons to the η meson is necessary), as for instance the
extended linear sigma model (eLSM) based on the mirror
assignment presented in Refs. [81–83]. The analogous
diagram in which ϕð1930Þ couples to K�ð892ÞK,

γþp→K�þð892ÞþK−þp→KþþK−þπ0þp; ð73Þ

also takes place (together with analogous isospin related
reactions) and should be studied in the same context.
Other experiments are important as well. In principle,

the resonance ϕð1930Þ should also be contained in the
data of BABAR [84], in which the reaction eþe− → KþK−

was studied. Namely, in this reaction all the vector
mesons ρ0ð1450Þ, ωð1420Þ, ϕð1680Þ, ρ0ð1700Þ;ωð1650Þ;
ϕð???Þ≡ ϕð1930Þ enter and an interference of different
amplitudes takes place (for a recent analysis, see Ref. [85]
and references therein). Similarly, BESIII can also study a
similar reaction, but typically this experiment focused on
the range of energy above 2 GeV.
In the future, PANDA will be a leading experiment for

spectroscopy [86]. While the energy in the center of mass
will be too high to create excited vector mesons in a
fusion process, it will be very possible to produce excited
vector mesons together with light mesons (such as pions
and kaons).
On the theoretical side, we enumerated the possible

straightforward improvements of our approach: the sys-
tematic inclusion of large-Nc and flavor-symmetry violat-
ing terms. With new and more precise data, this study can
be easily performed. A further outlook consists in the
extension of the model by using chiral symmetry. Here, it
was not needed because we did not link the excited vector
mesons to chiral partners. For instance, the chiral partners
of the orbitally excited vector mesons are the rather well-
known pseudovector mesons fb1ð1235Þ; K1;B; h1ð1170Þ;
h1ð1380Þg (for the corresponding mathematical setup, see
Ref. [87]). Chiral symmetry can help to relate the decays of
this nonet to the decays of fρð1700Þ; K�ð1680Þ;ωð1650Þ;
ϕð???Þ≡ ϕð1930Þg. The same extension to radially excited
vector mesons is more difficult because the corresponding
chiral partners, a nonet of excited axial-vector states, has
not yet been experimentally discovered.
In conclusion, the theoretical and experimental study of

the two nonets of excited vector mesons is an interesting
subject of low-energy spectroscopy. While the qualitative
picture seems clear, further measurements, with special
attention on radiative decays, are needed to fully establish
the nature of these states. Moreover, the discovery of
ϕð1930Þ would represent a nice confirmation of the
quark-antiquark picture also for excited states in the
low-energy domain.
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FIG. 1. Feynman diagram for the process of Eq. (72).
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APPENDIX A: EXTENDED FORM OF THE LAGRANGIAN

In this appendix we present the extended expressions of the Lagrangian introduced in Sec. II. B, Eq. (6).
The Lagrangian terms of our model LiPP with i ¼ E, D presented in Sec. II, Eq. (7), are given by

LiPP ¼ igiPPTr½½∂μP; Vi;μ�P�

¼ igiPP
4

fK�
μ
0ðð∂μK̄0Þπ0 − K̄0ð∂μπ0Þ −

ffiffiffi
2

p
ð∂μK−Þπþ þ

ffiffiffi
2

p
K−ð∂μπþÞ

þ ð∂μηNÞK̄0 − ηNð∂μK̄0Þ þ
ffiffiffi
2

p
ηSð∂μK̄0Þ −

ffiffiffi
2

p
ð∂μηSÞK̄0Þ

þ K̄�
μ
0ðK0ð∂μπ0Þ − ð∂μK0Þπ0 −

ffiffiffi
2

p
Kþð∂μπ−Þ þ

ffiffiffi
2

p
ð∂μKþÞπ−

þ ηNð∂μK0Þ − ð∂μηNÞK0 −
ffiffiffi
2

p
ηSð∂μK0Þ þ

ffiffiffi
2

p
ð∂μηSÞK0Þ

þ K�
μ
−ðð∂μKþÞπ0 − Kþð∂μπ0Þ −

ffiffiffi
2

p
K0ð∂μπþÞ þ

ffiffiffi
2

p
ð∂μK0Þπþ

þ ηNð∂μKþÞ − ð∂μηNÞKþ −
ffiffiffi
2

p
ηSð∂μKþÞ þ

ffiffiffi
2

p
ð∂μηSÞKþÞ

þ K�
μ
þðK−ð∂μπ0Þ − ð∂μK−Þπ0 −

ffiffiffi
2

p
ð∂μK̄0Þπ− þ

ffiffiffi
2

p
K̄0ð∂μπ−Þ

þ ð∂μηNÞK− − ηNð∂μK−Þ þ
ffiffiffi
2

p
ηSð∂μK−Þ −

ffiffiffi
2

p
ð∂μηSÞK−Þ

þ ρ0μðK̄0ð∂μK0Þ − ð∂μK̄0ÞK0 þ Kþð∂μK−Þ − ð∂μKþÞK− þ 2πþð∂μπ−Þ − 2ð∂μπþÞπ−Þ
þ ρ−μ ð

ffiffiffi
2

p
Kþð∂μK̄0Þ −

ffiffiffi
2

p
ð∂μKþÞK̄0 þ 2π0ð∂μπþÞ − 2ð∂μπ0ÞπþÞ

þ ρþμ ð
ffiffiffi
2

p
K0ð∂μK−Þ −

ffiffiffi
2

p
ð∂μK0ÞK− þ 2ð∂μπ0Þπ− − 2π0ð∂μπ−ÞÞ

þ ωðK0ð∂μK̄0Þ − ð∂μK0ÞK̄0 þ Kþð∂μK−Þ − ð∂μKþÞK−Þ
þ

ffiffiffi
2

p
ϕðð∂μK0ÞK̄0 − K0ð∂μK̄0Þ − Kþð∂μK−Þ þ ð∂μKþÞK−Þg: ðA1Þ

We recall that for i ¼ E the states correspond to fρ; K�;ϕ;ωg ¼ fρð1450Þ; K�ð1410Þ;ωð1420Þ;ϕð1680Þg and for i ¼ D
to fρ; K�;ϕ;ωg ¼ fρð1700Þ; K�ð1680Þ;ωð1650Þ;ϕð1930Þg.
The Lagrangian terms of our model LiVP with i ¼ E, D presented in Sec. II, Eq. (8), are given by

LiVP ¼ giVPTrð ~Vμν
i fVμν; PgÞ ¼ 2giVPϵμναβTrðð∂αVi;βÞfð∂μVνÞ; PgÞ

¼ giVP
2

ϵμναβfð∂αρ
0
i;βÞð2π0ð∂μωνÞ þ 2ηNð∂μρ

0
νÞ − K̄0ð∂μK�

ν
0Þ − K0ð∂μK̄�

ν
0Þ þ Kþð∂μK�

ν
−Þ þ K−ð∂μK�

ν
þÞÞ

þ
ffiffiffi
2

p
ð∂αρ

−
i;βÞð

ffiffiffi
2

p
πþð∂μωνÞ þ

ffiffiffi
2

p
ηNð∂μρ

þ
ν Þ þ Kþð∂μK̄�

ν
0Þ þ K̄0ð∂μK�

ν
þÞÞ

þ
ffiffiffi
2

p
ð∂αρ

þ
i;βÞð

ffiffiffi
2

p
π−ð∂μωνÞ þ

ffiffiffi
2

p
ηNð∂μρ

−
ν Þ þ K−ð∂μK�

ν
0Þ þ K0ð∂μK�

ν
−ÞÞ

þ
ffiffiffi
2

p
ð∂αϕi;βÞð2ηSð∂μϕνÞ þ K0ð∂μK̄�
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0Þ þ K̄0ð∂μK�
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0Þ þ Kþð∂μK�

ν
−Þ þ K−ð∂μK�

ν
þÞÞ

þ ð∂αωi;βÞð2π0ð∂μρ
0
νÞ þ 2πþð∂μρ
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ν Þ þ 2π−ð∂μρ

þ
ν Þ þ 2ηNð∂μωνÞ

þ K0ð∂μK̄�
ν
0Þ þ K̄0ð∂μK�
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0Þ þ Kþð∂μK�
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−Þ þ K−ð∂μK�

ν
þÞÞ

þ ð∂αK�0
i;βÞðK̄0ð∂μωνÞ − π0ð∂μK̄�

ν
0Þ þ
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2

p
πþð∂μK�

ν
−Þ − K̄0ð∂μρ

0
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2

p
K−ð∂μρ
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ffiffiffi
2

p
ηSð∂μK̄�

ν
0Þ þ
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2

p
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þ ð∂αK̄�0
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ν
0Þ þ

ffiffiffi
2

p
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0
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2
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ffiffiffi
2
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ηSð∂μK�

ν
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2

p
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2
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ν
0Þ þ Kþð∂μρ

0
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2
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2
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ν
0Þ þ K−ð∂μρ

0
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2
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We recall that for i ¼ E the states correspond to
fρ; K�; ϕ; ωg ¼ fρð1450Þ; K�ð1410Þ; ωð1420Þ; ϕð1680Þg
and for i ¼ D to fρ; K�;ϕ;ωg ¼ fρð1700Þ; K�ð1680Þ;
ωð1650Þ;ϕð1930Þg.

APPENDIX B: COUPLING TO THE
PHOTON VIA VMD

Let us start from a single neutral ρ0 meson. Its coupling
to an electron-positron pair can be written down as

Lρeþe− ¼ gρeþe−ρ0μψ̄eγ
μψe: ðB1Þ

Then, the decay into eþe− reads

Γρ→eþe− ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

ρ

4
−m2

e

q
6πm2

ρ
ðm2

ρ þ 2m2
eÞg2ρeþe− : ðB2Þ

The interaction (B1) can be obtained in the framework
of vector meson dominance (according to the so-called
VMD-1 of Ref. [37]) by considering the Lagrangian

LVMD;ρ ¼ e0Aμψ̄eγ
μψe −

e0
2gρ

ρ0μνFμν; ðB3Þ

where the coupling gρ appears also in the decay amplitude
of the process ρ0 → πþπ−. The ρ0 meson first transforms to
a photon, which then generates a lepton pair. As a
consequence, the following relation holds:

gρeþe− ¼ e0
gρ

: ðB4Þ

In fact ρ0μνFμν → 2q2ρ0μAμ; hence one gets in the corre-
sponding amplitude (upon using the Feynman rules)

e0
2gρ

2q2
1

q2
¼ e0

gρ
: ðB5Þ

Finally, VMD-1 implies that

Γρ→eþe− ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

ρ

4
−m2

e

q
6πm2

ρ
ðm2

ρ þ 2m2
eÞ
�
e
gρ

�
2

: ðB6Þ

The very same formula can be used for the decay into a
muon pair:

Γρ→μþμ− ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

ρ

4
−m2

μ

q
6πm2

ρ
ðm2

ρ þ 2m2
μÞ
�
e
gρ

�
2

: ðB7Þ

Moreover, also the decay of the other neutral scalar states
can be obtained as (straightforward changes due to different
charges of quarks must be taken into account)

Γω→eþe− ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

ω
4
−m2

e

q
6πm2

ω
ðm2

ω þ 2m2
eÞ
�

e
3gρ

�
2

; ðB8Þ

Γϕ→eþe− ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

ϕ

4
−m2

e

q
6πm2

ϕ

ðm2
ϕ þ 2m2

eÞ
�
−

ffiffiffi
2

p

3

e
gρ

�2

: ðB9Þ

The extension of the latter two to the decays into a muon
pair is straightforward.
The extension to the full nonet is then obtained by using

the matrix for vector mesons introduced in Sec. II, which
we rewrite here for convenience:

Vμ ¼
1ffiffiffi
2

p

0
BBB@

ωffiffi
2

p þ ρ0ffiffi
2

p ρþ Kð892Þ�þ

ρ− ωffiffi
2

p − ρ0ffiffi
2

p Kð892Þ�0

Kð892Þ�− K̄ð892Þ�0 ϕ

1
CCCA: ðB10Þ

The VMD approach reads

LVMD;full ¼ e0Aμψ̄eγ
μψe −

e
gρ

FμνTr½VμνQ� ðB11Þ

with

Q ¼

0
B@

2=3 0 0

0 −1=3 0

0 0 −1=3

1
CA: ðB12Þ

Finally, the photon-meson mixing can be taken into
account by performing the shift

Vμν → Vμν þ
e0
gρ

FμνQ: ðB13Þ

This is the shift that we have applied in order to determine
the decay of the type R → γP studied in this work.
Intuitively, one has a decay chain of the type
R → VP → γP, where in the second step the transition
V → γ has taken place according to VMD.

APPENDIX C: ERRORS OF THE COUPLING
CONSTANTS AND THEIR PROPAGATION

Let us consider the χ2 function F≡ FðxkÞ, where xk are
the parameters of the theory with k ¼ 1;…; N [in our cases,
F corresponds to Eq. (24) and to Eq. (29) respectively, and
the parameters x1 and x2 are the coupling constants]. We
look for the minimum of F by solving ∂qFðxkÞ ¼
0 → xk ¼ xmin

k . The Taylor expansion reads
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FðxkÞ ¼ Fðxmin
k Þ þ ðxk − xmin

k ÞHkqðxq − xmin
q Þ þ � � � ;

Hkq ¼
1

2

∂2F
∂xk∂xq

����
xk¼xmin

k

: ðC1Þ

The matrixH, with elementsHkq, is the Hesse matrix of the
function F evaluated at the minimum. We introduce the
matrix B such that BHBt ¼ D ¼ diagfλ1;…; λNg and
the new variables zk ¼Bkqðxq−xmin

q Þ (note that Bkq¼ ∂zk∂xq).
As function of zk, we get

F≡ FðzkÞ ¼ Fðxmin
k Þ þ z2kλk þ � � � ðC2Þ

Therefore the error of zk is given by δzk ¼ 1=
ffiffiffiffiffi
λk

p
(incre-

ments of 1 of the χ2). Next, let us consider an arbitrary
function of the parameters G≡GðxkÞ, which represents
some physical quantity of interest (in our examples, it can be
a decay width or a ratio of decay widths). The physical value
of G is clearly given by Gðxmin

k Þ. Its error is evaluated with
respect to the (mutually independent) parameters zk:

δG ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�∂G
∂zk
����
zk¼0

δzk

�
2

s
; ðC3Þ

where

∂G
∂zk
����
zk¼0

¼ ∂G
∂xq
����
xk¼xmin

k

Bt
qk ¼

∂G
∂xq
����
xk¼xmin

k

Bkq: ðC4Þ

The errors of the parameters xr are calculated by setting
G ¼ xr, out of which (upon using ∂xr∂zk ¼ Bt

rk ¼ Bkr)

δxr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðBkrδzkÞ2

q
¼

ffiffiffiffiffiffiffiffiffi
H−1

rr

q
: ðC5Þ

(For the last equality we used H−1 ¼ BtD−1B → H−1
rr ¼

Bt
rqD−1

qkBkr ¼ Bt
rkδz

2
kBkr ¼ B2

krδz
2
k.) In this way we

evaluated the parameter errors in Sec. III. A. It is also
interesting to mention that the naive evaluation of the error
of G as

δGnaive ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�∂G
∂xk
����
xk¼xmin

k

δxk

�
2

s
ðC6Þ

is in general not correct (typically, it is an overestimation of
the error δG).
Finally, we turn to our concrete examples. For the nonet

of radially excited vector states, we identify x1 ¼ gEPP and
x2 ¼ gEVP, and F is given by Eq. (24). Here, the Hesse
matrix is from the very beginning diagonal. Then, in this
particular case δGnaive ¼ δG; hence the error of a certain
quantity GðgEPP; gEVPÞ reads

δG¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi� ∂G
∂gEPP

����
min

δgEPP

�
2

þ
� ∂G
∂gEVP

����
min

δgEVP

�
2

s
ðC7Þ

where “min” refers to the values of Eq. (25). In this way all
the errors of the quantities of Sec. III. B were evaluated.
Concerning the nonet of orbitally excited vector states, we

set x1 ¼ gDPP andx2 ¼ gDVP anduseF fromEq. (29).While
for the decays in Tables IX, X, and XI (which involve only
one of the two coupling constants) the naive procedurewould
still bevalid, this is not true in general and the diagonalization
is necessary. For instance, for the ratios of coupling constants
(entering into the various decay ratios studied in Sec. III. C),
one setsG ¼ g2DPP=g

2
DVP. The central value reads 5.4 and the

corresponding error is δG ¼ 1.8, whereas δGnaive ¼ 2.7
would be an overestimation.
In this work, we have limited our evaluation of the errors

to the couplings discussed above because they represent the
largest source of indeterminacy. Yet, as mentioned in the
text, other error sources (not included here) exist, such as
masses and flavor-breaking and large-Nc suppressed terms.

[1] C. Patrignani et al. (Particle Data Group), Review of particle
physicsChin. Phys. C 40, 100001 (2016).

[2] S. Godfrey and N. Isgur, Mesons in a relativized quark
model with chromodynamics, Phys. Rev. D 32, 189 (1985).

[3] C. Amsler and N. A. Tornqvist, Mesons beyond the naive
quark model, Phys. Rep. 389, 61 (2004).

[4] E. Klempt and A. Zaitsev, Glueballs, hybrids, multiquarks:
Experimental facts versus QCD inspired concepts, Phys.
Rep. 454, 1 (2007).

[5] J. R. Pelaez, From controversy to precision on the sigma
meson: A review on the status of the non-ordinary f0ð500Þ
resonance, Phys. Rep. 658, 1 (2016).

[6] W. Ochs, The status of glueballs, J. Phys. G 40, 043001
(2013).

[7] H. X. Chen, W. Chen, X. Liu, and S. L. Zhu, The hidden-
charm pentaquark and tetraquark states, Phys. Rep. 639, 1
(2016).

[8] S. Capstick and N. Isgur, Baryons in a relativized quark
model with chromodynamics, Phys. Rev. D 34, 2809 (1986)
[AIP Conf. Proc. 132, 267 (1985)].

[9] R. Aaij et al. (LHCb Collaboration), Observation of
J=ψp Resonances Consistent with Pentaquark States in
Λ0
b → J=ψK−p Decays, Phys. Rev. Lett. 115, 072001

(2015).

PIOTROWSKA, REISINGER, and GIACOSA PHYSICAL REVIEW D 96, 054033 (2017)

054033-18

https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1016/j.physrep.2003.09.003
https://doi.org/10.1016/j.physrep.2007.07.006
https://doi.org/10.1016/j.physrep.2007.07.006
https://doi.org/10.1016/j.physrep.2016.09.001
https://doi.org/10.1088/0954-3899/40/4/043001
https://doi.org/10.1088/0954-3899/40/4/043001
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1103/PhysRevD.34.2809
https://doi.org/10.1063/1.35361
https://doi.org/10.1103/PhysRevLett.115.072001
https://doi.org/10.1103/PhysRevLett.115.072001


[10] Quark model, Standard Model and related topics, Reviews,
Tables and Plots of the PDG.

[11] S. S. Afonin and I. V. Pusenkov, Universal description of
radially excited heavy and light vector mesons, Phys. Rev. D
90, 094020 (2014).

[12] F. Caporale and I. P. Ivanov, Production of orbitally excited
vector mesons in diffractive DIS, Phys. Lett. B 622, 55
(2005).

[13] A. M. Badalian and B. L. G. Bakker, Radial Regge trajec-
tories and leptonic widths of the isovector mesons, Phys.
Rev. D 93, 074034 (2016).

[14] S. Coito, G. Rupp, and E. van Beveren, Unquenched quark-
model calculation of excited ρ resonances and P-wave ππ
phase shifts, Bled Workshops Phys. 16, 1 (2015).

[15] G. Rupp, S. Coito, and E. van Beveren, Unquenching the
meson spectrum: A model study of excited ρ resonances,
Acta Phys. Pol. B 9, 653 (2016).

[16] D. Parganlija and F. Giacosa, Excited scalar and pseudo-
scalar mesons in the extended linear sigma model, Eur.
Phys. J. C 77, 450 (2017).

[17] A. Pich, Chiral perturbation theory, Rep. Prog. Phys. 58,
563 (1995).

[18] S. Scherer, Introduction to chiral perturbation theory, Adv.
Nucl. Phys. 27, 277 (2003).

[19] S. Gasiorowicz and D. A. Geffen, Effective Lagrangians and
field algebras with chiral symmetry, Rev. Mod. Phys. 41,
531 (1969).

[20] C. Rosenzweig, J. Schechter, and C. G. Trahern, Is the
effective Lagrangian for QCD a sigma model?, Phys. Rev. D
21, 3388 (1980).

[21] A. H. Fariborz, R. Jora, and J. Schechter, Toy model for two
chiral nonets, Phys. Rev. D 72, 034001 (2005).

[22] D. Parganlija, P. Kovacs, G. Wolf, F. Giacosa, and D. H.
Rischke, Meson vacuum phenomenology in a three-flavor
linear sigma model with (axial-)vector mesons, Phys. Rev.
D 87, 014011 (2013).

[23] S. Janowski, F. Giacosa, and D. H. Rischke, Is f0(1710) a
glueball?, Phys. Rev. D 90, 114005 (2014).

[24] R. Alkofer and L. von Smekal, The infrared behavior of
QCD Green’s functions: Confinement dynamical symmetry
breaking, and hadrons as relativistic bound states, Phys.
Rep. 353, 281 (2001).

[25] G. Eichmann, H. Sanchis-Alepuz, R. Williams, R. Alkofer,
and C. S. Fischer, Baryons as relativistic three-quark bound
states, Prog. Part. Nucl. Phys. 91, 1 (2016).

[26] F. Giacosa, T. Gutsche, V. E. Lyubovitskij, and A. Faessler,
Decays of tensor mesons and the tensor glueball in an
effective field approach, Phys. Rev. D 72, 114021
(2005).

[27] F. Divotgey, L. Olbrich, and F. Giacosa, Phenomenology of
axial-vector and pseudovector mesons: Decays and mixing
in the kaonic sector, Eur. Phys. J. A 49, 135 (2013).

[28] A. Koenigstein and F. Giacosa, Phenomenology of pseu-
dotensor mesons and the pseudotensor glueball, Eur. Phys.
J. A 52, 356 (2016).

[29] F. Giacosa, T. Gutsche, V. E. Lyubovitskij, and A. Faessler,
Scalar nonet quarkonia and the scalar glueball: Mixing and
decays in an effective chiral approach, Phys. Rev. D 72,
094006 (2005).

[30] F. Giacosa, T. Gutsche, V. E. Lyubovitskij, and A. Faessler,
Scalar meson and glueball decays within a effective chiral
approach, Phys. Lett. B 622, 277 (2005).

[31] G. Amelino-Camelia et al., Physics with the KLOE-2
experiment at the upgraded DAϕNE, Eur. Phys. J. C 68,
619 (2010).

[32] T. Feldmann, P. Kroll, and B. Stech, Mixing and decay
constants of pseudoscalar mesons, Phys. Rev. D 58, 114006
(1998).

[33] S. D. Bass and A.W. Thomas, Eta bound states in nuclei: A
probe of flavor-singlet dynamics, Phys. Lett. B 634, 368
(2006).

[34] S. Prelovsek, L. Leskovec, C. B. Lang, and D. Mohler, Kπ
scattering and the K* decay width from lattice QCD, Phys.
Rev. D 88, 054508 (2013).

[35] J. J. Dudek, R. G. Edwards, B. Joo, M. J. Peardon, D. G.
Richards, and C. E. Thomas, Isoscalar meson spectroscopy
from lattice QCD, Phys. Rev. D 83, 111502 (2011).

[36] J. J. Dudek, R. G. Edwards, P. Guo, and C. E. Thomas
(Hadron Spectrum Collaboration), Toward the excited iso-
scalar meson spectrum from lattice QCD, Phys. Rev. D 88,
094505 (2013).

[37] H. B. O’Connell, B. C. Pearce, A.W. Thomas, and A. G.
Williams, ρ − ω mixing, vector meson dominance and the
pion form-factor, Prog. Part. Nucl. Phys. 39, 201 (1997).

[38] G. ’t Hooft, A planar diagram theory for strong interactions,
Nucl. Phys. B72, 461 (1974).

[39] E. Witten, Baryons in the 1/n expansion, Nucl. Phys. B160,
57 (1979).

[40] F. Giacosa and G. Pagliara, On the spectral functions of
scalar mesons, Phys. Rev. C 76, 065204 (2007).

[41] M. Boglione and M. R. Pennington, Dynamical generation
of scalar mesons, Phys. Rev. D 65, 114010 (2002).

[42] T. Wolkanowski, F. Giacosa, and D. H. Rischke, a0ð980Þ
revisited, Phys. Rev. D 93, 014002 (2016).

[43] T. Wolkanowski, M. Soltysiak, and F. Giacosa,K�
0ð800Þ as a

companion pole of K�
0ð1430Þ, Nucl. Phys. B909, 418

(2016).
[44] M. Soltysiak, T. Wolkanowski, and F. Giacosa, Large-Nc

pole trajectories of the vector kaonK�ð892Þ and of the scalar
kaons K�

0ð800Þ and K�
0ð1430Þ, Acta Phys. Pol. B 9, 321

(2016).
[45] D. Aston et al., Observation of two nonleading strangeness

1 vector mesons, Phys. Lett. 149B, 258 (1984).
[46] D. Aston et al., A study of K- piþ scattering in the reaction

K- p → K- piþ n at 11- GeV=c, Nucl. Phys. B296, 493
(1988).

[47] A. B. Clegg and A. Donnachie, Higher vector meson states
produced in electron-positron annihilation, Z. Phys. C 62,
455 (1994).

[48] V. M. Aulchenko et al. (SND Collaboration), Measurement
of the eþe− → ηπþπ− cross section in the center-of-mass
energy range 1.22–2.00 GeV with the SND detector at the
VEPP-2000 collider, Phys. Rev. D 91, 052013 (2015).

[49] A. Donnachie and A. B. Clegg, The decays of the rho-prime
(1) and omega-prime(1) mesons, Z. Phys. C 51, 689 (1991).

[50] S. Fukui et al., Study of omega pi0 system in the pi- p
charge exchange reaction at 8.95- GeV=c, Phys. Lett. B
257, 241 (1991).

STRONG AND RADIATIVE DECAYS OF EXCITED VECTOR … PHYSICAL REVIEW D 96, 054033 (2017)

054033-19

https://doi.org/10.1103/PhysRevD.90.094020
https://doi.org/10.1103/PhysRevD.90.094020
https://doi.org/10.1016/j.physletb.2005.06.075
https://doi.org/10.1016/j.physletb.2005.06.075
https://doi.org/10.1103/PhysRevD.93.074034
https://doi.org/10.1103/PhysRevD.93.074034
https://doi.org/10.1140/epjc/s10052-017-4962-y
https://doi.org/10.1140/epjc/s10052-017-4962-y
https://doi.org/10.1088/0034-4885/58/6/001
https://doi.org/10.1088/0034-4885/58/6/001
https://doi.org/10.1007/b100519
https://doi.org/10.1007/b100519
https://doi.org/10.1103/RevModPhys.41.531
https://doi.org/10.1103/RevModPhys.41.531
https://doi.org/10.1103/PhysRevD.21.3388
https://doi.org/10.1103/PhysRevD.21.3388
https://doi.org/10.1103/PhysRevD.72.034001
https://doi.org/10.1103/PhysRevD.87.014011
https://doi.org/10.1103/PhysRevD.87.014011
https://doi.org/10.1103/PhysRevD.90.114005
https://doi.org/10.1016/S0370-1573(01)00010-2
https://doi.org/10.1016/S0370-1573(01)00010-2
https://doi.org/10.1016/j.ppnp.2016.07.001
https://doi.org/10.1103/PhysRevD.72.114021
https://doi.org/10.1103/PhysRevD.72.114021
https://doi.org/10.1140/epja/i2013-13135-3
https://doi.org/10.1140/epja/i2016-16356-x
https://doi.org/10.1140/epja/i2016-16356-x
https://doi.org/10.1103/PhysRevD.72.094006
https://doi.org/10.1103/PhysRevD.72.094006
https://doi.org/10.1016/j.physletb.2005.07.016
https://doi.org/10.1140/epjc/s10052-010-1351-1
https://doi.org/10.1140/epjc/s10052-010-1351-1
https://doi.org/10.1103/PhysRevD.58.114006
https://doi.org/10.1103/PhysRevD.58.114006
https://doi.org/10.1016/j.physletb.2006.01.071
https://doi.org/10.1016/j.physletb.2006.01.071
https://doi.org/10.1103/PhysRevD.88.054508
https://doi.org/10.1103/PhysRevD.88.054508
https://doi.org/10.1103/PhysRevD.83.111502
https://doi.org/10.1103/PhysRevD.88.094505
https://doi.org/10.1103/PhysRevD.88.094505
https://doi.org/10.1016/S0146-6410(97)00044-6
https://doi.org/10.1016/0550-3213(74)90154-0
https://doi.org/10.1016/0550-3213(79)90232-3
https://doi.org/10.1016/0550-3213(79)90232-3
https://doi.org/10.1103/PhysRevC.76.065204
https://doi.org/10.1103/PhysRevD.65.114010
https://doi.org/10.1103/PhysRevD.93.014002
https://doi.org/10.1016/j.nuclphysb.2016.05.025
https://doi.org/10.1016/j.nuclphysb.2016.05.025
https://doi.org/10.1016/0370-2693(84)91595-8
https://doi.org/10.1016/0550-3213(88)90028-4
https://doi.org/10.1016/0550-3213(88)90028-4
https://doi.org/10.1007/BF01555905
https://doi.org/10.1007/BF01555905
https://doi.org/10.1103/PhysRevD.91.052013
https://doi.org/10.1007/BF01565597
https://doi.org/10.1016/0370-2693(91)90888-W
https://doi.org/10.1016/0370-2693(91)90888-W


[51] P. Bydžovský, R. Kaminski, and V. Nazari, Dispersive
analysis of the S-, P-, D-, and F-wave ππ amplitudes,
Phys. Rev. D 94, 116013 (2016); V. Nazari, Ph.D. thesis,
Krakow, 2016.

[52] M. N. Achasov et al., Measurement of the eþe− → ωη cross
section below

ffiffiffi
s

p ¼ 2 GeV, Phys. Rev. D 94, 092002
(2016).

[53] V. M. Aulchenko et al., Study of the eþe− → πþπ−π0

process in the energy range 1.05–2.00 GeV, Zh. Eksp.
Teor. Fiz. 148, 34 (2015) [J. Exp. Theor. Phys. 121, 27
(2015)].

[54] J. Buon, D. Bisello, J. C. Bizot, A. Cordier, B. Delcourt, F.
Mane, and J. Layssac, Interpretation of Dm1 results on eþe−

annihilation into exclusive channels between 1.4-GeV and
1.9-GeV with a ρ0ω0ϕ0 model, Phys. Lett. 118B, 221 (1982).

[55] B. Aubert et al. (BABAR Collaboration), Measurements of
eþe− → KþK−η, KþK−π0 and K0

sK�π∓ cross-sections
using initial state radiation events, Phys. Rev. D 77,
092002 (2008).

[56] R. R. Akhmetshin et al. (CMD-2 Collaboration), Study of
the process eþ e- → eta gamma in center-of-mass energy
range 600-MeV to 1380-MeVat CMD-2, Phys. Lett. B 509,
217 (2001).

[57] B. Diekmann, Spectroscopy of mesons containing light
quarks (u, d, s) or gluons, Phys. Rep. 159, 99 (1988).

[58] L. M. Kurdadze et al., Measuring of pion form-factor within
the region S**(1=2) from 640-mev to 1400-mev, Pis’ma Zh.
Eksp. Teor. Fiz. 37, 613 (1983) [JETP Lett. 37, 733 (1983)].

[59] R. R. Akhmetshin et al. (CMD-2 Collaboration), Study of
the processes eþ e- → eta gamma, pi0 gamma → 3 gamma
in the c.m. energy range 600-MeV to 1380-MeVat CMD-2,
Phys. Lett. B 605, 26 (2005).

[60] V. K. Henner, T. S. Belozerova, V. G. Solovev, and P. G.
Frick, Application of wavelet analysis to the spectrum of
omega’ states and ratio R(eþ e-), Eur. Phys. J. C 26, 3
(2002).

[61] M. N. Achasov et al., Study of the process eþe− → πþπ−π0

in the energy region
ffiffiffi
s

p
below 0.98-GeV, Phys. Rev. D 68,

052006 (2003).
[62] T. E. Coan et al. (CLEO Collaboration), Wess-Zumino

Current and the Structure of the Decay tau- → K- Kþ
pi- nu(tau), Phys. Rev. Lett. 92, 232001 (2004).

[63] M. N. Achasov et al., Study of the process eþe− → ηγ in the
center-of-mass energy range 1.07–2.00 GeV, Phys. Rev. D
90, 032002 (2014).

[64] A. Alavi-Harati et al. (KTeV Collaboration), Search for the
K(L)→ pi0 pi0 eþ e- Decay in the KTeV Experiment, Phys.
Rev. Lett. 89, 211801 (2002).

[65] H. Becker et al. (CERN-Cracow-Munich Collaboration), A
model independent partial wave analysis of the piþ
pi- system produced at low four momentum transfer in
the reaction pi- p (polarized) → piþ pi- n at 17.2-GeV/c,
Nucl. Phys. B151, 46 (1979).

[66] A. D. Martin and M. R. Pennington, How imposing analy-
ticity on a pi pi phase shift analysis can reveal new solutions,
explore experimental structures and investigate the possibil-
ity of new resonances, Ann. Phys. (N.Y.) 114, 1 (1978).

[67] C. D. Froggatt and J. L. Petersen, Phase shift analysis of piþ
pi- scattering between 1.0-GeVand 1.8-GeV based on fixed
momentum transfer analyticity. 2., Nucl. Phys. B129, 89
(1977).

[68] B. Hyams et al., ππ phase shift analysis from 600-MeV to
1900-MeV, Nucl. Phys. B64, 134 (1973).

[69] A. Cordier, D. Bisello, J. C. Bizot, J. Buon, B. Delcourt, L.
Fayard, and F. Mane, Study of the eþe− → πþπ−πþπ−

reaction in the 1.4-GeV to 2.18-GeV energy range, Phys.
Lett. 109B, 129 (1982); B. Delcourt et al., eþne− magnetic
detector DM1 for 1.4 <

ffiffiffi
s

p
> 2.2 GeV, eConf C 810824,

205 (1981).
[70] D. Aston et al. (Bonn-CERN-Ecole Poly-Glasgow-Lancaster-

Manchester-Orsay-Paris-Rutherford-Sheffield Collaboration),
Observation of the ρ−prime (1600) in the channel
γp→πþπ−p, Phys. Lett. 92B, 215 (1980).

[71] J. C. Bizot et al., Observation of a ϕð1.65Þ vector meson in
eþe− annihilation at DCI, AIP Conf. Proc. 68, 546 (1981).

[72] B. Delcourt, D. Bisello, J. C. Bizot, J. Buon, A. Cordier, and
F. Mane, Study of the reactions eþe− → ρη, ρπ, ϕπ and ϕη
for total energy ranges between 1.4-GeV and 2.18-GeV,
Phys. Lett. 113B, 93 (1982); Erratum, Phys. Lett. 115B, 503
(1982).

[73] A. Donnachie and A. B. Clegg, ηρ in diffractive photo-
production and eþe− annihilation, Z. Phys. C 34, 257
(1987).

[74] A. Antonelli et al. (DM2 Collaboration), Measurement of
the reaction eþe− → ηπþπ− in the center-of-mass energy
interval 1350-MeV to 2400-MeV, Phys. Lett. B 212, 133
(1988).

[75] D. Aston et al., The strange meson resonances observed in
the reaction K−p → K̄0πþπ−n at 11- GeV=c, Nucl. Phys.
B292, 693 (1987).

[76] B. Aubert et al. (BABAR Collaboration), The
eþe− → 3ðπþπ−Þ, 2ðπþπ−π0Þ and KþK−2ðπþπ−Þ cross
sections at center-of-mass energies from production thresh-
old to 4.5 GeV measured with initial-state radiation, Phys.
Rev. D 73, 052003 (2006).

[77] H. Al Ghoul et al. (GlueX Collaboration), First results from
the GlueX experiment, AIP Conf. Proc. 1735, 020001
(2016).

[78] B. Zihlmann (GlueX Collaboration), GlueX: A new facility
to search for gluonic degrees of freedom in mesons, AIP
Conf. Proc. 1257, 116 (2010).

[79] M. Shepherd, GlueX at Jefferson Lab: A search for exotic
states of matter in photon-proton collisions, Proc. Sci.
Bormio, 2014 (2014) 004.

[80] A. Rizzo (CLAS Collaboration), The meson spectroscopy
program with CLAS12 at Jefferson Laboratory, Proc. Sci.
CD, 15 (2016) 060.

[81] S. Gallas, F. Giacosa, and D. H. Rischke, Vacuum phenom-
enology of the chiral partner of the nucleon in a linear sigma
model with vector mesons, Phys. Rev. D 82, 014004 (2010).

[82] L. Olbrich, M. Zétényi, F. Giacosa, and D. H. Rischke,
Three-flavor chiral effective model with four baryonic
multiplets within the mirror assignment, Phys. Rev. D 93,
034021 (2016).

PIOTROWSKA, REISINGER, and GIACOSA PHYSICAL REVIEW D 96, 054033 (2017)

054033-20

https://doi.org/10.1103/PhysRevD.94.116013
https://doi.org/10.1103/PhysRevD.94.092002
https://doi.org/10.1103/PhysRevD.94.092002
https://doi.org/10.1134/S1063776115060023
https://doi.org/10.1134/S1063776115060023
https://doi.org/10.1016/0370-2693(82)90632-3
https://doi.org/10.1103/PhysRevD.77.092002
https://doi.org/10.1103/PhysRevD.77.092002
https://doi.org/10.1016/S0370-2693(01)00567-6
https://doi.org/10.1016/S0370-2693(01)00567-6
https://doi.org/10.1016/0370-1573(88)90062-2
https://doi.org/10.1016/j.physletb.2004.11.020
https://doi.org/10.1140/epjc/s2002-01060-y
https://doi.org/10.1140/epjc/s2002-01060-y
https://doi.org/10.1103/PhysRevD.68.052006
https://doi.org/10.1103/PhysRevD.68.052006
https://doi.org/10.1103/PhysRevLett.92.232001
https://doi.org/10.1103/PhysRevD.90.032002
https://doi.org/10.1103/PhysRevD.90.032002
https://doi.org/10.1103/PhysRevLett.89.211801
https://doi.org/10.1103/PhysRevLett.89.211801
https://doi.org/10.1016/0550-3213(79)90426-7
https://doi.org/10.1016/0003-4916(78)90262-2
https://doi.org/10.1016/0550-3213(77)90021-9
https://doi.org/10.1016/0550-3213(77)90021-9
https://doi.org/10.1016/0550-3213(73)90618-4
https://doi.org/10.1016/0370-2693(82)90478-6
https://doi.org/10.1016/0370-2693(82)90478-6
https://doi.org/10.1016/0370-2693(80)90340-8
https://doi.org/10.1016/0370-2693(82)90116-2
https://doi.org/10.1007/BF01566768
https://doi.org/10.1007/BF01566768
https://doi.org/10.1016/0370-2693(88)91250-6
https://doi.org/10.1016/0370-2693(88)91250-6
https://doi.org/10.1016/0550-3213(87)90665-1
https://doi.org/10.1016/0550-3213(87)90665-1
https://doi.org/10.1103/PhysRevD.73.052003
https://doi.org/10.1103/PhysRevD.73.052003
https://doi.org/10.1063/1.4949369
https://doi.org/10.1063/1.4949369
https://doi.org/10.1063/1.3483306
https://doi.org/10.1063/1.3483306
https://doi.org/10.1103/PhysRevD.82.014004
https://doi.org/10.1103/PhysRevD.93.034021
https://doi.org/10.1103/PhysRevD.93.034021


[83] L. Olbrich, M. Zétényi, F. Giacosa, and D. H. Rischke,
Influence of the axial anomaly on the decayNð1535Þ → Nη,
arXiv:1708.01061.

[84] J. P. Lees et al. (BABAR Collaboration), Precision meas-
urement of the eþe−KþK− cross section with the initial-
state radiation method at BABAR, Phys. Rev. D 88, 032013
(2013).

[85] V. Sauli, Hadronic vacuum polarization in eþe− → μþμ−
process below 3 GeV, arXiv:1704.01887.

[86] M. F. M. Lutz et al. (PANDA Collaboration), Physics
performance report for PANDA: Strong interaction studies
with antiprotons, arXiv:0903.3905.

[87] F. Giacosa, J. Sammet, and S. Janowski, Decays of the
vector glueball, Phys. Rev. D 95, 114004 (2017).

STRONG AND RADIATIVE DECAYS OF EXCITED VECTOR … PHYSICAL REVIEW D 96, 054033 (2017)

054033-21

http://arXiv.org/abs/1708.01061
https://doi.org/10.1103/PhysRevD.88.032013
https://doi.org/10.1103/PhysRevD.88.032013
http://arXiv.org/abs/1704.01887
http://arXiv.org/abs/0903.3905
https://doi.org/10.1103/PhysRevD.95.114004

