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1> Open questions in Glueball Physics

QCD, the gauge theory describing strong interactions

1 =
i —ZTrGWGW -+ Z W(iy-D—m)w G, = OuA;, — OA] + gfabsAZA,C/
Mesons Baryons Exotic states
33 33%3 338 HYBRIDS
@ 8® 8 1{
: GLUEBALLS
R R, R 871

Why Glueballs?
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1> Open questions in Glueball Physics

QCD, the gauge theory describing strong interactions

L GGl Y Uiy -D-m)¥ G, =0,A} — A, + gfansALAT

Baryons Exotic states
33®3 3R3®8 HYBRIDS
oL 8 ® 8 |
Zas GLUEBALLS
R evvene R 8/

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

However :
1) several mesons have similar mass and quantum number MIXING
2) Their characterization is not clear
3) Lattice calculations of decay are difficult! Models could help!
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Q Open questions in Glueball Physics

Data have been obtained from Lattice QCD! 12

10
3++_
8 =
O~ m—
A recent result for the scalar ground >
state from the J/i) decay: BT e s

E. Klempt et al PLB 816, 136227 (2021)
see Klempt's talk 0
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1> Open questions in Glueball Physics

So far their properties have been obtained by Lattice QCD!
BUT also in this framework we have problems:

MP: C.J. Morningstar et al, PRD 60, 034509 (1999) YC: Y. Chen et al, PRD 73, 014516 (2006) LTW: B. Lucini et al, JHEP 06, 012 (2004)

i ptt itk bt PR et itk
MP | 1730 £94 (2400 £ 1222670 4= 222
YC [ 100 1 124
LTW | 1475 £ 72 2150 & 104 |2755 £ 1242880 £ 164|3370 £ 1803990 & 277
SDTK |1865 £ 25T

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

The mass of the lightest state is very hard to estimate

Could model help in this scenario?
We used AdS/QCD models!

HADRON-2021 Matteo Rinaldi 13



» Open questions in Glueball Physics

One of the main difficulties in the observation of glueballs is related to their mixing with mesons!

For example:

e ) Rt} ok g
MP [1730 £ 94| 2400 + 122 2670 + 222
YC [1719 + 94| 2390 + 124

LTWI] 1475 £ 72| 2150 £ 104 2755 + 124

..J

Meson  [o(500) fo(980)  Jo(1370) | fo(1500) fo(1710) |/0(2020) [fo(2100) Jo(2200)
PDG 475 £ 75 990 £ 20 1350 £ 1501504 £ 6 1723 £ 6 [[992 £ 16 2101 £ 7 2189 £ 13

Mixing?
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Q Open questions in Glueball Physics

One of the main difficulties in the observation of glueballs is related to their mixing with mesons!

For example:

]I’(‘

0++

s i g

MP

1730 + 94

2400 + 122 2670 £ 222

YC

1719 =94

2390 + 124

ITW

1475 + 72

2150 £ 104 2755 + 124

Meson f,(500)

fo(980)  fo(1370) |fo(1500) fo(1710) |f0(2020) fo(2100) fo(2200)

PDG 475+ 75 990 £ 20 1350 £ 150

1504 +£6 1723 =06 §992 + 16 2101 =7 2189 + 13

HADRON-2021

Mixing?
We use AdS/QCD models to study the MIXING problems and “predict” the kinematic
conditions where pure glueball states could be observed.
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Introduction to AdS/QCD<
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Q Introduction to AdS/QCD

From Maldacena conjecture: AdS/CFT

1
4 SU(N) SYM < —>  String theory on AdSs x Ss

Isometries
between group

N=
"_— symmetries

|

L5

/!
O\Qi
!
\

\O

%ﬁ\\\\\
2 N R4 R= radius of the manifold
SYM N—oo |4 |=Ilength
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Q Introduction to AdS/QCD

From Maldacena conjecture: AdS/CFT

No supersymmetry
Confinement
Conformal symmetry
broken

N is finite

NG

Ghis IS not QC@

7
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N=4 SU(N) SYIV] < — String theory on AdSs x Ss

Isometries

L

between group
symmetries
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\O
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2> Introduction to AdS/QCD

Top-down Approach:
Find a gravitational theory dual to QCD

Advantages: duality is exact and well
understanding of the theory

Disadvantages: a dual of QCD with
fundamental flavors even
at large N has not been
found

HADRON-2021

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

———
h‘ i
i i

No supersymmetry
Confinement
Conformal symmetry

broken
N is finite
Bottom-up Approach: & 4
Starts from QCD and attempts to ( Witten: ®)

construct a five dimensional
holographic dual

Advantages: some freedom in matching
the model to features of QCD

Disadvantages: some discrepancies with
data have been found

Matteo Rinaldi

Supersymmetry could
be
neglected by
compactifying one of
the spatial directions
and imposing
antiperiodic boundary
conditions.

Gauge fields at low
energies

SUSY partners at
the compactification

——— 5 LF
0
0
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Q Introduction to AdS/QCD

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

Hard-wall model

-

No supersymmetry
Confinement
Conformal symmetry
broken

N is finite

4

Soft-wall model

Compactification of the 5° dimension Soft cutoff of AdS space by
by hand. AdS geometry cut by two introducing a dilaton field.
e_SO

branes: UV and IR.
HADRON-2021 Matteo Rinaldi
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Q Introduction to AdS/Q

HADRON SPECTRUM:<

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

HADRON-2021
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Q Introduction to AdS/QCD: applications

HADRON SPECTRUM:

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

see Brodsky's talk on Thursday
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0 Glueballs in AdS/QCD: Hard-Wall model

R2
In this case we have the following AdSs x Ss metric :  ds® = gMNddexN e R2d§25 = = (dz2 +\nﬂydxﬂdxj) 14 deQS
y4

Holographic 5° (/ Minkowski space \

dimension Radius of the AdS
space
In the hard-wall (HW) model confinement is implemented by imposing the following IR cutoff:
1
0 S Z S Zmax —
Aqcp

WHAT ABOUT GLUERBALLS?
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Q Glueballs in AdS/QCD: Hard-Wall model :ﬂH

: . : R®
In this case we have the following AdSs x Sz metric : d52 — gMNddexN e deQS A 2_2 (d22 4 nMVdXMdXV) A R2d§25
1
In the hard-wall (HW) model confinement is implemented by imposing an IR cutoff: AT F i
H. Boschi-Filho et al, PRD 73, 047901 (2006) QCD
0++ GLUEBALL SPECTRUM 2++ GLUEBALL SPECTRUM
M.Rinaldi and V. Vento EPJA 54 (2018) M.Rinaldi and V. Vento EPJA 54 (2018)
s~ Dirichlet conditions i w0 — Dirichlet conditions i
: Neumann conditions ' f f Neumann conditions f
4000f } =1 4000 - -
S S
()] - ) L
E 3000_— = z 30005 7
= | =
2000»7 ] 2000 - =
1000} ] 1000 - ]
0 | | | | | 0 1 | |
-1 0 1 2 3 4 5 -1 0 1 2 3
k m Mode number
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3> Glueballs in AdS/QCD: Hard-Wall model

]

2
In this case we have the following AdSs x Sz metric : ds? = gMNddexN e deQS — R_2 (d22 4 nlwdxlidxl/) A R2d95
s
il
In the hard-wall (HW) model confinement is implemented by imposing an IR cutoff: DR Az A
QCD
0+*+ @ 2+ GLUEBALL SPECTRA  m.Rinaldi and V. Vento EPJA 54 (2018)

50&0— Dirichlet conditions Good agreement!

] Neumann conditions .~ ]
é ot o | However the HW model does not reproduce the
S lhal V) ; meson spectrum.
20’0’0_— q

I ] M2 ~Y n2

1000 - i n

oL ; ; ' : - Y In order to have a unified view we
k need another model, i.e.: the Soft-wall model?

(%
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> Glueballs in AdS/QCD: The Soft-Wall

karch et al, PRD 74, 015005 (2006)

R2
(dz + 1 dxHdx” )

In the original model we have: gundx"dx" = —
Z

but a soft cutoff to space-time is obtained by adding a dilaton field in the action:
7= [ Py per g

Successful in describing the Regge behavior of the spectrum: Mn g~ nj, ]>0

WHAT AROIIT GIHIIERAIN D
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3> Glueballs in AdS/QCD: Soft-Wall model

R2
In this case we have the following AdS: x S metric: ds® = gMNdXMdXN & deQ5 = (dZ2 o nuydxﬂdxy) e R2dQ5
Z

We consider the profile function: gp(z) = k2z2
SCALR FIELD EQUATION:

SCALAR GLUEBALL SPECTRUM:

Equation of motion of the scalar glueball can be obtained:

= /d5x g e ¥ [gMNamgaNg =T MEQQ} A — conformal

dimension

A =2+ 4/4+ MZR?

The equation of motion for the scalar is:

Dilaton field

— V' (z) + [22 i 2] V(z) = M?W(z)

472
where:
y4

’ a B0r -
g(x7 Z) =3 e'PNX (ﬁ) ek; 22/2W(Z>, P2 AL _M2

Eduardo Folco Capossoli et al, PLB 753 (2019) 419-423

HADRON-2021
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-1
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0 1 2 > o :
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3> Glueballs in AdS/QCD: Soft-Wall model

R2
In this case we have the following AdS: x S metric: ds® = gMNdXMdXN & deQ5 = (dZ2 o nuydxﬂdxy) e R2dQ5
Z

We consider the profile function: gp(z) = k2z2
SCALR FIELD EQUATION:

SCALAR GLUEBALL SPECTRUM:

Equation of motion of the scalar glueball can be obtained:

e /d5x'\/—}e_f(z) [gMNﬁmgaNg 3 MEQQ} A = conformal

dimension

Dilaton field A =2+ 4/4+ MZR?

The equation of motion for the scalar is:
15
— V(z) + [22 s 2] V(z) = M?V(z)
Z
where:
Z

’ a B0r -
g(x7 Z) =3 e'PNX (ﬁ) ek; 22/2W(Z>, P2 AL _M2

Eduardo Folco Capossoli et al, PLB 753 (2019) 419-423

. =k sealat
M3 =4Kk4 4 2 /4 400(] 4= 4K +8 I P e ot
5000 : ] : ; . :

NS D :

= (++ { :

> 1 :
% 2000 | ¢ / i
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1000—1 [[) 1 2I 3 4 5

K
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. ot n o -
3> Glueballs in AdS/QCD: The £ ]
N M.Rinaldi and V. Vento EPJA 54 (2018) we propose to use a soft-wall graviton (GSW) model.

In this case a dilatonic cutoff is incorporated in the metric:

R2
gundxMdx = &5 (dz® + 7, dx*dx”) IR deformation QCD scale

However, a dilatonic contribution in the action can still be kept:

M.R. and V. Vento, arXiv: 2101,02616, PRD accepted = 5 e N ) X
M.R. and V. Vento J. P. G 47 (20), 12, 125003 I == / d X —g e 90( )£

In order to preserve the good description of the hadronic spectrum we require:

/d5x —g e PNL ~ /d5x Ve =P

kinetic term for a scalar

Modified Soft-Wall model in e.g.: _
E. F. Capossoli et al, PLB 753, 419-423 (2006) 3 |
0. Andreev, PRD 100 (2019) 2, 026013 5 3 =1

E. F. Capossoli et al, Chin. Phys. C 44 (2020) 6, 064194
W. de Paula et al, PRD 79, 075019 (2009)
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A R?
In this case we have the following AdS;s x Sg metric: gMNddexN =€ = (dZ2 = nlu,/dX“dXV) QO(Z) — k%72
\Z
IN M.Rinaldi and V. Vento EPJA 54 (2018) ak? is the unique parameter!
EoM for metric perturbation is obtained from the Einstein's equationi— ~h’¢ ’ he : hi hic 4h,, =0
P 9 G 5 abidns 5 c;ab i1 5 ac:b ot 5 bc;a + 4hap =

By choosing the gauge:
R.C. Brower et al, Nucl. Phys. B 587, 249 (2000)

hee = (272 — 22) p(2)e M= Scalar component

~

hij = q;T(z)e ™ Tensor component

“Tensor” wave-function
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3> Glueballs in AdS/QCD: The

2 R?
In this case we have the following AdSs x Ss metric:gMNdXMdXN = \_R—2 (dZ2 = mwdxudxy) QO(Z) — k°Z°
Z
IN M.Rinaldi and V. Vento EPJA 54 (2018) ak? is the unique parameter!

1=, 1« , ] e 2
i T fo S R RIS e I e ~
2 sl 2 Cgh dr 2 L 8 2 nea + Hhab 5000 - ak2 — 0.37% GeV? !
i HW i
4000:— EIE-I:CT'IZzet al PLB 816, 136227 (2021) /\ L ; } _:
7 2 ) : - |
W (1) + Ve ()W (t) = A2W (1) S . NOTAFIT -
E 3000_7
with: = i
( 2000f
i — 1042/\/5
2
¢ /\2 = % 1000} ,
2t i
Ve(t) = & e AR[E 1 . ‘ ‘ | ‘
\ G( ) t2 4t O—1 0 1 2 3 4 5

HADRON-2021 Matteo Rinaldi k 35



3> Glueballs in AdS/QCD: The

In this cas i
e we have the following AdS;s x S5 metric: gMNdXMdXN =

i lﬁ;c 1= lﬁc 1”;c 1~.C ~
2 ab;c 2 c;ab 3, Ehac;b S ihi)c % 4hab =

;a

Also in this case weé have a good
description of data, but now
(w.r.t. the HW model):

1) We have a model describing
glueball and mesons spectra
at the same time
with (2 parameters)-LATER

2) we describe the extracted the

low scalar mass

“HADRON-2021

5000

4000

3000 £

M(MeV)

2000

1000 r

R2

ak?

ak?® = 0372 GeV?

E. Klempt et al P
SR LB 816, 136227 (2021)

NOT A FIT

— (dz2 “+ nwdx“dx”)

a

Matteo Rinaldi
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3> High Spin Glueballs in the

S R?
In this case we have the following AdS;s x Sg metric: gMNddexN = \_RZ—Z (dZ2 s nlu,/dX“dXV) QO(Z) — k%72

ak’= 0.372 GeV?

Equation of motion of the scalar glueball can be obtained:

o / Px \/E &7 [MNonS oS + e IMES? ]
Dilaton field

The equation of motion for the scalar is:

— ¢ (2) + [k4z2 =Gl 1 MR e“k222] ¥(z) = M*9(2)

472 72

HADRON-2021 Matteo Rinaldi 37



Q High Spin Glueballs in the GSW model

% R?
In this case we have the following AdSs x Sg metric: gMNdXMdXN = \_‘ix—2 (dZ2 i nuydxudxy)
Z

ak’= 0.372 GeV?

Equation of motion of the scalar glueball can be obtained:

= / d®x /g e=#® [gMNaMsaNS + eaw

Dilaton field Metric effects!!

The equation of motion for the scalar is:

15 MZR® ak222] ¥(z) = M2y (2)

s 25 e\{

Metric effects!!

T k4 2 2k2
¢ (Z) —|— [ Z + 422

HADRON-2021 Matteo Rinaldi 38



In this case we have the following AdSs x Sg metric: gMNdXMdXN =133

Q High Spin Glueballs in the

(670s)|

i

GSW model

— (dz2 - nwjdx”’dx”)

ak’= 0.372 GeV?

Equation of motion of the scalar glueball can be obtained:

-t /d5x g e ¥ [gMNamS8NS —l—e"“‘wA

Dilaton field Metric effects!!

The equation of motion for the scalar is:

=+ 2]y = M

472 72 \

Metric effects!!

3 ¢//(Z) i [k4z2 — 2k2 s

HADRON-2021 Matteo Rinaldi

EVEN SPIN:

ODD SPIN:

MZR? = (J + 2)(J + 6) for odd J

E.F. Capossoli et al, PLB 753, 419 (2016)
39



3> High Spin Glueballs in the

% R?
In this case we have the following AdSs x Sg metric: gMNddexN = \_R—z (d22 i nlu,/dX“dXV)
Z

ak’= 0.372 GeV?

Equation of motion of the scalar glueball can be obtained:

Vs 5 —¢(2) | sMN ap(z) \ 12 <2
I /d X \/g e {g OMSONS + e Ml‘ EVEN SPIN:

Dilaton field Metric effects!!

M2R? = J(J + 4) for even J
The equation of motion for the scalar is:

15 M2R? 2>
P Qp//(Z) i [k4z2 — 2k2 e 7 e 5 eak z ] w(z) £L

ODD SPIN:

72 72

M2R? = (J +2)(J + 6) for odd J

E.F. Capossoli et al, PLB 753, 419 (2016)
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3> High Spin Glueballs in the

R2

av

In this case we have the following AdSs x Sg metric: gMNdXMdXN =

Equation of motion of the scalar glueball can be obtained:
it / d°x /g e7 ¢ [gMNaMsaNS + ew(ﬂmgsﬂ

EVEN SPIN:

M2R? = J(J + 4) for even J

(dz2 “+ nlwdx“dx”)

ODD SPIN:

ak?= 0.372 GeV2 051 < a < 0.59

M.R. and V. Vento, arXiv: 2101,02616, PRD accepted

M2R? = (J 4 2)(J + 6) for odd J

JEL S UMEP Ky My i | Sk |Mth|This work JFE]  M&P Ky My L1 [Mta| Sz |This work
271 12400 & 1452390 & 150|2150 £ 1302620 £ 50|2420|2590 | 2695 + 21 177 |3850 & 1403830 £ 130(3240 + 480|3950{3990 (3001 | 3308 + 15
4¥+ 3640 £ 150 3990|3770 (3920 + 14 377 |4130 £ 2904200 + 2454330 £ 460(4150 4160|4416 | 4451 + 12
ght 4360 + 460 4600(5141 + 12 Ex 5050|5260 |5498 | 5752 & 10

7 5900 6972 + 8
Regge trajectory: J~ (0.21 + 0.01) M2 + 0.58 £+ 0.34 J~0.18 +0.01M2%2 —0.75 +0.28

Lattice slope:
HADRON-2021

0.25

Matteo Rinaldi

0.18
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0 Mesons in the GSW model

A olz) R
In this case we have the following AdSs x S metric: gMNdXMdXN =~ \_‘—2 (dZ2 B nlu,/dxp’dxy)
Z

ak?= 0.372 GeV2 051 < a < 0.59

M.R. and V. Vento, arXiv: 2101,02616, PRD accepted

Equation of motion of the scalar glueball can be obtained:

-t /d5x g e #(@) [gMNaMS(‘?NS + ea‘p(z)MgSﬂ

The equation of motion for the scalar is:
15 M%Rz ak®z?

s ]zp(z):wzp(z)

72

T k4 2 2k2
Qp (Z) —|_ [ Z + 422

SCLARS: fo family PSEUDO-SCALARS: 1 family

M:zR* = —4
———

A.Vega et al, Chin. ). Phys. 66, 715 (2020)
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Q Mesons in the GSW model

% R?
In this case we have the following AdSs x Sg metric: gMNdXMdXN = \_‘ix—2 (dZ2 i nlu,/dX“dXV)
Z

ak?= 0.372 GeV2 051 < a < 0.59

M.R. and V. Vento, arXiv: 2101,02616, PRD accepted

Equation of motion of the scalar glueball can be obtained:

|
= [ e vE 40 [y 50,5 + @O NEGATIVE CONFORMAL MASSES!

J

The equation of motion for the scalar is: EOTENTIAL NOT BINDING!

10

15 M2R?2 ) g | ™ === Approximated potential
LA A 20w 2 5 akz il W -
/-T\-)‘\ 4 ‘x \,)r@\‘lil)ra?r""‘.
PSEUDO-SCALARS: 1) family o2\ S
A e Dl e T L e
0- Irgma =il
D aba -‘ R L
M5R — _4 —2: ‘-,\l;ol‘k.f
N ————— -4 _ \
A.Vega et al, Chin. ). Phys. 66, 715 (2020) 0 2 4 6 8 10
HADRON-2021 Matteo Rinaldi 43



3> Mesons in the

2
. ; Y I R
In this case we have the following AdS; x S metric: gundx dx~ =

\_Rzz (dz + 1, dxHdx” )

ak?= 0.372 GeV2 051 < a < 0.59

M.R. and V. Vento, arXiv: 2101,02616, PRD accepted

Equation of motion of the scalar glueball can be obtained:

|
1= [ e e D [P, S NEGATIVE CONFORMAL MASSESI

i M2R? = -3 fo
MZR® = —4 ¢

The equation of motion for the scalar is: POTENTIAL NOT BINDING

(5,

15 |\/|2 R2 5 2 g | = === Approximated potential
" 4_2 2 5 ak z Fide v P oA
_¢(z)+[kz — 2k RS E RS, Y(z) = M7Y(z b ] 2%
Fer et e
Appealing approximation: L % \\.,_,___________._.f ---------

ak?z? e 3 A 4
S ~ 1+ ak'zt + > kz 1) leads to a binding potential -2
2) contains gluo dynamics described —_

through the the metric deformation 0 > 4 i g o
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3> Mesons in the
R2

In this case we have the following AdSs x Sg metric: gMNdXMdXN = T (d22 i nuydxudxy)

1€ Z2
ak?= 0.372 GeV2 051 < a < 0.59

M.R. and V. Vento, arXiv: 2101,02616, PRD accepted

Equation of motion of the scalar glueball can be obtained:

1= [ e e D [P, S NEGATIVE CONFORMAL MASSESI

\l MZR2 = —3 fo
M% R2 = —4 n

POTENTIAL NOT BINDING!

The equation of motion for the scalar is:

10

].5 M2R2 28 (o g Ly | Approximated potential
/" 42 2 5 k“z s 2
_¢(z)+[kz—2k + g+ e y(z) = MPy(z | 5
| &OL’L\,\l
— r 22 X 5 -
e oEd G
QP\“ m Appealing approximation: s e ‘\,h_____________.i --------
A1 0s2 w 1% 0- E
% “ O‘Qﬂ%a K’z 1) leads to a binding potential ]
0“\ 2) contains gluo dynamics described Lyt
“ through the the metric deformation 0 > 4 i 3 10
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3> Mesons in the
R2

In this case we have the following AdSs x Sg metric: gMNdXMdXN = \_R—z (dZ2 i nuydxudxy)
Z

ak?= 0.372 GeV2 051 < a < 0.59

M.R. and V. Vento, arXiv: 2101,02616, PRD accepted

We need a correction to the dilaton profile function:

ok / $Fx /g e RO [gMN8M88NS & eaw(Z)Mg(g?}
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3> Mesons in the
R2

In this case we have the following AdSs x Sg metric: gMNdXMdXN = \_R—z (dZ2 e ’r]’uydxudxy)
Z

ak?= 0.372 GeV2 051 < a < 0.59

M.R. and V. Vento, arXiv: 2101,02616, PRD accepted

We need a correction to the dilaton profile function:
s / d°x /g e P@ (2 [gMNaMsaNS + e (@252 }

The potential in the EoM:
15 LR 02?0, (2)
Vs et M2R2 2k2 k4 2 e k2 n e Ry
() 422 3 z2 & TR 2z R 4 2

The approximated potential (expanding the exponential) is:

GLatks e\ 1K o
422 72

J:
VE(z) = {1 SR §a2k4z4} e e
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Q Mesons in the GSW model

% R?
In this case we have the following AdSs x Sg metric: gMNdXMdXN = \_‘ix—2 (dZ2 i nuydxudxy)
Z

ak®= 0.372 GeV? 0.51 < o < 0.59
M.R. and V. Vento, arXiv: 2101,02616, PRD accepted

An equation for the correction can be found:

" : 3 / 2 M2R2
Vu(@) - V@) = -2 4 i 0) (£ 41z + Ly BT e

We are able to find a correction for the dilaton,

e.g., the scalars (f,), the pseudo-scalars (1, 7).
=20 -

There is a dependence on: the kind of field (scalar, vector...) and on M5 . —.
HOWEVER THERE ARE NO FREE PARAMETERS! = -40-

=
N

—60

-80

PHENONMENOLOGICAL RESULTS u=ak’z’
48

Matteo Rinaldi
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3> Phenomenology: SCALARS (light & heavy) [

R2
In this case we have the following AdS;s x Sg metric: gMNdXMdXN =€ . : T (dZ2 s ’r]’uydxudxy) QO(Z) — k%72
Z
1= / d°x /g e #(@ (@) [gMNamsaNs + e““D(Z)MESZ] ak®= 0.372 GeV? 0.51 < o < 0.59

22 M.R. and V. Vento, arXiv: 2101,02616, PRD accepted
MR = -3 M.R. and V. Vento J. P. G 47 (20), 12, 125003

In order to describe heavy scalar mesons.
- we considered the following approach:

P : s S. S. Afonin et al, Phys. Lett. B726, 283 (2013)
> S oot A. Vega et al, Phys. Rev. D82, 074022 (2010)
% ‘ Y. Kim, }J.-P. Lee et al, Phys. Rev. D75, 114008 (2007)
E CC PR PP -— ‘ CbB V) 2mb
/;,—-’-“ I < ->a~ 0.51 M
bt - Y =,
ﬁ)% s T - 0+ 0.59 qu fO _I_ qu
/--"‘-‘"- | CC(_: o 2mc
Nm
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Q Phenomenology: PSEUDO-SCALARS n [

In this case we have the following AdSs x Sg metric: gMNdXMdXN =g

(k= / d’x/B &7 PB T2 [gMNamsaNs + ew<2>|v|§32}

. R?

ST

(dz2 - nwjdx”’dx”)

ak?= 0.372 GeV2 051 < a < 0.59

M.R. and V. Vento, arXiv: 2101,02616, PRD accepted

P 0 n(1295) [n(1405) - n(1475)| n(1760) | n(2227) | nr777) | n(2225)
PDG  [547.862 4 0.017(957.78 £ 0.06| 1295+4 | 14088420 [1751+15 2221 + 12
1475 + 4
1|This work| 513 £92 943 + 111 (12314133 1463+ 151 |1663 + 1681842 + 183[2005 + 198|2155 + 210

2p2
0 1 2 3 4 ¥
2500 — : ——
:: -
r
2000} ¢ o
—_—
S"\ & ’//
1500 f *
@ : $ /
[ g
~— 1000} .//
[ e
500F
[
0“ ; i
0 1 2 3 4 6 T
n

HADRON-2021

Matteo Rinaldi

\ J
S

The GSW model
predicts this 2
new states
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Q Phenomenology: VECTOR p

5 R?
In this case we have the following AdSs x Sg metric: gMNdXMdXN = T (dZ2 i nlu,/dX“dXV)
|< Z
- ]- 2D 1
5= [ dxvme [agMPgQNFMNFPo] ak®= 0.372 GeV? 051 < a < 0.59

Mei=0 ()=

M.R. and V. Vento, arXiv: 2101,02616, PRD accepted
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Q Phenomenology: VECTOR p

5 R?
In this case we have the following AdSs x Sg metric: gMNdXMdXN = T (dZ2 i nlu,/dX“dXV)
|< Z
- ]- 2D 1
5= [ dxvme [agMPgQNFMNFPo] ak®= 0.372 GeV? 051 < a < 0.59

Mei=0 ()=

M.R. and V. Vento, arXiv: 2101,02616, PRD accepted

1 2 3 4 5 6

0
3000 - : : ; : ,

Good agreement
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Q Phenomenology: VECTOR p

~ R?
In this case we have the following AdSs x Sg metric: gMNdXMdXN = \_‘ix—2 (dZ2 i nlu,/dX“dXV)
Z
My 1 A
S-= 5 /dSX = s I:EgMPgQNFMNFpQ] Oék2: 0372 GeV2 0.51 < a <0.59

Mei=0 ()=

M.R. and V. Vento, arXiv: 2101,02616, PRD accepted

1 2 3 4 5 6

Good agreement

-

2:/\ | |
Improvements are 0 1 5 3 4 5 6

required!
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Q Phenomenology: VECTOR (axial) a;

N R?
In this case we have the following AdSs x Sg metric: gMNdXMdXN = \_‘ixz—z (dZ2 i nlu,/dX“dXV)
= ]. =7 1 -
3 R /d5x\/—_ge_k Z—0n [_gMPgQN FMNFPQ 1, M2R2gPMAPAMeak z ]
2 2 : ak?= 0.372 GeV?2 0.51 < a < 0.59
=]
M.R. and V. Vento, arXiv: 2101,02616, PRD accepted
5 5
4 Direct comparison! 4 GOOD AGREEMENT?
2 3 =z 3
O, )
a ! -
R i - = 2
1 : 18 Here we guess the existence of an
¢ unknown lightest grand state...
°% 1 Ny a 5 6 °% 1 2 3 5 6

ay (1260) | a1(1420) | a1 (1640) | a1(1930) | a1(2095) | a1(2270)

PDG & Av  |1230+ 40| 1411135 |1655 + 16| 1930%32 | 2006117, | 2270133

This work 833 453 (1235 + 72|1535 + 87[1785 + 100(2005 + 1112202 + 122
HADRON-2021 Matteo Rinaldi 54




(2)—¢n(2)

T:/d5x g e Q
N

MzZR? = —4

{gMN(‘?MS@NS i ea(‘o(z) M%SQ ]

Must be corrected in order to encode chiral-symmetry breaking, for details:

In this case we have the following AdSs x Sg metric: gMNdXMdXN =

—ap(z)

(dz2 - nu,,dx“’dx”)

Q Phenomenology: PSEUDO-SCALARS 7 [

R2

av

ak?= 0.372 GeV2 051 < a < 0.59

gl

M.R. and V. Vento, arXiv: 2101,02616, PRD accepted T. Gherghetta et al, Phys. Rev. D79, 076003 (2009)

HADRON-2021

" T(1300) 7(1800)
PDG  [134.9768 + 0.0005 1300 4+ 100 1819 + 10
This work 135 043 4+ 111 (1231 4 133|1463 + 151 [1663 + 1681842 + 183
N 2y
TR \/

INTERMEDIATE STATES PREDICTED

Matteo Rinaldi
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The mixing problem
in AdS/QCD

4

HADRON-2021 Matteo Rinaldi



Jr% ot oFF 0Tt 1;
MP §1730 £ 9402400 + 122 2670 & 229 &
YC §1719 £ 9442390 + 124

LTWI1475 £ 7242150 £ 104 2755 £ 124

-

Q The mixing problem in AdS/QCD

Meson Jo(500)  fo(980)  fo(1370) Wfo(1500) Jo(1710) §/0(2020) fo(2100) fo(2200)

I n te rm S Of mOdeS n u m be rs: PDG 475+ 75 990 £20 1350 & 15041504 £ 6 1723 £ 6 §992 £ 16 2101 £7 2189+ 13

SGGU T T T T T T T T T T T

Glueball masses for: k =0,1,2...
are similar to
meson masses for: k = 4,7, 10...

1000 |
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4> The mixing problem in AdS/QCD

We consider the Light-Front formulation of the EoM in therms of the Hamiltonian. Within this framework

the latter would be defined by the AdS/QCD model.
M.R. and V. Vento J. P. G 47 (20), 5, 055104

Hic|Wy) = M?|W,)

We consider its representation in a 2-D meson-glueball subspace: { |W™) |Wé) }

iy
o

mg = (WE[H|VE) M, = (VT H[WT)

v

a= (V" H|WE) o« (WTIIE) OVERLAP

Mivines naramaoatarl
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The mixing problem in AdS/QCD

We define the probability for NO MIXING as: ng =1 ‘<\Ug|wm>|2

M.R. and V. Vento J. P. G 47 (20), 5, 055104
M.R. and V. Vento J. P. G 47 (20) 12, 125003

S e
'!r:-_t1l 11{' “ ]
ol Bt Nl i
L :’E T,__ = -k _
i iy 5"“'

R B S —

o8 % 1/ 75 g .
L i a

d =3
= I‘--, ey g _
O ST Falpe i Sn ST, s T s T ) g
Q. Y g ]
i ' 'y A 5 1 aWull ) — ]
o6 ff U g 3

L ng —
0.5r .
0_4-I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I-
] 2 4 (5] 8 10

Meson mode number

For heavy glueballs (e.g. n, =2,3...) which would have similar mass of meson (e.g. n,, =10,13...)
the probability of mixing is small!!

HADRON-2021 Matteo Rinaldi



49> The mixing problem in AdS/QCD

We define the probability for NO MIXING as: ng =5 P |<\|}g|\|jm>|2
M.R. and V. Vento J. P. G 47 (20), 5, 055104

0_4-I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I-

Meson mode number

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

HADRON-2021 Matteo Rinaldi
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T

WE CONSIDER THE

GLUEBALL & MESON
SPECTRA

WE INCLUDED
'CHIRAL-SYMMETRY

CONCLUSIONS

¥ g Ky My Ll [Mta| Sz |This work
177 |3850 & 1403830 £ 130|3240 4 480(3950 [3990 [3001 | 3308 + 15
377 4130 £ 290 (4200 + 245 4330 £ 4604150 |4160|4416| 4451 + 12
Ay 5050|5260 | 5498 | 5752 + 10
ik 5900 6972 + 8

2500

2000

1500

MeV)

~ 1000

500

BREAKING: =«
g9
70 w(1300) m(1800)
PDG  |134.9768 + 0.0005 1300 + 100 1819 + 10
This work 135 043 + 1111231 & 133[1463 + 151 |1663 + 168|1842 + 183

HADRON-2021

Matteo Rinaldi

S SNTGE Ky My (e Sk |Mth | This work
27+ 12400 + 145(2390 + 1502150 & 130|2620 £ 50|2420|2590 [ 2695 + 21
gt 3640 + 150 3990(3770 (3920 & 14
61T 4360 =+ 460 4600|5141 £ 12

WE DESCRIBED QUITE WELL

GLUBALL & MESON SPECTRA WITH
2 PARAMETERS

WE FOUND THAT PURE SCALAR
GLUEBALLS COULD BE FOUND
ABOVE 2 GeV

WE DEVELOPEPD THE GSW AdS/QCD MODELS
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4> The mixing problem in AdS/QCD

We consider the Light-Front formulation of the EoM in therms of the Hamiltonian. Within this framework

the latter would be defined by the AdS/QCD model.
M.R. and V. Vento J. P. G 47 (20), 5, 055104

Hic|Wy) = M?|W,)

We consider its representation in a 2-D meson-glueball subspace: { |W™) |Wé) }

mg = (WE[H|VE) M, = (VT H[WT)

HADRON-2021 Matteo Rinaldi 62



3> Glueballs in AdS/QCD: The

2
In this case we have the following AdSs metric . gpndxMdxN = i (dz® + 7, dxtdx”)

av

IN M.Rinaldi and V. Vento EPJA 54 (2018) we consider K’

as the only one parameter!

1~.. 1~ £ 1., 2
; C ;C ;C i
= §hab;c ¥t §hc;ab ot Ehac;b 8 §hbc;a + 4h,p =0 5000:
4000 |
e = 3000
Also in this case we have a good = [
description of data, but now ~ 200!
(w.r.t. the HW model): A [ By
we have a complete description - | = Standard SW
of the meson and glueball : Graviton SW
—L eCtra 0 l I . ! | ! . ! ! . . ! l ! . ! | ! . ! l
0 2 4 6 8 10
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Q The mixing problem in AdS/QCD

Glueball and meson states could mix!

1 B ory

—

ot

MP

1730 £+ 94| 2400 £

192 2670 = 229|

YC

1719 = 94] 2390 +

124

LTW

1475 £ 72| 2150 +

104 2755 £ 124

Meson f(500)

Jo(980)

Jo(1370) | fo(1500) fo(1710)

f0(2020) fo(2100) fo(2200)

5
PDG 475 % 75 990 &£ 20 1350 £ 150

1

004 £ 6 1723 + 6

1992 £+ 16 2101 =7 2189 £ 13

HADRON-2021

Matteo Rinaldi
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4> The mixing problem in AdS/QCD

J7O) 0T 27T 07 &
MP J1730 £ 0442400 £ 122 2670 £ 22| %
YC 1719 £ 9442390 £ 124

LTWJTAT5 = 72) 2150 + 104 2755 + 124

Meson fo(500) Jo(980)  fo(1370) B/o(1500) fo(1710) &fo(2020) fo(2100) Jo(2200) ‘?\;

I n te rm S Of mOdeS n u m be rs: PDG 475+ 75 990 £20 1350 & 15081504 £6 1723 £ 6 §992 £ 16 2101 £ 7 2189 £ 13

SD{)U T T T T T T T T T T T

4000 i
o
% 3000 1  Glueball masses for: k =0,1,2...
S ] are similar to
= 2000 ] meson masses for: k =4,7,10...

1000 |

K Since the soft-wall model reproduces both
the glueball and meson spectra, we can use

it to study the mixing condition!

M.Rinaldi and V.Vento arXiv:1803.05738
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3> Glueballs in AdS/QCD: The

R2
-+ M N "4
In this case we have the following AdSs metric : gmndx T dx” = T 5% (dz i nuydx"dx”)

IN M.Rinaldi and V. Vento EPJA 54 (2018) wWe considex?
SCALR FIELD EQUATION: SCALAR GLUEBALL SPECTRUM:

Equation of motion of the scalar glueball can be obtained:,, _ [4n St 2\/@_ aM2R2]<k =0,1... scalar
e 5 —p(2) | LMN —ap(z)pg2 Q2 ; : 2 Ki="1%2;::. tensor
{ == lehed2 ey g OMSONS + e M:S

5000: =5+
Dilaton field [
4000
1) scalar glueball state 0++ is representeday:= Tr(F*'F,,) [
2) For example for even spinQa=4+; = FD{,1..D 3 F E 3000}
The equation of motion for the scalar is (for small a4 :
= R2 = 2000}
— " (2) + [&222 + 1.2 + 2K + M2 <2—2> - Mngcm] Y(z) = M%9(z)
1000 f=~
G-I . . . ] . . . ] L L L ] L L L ] L L L ]
0 2 4 6 8 10
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3> Glueballs in AdS/QCD: Hard-Wall model

: : : R?
In this case we have the following AdSs x Ssmetric : ds® = gyndxMdxN 4+ R?dQs = (dz* + nudxtdx”) + R*dQs

In the hard-wall (HW) model confinement is implemented by imposing an IR cutoff:

SCALR FIELD EQUATION:

0 <7<z

AQcp

Equation of motion of the scalar glueball can be obtaine
A = conformal
| = /d5x Ve [gMNaMwéQQ]{ dimension
A =2+ /4+ M:2R?
space

1) scalar glueball state 0++ is dual Oa—s = Tr(F*F,,)
2) For example for even spin J: Oa—s1j = FD,1...D,F

Mass in AdS

The equation of motion for the scalar is:
d? d
¢(22) il § ¢(Z) 4+ M2¢(Z) —0
where: 0z 07
G(x,2) ~ gp(z)e Fw", P2 = —M

H. Boschi-Filho et al, JHEP 05, 009 (2003)
H. Boschi-Filho et al, PRD 73, 047901 (2006)

P. ColangdloRRAAY; $148 652, 73 (2007) Matts

20 Rinaldi
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3> Glueballs in AdS/QCD:

Hard-Wall model ]

o

: ; . R?
In this case we have the following AdSs x Ssmetric ; ds® = gyndxMdxN + R?dQs = = (dz* + nudxtdx”) + R*dQs

In the hard-wall (HW) model confinement is implemented by imposing an IR cutoff:

SCALR FIELD EQUATION

i
Aqcp

DAl s ke

Equation of motion of the scalar glueball can be obtaine

A =
8 /d5x i [gMN&\AQ@NQ i M§Q2] conformal
A T A

dimension
Mass in AdS =2+ /4 + MZR?
space
1) scalar glueball state 0*+ is represented,by-— 1r(F#F,,)
2) For example for even sping,_, ., = = FDy,1..D 5 F

The equation of motion for the scalar is:

d2¢(2) 3do(z) 2
SRSy 35
A A v z dz ol O
G(x,2) ~ gp(z)e Fw", P2 = —M

H. BOSChI Filho et al, JHEP 05, 009 (2003)
Matte

tiquation of motion for metric perturbation hyy obtained from

linearized Einstein's equation :
R.C. Brower et al, Nucl. Phys. B 587, 249 (2000)

1 e ]

__hc _5 c;ab—|—2haccb+

1
2 ab;c hbca+4hab:O

2
By choosing the gauge:

he = (272 — 22)gb(z)e_MX3
hij = qiT(z)e™"

Scalar component

Tensor component

“Tensor” wave-function

Same equation of motion for the scalar field for the scalar

Joonent of the graviton.

20 Rlnal 69
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» Glueballs in AdS/QCD: Hard-Wall model &

: : R?
In this case we have the following AdSs x Ssmetric ; ds® = gyndxMdxN + R?dQs = =5 (dz* + nudxtdx”) + R*dQs

1
In the hard-wall (HW) model confinement is implemented by imposing an IR cutoff: AT F i
QED
SCALR FIELD EQUATION: GRAVITON SPECTRUM:

Within this model the spectrum of the scalar field is the same of that of the scalar component
of the graviton!

What about the tensor component?

k 1 2 3 4 5 ..

D scalar 5.136 8.417 11.620 14.796 17.960 ...
N scalar 3.832 7.016 10.173 13.324 16.471 ... Almost degeneracy!
% B 5 3 1 5 . The skip in the mode number is

equivalent to a mass contribution
D tensor 7.988 11.065 14.373 17.616 20.827 ... in the tensor sector!

LN tensor 0.981 9.537 12.854 16.096 19.304 ...

HADRON-] 70




QGlueballs in AdS/QCD: Hard-Wall model :<5H

! : : R?
In this case we have the following AdSs x Ssmetric ; ds® = gyndxMdxN + R?dQs = =5 (dz* + nudxtdx”) + R*dQs
1
In the hard-wall (HW) model confinement is implemented by imposing an IR cutoff: gl Sy AR i
QED

O++ @ 2%+ GLUEBALL SPECTRA m Rinaldiand V. Vento EPJA 54 (2018)

MP: C.J. Morningstar et al, PRD 60, 034509 (1999)  YC: Y. Chen et al, PRD 73, 014516 (2006)  LTW: B. Lucini et al, JHEP 06, 012 (2004)
LATTICE DATA:

0+ 27 o+ QT 0T o+
MP 1730 + 94 2400 + 122 2670 + 222
YC 1719 +£94 2390 £ 124
LTW 1475 + 72 2150 + 104 2755 + 124 2880 + 164 3370 + 180 3990 + 277

These two states are almost degenerate
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3> Glueballs in AdS/QCD: The

R2

In this case we have the following AdSs metric . gpndxMdxN = - (d22 + N dxtdx”)
Z
IN M.Rinaldi and V. Vento EPJA 54 (2018) ak® s the unique parameter!
e —2: 2 — Mx
Tl Tl z he = (277 — 2°) p(2)e ™™
o Ehécb;c X Ehi;ab b Ehécc;b S Ehiacc;a + 4hsp =0 i M
hij = g T(z)e™ ™

Vg(t) = & — 10 4 14— 15¢2
\ G(t) = 4t2+ ot
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3> Glueballs in AdS/QCD: The

2
In this case we have the following AdSs metric . gpndxMdxN = R_2 (d22 + N dxtdx”)
F: Z
IN M.Rinaldi and V. Vento EPJA 54 (2018) ak® s the unique parameter!
| | | L —2 2 —Mx
Jop Rl R R G hy = (277 — 2°)p(2)e™ ™
o Ehécb;c X Ehg;ab b §h;C<:;b S Ehiacc;a + 4hsp =0 2 M
’ hij = q;T(z)e™ ™
W (1) + Ve ()W (t) = /\2\U(t) 1) The scalar and tensor components have the same EoM
with:
i — 1az/\/§
2
A2 =M
o a”
Vg(t) = &5 — 1—t7 B ZEliE s

o et ‘
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3> Glueballs in AdS/QCD: The

2
In this case we have the following AdSs metric . gpndxMdxN = R_2 (d22 + M dxtdx”)
F: Z
IN M.Rinaldi and V. Vento EPJA 54 (2018) ak® s the unique parameter!
| | L —2 2 —Mx
1~ 1~ e 1~ g hie = (Z e )gb(z)e 3
o Ehécb;c X Ehg;ab b §hécc;b S Ehiacc;a + 4hsp =0 i M
' hij = g T(z)e™ ™
W (1) + Ve ()W (t) = /\2\I1(t) 1) The scalar and tensor components have the same EoM
i 2) Bound states are found for a<0
with:
\ [ t = iaz/v/2
> _ M?
< N
2 2
Ve (t) = & ARSI
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3> Glueballs in AdS/QCD: The

B X

2
In this case we have the following AdSs metric . gpndxMdxN = R_2 (d22 + M dxtdx”)
F: Z
IN M.Rinaldi and V. Vento EPJA 54 (2018) ak® s the unique parameter!
L —2 2 —Mx
o mh R Ay S 2 he = (272 — 2%) p(z)e
o Ehécb;c X Ehi;ab b Ehécc;b S Ehiacc;a + 4hsp =0 i M
’ hij = g T(z)e™ ™
W (1) + Ve (t)W(t) = A2W(t) 1) The scalar and tensor components have the same EoM
i 2) Bound states are found for a<0
with:
t = iaz/V/2 3) From the fitting procedure we found that: o < /|<|; <p
2| 3
S i
V() = &5 — j—; + 14 — 15¢2 V2

T ———— Guy F. de Teramond et al, PRL 120, 182001 (2018)
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