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(Received 9 March 2021; accepted 6 May 2021; published 28 May 2021)

The mass spectra of isovector ϒ, ψ , ϕ, and ω meson resonances are investigated, in the AdS/QCD and
information entropy setups. The differential configurational entropy is employed to obtain the mass spectra
of radial S-wave resonances, with higher excitation levels, in each one of these meson families, whose
respective first undisclosed states are discussed and matched up to candidates in the Particle Data Group.
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I. INTRODUCTION

In Shannon’s theory, the information entropy of some
random variable consists of the average level of information
that is inherent to the possible outcomes of this variable [1].
It can be performed by the theory configurational entropy
(CE), which comprises the amount of entropy endowing a
discrete system that governs correlations among its con-
stituents. The CE estimates how information can be
encrypted in wave modes, in momentum space, still
describing the whole system under scrutiny. The maximal
CE is attained by a source having a probability distribution
that is uniform and, in this way, uncertainty attains the
maximal value in the case of equiprobable events. When
one takes the continuous limit, the differential configura-
tional entropy (DCE) plays the role of the CE, once the
information dimension1 vanishes [2]. The DCE has been
employed to study physical systems in a variety of circum-
stances [3–5], once a localized scalar field that portrays the
system is taken into account [6,7].
In the precise context of AdS/QCD, the DCE has

been playing a prominent role in the investigation of
hadrons, estimating new features of hadronic states in
AdS/QCD [8–11] and also corroborating to existing
hadronic properties. Recent studies in the DCE setup of
AdS/QCD investigated light-flavor mesons, heavy mesons
encompassing charmonia and bottomonia resonances,

tensorial mesons, baryons, glueball fields, pomerons, odd-
erons, and baryons, including finite-temperature regimes
[12–26]. Some of the obtained results were confirmed by
the Particle Data Group (PDG) [27] and also matched up to
new meson candidates that were previously unattached to
some of the studied meson families. Other relevant imple-
mentations of the DCE paradigm in QFT and AdS=CFT
were reported in Refs. [28–43].
With the aid of data from experiments and theoretical

developments, meson spectroscopy composes a paradigm
asserting that mesons present ubiquitous features. Important
studies support universal properties that include all the
meson spectrum, running from light-flavor ones to heavy
charmonium and bottomonium [44–48]. Meson spectros-
copy has been successfully scrutinized in the context of the
AdS/QCD duality. In this setup, there is an AdS bulk that
places a weakly coupled gravity sector, which is the dual
theory of conformal field theory (CFT) living on the
codimension one AdS boundary. In the duality, physical
fields that reside in the bulk are equivalent to operators in
strongly coupled QCD on the AdS boundary. The bulk extra
dimension implements the QCD energy scale [49–51].
Among possible models endowing AdS/QCD, the soft wall
prescribes Regge trajectories to come out from confinement,
being implemented by a dilaton that is a quadratic function
of the energy scale [52,53]. Linear Regge trajectories
successfully describe the mass spectrum of light-flavor
meson families, at least when considering the radial S-wave
resonances that have not so high excitation n levels.
The range wherein the linearity holds can vary for each
light-flavor meson family. When hadronic states are con-
stituted by strange, charm, bottom, or top quarks, the linear
regime m2

n ∝ n is no longer verified [53,54]. The Bohr-
Sommerfeld quantization technique applied to the Salpeter-
like equationwas used to derive nonlinearRegge trajectories
for meson states constituted by distinct quarks, presenting
similar profiles as the ones for quarkonia [53], complying
with experimental data and also to the theoretical predic-
tions [55]. Besides, due to the chasm among the heavy and

*roldao.rocha@ufabc.edu.br

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

1The information dimension measures the dimension of a
probability distribution and evaluates the growth rate of the
information entropy given by successively finer discretizations of
the space. It also corresponds to the Rényi information dimen-
sion, as a fundamental limit of almost lossless data compression
for analog sources.
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light quark masses, more recent models regard massive
quarks that constitute mesons. Therefore, more realistic
scenarios can encompass nonlinear Regge trajectories,
induced by the quark constituent mass. Light-flavor quarks
comprehend up, down, and strange ones, that are much less
massive than heavy quarks as the bottom, charm, and top
ones. Heavy quarks can form quarkonia, as the J=ψ meson
ground state, and the ϒ mesons as well.
Isovector mesons are characterized by the isobaric spin

IG ¼ 0− with negative G parity, and unit total angular
momentum JPC ¼ 1−−, with both parity (P) and charge
conjugation (C) negative quantum numbers. Isovector
mesons encompass ϒ mesons, consisting of a quarkonium
state—the bottomonium—formed by a bottom quark (b)
and its antiparticle (b̄); ϕmesons, formed of a strange quark
and a strange antiquark; ψ mesons, consisting of a charm
quark (c) and a charm antiquark (c̄) and forming charmonia
states; and ω mesons as bound states of up and down
quarks, with their correspondent antiquarks. The top quark
has a much bigger mass when compared to the other
quarks, being 5 orders of magnitude more massive than the
up and down quarks and 2 orders of magnitude more
massive than the bottom and charm heavy quarks.
Although toponium, formed by a top quark (t) and its
antiquark (t̄) is more difficult to detect since top quarks
decay through the electroweak gauge force before bound
states set in, there are recently reported signatures of
toponium formation by gluon fusion, in the LHC run 2
data [56]. Contrary to bottomonium and charmonium,
toponium resonances decay instantly, as t and t̄ have a 5 ×
10−25 s lifetime. Toponium has also a huge decay width.
In this work, the DCE of the isovector mesons’ families

will be computed, as a function of both the radial S-wave
resonances excitation level and their experimental mass
spectra as well. Hence, the mass spectra of radial S-wave
resonances with higher excitation levels can be obtained. It
is accomplished when plotting the associated graphics and,
when interpolating them, two types of DCE Regge trajec-
tories can be then produced. The first ones relate the DCE
to the radial S-wave resonances, whereas the second ones
associate the DCE with the isovector families experimental
mass spectra. Working with the polynomial interpolation
formulas of each interpolation curve for the four families of
isovector mesons (ϒ, ψ , ω, and ϕ) yields the mass spectra
of higher n resonances in these families. They comprise
candidates in the next generations proposed to be detected
in experiments, as well as candidates that match up to states
in PDG [27].
This work is organized as follows: Sec. II is dedicated to

introducing the basics on AdS/QCD, with a deviation from
the soft wall dilaton background that is induced by the
massive quarks that constitute isovector mesons. This
emulates the standard soft wall when the deviation param-
eter equals zero and encompasses the light-flavor meson
states with massless constituent quarks, in this limit. The

mass spectra of isovector ϒ, ψ , ϕ, and ωmeson resonances
are then derived. Section III is hence devoted to the
essentials of the DCE setup. The DCE of the isovector
ϒ, ψ , ϕ, and ωmeson families is calculated as a function of
both the radial S-wave resonances excitation level and their
experimental mass spectra. Extrapolating both DCE Regge
trajectories yields the mass spectra of heavier isovector
resonances in each one of the ϒ, ψ , ϕ, and ω meson
families, whose first undisclosed states are analyzed and
matched up to existing candidates in PDG. In particular, a
precise mass spectrum of bottomonia and charmonia is
derived. Section IV encloses discussion, analysis, and
relevant perspectives.

II. ADS/QCD FUNDAMENTALS

Isovector mesons are represented, in the soft wall model
[49], by a vector field VM ¼ ðVμ; VzÞ where Greek indexes
run from 0 to 3, living in AdS space. These fields can be
thought of as being dual objects that correspond to the
current density JμðxÞ ¼ q̄ðxÞγμqðxÞ in the CFT on the
boundary, where qðxÞ denote quark fermionic fields and
γμ stand for the gamma Dirac matrices, whereas here
q̄ðxÞ≡ q†ðxÞγ0. These vector field are governed by the
action

I ¼ −
1

g25

Z
dzd4x

ffiffiffiffiffiffi
−g

p
L; ð1Þ

where

L ¼ 1

4
e−ϕðzÞF�

MNF
MN ð2Þ

denotes the Lagrangian and FMN ¼ ∂MVN − ∂NVM. The
AdS bulk is equipped with the metric

ds2 ¼ gMNdxMdxN ¼ e2AðzÞðημνdxμdxν þ dz2Þ; ð3Þ

with warp factor AðzÞ ¼ − logðz=RÞ, where ημν denotes the
boundary metric.
Reference [53] proposed a deviation for the soft wall

standard quadratic dilaton,

ϕðzÞ ¼ ðκzÞ2−α; ð4Þ

where the energy parameter κ is related to the mass scale
and α is the shift parameter driven by constituent massive
quarks. Leading α to zero, light-flavor mesons with mass-
less constituent quarks are recovered, emulating the stan-
dard AdS/QCD soft wall.
Using (1) and imposing the gauge where Vz ¼ 0 yields

an EOM ruling the bulk field

½∂2
z − B0ðzÞ∂z − q2�Vμðz; qÞ ¼ 0; ð5Þ
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where BðzÞ ¼ ϕðzÞ − AðzÞ and the prime denotes the
derivative with respect to z. The bulk isovector field can
be split off as

Vμðz; qÞ ¼ VμðqÞξðz; qÞ; ð6Þ

where ξðz; qÞ denotes the bulk-to-boundary propagator.
Hence, the EOM ruling the bulk isovector field is led to a
Schrödinger-like equation. The Bogoliubov mapping
ξðz; qÞ ¼ eϕðzÞ=2ξðz; qÞ yields [53]

½−∂2
z þUðzÞ�ξðz; qÞ ¼ −q2ξðz; qÞ; ð7Þ

with the potential

UðzÞ ¼ −
1

2
B00ðzÞ þ 1

4
B02ðzÞ: ð8Þ

For the term VμðqÞ, defined in the splitting (6) to corre-
spond to the source of the correlators of gauge theory
current densities, one must impose the Dirichlet boundary
condition limz→0 ξðz; qÞ ¼ 1. The CFT boundary value of
the vector field VμðqÞ≡ limz→0 Vμðz; qÞ emulates a source
that generates correlators of the boundary current operator
JμðxÞ

h0jJμðxÞJνðx0Þj0i ¼
δ

δVμðxÞ
δ

δVνðx0Þ
e−ION-SHELL ; ð9Þ

where ION-SHELL denotes the on-shell action, obtained by
the boundary term

ION-SHELL ¼ −
1

2g
∘2
5

lim
z→0

�Z
d4x

1

z
e−ðκzÞ2−αVν∂zVν

�
; ð10Þ

for g
∘2
5 ¼ g25=R. Equation (10) generalizes, for the deviated

quadratic dilaton (4), the results that take into account the
quadratic dilaton [57]. The correlator reads

Πðq2Þ ¼ −
1

g
∘2
5q2

lim
z→0

�
1

z
e−ðκzÞ2−αξðz; qÞ∂zξðz; qÞ

�
: ð11Þ

The AdS/QCD correspondence asserts that mesonic
states can be established through the conformal dimension
Δ playing the role of a scaling dimension. The Regge angle
for a given mesonic trajectory is defined by the dilaton
energy scale κ. Bulk fields are dual objects to anO operator
that is driven by the CFT on the AdS boundary, whose
correlator is given by hOðxμÞOð0Þi ∝ kxμk−2Δ [58]. The
spin S, the bulk mass M, and the conformal dimension Δ,
are fine-tuned by the following expression [58],

M2
5R

2 ¼ ðΔ − SÞðΔþ S − 4Þ: ð12Þ

Equation (12) holds for the S wave, l ¼ 0, approach of
isovector mesons, with Δ ¼ 3 and S ¼ 1.
Equation (7) yields the mass spectrum m2

n ¼ −q2 of
isovector mesons states, with radial excitation level n, as
eigenvalues of the Schrödinger-like operator. When replac-
ing the shift of the standard quadratic dilaton (4) in the
potential (8) yields [53]

Uðz;κ;αÞ¼ 3

4z2
þ
�
3α

2
−
α2

2
−κ2

�
κ2ðκzÞ−α

þκ2

4
ðα−2Þ2ðκzÞ2−2αþκ

z

�
1−

α

2

�
ðκzÞ1−α: ð13Þ

If the quarks that constitute the isovector mesons are taken
in the massless limit, corresponding to α ¼ 0, the potential
(13) leads to the vector meson fields [49]. The parameter α
encodes the massive quarks’ constituents and their flavor
within isovector mesons [53]. Different isovector meson
states, with different masses and radial quantum numbers,
are distinguished when one adopts, as usual, eigenvalues
−q2 ¼ m2

n ¼ 4κ2n, for n ¼ 1; 2; 3;…, corresponding to the
mass spectrum derived in Eq. (7). Different radial excitation
levels n yield different mesonic excitations in each one of
the isovector meson families.
To obtain the radial S-wave resonances of the isovector

families, the generalized potential in Eq. (13) must be
substituted into Eq. (7), whose numerical solutions, for the
isovector meson families, are encoded in Tables I–IV, with
the κ and α parameters that are appropriate to fit the mass
spectra of each isovector meson family, respectively [53]. It
is worth emphasizing that to fit the mass spectra of the four
isovector meson families, appropriate values of the two
parameters α and κ must be chosen. For the ϒ meson
family, the values α ¼ 0.863 and κ ¼ 11.209 GeV best fit
the experimental data, whereas α ¼ 0.541 and κ ¼
2.150 GeV are more suitable for describing the family
of ψ isovector mesons. Besides, the ω meson family is best
described by adopting α ¼ 0.040 and κ ¼ 0.498 GeV, and
to match the mass spectrum of ϕ isovector mesons requires
α ¼ 0.070 and κ ¼ 0.585 GeV.

TABLE I. Experimental and theoretical mass spectrum of
S-wave resonances in the ϒ meson family. For the masses in
the fourth column, obtained by solving Eq. (7), α ¼ 0.863 and
κ ¼ 11.209 GeV.

ϒ mesons mass spectrum

n State MEXPERIMENTAL (MeV) MTHEORY (MeV)

1 ϒð1SÞ 9460.30� 0.26 9438.51
2 ϒð2SÞ 10023.26� 0.32 9923.32
3 ϒð3SÞ 10355� 0.5 10277.2
4 ϒð4SÞ¼ϒð10580Þ 10579.4� 1.2 10558.6
5 ϒð10860Þ 10889.9þ3.2

−2.6 10793.5
6 ϒð11020Þ 11000� 4 10995.7
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In particular regarding Table I, some issues on the
heavier bottomonia, which were detected around a quarter
of a century ago, still consist of a conundrum in QCD.
Thorough investigations concerning the ϒ meson family,
involving the in-depth analysis of available data provided
by CLEO, CUSB, and BABAR Collaborations, have been
accomplished [27,59,60]. It is worth emphasizing that the
ϒð10580Þ resonance is the bottomonium state of lowest
mass, that is above the so-called open-bottom threshold,
that decays into two mesons that are composed by a bottom
antiquark and either an up, a down, a strange, or a charm
quark, originating, respectively, the Bþ, B0, B0

s , and Bþ
c

mesons [61].

Regarding Tables II and III, the Belle, CDF, and LHCb
Collaborations produced relevant data, in particular about
the ω resonances, whose narrow width can induce relevant
effects of scattering involving the J=ψ , ω, and charmo-
nium [62].
Data in Tables I–IV are displayed in Figs. 1 and 2.

TABLE II. Experimental and theoretical mass spectrum of
S-wave resonances in the ψ meson family. For the masses in
the fourth column, obtained by solving Eq. (7), α ¼ 0.541 and
κ ¼ 2.150 GeV.

ψ mesons mass spectrum

n State MEXPERIMENTAL (MeV) MTHEORY (MeV)

1 J=ψð1SÞ 3096.900� 0.006 3077.09
2 ψð2SÞ 3686.10� 0.06 3689.62
3 ψð4040Þ 4039� 1 4137.5
4 ψð4415Þ 4421� 4 4499.4
5 ψð4660Þ 4633� 7 4806.3

TABLE III. Experimental and theoretical mass spectrum of
S-wave resonances in the ω meson family. For the masses in the
fourth column, obtained by solving Eq. (7), α ¼ 0.040 and
κ ¼ 0.498 GeV.

ω mesons mass spectrum

n State MEXPERIMENTAL (MeV) MTHEORY (MeV)

1 ωð782Þ 782.65� 0.12 981.43
2 ωð1420Þ 1410� 60 1374
3 ωð1650Þ 1670� 30 1674
4 ωð1960Þ 1960� 25 1967
5 ωð2205Þ 2205� 30 2149
6 ωð2290Þ 2290� 20 2348

mesons

mesons

mesons

0 1 2 3 4 5 6 7
n0

5

10

15

20

25

m2 GeV2

FIG. 1. Experimental squared mass spectrum of the isovector
meson families, with respect to the S-wave resonances excitation
levels, n, with error bars. The orange points correspond to the ψ
meson family, for n ¼ 1;…; 5, respectively coinciding to the
J=ψð1SÞ, ψð2SÞ, ψð4040Þ, ψð4415Þ, and ψð4660Þ S-wave
resonances; the blue points regards the ω meson family, for
n ¼ 1;…; 6, respectively corresponding to the ωð782Þ, ωð1420Þ,
ωð1650Þ, ωð1960Þ, ωð2205Þ, and ωð2290Þ S-wave resonances;
and the black points depict the ϕ meson family, for n ¼ 1;…; 3,
respectively corresponding to the ϕð1020Þ, ϕð1680Þ, and
ϕð2170Þ S-wave resonances in PDG [27].

mesons

0 1 2 3 4 5 6 7
n0

20

40

60

80

100

120

m2 GeV2
Experimental meson mass spectra

FIG. 2. Experimental squared mass spectrum of the ϒ family,
for n ¼ 1;…; 6, with error bars, respectively, corresponding to
the ϒð1SÞ, ϒð2SÞ, ϒð3SÞ, ϒð4SÞ ¼ ϒð10580Þ, ϒð10860Þ, and
ϒð11020Þ S-wave resonances in PDG [27].

TABLE IV. Experimental and theoretical mass spectrum of the
S-wave resonances in the ϕ meson family. For the masses in the
fourth column, obtained by solving Eq. (7), α ¼ 0.070 and
κ ¼ 0.585 GeV.

ϕ mesons mass spectrum

n State MEXPERIMENTAL (MeV) MTHEORY (MeV)

1 ϕð1020Þ 1019.461� 0.016 1139.43
2 ϕð1680Þ 1680� 20 1583
3 ϕð2170Þ 2160� 80 2204
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III. MASS SPECTROSCOPY OF ISOVECTOR
MESONS FROM DCE

The DCE quantifies the correlations out of the oscil-
lations of energy configurations associated with physical
systems under scrutiny. For it, the energy density, namely,
the temporal τ00ðrÞ component of the stress-energy tensor
field, for r ¼ ðx1;…; xkÞ ∈ Rk, emulates a measurable
Lebesgue-integrable localized scalar field. The correlator

ΠðrÞ ¼
Z
Rk

dkxτ00ðr
∘Þτ00ðr

∘ þ rÞ ð14Þ

sets the DCE to be thought of as the Shannon’s information
entropy that regulates the correlations among the system
constituents [21]. Now denoting by q the spatial part of the
4-momentum q, the protocol to derive the DCE has a first
step of computing the Fourier transform,

τ00ðqÞ ¼
1

ð2πÞk=2
Z
Rk

dkxτ00ðrÞe−iq·r: ð15Þ

Any given wave mode enclosed by a k-volume dkq, which
has center at q, is related to a probability P, corresponding
to the spectral density in the givenwave mode, that reads [3]

PðqjdkqÞ ∝ jτ00ðqÞj2dkq: ð16Þ

The probability distribution (15) engenders the modal
fraction [5],

τ00ðqÞ ¼
jτ00ðqÞj2R

Rk dkqjτ00ðqÞj2
: ð17Þ

The weight of information that is necessary to encode τ00,
with respect to wave modes, is calculated by the DCE,

DCEτ00 ¼ −
Z
Rk

dkqτ⊳00ðqÞ log τ⊳00ðqÞ; ð18Þ

where τ⊳00ðqÞ ¼ τ00ðqÞ=τsup00 ðqÞ, and τsup00 ðqÞ denotes the
supremum value of τ00 attained in Rk. Besides, in the state
τsup00 ðqÞ, the spectral density reaches its highest value. The
DCE is measured in terms of nat/unit volume. The acronym
nat designates the information natural unit, where
nat−1 ¼ log 2=bits. It is equivalent to the information of
a uniform probability distribution in the interval of the real
line between the origin and the Euler’s number. The DCE
encrypts the information of scale, since the spectral density
is represented by the Fourier transform of the correlator [3].
To compute the DCE of isovector families, k ¼ 1 is

chosen in Eqs. (15)–(18), since the CFT boundary has
codimension one. Replacing the Lagrangian (2) into the
stress-energy tensor field expression,

τ00 ¼
2ffiffiffiffiffiffi−gp

�∂ð ffiffiffiffiffiffi−gp
LÞ

∂g00 −
∂
∂xβ

∂ð ffiffiffiffiffiffi−gp
LÞ

∂ð∂g00∂xβ Þ

�
; ð19Þ

and subsequently computing its Fourier transform, the
modal fraction, and the DCE, respectively, using
Eqs. (15)–(18), we can derive the mass spectra of the
isovector meson families. The energy density can be then
written as

τ00 ¼ fðκ; αÞg00ðgMPgNQFMNFPQÞ − gMNF0MF0N; ð20Þ

for P;Q ¼ 0, 1, 2, 3, 5, denoting fðκ; αÞ ¼ e−ðκzÞ2−α=4g25.
Now when a plane wave solution is considered in the
isovector meson rest frame Vμ ¼ ϵμξðq; zÞe−imc2t, without
loss of generality, the polarization ϵμ ¼ ð0; 1; 0; 0Þ⊺ yields

τ00 ¼
z2e−ðκzÞ2−α

2g25R
2

½−ð∂zξÞ2 þm2
nξ

2�; ð21Þ

again stressing the fact that m2
n ¼ 4κ2n, for n ¼ 1; 2; 3;…,

determines the mass spectra for different isovector meson
states.
This technique, taking into account the information

content of AdS/QCD, based on the interpolation of the
experimental mass spectra of the four families of isovector
mesons in PDG [27], is more precise when compared to just
solving Eq. (7) to derive the mass spectra. The DCE, using
the protocol (15)–(18), for each isovector meson family, is
numerically calculated and exhibited in Tables V–VIII.
The first form of DCE Regge trajectories regards the

DCE with respect to the n radial excitation level of
isovector meson resonances. Figure 3 shows the obtained

TABLE V. DCE of the S-wave resonances in the ϒ meson
family.

n State DCE (nat)

1 ϒð1SÞ 24.78
2 ϒð2SÞ 26.71
3 ϒð3SÞ 28.30
4 ϒð4SÞ ¼ ϒð10580Þ 29.88
5 ϒð10860Þ 31.92
6 ϒð11020Þ 33.96

TABLE VI. DCE of the S-wave resonances in the ψ meson
family.

n State DCE (nat)

1 J=ψð1SÞ 19.45
2 ψð2SÞ 20.81
3 ψð4040Þ 22.07
4 ψð4415Þ 23.97
5 ψð4660Þ 25.64
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outcomes, whose cubic polynomial interpolation of data in
Tables V–VIII, respectively, generates the first type of DCE
Regge trajectories,

DCEϒðnÞ ¼ 4.196 × 10−2n2 þ 1.509nþ 23.339; ð22aÞ

DCEψðnÞ ¼ 0.090n2 þ 1.014nþ 18.356; ð22bÞ

DCEωðnÞ ¼ 0.132n2 þ 0.632nþ 10.591; ð22cÞ

DCEϕðnÞ ¼ 0.110n2 þ 1.580nþ 11.790; ð22dÞ

within 1% (ϒ and ψ), 1.2% (ω), and 0.2% (ϕ) root-mean-
square deviation (RMSD).
Linear Regge trajectories illustrate the proportionality

between the radial excitation level of light-flavor mesons
and the square of their mass spectrum. However, it does not
hold necessarily, when heavy quark constituents are taken
into account. The DCE of isovector meson families can be
also realized as a function of mass spectra of the isovector
meson resonances. In this way, the second type of DCE
Regge trajectories regard the experimentally detected mass
spectra of theϒ,ψ ,ω, andϕmeson S-wave resonances [27].
In fact, having the DCE of all states in the four isovector
meson families in Tables V–VIII, we can also plot the DCE
as a function of the mass of each resonance, available in
Tables I–IV. The results are shown in Figs. 4–7, respectively,
whose interpolation method generates the second type
of DCE Regge trajectories in Eqs. (23a)–(23d). These
equations are the second type of DCE Regge trajectories,
respectively, for theϒ,ψ ,ω, andϕ isovectormeson families.
The second type of DCE Regge trajectories, relating the

DCE of the isovector mesons to their squared mass spectra,

TABLE VII. DCE of the S-wave resonances in the ω meson
family.

n State DCE (nat)

1 ωð782Þ 11.37
2 ωð1420Þ 12.46
3 ωð1650Þ 13.51
4 ωð1960Þ 15.14
5 ωð2205Þ 17.36
6 ωð2290Þ 18.69

TABLE VIII. DCE of the S-wave resonances in the ϕ meson
family.

n State DCE (nat)

1 ϕð1020Þ 13.48
2 ϕð1680Þ 15.39
3 ϕð2170Þ 17.52

mesons

mesons

mesons

mesons

2 4 6 8
n

10

20

30

40

DCE n

FIG. 3. DCE of the isovector meson families as a function of
the n radial excitation level. The first form of the DCE Regge
trajectory is plotted as the dashed line, for the ϒ mesons; as the
dot-dashed line, for the ψ mesons; as the dotted line, for the ϕ
mesons; and as the gray line for the ω mesons.
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FIG. 4. DCE of the ϒ meson family, for n ¼ 1;…; 6 [respec-
tively, corresponding to the ϒð1SÞ, ϒð2SÞ, ϒð3SÞ, ϒð4SÞ ¼
ϒð10580Þ, ϒð10860Þ and ϒð11020Þ S-wave resonances in
PDG [27]] with respect to their squared mass. The DCE Regge
trajectory is represented by the interpolating dashed line.
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FIG. 5. DCE of the ψ meson family, for n ¼ 1;…; 5 [respec-
tively, corresponding to the J=ψð1SÞ, ψð2SÞ, ψð4040Þ, ψð4415Þ,
and ψð4660Þ S-wave resonances in PDG [27]] with respect to
their squared mass. The DCE Regge trajectory is represented by
the interpolating dot-dashed line.
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m2 ( GeV2), respectively for the ϒ, ψ , ω, and ϕ meson
families, read

DCEϒðmÞ¼ 4.242×10−3m4−0.637m2þ47.892; ð23aÞ

DCEψðmÞ ¼ 2.487 × 10−2m40.260m2 þ 19.688; ð23bÞ

DCEωðmÞ ¼ 0.249m4 þ 0.073m2 þ 11.273; ð23cÞ

DCEϕðmÞ¼ 2.328×10−2m4þ0.981m2þ12.435; ð23dÞ

within 1% (ϒ and ψ), 1.3% (ω), and 0.1% (ϕ) root-mean-
square deviation (RMSD).
Equations (22a)–(22d) and (23a)–(23d), pairwise,

respectively, carry the core of properties of the isovector
meson families. Besides, from Eqs. (22a)–(22d) one can
promptly infer the DCE of elements in each family for

higher values of the n excitation level of S-wave reso-
nances. Subsequently, with the DCE in hands for each n
excitation level, one can substitute it on the left-hand side of
Eqs. (23a)–(23d) and solve them, deriving the mass of each
isovector meson resonance corresponding to a higher n
excitation level. In this way, the mass spectrum of new
elements in each isovector meson family can be obtained.
Besides, this method is based solely on the experimental
mass spectra of the isovector meson families, which is a
more realistic technique–in the sense that it uses the
experimental mass spectra of isovector families–when
compared to pure AdS/QCD predictions. Here we use
the stress-energy tensor of AdS/QCD to compute the DCE
according to (15)–(18), however Eqs. (23a)–(23d) are
obtained by interpolation of the experimental mass spectra
of the isovector meson families, also shown in Figs. 4–7.
Let us begin the analysis with the ϒ meson family. We

want to determine the mass of the ϒð7SÞ element in this
meson family, corresponding to the n ¼ 7 resonance. When
putting n ¼ 7 back into Eq. (22a), the DCE amounts to
35.961 nat. Afterwards, using this value of DCE into the
left hand side of Eq. (23a), one can obtain the algebraic
solution for the m variable, yielding the mass of the ϒð7SÞ
resonance to be mϒð7SÞ ¼ 11.328 GeV. Now, accomplish-
ing the same technique to the n ¼ 8 excitation level in
Eq. (22a), the DCE underlying the ϒð8SÞ resonance reads
38.099 nat. Subsequently, working out Eq. (23a) for this
value of the DCE implies the ϒð8SÞ resonance mass to
assume the value mϒð8SÞ ¼ 11.527 GeV. Analogously, the
n ¼ 9 excitation level can be now implemented into
Eq. (22a), implying the DCE of the ϒð9SÞ resonance to
be equal to 40.322 nat. When Eq. (23a) is then resolved,
using this value of DCE, the ϒð9SÞ resonance mass
mϒð9SÞ ¼ 11.715 GeV is acquired. These results are com-
piled in Table IX.
Now, let us use the DCE Regge trajectories (22b), (23b)

for scrutinizing the ψ meson family. First, we want to

mesons
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m2 GeV
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16
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20

DCE m

FIG. 6. DCE of the ω meson family, for n ¼ 1;…; 6 [respec-
tively corresponding to the ωð782Þ, ωð1420Þ, ωð1650Þ, ωð1960Þ,
ωð2205Þ, and ωð2290Þ S-wave resonances in PDG [27]] with
respect to their squared mass. The DCE Regge trajectory is
represented by the interpolating gray line.
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FIG. 7. DCE of the ϕ meson family, for n ¼ 1;…; 3 [respec-
tively corresponding to the ϕð1020Þ, ϕð1680Þ, and ϕð2170Þ
S-wave resonances in PDG [27]] with respect to their squared
mass. The DCE Regge trajectory is represented by the inter-
polating dotted line.

TABLE IX. Table I completed with the higher n resonances
(with an asterisk) of theϒmeson family. The extrapolated masses
for n ¼ 7, 8, 9 in the fourth column indicated with a “ ⋆” specify
that they are the result of the concomitant use of DCE Regge
trajectories (22a), (23a), interpolating the experimental masses of
ϒ mesons from n ¼ 1;…; 6.

n State MEXPERIMENTAL (MeV) MTHEORY (MeV)

1 ϒð1SÞ 9460.30� 0.26 9438.51
2 ϒð2SÞ 10023.26� 0.32 9923.32
3 ϒð3SÞ 10355� 0.5 10277.2
4 ϒð4SÞ¼ϒð10580Þ 10579.4� 1.2 10558.6
5 ϒð10860Þ 10889.9þ3.2

−2.6 10793.5
6 ϒð11020Þ 11000� 4 10995.7
7* ϒð7SÞ � � � 11328.1⋆
8* ϒð8SÞ � � � 11527.5⋆
9* ϒð9SÞ � � � 11715.2⋆
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determine the mass of the ψð6SÞ meson resonance, that
corresponds to the n ¼ 6 radial excitation level. Putting
n ¼ 6 back into Eq. (22b) implies that the DCE is equal to
27.680 nat. Therefore, by replacing it in the left-hand side
of Eq. (23b), one can solve the algebraic equation for the
variable m. It yields the mass of the ψð6SÞ meson
resonance to be equal to mψð6SÞ ¼4889.5MeV. Carrying
out the same protocol for the n ¼ 7 excitation level, using
the DCE Regge trajectory (22b) implies that the DCE of
the ψð7SÞ resonance is equivalent to 29.864 nat. Hence
when solving Eq. (23b), once this last value of DCE is
substituted into its left-hand side, the mass of the ψð7SÞ
meson resonance reads mψð7SÞ ¼ 5111.4 MeV. In the same
way, now utilizing the n ¼ 8 excitation level into Eq. (22b)
yields the DCE of the ψð8SÞ resonance to be equal to
32.228 nat. In this case, the DCE Regge trajectory (23b)
can be solved for this value, implying that the mass of the
ψð8SÞ meson is given by mψð8SÞ ¼ 5318.7 MeV. These
results are illustrated in Table X.
In Table X the ψð4660Þ (n ¼ 5) resonance has a

theoretically predicted mass that is slightly higher than
the mass obtained for the ψð6SÞ (n ¼ 6) resonance. The
point here is that up to the ψð4660Þ state, the masses in the
fourth column of Table X were derived using exclusively
AdS/QCD, whereas the masses of the ψð6SÞ, ψð7SÞ, and
ψð8SÞ resonances were here derived using interpolation of
experimental values of the masses, namely, the third
column of Table X. Hence the monotonic profile of the
masses is satisfied, since one must read in Table X the
experimental masses of the J=ψð1SÞ, ψð2SÞ, ψð4040Þ,
ψð4415Þ, ψð4660Þ states and, subsequently, the masses of
the ψð6SÞ, ψð7SÞ, and ψð8SÞ resonances in the fourth
column.
The ω isovector meson family can be analyzed, using the

same approach. The ωð7SÞ meson resonance can have its
mass derived by considering the excitation level n ¼ 7 in
Eq. (22c), yielding the DCE equals 21.478 nat. Next,

replacing it in the left-hand side of Eq. (23c), and posteriorly
solving for the m variable implies that the ωð7SÞ resonance
mass equalsmωð7SÞ ¼ 2499.7 MeV. Therefore accomplish-
ing the same approach to then ¼ 8 excitation level yields the
DCE of theωð8SÞwave resonance to be equal to 24.087 nat,
when employing the DCE Regge trajectory (22c).
Subsequently resolving Eq. (23c) mωð8SÞ ¼ 2649.3 MeV.
Similarly, the n ¼ 9 excitation level can now be used in
Eq. (22a). The DCE of the ωð9SÞ resonance equals 26.960
nat, using the Regge trajectory (22c). Then solving Eq. (23c)
for this value, the mass of the ωð9SÞmeson resonance reads
mωð9SÞ ¼ 2789.5 MeV. These outcomes are shown in
Table XI.
The state ωð2330Þ with IG ¼ 0− and JPC ¼ 1−− quan-

tum numbers, reported in PDG 2020 [27], has mass 2330�
30 MeV and may be immediately identified to the ωð7SÞ
isovector meson resonance. Also, the state Xð2632Þ with
mass 2635.2 MeV might be matched with the ωð8SÞ
isovector meson resonance.
Finally, the ϕ isovector meson family can be studied by

this method. The ϕð4SÞ resonance corresponds to the n ¼ 4
excitation level. When putting n ¼ 4 back into Eq. (22d),
the value 19.870 nat of the DCE is derived. Hence,
replacing it into Eq. (23d), the ϕð4SÞ resonance mass
reads mϕð4SÞ ¼ 2560.6 MeV. For n ¼ 5, the DCE of the
ϕð5SÞ resonance is 22.441 nat, when the DCE Regge
trajectory (22d) is employed. Therefore Eq. (23d) can be
solved for it, yielding the ϕð5SÞ resonance mass
mϕð5SÞ ¼ 2913.3 MeV. Analogously, the n ¼ 6 excitation
level in Eq. (22d) yields the DCE of the ϕð6SÞ resonance
equals 25.230 nat. Subsequently resolving Eq. (23d) for
it, the ϕð6SÞ resonance mass mϕð6SÞ ¼ 3232.4 MeV is
acquired.
The ϕð6SÞ isovector meson state, whose mass is pre-

dicted to be 2913.3 MeV, might correspond to the Xð2350Þ
element with experimental mass 3250� 28 MeV.

TABLE X. Table II completed with the higher n resonances
(with an asterisk) of the ψ meson family. The extrapolated masses
for n ¼ 6, 7, 8 in the fourth column indicated with a “ ⋆ ” specify
that they are result of the concomitant use of DCE Regge
trajectories (22b), (23b), interpolating the experimental masses
of ψ mesons from n ¼ 1;…; 5.

n State MEXPERIMENTAL (MeV) MTHEORY (MeV)

1 J=ψð1SÞ 3096.900� 0.006 3077.09
2 ψð2SÞ 3686.10� 0.06 3689.62
3 ψð4040Þ 4039� 1 4137.5
4 ψð4415Þ 4421� 4 4499.4
5 ψð4660Þ 4633� 7 4806.3
6* ψð6SÞ � � � 4889.5⋆
7* ψð7SÞ � � � 5111.4⋆
8* ψð8SÞ � � � 5318.7⋆

TABLE XI. Table III completed with the higher n resonances
(with an asterisk) of the ωmeson family. The extrapolated masses
for n ¼ 7, 8, 9 in the fourth column indicated with a “ ⋆” specify
that they are result of the concomitant use of DCE Regge
trajectories (22c), (23c), interpolating the experimental masses
of ω mesons from n ¼ 1;…; 6.

n State MEXPERIMENTAL (MeV) MTHEORY (MeV)

1 ωð782Þ 782.65� 0.12 981.43
2 ωð1420Þ 1410� 60 1374
3 ωð1650Þ 1670� 30 1674
4 ωð1960Þ 1960� 25 1967
5 ωð2205Þ 2205� 30 2149
6 ωð2290Þ 2290� 20 2499.7
7* ωð7SÞ � � � 2358.4⋆
8* ωð8SÞ � � � 2649.3⋆
9* ωð9SÞ � � � 2789.5⋆
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IV. CONCLUDING REMARKS
AND PERSPECTIVES

DCE Regge trajectories represent a successful approach
to mass spectroscopy, in approaches of AdS/QCD. Here the
four isovector meson families were scrutinized in this
setup. Their underlying information entropy content played
an important role in deriving the mass spectra of the next
generation of isovector meson resonances, with a higher
excitation level. To accomplish it, a shift of the quadratic
dilaton (4) was used. One of the advantages of using DCE-
based techniques is that the computational apparatus is
simple when compared to other phenomenological
approaches of AdS/QCD, including the lattice one.
Another purpose of the DCE approach for isovector
mesons is the interpolation of their experimental mass
spectra of already detected states in PDG [27], to derive the
mass spectra of the next generation of isovector meson
resonances. This is implemented by the concomitant
analysis of the DCE Regge trajectories Eqs. (22a)–(22d)
and (23a)–(23d), pairwise, respectively, to the ϒ, the ψ , the
ω, and the ϕ isovector meson families. As the DCE is
equivalent to the information chaoticity carried by a
message, one can additionally interpret the isovector meson
families as by-products of experimental multiparticle pro-
duction processes. In high-energy collisions encompassing
quarks and gluons, chaos in QCD gauge dynamics may set
in, and only particles in final states can be measured. The
chaotic profile of collisions that produce isovector meson
excitations can be then quantified by the loss of information
at the end of the collision processes. This quantitative
aspect was here shown to be encompassed by the DCE,
providing experimental determination by the derived mass
spectra of isovector meson states with higher excitation
numbers.
Another important feature of this method is the con-

figurational stability of the isovector meson resonances.
Tables V–VIII, respectively, display the DCE of the ϒ, the

ψ , the ω, and the ϕ isovector meson families. Besides, from
the paragraph that precedes Table X up to the end of
Sec. III, the values of the DCE of higher excitation level
resonances are shown monotonically to increase as a
function of their excitation level. This implies a configu-
rational instability for higher excitation level resonances,
irrespectively of the isovector meson family. It also
corroborates the fact that lower excitation level resonances
have been already detected in experiments [27], as they are
more dominant for the higher excitation level ones.
Equivalently, given any fixed family among the ϒ, the
ψ , the ω, and the ϕ isovector ones, the less massive the
meson state, the less unstable they are, under the prism of
DCE tools. The extrapolation of the mass spectra of
isovector meson higher excitations can be formally imple-
mented for an arbitrary excitation number n with good
accuracy. However, Tables IX–XII consider three excitation
numbers beyond the experimental data, in each one of the
four isovector meson families. Beyond that, further states
are not explored, since they are configurationally very
unstable, with high values of DCE. As such, they are
unlikely to be experimentally detected, at least with
proposed experiments that have been currently run.
AdS/QCD-based models that report quarkonia states

were investigated in Ref. [57], whose DCE was computed
in Ref. [16], using the standard quadratic soft wall dilaton.
This has been also emulated to the finite temperature and
density scenario [63,64]. In heavy-ions collisions that
produce the quark-gluon plasma (QGP), quarkonia are
originated also percolating into the QGP and, therefore,
dissociating as an effect of the hot temperature. The next
step of our studies consists of extending this model with the
shifted dilaton potential (4). In this way, some thermal
features of mesons, whose constituents are heavy quarks,
can be investigated, for example, when dissociated in QGP.
Also, decay constants can be studied in finite temperature
models. As a preliminary study of the DCE underlying the
QGP was already studied in Ref. [65], one can also
investigate the ϒ mesons suppression in heavy-ion colli-
sions. As the ϒ mesons binding energy is large when
compared to the one of ψ resonances, the dissociation
energy of ϒ mesons in the QGP is also expected to be
higher [66]. The absorption of ϒ and ψ resonances in the
hadronic matter then also consists of relevant directions of
future investigations.
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TABLE XII. Table IV completed with the higher n resonances
(with an asterisk) of the ωmeson family. The extrapolated masses
for n ¼ 4, 5, 6 in the fourth column indicated with a “ ⋆” specify
that they are result of the concomitant use of DCE Regge
trajectories (22d), (23d), interpolating the experimental masses
of ϕ mesons from n ¼ 1;…; 3.

n State MEXPERIMENTAL (MeV) MTHEORY (MeV)

1 ϕð1020Þ 1019.461� 0.016 1139.43
2 ϕð1680Þ 1680� 20 1583
3 ϕð2170Þ 2160� 80 2204
4* ϕð4SÞ � � � 2560.6⋆
5* ϕð5SÞ � � � 2913.3⋆
6* ϕð6SÞ � � � 3232.4⋆
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