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Glueball spectroscopy is a unique laboratory to test non
perturbative QCD and CONFINEMENT

However :

1) several mesons have similar mass and quantum number ssw=sitis MIXING

2) Their characterization is not clear
3) Lattice calculations of decay are difficult! Models could help!
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There are severdl calcllations ane lattice data:
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An extraction from J/y decay:

|\/|0 ~ 13865 + 257:%?) MeV 4 |

E. Klempt et al PLB 816, 136227 (2021) 2
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Moreover, different lattice collaborations predict di
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Could models help in claritying the situation?
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MP: C.J. Morningstar et al, PRD 60, 034509 (1999)
YC: Y. Chenetal PRD 73, 014516 (2006)

LTW: B. Lucini et al, JHEP 06, 012 (2004)

SDTK: E. Klempt et al PLB 816, 136227 (2021)

terent masses, in particular for the ground state:
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|Is there a mixing between glueballs and meson states? Also in
this case models could help to understand in which conditions

Imixing occurs or not. |
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Starting from the Maldacena’s conjecture:

N=4 SU(N) SYM String theory on AdS: x Sc

We can study the QFT problem in the
non-perturbative regime in the gravity sector!
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Starting from the Maldacena’s conjecture:
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N=4 SU(N) SYM

String theory on AdS: x Sc
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I supersymmetry
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' Conformal symmetry

I N is 0o
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BUT!

No Confinement

This is NOT QCD

We can study the QFT problem in the
non-perturbative regime in the gravity sector!
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Starting from the Maldacena’s conjecture:
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=
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Low energy scales

Chiral limit
N is 0o

No Confinement

This is NOT QCD
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We can study the QFT problem in the
non-perturbative regime in the gravity sector!
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String theory on AdS: x Sc

Isometries
between group
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We can calculate ~ NO |

BUT!

No Confinement |
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he gravity theory to provide it |
This is ALMOST QCD | We can study the QFT problem in the
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% No supersymmetry

< Confinement

% Conformal symmetry
broken

< N is finite

The dream is to understand QCD using
its dual gravity theory!

/

Top-down“Approach: Bottom-up Approach:

Find a gravitational theory dual to QCD Starts from QCD and attempts to construct a
five dimensional holographic dual

Soft-wall model

Hard-wall model ! i Soft cutoff of AdS space by
Compactification of the 5° dimension by introducing a dilaton field.

hand. AdS geometry cut by two
branes: UV and IR.
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Qualitatively agreement with data

HADRON SPECTRUM:

S.J. Brodsky et al, Phys. Rep. 584 (2015)
H.G. Dosh et al PRD 91, 045040 (2015),
085016 (2015)

Form factors and PDFs:
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GLUEBAL LS IN SO I-WALL ALSICOC D

karch et al, PRD 74, 015005 (2006)

The gravitational theory is based on Anti-De Sitter space in (4+1) dimensions:

R2
gMNddexN i (dz2 + nuydx“dx”)

The confinement can be implemented by adding a Dilaton in the action:

1= Jdd'xdz —ge? D Z ©o(z)
the only free parameter of the model

From the Eulero-Lagrngian equation for scalars, vectors... we get the mode functions and the spectrum

Successtul in describing the Regge behavior of the spectrum: |\/|2’J N =0

n

WHAT ABRBOLUT GIUFRAI I S?
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karch et al, PRD 74, 015005 (2006)

The gravitational theory is based on Anti-De Sitter space in (4+1) dimensions:

R2
M N 2 252
gMNdX dx” = 2_2 (dZ g nMVqudXV) p(z) = kz 5° dimensional mass # the physical one
We have the field equations (we start with the scalar case): 1= /d5x ge 72 [gMNaMgaNg . Mﬁgz}
5000 . 1 : : : :
A — D++
4000- ]
: ‘ — O++
> {
g 3000.-
=
2000-
Eduardo Folco Capossoli et al, PLB 753 (2019) 419-423 %
: .: : ; : s
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karch et al, PRD 74, 015005 (2006)

The gravitational theory is based on Anti-De Sitter space in (4+1) dimensions:

R2 i
gMNdXMdXN = 2_2 (d22 g andX“dX ) p(z) = k?z° 5° dimensional mass # the physical one
We have the field equations (we start with the scalar case): 1= /d5x ge 72 [gMNaMgaNg +\I\/I§92}
A =k
| ® o~ ] _
e 1 { '
2 eed To Improve The Model!
. .

2000

1000

Matteo Rinaldi QNP2024 2



GLUEBALLS IN GRAVITON SOF I-WALL ADS/QCD

We propose to modify the metric to properly describe the glueball dynamics:

M. R. and V. Vento EPJA 54 (2018) R2
M. R. and V. Vento JPG 47 (2020), 5, 055104 = M N 5
M. R. and V. Vento JPG 47 (2020), 12, 125003 gmndxdxT = T (dZ i Uuudxudxy) izl — k7
M. R. and V. Vento, PRD 104 (2021) 3,034016 Z4
We keep the dilaton in the action: T = [ d°« +/—g e 7™ L apparently we have two parameters

But we fix f to have the same kinetic term of the SW model.

Modified Soft-Wall model in e.g.:

E. F. Capossoli et al, PLB 753, 419-423 (2006)

O. Andreev, PRD 100 (2019) 2, 026013

E. F. Capossoli et al, Chin. Phys. C 44 (2020) 6, 064194
W. de Paula et al, PRD 79, 075019 (2009)

S. Afonin et al, JPG, 49 (2022) 10, 105003

Matteo Rinaldi QNP2024
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GLWEBALLS N GRAVIHOIN SO IVWALL AIIS/OCH)

We propose to modify the metric to properly describe the glueball dynamics:

M. R. and V. Vento EPJA 54 (2018)

M. R. and V. Vento JPG 47 (2020), 5, 055104 o~ M N 5 1L 1 9499
M. R. and V. Vento JPG 47 (2020), 12, 125003 EMNAX AOX == e TV (dZ s 77;u/dx dx ) SO(Z) — k7
M. R. and V. Vento, PRD 104 (2021) 3,034016

We keep the dilaton in the action: 7 = | d° /—g e ?¥™ £ apparently we have two parameters

But we fix f to have the same kinetic term of the SW model.

In our model we consider a graviton, propagating in this modified space, as dual for the glueball:

1~ 1~ 1~ 1~
T e §h;cc;b e

2 bc;a
¥ 4

W (1) + V(W (t) = AU

—|—4Flab =0

with:
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We propose to modify the metric to properly describe the glueball dynamics:
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We keep the dilaton in the action: 7 = | d° /—g e ?¥™ £ apparently we have two parameters

But we fix f to have the same kinetic term of the SW model.

In our model we consider a graviton, propagating in this modified space, as dual for the glueball:

1~ 1~ 1~ 1~

Nagive 52 7C B AR C ) ;C % 7C L LN 5000:_ ';‘ Nno gOOd
2 hab;c 2 hC;ab 17 2 hac;b T 2 hbc;a a0 S el for meson spectra
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with: 2000 -
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GLWEBALLS N GRAVIHOIN SO IVWALL AIIS/OCH)

We propose to modify the metric to properly describe the glueball dynamics:

M. R. and V. Vento EPJA 54 (2018)

2
M. R. and V. Vento JPG 47 (2020), 5, 055104 ~ M N _ _—ap(z) R 9, 1L 1 s
M. R. and V. Vento JPG 47 (2020), 12, 125003 gmndxTdx”T = e ( h (dZ + Ny dx”dx ) ozl k7
M. R. and V. Vento, PRD 104 (2021) 3,034016 Z

We keep the dilaton in the action: 7 = | d° /—g e 7™ apparently we have two parameters

e same kinetic term of the SW model.

Jale |
1
— ¥ SW GSW

But we fix f to have

on, propagating in this modified space, as dual for the glueball.

, =0 Sy Hard Wall
4000 - E. Klempt et al PLB 816, 136227 (2021) ,/"{
- [ extraction 5
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MIESCOINS N GRAVEFON SOF EWALL ALSIOCD

We propose to modify the metric to properly describe the glueball dynamics:

M. R. and V. Vento EPJA 54 (2018)

2
M. R. and V. Vento JPG 47 (2020), 5, 055104 = M N R 2
M. R. and V. Vento JPG 47 (2020), 12, 125003 gundx T dx = T (dZ i Uuudxudxy> GLZS — k?z°
M. R. and V. Vento, PRD 104 (2021) 3,034016 Z
- - i 5 “p(2)—en(z) | MN 202
The action for the scalar field: | = /d x /g e P@ @@ | MNg SH\ S 1P BM2S
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We propose to modify the metric to properly describe the glueball dynamics:

M. R. and V. Vento EPJA 54 (2018)

2
M. R. and V. Vento JPG 47 (2020), 5, 055104 = M N R 2
M. R. and V. Vento JPG 47 (2020), 12, 125003 gundx T dx = T (dZ i Uuudxudxy> GLZS — k?z°
M. R. and V. Vento, PRD 104 (2021) 3,034016 Z
- - i 5 “p(2)—en(z) | MN 202
The action for the scalar field: | = /d x /g e P@ @@ | MNg SH\ S 1P BM2S
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We propose to modify the metric to properly describe the glueball dynamics:

M. R. and V. Vento EPJA 54 (2018)

2
M. R. and V. Vento JPG 47 (2020), 5, 055104 = M N —ao(z) R 2
M. R. and V. Vento JPG 47 (2020), 12, 125003 EMNOX X = e " T 5 (dZ e ﬁuudxudxy) GLZS — k?z°
M. R. and V. Vento, PRD 104 (2021) 3,034016 Z
- . i 5 “p(z2)—¢n(2) | .MN 202
The action for the scalar field: L / d°x /g eTP@ -l | MNg S\ S 14e*PBM2S

Additional dilaton
To avoid that the potential does not bind

10 -
8
L 2 )( " -
PN 4+ ()L\(?l d o s
\N,- I 01\‘27'2 NX/\/ .......
e o e
0- =
_2> e(\szz2
4
0 2 4 6 8 10
52
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We propose to modify the metric to properly describe the glueball dynamics:

M. R. and V. Vento EPJA 54 (2018)

2
M. R. and V. Vento JPG 47 (2020), 5, 055104 = M N —ao(z) R 2
M. R. and V. Vento JPG 47 (2020), 12, 125003 EMNOX X = e " T 5 (dZ e ﬁuudxudxy) GLZS — k?z°
M. R. and V. Vento, PRD 104 (2021) 3,034016 Z
- . i 5 “p(z2)—¢n(2) | .MN 202
The action for the scalar field: L / d°x /g eTP@ -l | MNg S\ S 14e*PBM2S

Additional dilaton
To avoid that the potential does not bind

10-
8
Phenomenological approximation: :
2 D2 1 21,4_4 o xog\é‘f
o 9 : 2,2 X 7 e
e ~ 14 akz® + 2C¥ k*z 1) leads to a binding potential Ry 2 ol "_2_,,.--
2) contains gluo dynamics described e 0 Lﬂ\ S
through the the metric deformation - of Smmmamemet”
—2- e(vk222
1
0 2 4 6 8 10
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We propose to modify the metric to properly describe the glueball dynamics:

M. R. and V. Vento EPJA 54 (2018)

2
M. R. and V. Vento JPG 47 (2020), 5, 055104 ~ M N _awv(z) R 2
M. R. and V. Vento JPG 47 (2020), 12, 125003 gundx T dx”T =e 7 h (dZ 5 Uuudxudxy) iz — k*z°
M. R. and V. Vento, PRD 104 (2021) 3,034016 Z
- . T 5 “p(2)—“pn(z) | ,MN 22
The action for the scalar field: L / d°x /g eTP@ -l | MNg S\ S 14e*PBM2S

Additional dilaton
To avoid that the potential does not bind

10
4 D 212 |
: _“0“2(2) - ¢n(2) (% + k2z> | SO"ELZ) | M;R [eak222 ~ 1~ ak’2 — %a2k4z4] iy : .
i 2)(/@\41 ;
The additional dilaton guaranties that the potential is binding S 4: 27 A“_x\il,..--l' """
No free parameters! o 2 L“l&_,_,_f """"""
We only needs that the above differential equation has a solution. o 7
-2} e o
: o
0 2 4 6 8 10
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We propose to modify the metric to properly describe the glueball dynamics:

M. R. and V. Vento EPJA 54 (2018) R2

M. R. and V. Vento JPG 47 (2020), 5, 055104 2 Mo N A0 > Fo {0 5 9
M. R. and V. Vento JPG 47 (2020), 12, 125003 EMNAX AOX == e TV (dZ s Uuudx dx ) SO(Z) — k7
M. R. and V. Vento, PRD 104 (2021) 3,034016

The action tor the scalar field: e /d5x g e #@-@@ | MNg SoNS ¥ BM2S?

Additional dilaton
To avoid that the potential does not bind

4 : 3 222 NER 1
: —90“2(2) -, (2) (Z 0 k22> | SO”ELZ) | ;’2 [eo‘k222 1 ok §a2k4z4} —.0 S
Y . . Sy -20
The additional dilaton guaranties that the potential is binding a
No free parameters! = -40-
We only needs that the above differential equation has a solution. =
-80
0 2 s 8 10

u
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We propose to modify the metric to properly describe the glueball dynamics:

M. R. and V. Vento EPJA 54 (2018)

M. R. and V. Vento JPG 47 (2020), 5, 055104 7 M N 2 L 1 5> 2
M. R. and V. Vento JPG 47 (2020), 12, 125003 gmndxdxT = R (dZ + M dx”dx ) wlz) =iz

M. R. and V. Vento, PRD 104 (2021) 3,034016

The action tor the scalar field: e /d5x g e #@-@@ | MNg SoNS ¥ BM2S?

M.R. and V. Vento, PRD 104 (2021) 3, 034016
M.R. and V. Vento, JPG 47 (2020), 12, 125003

o 2 4 £ F, 3 i

TS0V | | T | | | 2

7z Nice results for ak?®=0.372 Gev2 and 0.51 < a < 0.59
S'“ 1 o
(D STV S
g Gl iU 4
§ qxjrrjnjz # sa ~ 0.51

2131][:':‘ f S '-:""'::-::::“‘i >a ~ 0.59
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We propose to modify the metric to properly describe the glueball dynamics:

M. R. and V. Vento EPJA 54 (2018)
M. R. and V. Vento JPG 47 (2020), 5, 055104 = M N 5 1L 1 D1
M. R. and V. Vento JPG 47 (2020), 12, 125003 gundx dx = oY (dZ i 77;u/dX dx ) SO(Z) — k7

M. R. and V. Vento, PRD 104 (2021) 3,034016

The action tor the scalar field: e /d5x g e #@-@@ | MNg SoNS ¥ BM2S?

M.R. and V. Vento, PRD 104 (2021) 3, 034016
M.R. and V. Vento, JPG 47 (2020), 12, 125003

140N

Nice results for ak?=0.372 Gev2 and 0.51 < a < 0.59

- Cbl:_) ~ me
Heavy mesons: Mg ~ Mg, + Cq <

S. S. Afonin et al, Phys. Lett. B726, 283 (2013)
A. Vega et al, Phys. Rev. D82, 074022 (2010)

Y. Kim, J.-P. Lee et al, Phys. Rev. D75, 114008 (2007)
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We propose to modify the metric to properly describe the glueball dynamics:

M. R. and V. Vento EPJA 54 (2018)

M. R. and V. Vento JPG 47 (2020), 5, 055104
M. R. and V. Vento JPG 47 (2020), 12, 125003
M. R. and V. Vento, PRD 104 (2021) 3,034016

The action for the scalar field:

M.R. and V. Vento, PRD 104 (2021) 3, 034016
M.R. and V. Vento, JPG 47 (2020), 12, 12

SW

>
)

2 :

S Meson V V

Glueball | X V

Matteo Rinaldi

QMNdXMdXN

i / Bx /5 « LB AP

,—:—>Oé ~ 0.51
>~ 0.59

— g (dz2 + 7 dxtdx”) i) — ke

gMNOSNS +eFDMZS?

Nice results for ak®=037% Gev? and 0.51 < a < 0.59

€ 2mb
Heaw mesons: M ~ My . Cogate— 7720
qq 0 Gf
CCE Y 2mc
S. S. Afonin et al, Phys. Lett. B726, 283 (2013)
A. Vega et al, Phys. Rev. D82, 074022 (2010)

Y. Kim, J.-P. Lee et al, Phys. Rev. D75, 114008 (2007)
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MIXING IN GRAVITON SOFI-WALL ADS/QCD

5000

4000 [

1000 |

Mixing (?) for
very different mode numbers

Matteo Rinaldi QNP2024
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MIXING IN GRAVITON SOFI-WALL ADS/QCD

splgl SN sl B Bl it o We define the probability for NO MIXING as: P, =1 — [(WE|[W™)|°
| M.R. and V. Vento J. P. G 47 (2020), 5, 055104
4000 : g M.R. and V. Vento J. P. G 47 (2020), 12, 125003
’>-\ : 1.0
O ] R Yl T et : 2 lines for:
3 09l 4
\% 2000 : a = 0.h1
> | 0.8 Mo ==l o = 0.59
1000 | q ; 07: (here the parameter of the model)
2T ng=1 ZI17 5
ST R T S R S ST R 06} ;
K pel Ny =3
Mixing (?) for
very different mode numbers Pem—

Mixing for similar mode numbers
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5000

4000 [

1000 [

Mixing (?) for oatl_

2 lines for:
a = 0.h1
a = 0.59

(here the parameter of the model)

e We define the probability for NO MIXING as: P, =1 — [(WE|[W™)|°
: M.R. and V. Vento J. P. G 47 (2020), 5, 055104
v M.R. and V. Vento J. P. G 47 (2020), 12, 125003
1.0 R T C ™ R e L S W
« N e & A
- I f, N -
088 1% Y y .
: 4 Prodac ey :
g ) nﬁ gie 2 ST
08F f 3/ ng =0 g
q 2 . ;If :
ZO?_— “l‘t",,' A _-
S B f‘ln‘f" gl nle O |
A 06 I'I ‘,?l
g G :
05} || g _
|
|
| | 1 | |
2 4 6 8 10

very different mode numbers

Matteo Rinaldi

@ Meson mode number

Mixing for similar mode numbers

Within the GSW AdS/QCD models (standard and with graviton) pure glueballs
in the scalar sector exist in the mass range above 2 GeV!

QNP2024
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We propose to modify the metric to properly describe the glueball dynamics:

and V. Vento EPJA 54 (2018)

M. R
. . 2
M. R. and V. Vento JPG 47 (2020), 5, 055104 ~ M N apo(z) R 2 [ ] 2 92
M. R. and V. Vento JPG 47 (2020), 12, 125003 gMNdX dx — e h (dZ e Uuudx dx ) QO(Z) =K Z
M. R. and V. Vento, PRD 104 (2021) 3,034016 Z
. - : e 5 Lo(2)~Lon(z) | _MN R, 12 o2
The action for the scalar tield: '— J-d X /g € AL g OMSONS + e i )|\/|5S
M.R. and V. Vento, PRD 104 (2021) 3, 034016 = =
M.R. and V. Vento, JPG 47 (2020), 12, 125003
We do not change the parameters! M:Z=—4
M.R. and V. Vento, PRD 104 (2021) 3, 034016
st QRS e oL VR W SRsl Sl R
2500 , ' _
- 1 0 n(1295) [n(1405) - n(1475)| n(1760) | n(??2?27) | n(?277) | n(2225)
| PDG  |547.862 £ 0.017|957.78 £ 0.06] 1295+ 4 | 1408.84+2.0 |1751+15 2221 + 12

1475 + 4
[This work|  513+92 | 943111 [12314133] 1463151 |1663 £ 1681842 + 1832005 £ 198(2155 + 210

H_/

The GSW model
predicts this 2
hew states

Matteo Rinaldi QNP2024



VEC TORS HN GRAVETON SORI-WALL ADSIOCE

We propose to modify the metric to properly describe the glueball dynamics:

and V. Vento EPJA 54 (2018)

M. R. 2
M. R. and V. Vento JPG 47 (2020), 5, 055104 ~ M N —ap(z R 2 2 9
M. R. and V. Vento JPG 47 (2020), 12, 125003 gundxdxT =e h (dZ i ﬁuudxudxy> ozl k7
M. R. and V. Vento, PRD 104 (2021) 3,034016 Z
oo : ; . c 1 5 e il MP QNE _
This is the action for the p field: 55 dixwiage 58 & FunFeg
M.R. and V. Vento, PRD 104 (2021) 3, 034016 = =
M.R. and V. Vento, JPG 47 (2020), 12, 125003
We do not change the parameters! Mz =0

M.R. and V. Vento, PRD 104 (2021) 3, 034016

3000

2500 -
: Good agreement
2000 |

1500

M(MeV)

1000 |

500 ¢
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VEC TORS HN GRAVETON SORI-WALL ADSIOCE

We propose to modify the metric to properly describe the glueball dynamics:

M. R. and V. Vento EPJA 54 (2018) R2
M. R. and V. Vento JPG 47 (2020), 5, 055104 = M N —ap(z 2 i 1% P2l
M. R. and V. Vento JPG 47 (2020), 12, 125003 gunadxdx”T =e TV — (dZ + M dx”dx ) wlz) =iz

2
M. R. and V. Vento, PRD 104 (2021) 3,034016 Z

o : : ; S 1 B! {
This is the action for the axial a; field: 5= —§/d5x\/—ge_k2z2_% 58" g FunFP e + MER?g™ Ap Aye
M.R. and V. Vento, PRD 104 (2021) 3, 034016 i 3
M.R. and V. Vento, JPG 47 (2020), 12, 125003
We do not change the parameters! M: =~
M.R. and V. Vento, PRD 104 (2021) 3, 034016
54 5‘
4 4 GOOD AGREEMENT!

Here we guess the existence of an
unknown lightest grand state...

0 1 2 3 49 5 B 0 1 2 3 4 5 B

[ .

(’11(:1260) L] (1420:] (] [:1640} ] (ilgg()} L] (2093] ] (2270)
PDG & Av  [1230 + 40| 14117F 5 (1655 £ 16| 1930173 | 2096155, | 227015
This work 833 £53 |1235 + 72[1535 + 87[1785 + 100{2005 + 111{2202 + 122
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APIODIET PO HE PICN

We need modifications to implement chiral symmetry breaking. Possible but no time to discuss all

detalls, see MR, E A. Ceccopieri and V. Vento, EPJC 82 (2022) 7, 626

GSWL1: m, =45 MeV vy = —0.6

& =" new parameters to take into account chiral symmetry breaking
GSWL2: m,=52MeV v, = —0.17
SPECTRUM
! 7(1300) m(1800)
PDG 134.9768 £ 0.000 1300 £ 100 1819 £+ 10
SW [26] 0 1080 1527 1870
Ref. [8] 135 943 4 111 | 1231 £ 133 | 1463 £ 151 | 1663 £+ 168 | 1842 + 183
GSWLI1 140 1199 + 41 1800 £ 6
GSWL2 140 1019 £ 27 1793 £ 16
Ref. [22] 140 1520 2120
Matteo Rinaldi QNP2024
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AMODIEE PO HE-PIGON

We need modifications to implement chiral symmetry breaking. Possible but no time to discuss all

detalls, see MR, E A. Ceccopieri and V. Vento, EPJC 82 (2022) 7, 626
GSWLL: my =45 MeV 7 = —0.6

GSWL2: m, =52 MeV 4, = —0.17

FORM FACTOR AND PION RADIUS

Ref. Ref. Ref. GSWLI GSWL2 loxperiment
126 157 58] 155
\; <I'2> [flll] 0.524 | 0.673-0.684 | 0.644 | 0.67 = 0.03 | 0.70 £ 0.05 0.67 +0.01
Matteo Rinaldi QNP2024
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APIODIET PO HE PICN

We need modifications to implement chiral symmetry breaking. Possible but no time to discuss all

detalls, see MR, F A. Ceccopieri and V. Vento, EPJC 82 (2022) 7, 626

GSWL1: m, =45 MeV v, = —0.6

GSWL2: m, = 52 MeV Ve = —0.17

PECAY CONSTANT -7 =i/ / i /

dk 1

1673

¢2/h L ku)

Pion w.f.
(GSW x longitudinal dyn.)

Data [34] GSWL1 GSWL2
fr [MeV] | 91.92+3.54 126+6 104+ 7
QNP2024

Matteo Rinaldi
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APIODIET PO HE PICN

We need modifications to implement chiral symmetry breaking. Possible but no time to discuss all

detalls, see MR, E A. Ceccopieri and V. Vento, EPJC 82 (2022) 7, 626
GSWLL: my =45 MeV 7 = —0.6

GSWL2: m, = 52 MeV Ve = —0.17

THE PION TRANSITION FORM FACTOR  ((P —g)|J*|n(P)) = ie”Fyx(Q%)e"*" Pyepgs

0.30 F

0.255— [ { [
S R o SOt S | | GswiL1
R s s
B s i i R A

0.15}

GSWL2

— —
- - —— - W e e
- e I WS S W —
- - — — —
- — i
-~ o

Q°Frey (Q7)[GeV]

0.10
0.05F I

0.00 |

| 1101 - 1151 . 1201 . 1251 . ‘30l - 135
Q* [GeV?]
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APIODIET PO HE PICN

We need modifications to implement chiral symmetry breaking. Possible but no time to discuss all

detalls, see MR, E A. Ceccopieri and V. Vento, EPJC 82 (2022) 7, 626

GSWL1: m, =45 MeV vy = —0.6

GSWL2: m, = 52 MeV Ve = —0.17

DISTRIBUTION AMPLITUDE

o(z; Q) = /O

1.5+

1.0

() ( Y Q2 )norm

0.5

0.0}

lllllllllllllllllllll

Matteo Rinaldi

QNP2024

2
5 d’ ki Pion w.f.

167'('3 w2/77 (567 kJ—l) (GSW x longitudinal dyn.)

[ dz 623 @P)aorm = 1
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APIODIET PO HE PICN

We need modifications to implement chiral symmetry breaking. Possible but no time to discuss all
detalls, see MR, F A. Ceccopieri and V. Vento, EPJC 82 (2022) 7, 626
GSWL1: m, = 45 MeV Yr = —0.6

GSWL2: m, = 52 MeV Ve = —0.17

DISTRIBUTION AMPLITUWeabsocomputed: . —— £ — — — — — =

- TFF with 2 virtual photons > §
157 S s S
£

S Ay Uy N i pp——

- Moments of DA Lo O

U N Y S VS VO SRS VOSSR "Gt W VO VS5 iy S VO WO W s oS v TR 4 S e R
0.51 0.52 0.53 0.54 0.55 0.56 0.57 0.58 0.59

s 10}
= =P |
Q: | (more investigations are needed) T =
= 05 _ ] \5
| -Effective form factors: =
0ol relevant quantities for Double Parton |
| 0o Scattering (Comparison with lattice)

Matteo Rinaldi QNP2024 52



eGP IR AN YBRIE) SEFCERA

M. R. and V. Vento, PRD 109 (2024) 11,11403
The actions, in the gravity sector, are still those for scalars (S) and vectors (V):
i

58MP€QN FMN FPQ e |\/|§ Rzgp'\/'ApA,\/leo‘k2z2

The states we considered (also including anomalous dimension to take into account y-symmetry breaking):

—+ SR I P, £ i 9% 5 PRVl
& 2 >: \IJB? (A=5,4,=0,p=0,MR =5) LQCD(renormalon) [40]|QCD (anysotropic) [38]|LQCD (m, = 396 MeV) [39]|] GSWm2
0 5 =0, P WBT. (N 5N, — i, p—0 MR — 12} [~ _ _ 2.1 2.074 + 0.028
17 V=B MOUBT (IA 5N, O p-—1 MR- 8Y, ot+ 1.98 _ >2.4 2.694 + 0.021
A 6ijk\il’y5'yj)\a\IlBk“ (A =9 A= n— 1 MERE — 15), 17~ 0.87 - 2.3 2.149 £ 0.017
1+t A = gip Uy A OER (A =5,A,=1,p=1,M2R? = 15) 17~ 1.25 - =24 A ARSI

o i + _ _

Sl e S 0"~ - - >2.4 2.694 + 0.021
07 X = Uy \VE! (A =5/A =0p="02M R =5) = _ - - 5074 = 0,093
1ol — e By 8O BY (A =b A, —Up—1 MR —8) -+ 2.15 2.013 2.0 2.149 + 0.017
1 "W/ = Uy A"V E? (A5 A 05— B MR B

Good agreement with lattice data (no free parameters)

ne model can be considered suitable to identity which observed states could be interpreted as hybrids

ne approach has been extended also to describe hybrids in the heavy quark sector

Matteo Rinaldi QNP2024 53



eGP IR AN YBRIE) SEFCERA

M. R. and V. Vento, PRD 109 (2024) 11,11403
For example, we can use the model to try to identify

m(1800) | 7(2010)* | m( n(2320)* | 7(2360)*
0~ +| 1800+, [ 2010%35 |: i . 2320 + 15/2360 + 25
£0(1710) |ao(2020)* | fo(2060)° | X (2540)"
0F*| 174078 2025 + 30| 2060 + 10 | 2540352
w(1420) | p(1450) | w(1650) | $(1680) | p(1700)
177 (1410 4+ 60]1465 + 20| 1670 + 30 [1680 + 20|1720 + 20
w(1960)* | ¢(2170) | w w(2290)* | w(2330)*
1~ (1960 + 25§ 2162 + 7 § 2205 + 30% 2290 + 20 (2330 = 30
h1(1170) | h1(1415) | h1(1595) |b1(1960)* [h1(1965)* |h1(2215)* |b1(2240)*
17711166 + 8 | 1416 + 8 1594-_*-3::; 1960 4 35(1965 = 452215 £+ 40(2240 + 35
a1(1930)* | £1(1970)* | a1(2095)* |a1(2270)* | f1(2310)*
17| 1930720 |1971 4 15|2096 + 138| 2270777 (2310 =+ 60

Matteo Rinaldi
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CONCLUSIONS

5 0 1 2 3 4 5 6 7 8
2O e e e ey
i 20005- -
%‘ 3: % 15005—
S ;
< 2] \é 1000
1 — 500?
0 L. ot
0 1 2 3 4 5 6
WE CONSIDER THE WE DEVELOPED THE GSW AdS/QCD MODEL
GLUEBALL & MESON p:

SPECTRA

WE INCLUDED
CHIRAL-SYMMETRY
BREAKING: n

WE DESCRIBED QUITE WELL
GLUEBALL & MESON SPECTRA WITH
2 PARAMETERS

14 0040 - j
i rzzum 4 -‘é:b:::::::::::::::::::::::::,_% WE FOUND THAT PURE SCALAR
e el Ve GLUEBALLS COULD BE FOUND
FOR MASSES ABOVE 2 GeV
E nl.ll)l_.t: CC AR
4000 - ¥
ZDI]I]W

0 1 2 3 4 5 6 7 8 4

Nm
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A GV DR FORCERE PIC N

M.R., F. A. Ceccopieri and V. Vento, EPJC 82 (2022) 7, 626

In order to move from the eta spectrum to the pion one, the potential should modified:
o _ / By e—Po(=)—en(2) /=5 [ N S G iy 46ak2z2¢($)2}

The additional dilaton, responsible for the confinement can lead to:

15 1 1
Vala) = 5 +2k° + 2% — [1 + (@ + &K% + 5 (0” + %)1#24}

- Parameters used to describe: glueballs, light sclars, heavy scalars, eta, vectors.

Matteo Rinaldi QNP2024
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A GV DR FORCERE PIC N

M.R., F. A. Ceccopieri and V. Vento, EPJC 82 (2022) 7, 626

In order to move from the eta spectrum to the pion one, the potential should modified:
o _ / By e—Po(=)—en(2) /=5 [ N S G iy 46ak2z2¢($)2}

The additional dilaton, responsible for the confinement can lead to:

1 4 1
Vol — : Lol peo {1 (0L @ )22+ =(a°+ %)k‘lz‘l}

422 e 2
- Parameters used to describe: glueballs, light sclars, heavy scalars, eta, vectors.

- Two shifts of the parameters to describe the pion (included in the additional dilaton)

Vilalim Vil Sl by 20 it

Matteo Rinaldi QNP2024
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A GV DR FORCERE PIC N

M.R., F. A. Ceccopieri and V. Vento, EPJC 82 (2022) 7, 626

In order then to include the quark masses, we follow an idea applied to the SW and other models.

- James P. Vary et al. “Heavy Quarkonium in a Holographic Basis”, Phys. Lett. B, 758:118-124, 2016
- M. Burkardt, “Mesons in a collinear QCD model”, Phys. Rev. D, 56:7105-7118, 1997

- James P. Vary et al. “Light-front holography with chiral symmetry breaking”, Phys. Lett. B, 825:136860, 2022
- Guy F. de Teramond and Stanley J. Brodsky. “Longitudinal dynamics and chiral symmetry breaking in holographic light-front QCD". PRD, 104(11):116009, 2021

Qualitatively one can understand it by looking at the “free” hadron mass (where no dynamics is included):

2
k4 - m

MzZ = i ) | . Depends only on the longitudinal variable
el 7

The idea is therefore to generalize the equation of motion by including a "“longitudinal” dynamics
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In order then to include the quark masses, we follow an idea applied to the SW and other models.
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Qualitatively one can understand it by looking at the “free” hadron mass (where no dynamics is included):

2 2 2
k1 Bl el

MzZ = i ) | . Depends only on the longitudinal variable
el 7

The idea is therefore to generalize the equation of motion by including a "“longitudinal” dynamics

7 Vel + T T V()| 82, ) = B, 2) @) S ot s m] s E)

Used and proposed in:
J.P. Vary et al, PLB 758 (2016)
J.P. Vary et al, PLB 825 (2022)

- terms coming from the GSW model

- terms coming from the additional pure longitudinal dynamics:

- full w.t. (product of the GSW and the longitudinal ones) and mass
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In order to move from the eta spectrum to the pion one, the potential should modified:

S / dx e~ 20~ () /=g | gMN 9y, B(2)On () — 4% @ ()

The additional dilaton, responsible for the confinement can lead to:

15 4 1
lals —a 2 A e = {1 + @+ &)k 2"+ S (0 + %)k‘lz‘l}

- Parameters used to describe: glueballs, light sclars, heavy scalars, eta, vectors.

Two shifts of the parameters to describe the pion (included in the additional dilaton)

Vilalim Vil Sl by 20 it

It we impose chiral symmetry:

1 — 20+ /1 — 202 — 2,
2

M0 o iy
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