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Summary of the talk: 

• Brief Review:  AdS/CFT correspondence and AdS/QCD 

• Glueballs in AdS/QCD and the Pomeron 

• Glueballs in AdS/QCD and the Odderon  

• Finite T AdS/QCD 

• Other Results  
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AdS/CFT correspondence,  J. Maldacena, 
1997 
   (simplified version of a particular useful case) 

Remarks.:  
String theory space =  AdS5  X S5  

Gauge  theory:  SU(N) with very large N   
(supersymmetric and conformal).     
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Exact equivalence between String Theory in a 10-
dimensional space and a gauge theory on the 4-
dimensional boundary.  

At low energies string theory is represented by an 
effective 
supergravity theory →  gauge / gravity duality 
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Anti-de Sitter space (Poincaré patch)  

  Holographic          bulk ↔ boundary   mapping  

E. Witten and L. Suskind (1998) ; A. Peet and J. Polchinski (1998)

The 4-dim boundary  is at z = 0 →                                               z                                                    

States of the boundary  

gauge theory with energy  E
 ↔ Region of  AdS space 

 

x



Holographic relation suggests:
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Hadronic masses from AdS/CFT  H.B.-F and N. Braga, JHEP2003, 
EPJC2004 

• Masses of scalar glueballs  JPC =  0++ , 0++* , 0++** , …  
with good agreement with lattice results. 

Cut off in AdS space:  0 < Z < Zmax ↔ infrared cut off  in  gauge 
theory. 

This idea was introduced by Polchinski and Strassler (PRL 2002) to 
find the scaling of high energy Glueball scattering amplitudes at 
fixed angles.

This kind of model was extended to other hadrons and 
then called the Hard wall AdS/QCD model. 

Glueballs ↔
Normalizable modes of a scalar field in 
an  AdS slice with size    Zmax = 1/ ΛQCD 

modes u!;k corresponding to the glueball masses will be
calculated by imposing appropriate boundary conditions.
Note that k ¼ 1; 2; 3; . . . , represent radial excitations of
glueballs, but we will only consider in this paper the case
k ¼ 1.

It has been proposed in the literature [29] that the
glueball operator with spin ‘ could be obtained by
the insertion of symmetrized covariant derivatives in the
operator O4 ¼ F2, such that O4þ‘ ¼ FDf"1###D"‘gF with
conformal dimension ! ¼ 4þ ‘. This approach was used
in Ref. [28] to calculate the masses of glueball states 0þþ,
2þþ, 4þþ, 6þþ, etc., and to obtain the corresponding
Pomeron Regge trajectory.

Here we are going to follow a similar approach for the
glueball states 1$$; 3$$; 5$$; 7$$; . . . . The state 1$$ is
described by the operator O6 ¼ SymTrð ~F"!F

2Þ. Inserting
covariant derivatives as described above, one obtains
O6þ‘ ¼ SymTrð ~F"!FDf"1###D"‘gFÞ with ! ¼ 6þ ‘
satisfying equations similar to (12) and (13) with a shift
in the index of the Bessel function ! ! ! ¼ 4þ ‘, where
‘ ¼ J ' 1 is the spin of each state 1$$, 3$$, 5$$, etc.

Following the approach of Ref. [28], we impose
Dirichlet and Neumann boundary conditions to calculate
glueball masses within the hardwall model. For the
Dirichlet boundary condition

#ðz ¼ zmax Þ ¼ 0; (14)

one obtains from (13), the following masses:

uD‘;k¼
$4þ‘;k

zmax
¼$4þ‘;k"QCD; J4þ‘ð$4þ‘;kÞ¼0: (15)

On the other hand, for the Neumann boundary condition

@z#jðz¼zmax Þ ¼ 0; (16)

one gets

ð‘$ 2ÞJ4þ‘ð%4þ‘;kÞ þ %4þ‘;kJ3þ‘ð%4þ‘;kÞ ¼ 0; (17)

and the masses are now

uN‘;k ¼
%4þ‘;k

zmax
¼ %4þ‘;k"QCD: (18)

Using these boundary conditions we obtain glueball
masses in the sector P ¼ C ¼ $1. We take the mass u1;1
of the state 1$$ from the isotropic lattice (3.24 GeV) found
in Refs. [36,37] to fix zmax (and "QCD), and then calculate
the other odd spin glueball masses u‘;1 for the states
3$$; 5$$; . . . , using Eqs. (15) and (18), respectively, for
the Dirichlet and Neumann boundary conditions. For
instance, for the state ‘$$ with the Dirichlet boundary
condition we have

uD‘;1 ¼
$4þ‘;1

$5;1
uD1;1; (19)

so we get 4.09 GeV for the mass uD3;1 of the 3
$$ state, etc.

A similar calculation is done for the Neumann boundary
condition. Our results are shown in Table I. We also show
for comparison the values for these masses found in the
literature [1,36–41] using other methods. Then from our
results we obtain different Regge trajectories for the odd-
eron as discussed in the next section.

III. ODDERON REGGE TRAJECTORIES IN
THE HARDWALL MODEL

Taking the data for odd spin glueball masses obtained in
the previous section, we are going to build up the Regge
trajectories for the odderon, using linear regression.
For the Dirichlet boundary condition and the set of

states, 1$$, 3$$, 5$$, 7$$, 9$$, 11$$, we find the
following Regge trajectory:

Jf1$11g
Dir ðm2Þ ¼ $ð0:83( 0:40Þ þ ð0:22( 0:01Þm2: (20)

The errors for the slope and linear coefficient come from
the linear fit. The plot relative to this trajectory can be seen

TABLE I. Glueball masses for states JPC expressed in GeV, with odd J estimated using the
hardwall model with Dirichlet and Neumann boundary conditions. The mass of 1$$ is used as
an input from the isotropic lattice [36,37]. We also show other results from the literature for
comparison.

Glueball states JPC

Models used 1$$ 3$$ 5$$ 7$$ 9$$ 11$$

Hardwall with Dirichlet b.c. 3.24 4.09 4.93 5.75 6.57 7.38
Hardwall with Neumann b.c. 3.24 4.21 5.17 6.13 7.09 8.04
Relativistic many body [1] 3.95 4.15 5.05 5.90
Nonrelativistic constituent [1] 3.49 3.92 5.15 6.14
Wilson loop [38] 3.49 4.03
Vacuum correlator [39] 3.02 3.49 4.18 4.96
Vacuum correlator [39] 3.32 3.83 4.59 5.25
Semirelativistic potential [40] 3.99 4.16 5.26
Anisotropic lattice [41] 3.83 4.20
Isotropic lattice [36,37] 3.24 4.33

ODD SPIN GLUEBALL MASSES AND THE ODDERON . . . PHYSICAL REVIEW D 88, 026010 (2013)
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Brodsky, Teramond PRL 2005, 2006; Erlich, Katz, Son, Stephanov PRL 2005.
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Glueballs in the Hard-wall model and the 
Pomeron   (J++)  P=C=+1,  J=(0),2,4,…

4d Glueball states are described in AdS(5) by Bessel functions which 
satisfy some boundary condition at z=z_max.  
For massive scalar fields in AdS_5:                   Boundary operator:

modes u!;k corresponding to the glueball masses will be
calculated by imposing appropriate boundary conditions.
Note that k ¼ 1; 2; 3; . . . , represent radial excitations of
glueballs, but we will only consider in this paper the case
k ¼ 1.

It has been proposed in the literature [29] that the
glueball operator with spin ‘ could be obtained by
the insertion of symmetrized covariant derivatives in the
operator O4 ¼ F2, such that O4þ‘ ¼ FDf"1###D"‘gF with
conformal dimension ! ¼ 4þ ‘. This approach was used
in Ref. [28] to calculate the masses of glueball states 0þþ,
2þþ, 4þþ, 6þþ, etc., and to obtain the corresponding
Pomeron Regge trajectory.

Here we are going to follow a similar approach for the
glueball states 1$$; 3$$; 5$$; 7$$; . . . . The state 1$$ is
described by the operator O6 ¼ SymTrð ~F"!F

2Þ. Inserting
covariant derivatives as described above, one obtains
O6þ‘ ¼ SymTrð ~F"!FDf"1###D"‘gFÞ with ! ¼ 6þ ‘
satisfying equations similar to (12) and (13) with a shift
in the index of the Bessel function ! ! ! ¼ 4þ ‘, where
‘ ¼ J ' 1 is the spin of each state 1$$, 3$$, 5$$, etc.

Following the approach of Ref. [28], we impose
Dirichlet and Neumann boundary conditions to calculate
glueball masses within the hardwall model. For the
Dirichlet boundary condition

#ðz ¼ zmax Þ ¼ 0; (14)

one obtains from (13), the following masses:

uD‘;k¼
$4þ‘;k

zmax
¼$4þ‘;k"QCD; J4þ‘ð$4þ‘;kÞ¼0: (15)

On the other hand, for the Neumann boundary condition

@z#jðz¼zmax Þ ¼ 0; (16)

one gets

ð‘$ 2ÞJ4þ‘ð%4þ‘;kÞ þ %4þ‘;kJ3þ‘ð%4þ‘;kÞ ¼ 0; (17)

and the masses are now

uN‘;k ¼
%4þ‘;k

zmax
¼ %4þ‘;k"QCD: (18)

Using these boundary conditions we obtain glueball
masses in the sector P ¼ C ¼ $1. We take the mass u1;1
of the state 1$$ from the isotropic lattice (3.24 GeV) found
in Refs. [36,37] to fix zmax (and "QCD), and then calculate
the other odd spin glueball masses u‘;1 for the states
3$$; 5$$; . . . , using Eqs. (15) and (18), respectively, for
the Dirichlet and Neumann boundary conditions. For
instance, for the state ‘$$ with the Dirichlet boundary
condition we have

uD‘;1 ¼
$4þ‘;1

$5;1
uD1;1; (19)

so we get 4.09 GeV for the mass uD3;1 of the 3
$$ state, etc.

A similar calculation is done for the Neumann boundary
condition. Our results are shown in Table I. We also show
for comparison the values for these masses found in the
literature [1,36–41] using other methods. Then from our
results we obtain different Regge trajectories for the odd-
eron as discussed in the next section.

III. ODDERON REGGE TRAJECTORIES IN
THE HARDWALL MODEL

Taking the data for odd spin glueball masses obtained in
the previous section, we are going to build up the Regge
trajectories for the odderon, using linear regression.
For the Dirichlet boundary condition and the set of

states, 1$$, 3$$, 5$$, 7$$, 9$$, 11$$, we find the
following Regge trajectory:

Jf1$11g
Dir ðm2Þ ¼ $ð0:83( 0:40Þ þ ð0:22( 0:01Þm2: (20)

The errors for the slope and linear coefficient come from
the linear fit. The plot relative to this trajectory can be seen

TABLE I. Glueball masses for states JPC expressed in GeV, with odd J estimated using the
hardwall model with Dirichlet and Neumann boundary conditions. The mass of 1$$ is used as
an input from the isotropic lattice [36,37]. We also show other results from the literature for
comparison.

Glueball states JPC

Models used 1$$ 3$$ 5$$ 7$$ 9$$ 11$$

Hardwall with Dirichlet b.c. 3.24 4.09 4.93 5.75 6.57 7.38
Hardwall with Neumann b.c. 3.24 4.21 5.17 6.13 7.09 8.04
Relativistic many body [1] 3.95 4.15 5.05 5.90
Nonrelativistic constituent [1] 3.49 3.92 5.15 6.14
Wilson loop [38] 3.49 4.03
Vacuum correlator [39] 3.02 3.49 4.18 4.96
Vacuum correlator [39] 3.32 3.83 4.59 5.25
Semirelativistic potential [40] 3.99 4.16 5.26
Anisotropic lattice [41] 3.83 4.20
Isotropic lattice [36,37] 3.24 4.33
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modes u!;k corresponding to the glueball masses will be
calculated by imposing appropriate boundary conditions.
Note that k ¼ 1; 2; 3; . . . , represent radial excitations of
glueballs, but we will only consider in this paper the case
k ¼ 1.

It has been proposed in the literature [29] that the
glueball operator with spin ‘ could be obtained by
the insertion of symmetrized covariant derivatives in the
operator O4 ¼ F2, such that O4þ‘ ¼ FDf"1###D"‘gF with
conformal dimension ! ¼ 4þ ‘. This approach was used
in Ref. [28] to calculate the masses of glueball states 0þþ,
2þþ, 4þþ, 6þþ, etc., and to obtain the corresponding
Pomeron Regge trajectory.

Here we are going to follow a similar approach for the
glueball states 1$$; 3$$; 5$$; 7$$; . . . . The state 1$$ is
described by the operator O6 ¼ SymTrð ~F"!F

2Þ. Inserting
covariant derivatives as described above, one obtains
O6þ‘ ¼ SymTrð ~F"!FDf"1###D"‘gFÞ with ! ¼ 6þ ‘
satisfying equations similar to (12) and (13) with a shift
in the index of the Bessel function ! ! ! ¼ 4þ ‘, where
‘ ¼ J ' 1 is the spin of each state 1$$, 3$$, 5$$, etc.

Following the approach of Ref. [28], we impose
Dirichlet and Neumann boundary conditions to calculate
glueball masses within the hardwall model. For the
Dirichlet boundary condition

#ðz ¼ zmax Þ ¼ 0; (14)

one obtains from (13), the following masses:

uD‘;k¼
$4þ‘;k

zmax
¼$4þ‘;k"QCD; J4þ‘ð$4þ‘;kÞ¼0: (15)

On the other hand, for the Neumann boundary condition

@z#jðz¼zmax Þ ¼ 0; (16)

one gets

ð‘$ 2ÞJ4þ‘ð%4þ‘;kÞ þ %4þ‘;kJ3þ‘ð%4þ‘;kÞ ¼ 0; (17)

and the masses are now

uN‘;k ¼
%4þ‘;k

zmax
¼ %4þ‘;k"QCD: (18)

Using these boundary conditions we obtain glueball
masses in the sector P ¼ C ¼ $1. We take the mass u1;1
of the state 1$$ from the isotropic lattice (3.24 GeV) found
in Refs. [36,37] to fix zmax (and "QCD), and then calculate
the other odd spin glueball masses u‘;1 for the states
3$$; 5$$; . . . , using Eqs. (15) and (18), respectively, for
the Dirichlet and Neumann boundary conditions. For
instance, for the state ‘$$ with the Dirichlet boundary
condition we have

uD‘;1 ¼
$4þ‘;1

$5;1
uD1;1; (19)

so we get 4.09 GeV for the mass uD3;1 of the 3
$$ state, etc.

A similar calculation is done for the Neumann boundary
condition. Our results are shown in Table I. We also show
for comparison the values for these masses found in the
literature [1,36–41] using other methods. Then from our
results we obtain different Regge trajectories for the odd-
eron as discussed in the next section.

III. ODDERON REGGE TRAJECTORIES IN
THE HARDWALL MODEL

Taking the data for odd spin glueball masses obtained in
the previous section, we are going to build up the Regge
trajectories for the odderon, using linear regression.
For the Dirichlet boundary condition and the set of

states, 1$$, 3$$, 5$$, 7$$, 9$$, 11$$, we find the
following Regge trajectory:

Jf1$11g
Dir ðm2Þ ¼ $ð0:83( 0:40Þ þ ð0:22( 0:01Þm2: (20)

The errors for the slope and linear coefficient come from
the linear fit. The plot relative to this trajectory can be seen

TABLE I. Glueball masses for states JPC expressed in GeV, with odd J estimated using the
hardwall model with Dirichlet and Neumann boundary conditions. The mass of 1$$ is used as
an input from the isotropic lattice [36,37]. We also show other results from the literature for
comparison.

Glueball states JPC

Models used 1$$ 3$$ 5$$ 7$$ 9$$ 11$$

Hardwall with Dirichlet b.c. 3.24 4.09 4.93 5.75 6.57 7.38
Hardwall with Neumann b.c. 3.24 4.21 5.17 6.13 7.09 8.04
Relativistic many body [1] 3.95 4.15 5.05 5.90
Nonrelativistic constituent [1] 3.49 3.92 5.15 6.14
Wilson loop [38] 3.49 4.03
Vacuum correlator [39] 3.02 3.49 4.18 4.96
Vacuum correlator [39] 3.32 3.83 4.59 5.25
Semirelativistic potential [40] 3.99 4.16 5.26
Anisotropic lattice [41] 3.83 4.20
Isotropic lattice [36,37] 3.24 4.33
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The zeros of the Bessel functions give the masses of the Glueballs
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HBF, Braga, Carrion, PRD 2006

Morningstar, Peardon, PRD 1997, 1999; Teper hep-lat/9711011.
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The Hard-wall Regge trajectories for Glueballs with 
Neumann boundary conditions

Regge trajectory for the Pomeron 
(experimental)

are in good agreement. 
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Odderon Regge trajectories 

Relativistic many-body model (RMB)

Non-relativistic constituent model (NRCM)
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Experimental signs of the Odderon 
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Experimental signs of the Odderon

LCH new results?

Some groups are looking for the Odderon...
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Odd spin (P=C=-1) Glueballs and the Odderon

Eduardo Capossoli and H. Boschi PRD 2013

modes u!;k corresponding to the glueball masses will be
calculated by imposing appropriate boundary conditions.
Note that k ¼ 1; 2; 3; . . . , represent radial excitations of
glueballs, but we will only consider in this paper the case
k ¼ 1.

It has been proposed in the literature [29] that the
glueball operator with spin ‘ could be obtained by
the insertion of symmetrized covariant derivatives in the
operator O4 ¼ F2, such that O4þ‘ ¼ FDf"1###D"‘gF with
conformal dimension ! ¼ 4þ ‘. This approach was used
in Ref. [28] to calculate the masses of glueball states 0þþ,
2þþ, 4þþ, 6þþ, etc., and to obtain the corresponding
Pomeron Regge trajectory.

Here we are going to follow a similar approach for the
glueball states 1$$; 3$$; 5$$; 7$$; . . . . The state 1$$ is
described by the operator O6 ¼ SymTrð ~F"!F

2Þ. Inserting
covariant derivatives as described above, one obtains
O6þ‘ ¼ SymTrð ~F"!FDf"1###D"‘gFÞ with ! ¼ 6þ ‘
satisfying equations similar to (12) and (13) with a shift
in the index of the Bessel function ! ! ! ¼ 4þ ‘, where
‘ ¼ J ' 1 is the spin of each state 1$$, 3$$, 5$$, etc.

Following the approach of Ref. [28], we impose
Dirichlet and Neumann boundary conditions to calculate
glueball masses within the hardwall model. For the
Dirichlet boundary condition

#ðz ¼ zmax Þ ¼ 0; (14)

one obtains from (13), the following masses:

uD‘;k¼
$4þ‘;k

zmax
¼$4þ‘;k"QCD; J4þ‘ð$4þ‘;kÞ¼0: (15)

On the other hand, for the Neumann boundary condition

@z#jðz¼zmax Þ ¼ 0; (16)

one gets

ð‘$ 2ÞJ4þ‘ð%4þ‘;kÞ þ %4þ‘;kJ3þ‘ð%4þ‘;kÞ ¼ 0; (17)

and the masses are now

uN‘;k ¼
%4þ‘;k

zmax
¼ %4þ‘;k"QCD: (18)

Using these boundary conditions we obtain glueball
masses in the sector P ¼ C ¼ $1. We take the mass u1;1
of the state 1$$ from the isotropic lattice (3.24 GeV) found
in Refs. [36,37] to fix zmax (and "QCD), and then calculate
the other odd spin glueball masses u‘;1 for the states
3$$; 5$$; . . . , using Eqs. (15) and (18), respectively, for
the Dirichlet and Neumann boundary conditions. For
instance, for the state ‘$$ with the Dirichlet boundary
condition we have

uD‘;1 ¼
$4þ‘;1

$5;1
uD1;1; (19)

so we get 4.09 GeV for the mass uD3;1 of the 3
$$ state, etc.

A similar calculation is done for the Neumann boundary
condition. Our results are shown in Table I. We also show
for comparison the values for these masses found in the
literature [1,36–41] using other methods. Then from our
results we obtain different Regge trajectories for the odd-
eron as discussed in the next section.

III. ODDERON REGGE TRAJECTORIES IN
THE HARDWALL MODEL

Taking the data for odd spin glueball masses obtained in
the previous section, we are going to build up the Regge
trajectories for the odderon, using linear regression.
For the Dirichlet boundary condition and the set of

states, 1$$, 3$$, 5$$, 7$$, 9$$, 11$$, we find the
following Regge trajectory:

Jf1$11g
Dir ðm2Þ ¼ $ð0:83( 0:40Þ þ ð0:22( 0:01Þm2: (20)

The errors for the slope and linear coefficient come from
the linear fit. The plot relative to this trajectory can be seen

TABLE I. Glueball masses for states JPC expressed in GeV, with odd J estimated using the
hardwall model with Dirichlet and Neumann boundary conditions. The mass of 1$$ is used as
an input from the isotropic lattice [36,37]. We also show other results from the literature for
comparison.

Glueball states JPC

Models used 1$$ 3$$ 5$$ 7$$ 9$$ 11$$

Hardwall with Dirichlet b.c. 3.24 4.09 4.93 5.75 6.57 7.38
Hardwall with Neumann b.c. 3.24 4.21 5.17 6.13 7.09 8.04
Relativistic many body [1] 3.95 4.15 5.05 5.90
Nonrelativistic constituent [1] 3.49 3.92 5.15 6.14
Wilson loop [38] 3.49 4.03
Vacuum correlator [39] 3.02 3.49 4.18 4.96
Vacuum correlator [39] 3.32 3.83 4.59 5.25
Semirelativistic potential [40] 3.99 4.16 5.26
Anisotropic lattice [41] 3.83 4.20
Isotropic lattice [36,37] 3.24 4.33
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Massive scalar fields in AdS_5

Boundary operator

(p=0)
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Odd Glueball states in the Hard-wall with 

Dirichlet Boundary condition

Good agreement with the Relativistic 
Many-body Model (RMB) 
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Odd Glueball states in the Hard-wall 
with Neumann Boundary condition

Good agreement with the Relativistic Many-body Model (RMB) 
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Open questions for the Odderon
Experimental confirmation?

The authors 

suggest that the state              does  NOT  belong to the 
Odderon trajectory  

Our analysis with the Hard-wall is not conclusive in this 
regard
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Finite Temperature AdS/CFT and AdS/QCD

Witten’s proposal (1998)

Finite temperature Yang-Mills theory in 4d dual to a 
modified AdS(5)xS(5) set up with a Black Hole 
(Schwarzschild AdS (5)  x S (5))

The temperature of the Yang-Mills theory is 
identified with the Hawking temperature of the Black 
Hole

Policastro, Son, Starinets, PRL 2001 (Shear viscosity…)
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Soft-wall AdS/QCD Model (T=0)
Soft cut off (Karch, Katz, Son, Stephanov PRD 2006)

;

Glueballs in the soft-wall (T=0)  
[Colangelo, De Fazio, Jugeau, Nicotri PLB(2007)]
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Soft-wall model at Finite Temperature

Herzog PRL 2007; 

Kajantie, Tahkokallio, Yee, JHEP 2007; 

Ballon-Bayona, HBF, Braga, Pando Zayas, PRD 2008.
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Hard-wall and Soft-wall at Finite Temperature: 
Confining/deconfining phase transition

Thermal AdS space (low temperature) 
(confined phase) 
                                                               Hawking-Page phase transition 
AdS Black hole (high temperature)   
(deconfined phase)

Herzog, PRL 2007
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Quasinormal modes and scalar Glueballs 
in the Soft-wall at Finite Temperature 

Quasinormal modes are formed when a particle/field falls onto a 
black hole horizon

Miranda,Ballon-Bayona, HBF, Braga, JHEP 2009

(zero momentum)
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Quasinormal modes and Vector Mesons  
in the Soft-wall at Finite Temperature 

Mamani, Miranda, HBF, Braga, JHEP 2014
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Vector Mesons at Finite T in the Soft-wall model
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Other Results:

Wilson loops in AdS/CFT and AdS/QCD (nonconfining/
confining) 

Vector mesons form factors in the D4-D8 model 

Production of positive and negative parity Baryons in 
the D4-D8 model 

Pion and vector mesons form factors from the 
Kuperstein-Sonnenschein model 



D4-D8 brane model for hadrons 
Sakai and Sugimoto (2005)    

•D8 (probe) branes embedded in D4 brane space.  
•Holographic model for  (large NC , strongly coupled)  QCD. 

D4 brane background:  

With:                               ,  τ  is a compact dimension. 
Period of τ is related to minimum value of U → mass scale.

28

In this model mesons correspond to fluctuations of the 
D8 brane solutions in the D4 background.
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Vector and axial vector mesons are described by U(NF ) gauge field 
fluctuations.  
 4-dim effective action (after field redefinitions,  ...)

→  The effective actions show up with  a set of prescritions for 
calculating masses and couplings.  (everything is solved numerically) 

Vector and axial-vector 
mesons: 
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D4-D8 model realizes naturally vector meson dominance 
(Sakai, Sugimoto, 2005);  

VMD also realized naturally in Hardwall and Softwall 
models (Grigoryan, Radyushkin, PLB 2007, PRD 2007); 

General discussion on VMD in holographic models (Son, 
Stephanov, PRD 2004)

Vector Meson Dominance (VMD) 
Interaction with a photon mediated by the exchange of vector mesons
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Generalized  form factors for vector (and axial vector) 
mesons in D4-D8 model: 

                 is the coupling between the photon and the vector meson, 
                                
                           Is the 3 vertex on vector mesons, .... .

Where,  in the model:

... and similar expressions for the axial-vector mesons.

Ballon-Bayona, HBF, Braga, Torres,  
JHEP 2010 



32

Results:  appropriate decrease with q- 4   for large q. 
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Interesting quantities in the elastic case:  

• Form factors for  vector mesons with transversal and longitudinal 
polarizations

In the D4-D8 model we found:

That imply the large q2 behaviour expected from QCD:

Ballon-Bayona, HBF, Braga, Torres, JHEP 2010 
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Deep Inelastic Scattering (DIS)
JHEP03(2008)064

ℓ ❍❍❍❍❍❍

❍❍❍❥
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P
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Figure 1: Illustrative diagram for a deep inelastic scattering. A lepton ℓ exchanges a virtual
photon with a hadron of momentum P .

photon virtuality q2 and the Bjorken parameter x ≡ −q2/2P · q . Deep inelastic scattering

corresponds to the limit q2 → ∞, with x fixed.
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Jµ(y), Jν(0)
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|P,Q⟩ , (2.1)

where Jµ(y) is the electromagnetic hadron current and Q is the electric charge of the initial

hadron. This tensor can be decomposed into the structure functions F1(x, q2) and F2(x, q2)

as [23]
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where we use the Minkowski metric ηµν = diag(−,+,+,+).

As is well known, the cross section for the deep inelastic scattering is related to the

amplitude of forward Compton scattering. This amplitude is determined by the tensor
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where F̃1(x, q2) and F̃2(x, q2) are the associated structure functions.

The optical theorem relates the tensors W µν and T µν and implies that [23]

F1,2(x, q2) ≡ 2π Im F̃1,2(x, q2) . (2.5)

The imaginary part of the forward Compton scattering amplitude can be expressed in
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collision
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4. Small x and multi-hadronic states

The supergravity approximation is valid if x > (gN)−1/2 so if the ’t Hooft constant gN is

large enough, we can still use this approximation for a region where x ≪ 1. In this regime

the center of mass energy squared s ≈ q2/x is very large. So we expect the production of

a large number of hadrons.

In our formulation there is only one field ΦX that represents the product of the scat-

tering process. We conjecture that this state, that has a large number of constituents,

will evolve into multi-hadronic states, but we will not describe this evolution. This would

require the inclusion of more fields in the interaction action.

For a fixed value of the energy and momentum of the final state, the maximum number

of hadrons that can be produced by the final state occur when there is no relative motion

and all the extra hadrons have the minimum mass Λ. Taking the approximation that the

initial hadron has also a mass Λ, the maximum number of produced hadrons is

Nmax ≈
√

s

Λ
≈

! q2

xΛ2

"1/2
. (4.1)

This places the limit:

0 ≤ ρ ≤ (Nmax − 1) . (4.2)

The structure function F2 will be the sum

F2(x, q2) = F (ρ=0)
2 (x, q2) +

Nmax−1
#

ρ=1

F ρ
2 (x, q2) . (4.3)

In the limit x → 0 we have

F ρ
2 (x → 0, q2) ≈ F (ρ=0)

2 (x → 0, q2)
1

x2

$

(∆)ρ−1

(ρ − 1)!

%2

. (4.4)

Then

Nmax−1
#

ρ=1

F ρ
2 (x → 0, q2) ≈ F (ρ=0)

2 (x → 0, q2)
1

x2
N (2∆−1)

max . (4.5)

Using these results (and eq. (2.24)) we find

F2(x, q2) ≈ πC0Q2

&

q2

Λ2

'1/2

x−1/2 . (4.6)

The total cross section is related to the structure function F2 by

σ(q2, x) = 4π2αEM
F2(x, q2)

q2
. (4.7)

Then our result for small x implies that

σ(q2, x) ∼ (q2xλ)γs−1 , (4.8)

– 9 –
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with λ = 1 and γs = 1/2. So we find a scaling law for the total cross section different from

the case ∆′ = ∆ of eq. (2.25). This scaling is similar to geometric scaling.

It is interesting to compare our scaling with other scalings obtained in different kine-

matical regimes (at large gN). In ref. [5], in the regime exp(−
√

gN) ≪ x ≪ (gN)−1/2 the

DIS structure function is

F2 =
2∆ + 3

∆ + 2

π2ζ|Ci|2

2(4πgN)1/2

1

x

!

Λ2

q2

"∆−1

I1,2∆+3 (4.9)

where ζ is a dimensionless constant and

Ij,n ≡
# ∞

0
dωωnK2

j (ω) = 2n−2 Γ(n+1
2 + j)Γ(n+1

2 − j)Γ2(n+1
2 )

Γ(n + 1)
. (4.10)

So the total cross section is proportional to

F2(x, q2)

q2
∼ (q2xλ)γs−1 . (4.11)

This corresponds to a scaling with λ = 1/∆ and γs = 1−∆. For a baryon in QCD ∆ = 3.

If this above result could be extended to this case one would find λ = 1/3 and γs = −2.

A recent article [17] considered the regime x < exp(−
√

gN) with large gN and N

large but finite. They studied the problems of saturation and unitarity in the scattering

amplitudes, problems that are related to geometric scaling. In particular they found, in

the vicinity of the saturation line, a scaling law with λ = 1 and γs = −1.
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initial hadron has also a mass Λ, the maximum number of produced hadrons is
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≈
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. (4.1)

This places the limit:
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The total cross section is related to the structure function F2 by
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. (4.7)

Then our result for small x implies that

σ(q2, x) ∼ (q2xλ)γs−1 , (4.8)
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with λ = 1 and γs = 1/2. So we find a scaling law for the total cross section different from

the case ∆′ = ∆ of eq. (2.25). This scaling is similar to geometric scaling.

It is interesting to compare our scaling with other scalings obtained in different kine-

matical regimes (at large gN). In ref. [5], in the regime exp(−
√

gN) ≪ x ≪ (gN)−1/2 the

DIS structure function is

F2 =
2∆ + 3
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where ζ is a dimensionless constant and

Ij,n ≡
# ∞

0
dωωnK2

j (ω) = 2n−2 Γ(n+1
2 + j)Γ(n+1

2 − j)Γ2(n+1
2 )

Γ(n + 1)
. (4.10)

So the total cross section is proportional to

F2(x, q2)

q2
∼ (q2xλ)γs−1 . (4.11)

This corresponds to a scaling with λ = 1/∆ and γs = 1−∆. For a baryon in QCD ∆ = 3.

If this above result could be extended to this case one would find λ = 1/3 and γs = −2.

A recent article [17] considered the regime x < exp(−
√

gN) with large gN and N

large but finite. They studied the problems of saturation and unitarity in the scattering

amplitudes, problems that are related to geometric scaling. In particular they found, in

the vicinity of the saturation line, a scaling law with λ = 1 and γs = −1.
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Baryons Form Factors and Proton Structure in the 
Holographic Sakai-Sugimoto Model

Blue line = SS Model prediction 
Red dots = exp. data (JLAB-CLAS) 
Blue triangles = Bare amplitude results (EBAC)

Helicity Amplitude  [                    ]

decay constants (shown in Table II) we can calculate the
Dirac and Pauli form factors describing the production of
negative parity baryon states. We show our results for the
first three excited states in Fig. 2. As a general feature, the
form factors go to zero as q2 ! 0, reach a maximum and
then decay for large q2. Note that some of the form factors
are nonpositive.

C. Helicity amplitudes: Comparison
with JLab-CLAS data

In the large ! limit, the transverse helicity amplitudes
take the form
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Unfortunately, in the large ! limit we cannot say too
much about the longitudinal helicity amplitudes because
we obtain
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This result seems to be consistent with the fact that the
experimental data available for these helicity amplitudes
indicates a strong contribution from meson clouds [45].
This kind of effect necessitates the investigation of loop
corrections of order 1=! in electromagnetic scattering.
The 1=! corrections would not only modify our results
but also the standard results on the elastic electromagnetic
form factors.4

Some of the meson cloud contributions to the helic-

ity amplitudes ~A1=2 and ~S1=2 for the resonance
S11ð1535Þ were calculated by the EBAC group [47],
fitting the dynamical coupled-channel model [48] with
experimental data. The EBAC result [47] was displayed
nicely in Ref. [49], where the authors removed the
meson cloud contributions from the dressed helicity
amplitudes and presented the EBAC bare helicity
amplitudes. In Fig. 3, we present our result for the

transverse helicity amplitude ~A1=2
BB1

ðq2Þ for the first

negative parity resonance and also show the EBAC
results [47,49] and recent experimental data from the
JLAB-CLAS collaboration [45] for comparison. As
discussed in Sec. IV B, this resonance can be identified
with the experimentally observed S11ð1535Þ. Despite
the limitations of our model (the large ! limit), we
find good agreement with the EBAC results for bare

helicity amplitudes and reasonable agreement with
JLAB-CLAS experimental data. This is to be expected
since the EBAC data is available for q2 & 1:5 ðGeVÞ2,
which coincides with the regime of validity of the
Sakai-Sugimoto model where we expect our results to
be reliable, whereas the JLAB-CLAS data extends to
higher q2 beyond the regime of validity. Furthermore,
the EBAC and JLAB-CLAS results clearly demonstrate
the importance of 1=! corrections from meson cloud
contributions in the nonperturbative regime, which
means that we need to go beyond tree level to get a
better than qualitative agreement with experimental
results for helicity amplitudes. Nevertheless, this is a
very encouraging result in view of our long-term
project of investigating resonance production in holo-
graphic models.
In Fig. 4 we show our results for ~Gþ

BB1
ðq2Þ.
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FIG. 3 (color online). Helicity amplitude ~A1=2
BB1

ðq2Þ [in units
10%3ðGeVÞ%1=2] plotted versus q2 in ðGeVÞ2. The JLAB-CLAS
experimental data (red dots) were taken from Ref. [45], while the
EBAC bare amplitude results (blue triangles) were taken from
Refs. [47,49].
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FIG. 4 (color online). Helicity amplitude ~Gþ
B0B1

ðq2Þ [in units
10%3 ðGeVÞ%1=2] plotted versus q2 in ðGeVÞ2.

4See Ref. [46] for a discussion regarding pion loop corrections
in baryon electromagnetic form factors.
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EBAC: Julia-Diaz et al PRC 2009; 
Matasuyama et al Phys.Rep. 2007;  
Ramalho, Pena, PRD 2011.

CLAS: Aznauryan et al PRC 2009. 

for the observed negative parity 
resonance S_11(1535)
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Pion (and vector meson) Form Factors in the Kuperstein-
Sonnenschein Holographic model

Red = SS model; Blue = KS model 
 Dots = experimental data (PDG)

Stable, non-supersymmetric, but similar to D4-D8 with VMD
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