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Meson and glueball spectroscopy within the graviton soft-wall model
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In this contribution we present results of the calculations of several hadronic spectra within the holographic graviton soft-wall (GSW) model.
In particular, we studied and compared with data for the ground state and excitations of: glueballs, scalar, vector, axial and pseudo-scalar
mesons. The GSW model is found to be capable to describe these observable with only few parameters.
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1. Introduction

In this contribution we investigate the spectra of some
hadronic species. We consider the graviton soft-wall (GSW)
model, introduced and applied in Refs. [1-4], initially
adopted to describe non perturbative features of glueballs.
We remind that the holographic approach relies in a corre-
spondence between a five dimensional classical theory with
an AdS metric and a supersymmetric conformal quantum
field theory. Since the latter is not QCD, we use the so-
called “bottom-up” approach [5-7]. where the five dimen-
sional classical theory is properly modified to reproduce non-
perturbative QCD properties as much as possible. Further-
more, the GSW model is a modification of the initial soft-
wall (SW) where a dilaton field is introduced to softly break
conformal invariance. In GSW model, in order to properly
describe the scalar glueball spectrum, a modification of the
metric has been proposed. This model has been successfully
applied to reproduce non perturbative features of mesons and
glueballs [1,7-10]. In particular, we calculated and impres-
sively described the spectra of: glueballs (with even and odd
spin), the light and heavy scalar mesons, theρ, thea1, theη
and theπ. Moreover, we showed in Ref. [3] that only when
the masses of the glueballs and the mesons are close, mixing
is to be expected [11]. However, if this mass condition is as-
sociated to a different dynamics, mixing will not happen [12].

2. Essential features of the GSW model

The essential difference between the GSW model from the
traditional SW one, is a deformation of theAdS metric in 5
dimensions:

ds2 = eαφ0(z)gMNdxMdxN

=
R2

z2

(
ηµνdxµdxν − dz2

)
, (1)

where gMN is the AdS5 metric andφ0(z) = k2z2 [1,8-
10,13,14]. Modifications of the metric have been also pro-
posed in other studies of the properties of mesons and glue-
balls within AdS/QCD [8,14-22]. The action, in the gravity

sector, written in terms of the standard AdS metric of the SW
model, is:

S̄ =
∫

d5xeφ0(z)( 5
2 α−β+1)

× e−φn(z)√−ge−φ0(z)L(xµ, z) . (2)

In the GSW model, the parameterα encodes the effects due to
the modification of the metric, while,β is used to recover the
SW results as much as possible. Indeed,β is not a free param-
eter and it is fixed to lead the SW kinematic term in the ac-
tion [1,3,4]. For example, for scalar fieldsβ = βs = 1 + 3

2α
and for a vectorβ = βv = 1 + (1/2)α. In Ref. [2], an
additional dilatonφn has been also phenomenologically pro-
posed to describe scalar and pseudo-scalar mesons in order to
obtaina binding potential in the equation of motion. We an-
ticipate that this quantity does not contain any free parameter,
which are namelyα andk. In closing, in order to properly
take into account the chiral symmetry breaking, essential to
describe the pion spectrum, a modification of the dilaton has
been proposed.

3. The glueball spectra within the GSW model

In this section we discuss and present the GSW predictions
for the glueball spectra with even and odd spins together with
the successful comparison with lattice data.

3.1. Scalar glueballs

Here we recall the main results discussed in Ref. [1]. We re-
mind that in this case, the GSW model predicts that the scalar
glueball is described by its dual graviton which is a solution
of the Einstein equation (Ee) for a perturbation the metric
(1). The linearized Ee can be rearranged in a Schrödinger
like equation:

−d2φ(t)
dt2

+
(

8
t2

e2t2−15t2+14− 17
4t2

)
φ(t)=Λ2φ(t). (3)
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FIGURE 1. Left panel: GSW fit to the scalar lattice glueball spectrum [40-42] and to the experimental scalar meson spectrum [35,36].
Solid line forα: 0.55 and0.55 ± 0.04 (dotted). Right panel: The scalar meson spectrum GSW fit to the data shown for all quark sectors.
Experimental data [35,36]. The curves correspond toCc = 2400 MeV for thecc̄ mesons andCb = 8700 MeV for thebb̄ mesons.

where, as usual, we assumed factorization between thez and
xµ dependence,t =

√
αk2/2 z andΛ2 = (2/αk2) M2,

beingM the mode mass.
It is remarkable that the potential is uniquely determined

by the metric and its modification. The only free parameter
is the scale factor depending onαk2. This term is fixed from
the comparison with lattice QCD [1]. As one can see in the
left panel of Fig. 1, forαk2 ∼ (0.37 GeV)2 the linear glue-
ball spectrum is well reproduced, at variance with the SW
model. We also stress the good agreement with the graund
state mass obtained by the BESIII data of theJ/Ψ decays
[23,24] (SDTK) very recently, after analysis.

3.2. Spin dependent glueball spectra

We found out that the ground state of glubealls with
spin is well reproduced if we consider the approach of
Refs. [8,20,25] to describe spin effects. In this case the action
is that of a scalar field [4]:

S̄ =
∫

d5x
√−ge−k2z2

[
gMN∂MG(x)∂NG(x)+ (4)

+ eαk2z2
M2

5 R2G(x)
]

,

and the spin dependence is encoded in the 5-dimensional
mass term:i) M2

5 R2 = J(J + 4) for even spinJ and ii)
M2

5 R2 = (J + 2)(J + 6) for odd spinJ . One should notice
that sinceM2

5 R2 ≥ 0, the potential in equation of motion is
binding and therefore no additional dilatons are needed. Re-
sults of the calculations for the odd and even glueballs are
shown in Tables I-II, respectively. As one can see, results are

TABLE I. Comparison of the masses of the ground states for the
odd spin glueballs (in MeV).

JPC My [38] Li [26] Our Work [2]

1−− 3240± 480 395 3308± 15

3−− 4330± 460 4150 4451± 12

5−− 5050 5752± 10

TABLE II. Same of Table I for even glueballs.

JPC My [38] Gy [39] Our Work [2]

2++ 2150± 130 2620± 50 2695± 21

4++ 3640± 150 3920± 14

6++ 4360± 460 5141± 12

in fairly agreement with data. We also evaluated and com-
pared the Regge trajectories provided by the GSW model
with lattice data. In general, the form isJ ∼ agM

2 + bg,
whereg = o stands for odd spin andg = e is referred to even
spin, respectively. In the odd case:ao = 0.18 ± 0.01, bo =
−0.75±0.28 [2], in agreement withJ ∼ 0.18M2+0.25 [26].
For even glueballs:ae = 0.21± 0.01, be = 0.58± 0.34 [2]
in agreement withJ ∼ 0.25M2 [27,28].

4. Meson spectroscopy

Here we show the main results for the spectroscopy of thef0,
heavy scalar,ρ, a1, η and pion mesons. We stress again that
for the latter case a modification of the dilatonφ0 must be
included to incorporate chiral symmetry breaking.

4.1. Light and heavy scalar mesons

In this case the action is that of Eq. (4) but since now
M2

5 R2 = −3, the relative potential is not binding. Therefore,
at variance to the the glubeall case, the additional contribu-
tion exp[−φn(z)] must be included. Details on this topic are
presented in Ref. [2]. Here we mention thatφn is chosen to
produce in the potential a term proportional to the expansion,
up to the second order, ofexp(αk2z2) and thus preserving
the binding feature. By keeping fixedαk2 = 0.37 GeV2,
we found a reasonable good fit, see left panel of Fig. 1, for
0.51 ≤ α ≤ 0.59. In the case of heavy mesons we added
the quark mass contribution to the light scalar masses [2,4]
in order to effectively include the dynamics the mass of the
heavy quarks [29-31]. In particular, the heavy mass (Mh) is
obtained from the previous light scalar mass (Ml) as follows:
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FIGURE 2. Left: The ρ mass plot as a function of mode number. Experimental data [35,36]. Center panel, thea1 spectrum. Data from
Refs. [34,36]. Right panel, theη spectrum. Data from Refs. [35,36]

Mh = Mh + C, whereC is the contribution of the quark
masses.Cc = 2400 MeV, for the cc̄ mesons, and for the
bb̄ mesonsCb = 8700 MeV. The successful comparison with
data [4] is displayed in the left and right panels of Fig. 1. One
should notice thatCc andCb are comparable with the values
of 2mc and2mb, respectively, as expected.

4.2. Theρ spectrum

For theρ meson, the action is equal to that of a vector field
within the usual SW model sinceM2

5 R2 = 0 [20]:

S̄=−1
2

∫
d5x

√−g e−k2z2
[
1
2
gMP gQNFMNFPQ

]
. (5)

In this case, there is no need of the auxiliary dilaton since
M2

5 R2 = 0 and thus the potential is binding. As one can see
in the left panel of Fig. 2, the agreement is good, exception
is ρ(770). Such a discrepancy suggests that the GSW model
must be further improved.

4.3. Thea1 axial meson spectrum

In the case of the axial-vector mesons, due to chiral symme-
try breaking,M2

5 R2 = −1 [32,33]. Therefore the EoM for
thea1 can be obtained from the action of a vector field with
a conformal mass different from zero:

S̄ = −1
2

∫
d5x

√−ge−k2z2−φn

[
1
2
gMP gQNFMNFPQ

+ M2
5 R2gPMAP AMeαk2z2

]
. (6)

Since in this caseM2
5 R2 < 0, the corresponding potential

is not binding and a modification of the dilaton is required.
Details on the differential equation defining the contribution
are included in Ref. [2]. With the parameters previously ad-
dressed, we get the spectrum shown in the central panel of
Fig. 2. Our calculation favors that thea1(1930), a1(2095)
anda1(2270) are axial resonances [34]. Moreover, the agree-
ment is even more impressive if a missing ground state with
a mass lower then the quoted 1230 MeV will be observed.

4.4. Theη pseudo-scalar meson

The EoM is similar to that of the scalar case but now,
M2

5 R2 = −4 [33]. As expected, one needs to include the

additional dilaton to get a binding potential. In the right
panel of Fig. 2 we show our calculation of the spectrum,
we remind that the band stands for the theoretical error on
α α = 0.55 ± 0.04. The comparison with the experimental
data [35,36] is very good also in this case. Moreover, the
GSW model predicts thatη(1405) andη(1475) are degener-
ate, as discussed in PDG review. Moreover, since in the up-
per mass sector the experimental mass gap is larger, the GSW
model also favors:i) the existence of two resonances between
the η(1760) and theη(2225) and ii) that theη(1405) and
η(1470) are the same resonance. We recall that the results
for theρ, a1 andη masses are free parameter calculations.

4.5. The pion spectrum

In the case of the pion, the Goldstone boson of SU(2) x
SU(2) chiral symmetry, as already anticipate, we need to in-
corporate in the model chiral symmetry breaking mechanism.
Since, as discussed ine.g., Refs. [9,15,37], the physics of
confinement and chiral symmetry breaking could ascribed to
the dilaton [9,15,37], we propose a modification of the dila-
ton profile function [2], we consider:

φ0(z) = βs tanh (γz4 + δ)k2z2. (7)

The parametertanh (δ) is responsible for the the chiral
symmetry breaking, see details in Ref. [2]. This choice pre-
serves the largez behaviour, which leads to Regge trajectory
of the higher mode spectrum. On the other hand, the low
z region describes the transition region andδ andγ incorpo-
rates the effects of the spontaneous chiral symmetry breaking.
Also in this case, in analogy with theη, we need to includeφn

to get a binding potential. The pion spectrum is shown in the
Table III compared with the PDG data [35,36]. The predicts
more pion states the experimentally observed [33,37].

5. Glueball-Meson mixing

Here we discuss the conditions for a not favorable mixing,i.e.
states with mostly gluonic valence structure [3]. We consider
an holographic light-fron (LF) representation of the EoM in
term of the Hamiltonian [5]

HLC |Ψk >= M2|Ψk >, (8)
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TABLE III. Experimental results for theπ masses given by the PDG particle listings [35,36] compared with our calculations,δ = 1.5235.
The masses in MeV.

π0 π(1300) π(1800)

PDG 134.9768± 0.0005 1300± 100 1819± 10

Our work [2] 135 943± 111 1231± 133 1463± 151 1663± 168 1842± 183

and a two dimensional Hilbert space generated by a meson
and a glueball states,{|Ψm >, |Φg >}. Mixing occurs when
the hamiltonian is not diagonal in the subspace. A matrix
representation of the hamiltonian is given by

[H] =
(

m1 α
α m2

)
, (9)

whereα =< Ψm|H|Φg >, m1 =< Ψm|H|Ψm > and
m2 =< Φg|H|Φg >. We are assumingm2 > m1 and
for simplicity α real and positive. After diagonalization the
eigenstates have a massM± = m ±

√
α2 + (∆m)2, where

m = (m1 +m2)/2 and∆m = (m2−m1)/2. The first phys-
ical meson, assuming to be the lightest one, is given by the
eigenvector ofH [3]. Since we fixed the meson spectrum to
the experimental values,|Ψphy > represents a physical me-
son state while we have fixed the glueball spectrum to the
lattice values, therefore the glueball state is our initial state
|Φg >, thus

| < Ψphy|Φg > |2 =
α2

(M− −m2)2
. (10)

FIGURE 3. The probability of no mixing for the glueball with mode
numbersng = 0 (solid),1 (dashed),2 (dotted),3 (dot-dashed),4
(solid) as a function of meson mode numbern.

The mixing probability is proportional to the overlap of these
two wave functions (w.f.). We calculate the probability for
no mixing, i.e., PGM = 1 − |〈Ψphy|Φg〉|2. As one can see
in Fig. 3, the the mixing should occur whenng = 2, 3, 4
and the meson mode numbersn ∼ 10, 13, 17. This condi-
tion reduces the overlap probability for mixing dramatically.
Therefore, we predict the existence of almost pure glueball
states, in the scalar sector, in the mass range above2 GeV.

6. Conclusions

In this contribution we presented the applications of the GSW
model to the glueball and meson spectra. We saw that the pro-
posed modification of the metric is fundamental to reproduce
experimental data with only two parameters. We propose the
inclusion of an additional free parameter dilaton to get bind-
ing potential for tachionic 5-dimensional masses. Excellent
agreements with data are found. For the pion, the SW dila-
ton has been properly modify to describe the chiral symmetry
breaking in the model. Also in this case the comparison with
data is quite good. We conclude by remarking the capability
of the model in reproducing several masses of very differ-
ent hadronic systems with only few universal parameters and
therefore leading to a relevant predicting power.
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