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Perturbative Non-Perturbative

@ Perturbation theory o Lattice
@ QCD sum rules

Old dream: “QCD: a solvable theory”

Holographic QCD — new way of approaching QCD — new powerful tool

What is holography?

How to construct a holographic description of QCD?
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Gauge/Gravity duality AdS/CFT
Link to QCD

AdS/CFT correspon

@ AdSs symmetry group isomorphic to four dimensional conformal group

Duality (J. Maldacena, E. Witten, |. Klebanov)

Large N limit of a strongly coupled SU(N) N' = 4 SYM in My = Supergravity Theory in AdSs x S5
Defined:

@ O — operator in strong coupled N = 4 SYM

@ (g its source in the CFT generating functional <e><p/ <p0(9> CFT

¢ the field dual to O in the string theory

Z(p) the partition function of the string theory ~ exp(—iSef(¢)) in SUGRA limit

z the holographic coordinate

<exp / «POO>CFT = Z(p) ~ exp(—iSur(e))

with “boundary condition”:
@(x,z) = / d*x’ K(x — x', 2) po(x") K(x — x', 2) — 64()( —x)
g =

where K(x — x', z) is a bulk-to-boundary evolution operator
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@ N =4 SYM is a conformal field theory while QCD is not
@ N =4 SYM is a supersymmetric theory while QCD is not
@ N =4 SYM has no S-matrix while QCD has

N = 4 SYM doesn't resemble QCD i» Supergravity is not a good dual for QCD
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QCD “nearly conformal” when all m = 0 and when as does not run
Supposing the existence of a “gravity dual” of QCD:
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Hard wall

Bottom-to-top approach Soft wall - Dilaton

Bottom-to-top approach: hard wall model

Framework (J. Polchinski, M. Strassler)

1
(m“,dx“dx" B dzz) 0<z< zm

Bulk = AdSs cut at z = zy ~ 1/Agcp < ds® = =
zZ

QCD lives on the boundary z = 0
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Hard wall
Soft wall - Dilaton

Bottom-to-top approach

Bottom-to-top approach: hard wall model

Framework (J. Polchinski, M. Strassler)

1
= 7(nuydx“dx" +dzz) 0<z< zm
z

Bulk = AdSs cut at z = zy ~ 1/Agcp < ds?

QCD lives on the boundary z = 0 y

How to construct the action

@ QCD operator O;,, .. g of order p and dim A « free field in the bulk B, . g

m = (A= p)(A+p—4)
@ Global symmetry in the boundary <« local (gauge) symmetry in the bulk
@ QFT in the boundary <« classical theory in the bulk

.
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Hard wall
Soft wall - Dilaton

Bottom-to-top approach

Bottom-to-top approach: hard wall model

Framework (J. Polchinski, M. Strassler)

1

z2

Bulk = AdSs cut at z =z, ~ 1/Agcp & ds? (M dx™ dx” + dzz) 0< z< zpy

QCD lives on the boundary z = 0 y

How to construct the action

@ QCD operator O;,, .. g of order p and dim A « free field in the bulk B, . g

m = (A= p)(A+p—4)
@ Global symmetry in the boundary <« local (gauge) symmetry in the bulk
@ QFT in the boundary <« classical theory in the bulk

Example: Scalar operator O

Action & EOM: q
5:——/d5x g (gMNB X 0, X+m2X2>
2k \/| | M N 5

v [\/EgMN OnX(x, z)} — mgX(x, z) =0
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Hard wall

Bottom-to-top approach Soft wall - Dilaton

Bottom-to-top approach: soft wall - dilaton model

Framework (A. Karch, E. Katz, D. Son, M. Stephanov)

Bulk = asymptotically AdSs with a background “dilaton” field ¢(z)

ds? = e2A(Z>('undx"‘dX" + dz%)
= / oy 161 =% (6" X Oy X + mx?)

| /el €=M dyx(x, )] - mix(x,2) =0

With: Simplest choice:
O¢—A—>czz2 °¢_CZ
z—00
°¢p—A—0 —Inz O A==ha
Zz—

@ A(z) cannot contain powers z° with 3 > 2
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Hard wall

Bottom-to-top approach Soft wall - Dilaton

Bottom-to-top approach: soft wall - dilaton model

Bulk = asymptotically AdSs with a background “dilaton” field ¢(z)

ds? = eZA(Z)('qH,,dx“dX" + dz%)
1 T
s—-— / oy 161 =% (6" X Oy X + mx?)

O [\/E67¢(Z)gMN InX(x,z)| — méX(x7 z)=0

With: Simplest choice:
0¢—A—>czz2 0¢:c212
z—00
°¢—A—0>—Inz @ A=—lInz
Zz—

@ A(z) cannot contain powers z° with 8 > 2 )

This model reproduces Regge behaviour of vector-mesons: m?, ~n

ion of QCD
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LEESES
Glueballs

Example of a calculation: glueball masses

0" glueball

QCD

) AdSs

@ Described by tr(G) = Tr(Gp., GHY) X .
@ Described by a scalar field X(x, z)

@ Dimension A = 4 2

@ Mass mi = (A — A+p—4)=0

@ Scalar (p = 0) 5= ( A P )
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LEESES
Glueballs

Example of a calculation: glueball masses

0" glueball

QCD
. 5 AdSs
@ Described by tr(G) = Tr(Gp., GHY)
@ Dimension A = 4

@ Described by a scalar field X(x, z)

@ Mass m2 = (A — A+p—4)=0
@ Scalar (p = 0) 5= ( 2 P ) )

Massless free scalar field

Action & EOM:

] —
S=-o; / d5x\/\g| e *@gMV oy X oy X

Om [\/gefﬂz)gm’ OnX(xs Z)] =0

.
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LEESES

Glueballs

Example of a calculation: glueball masses

glueball

0+
QCD
@ Described by tr(G2) = Tr(Gu, GHY)
@ Dimension A = 4

@ Scalar (p = 0)

AdSs
@ Described by a scalar field X(x, z)
o Massm%:(Afp)(A+p74)=0
v

Massless free scalar field

Action & EOM:

_ 1 5 /1 . —é(z) MN
Sffﬂ/dx\/\gu "N oy X X

Om [\/gefﬂz)gm’ OnX(xs Z)] =0
/

How to compute masses?

@ 4-dim Fourier transformation of the field: X(x, z) = / d*x eiq'X)N((q, z)

@ Fields on shell — g2 = —m?

Eigenvalues m% of the EOM — ot
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LEESES
Glueballs

Example of a calculation: glueball masses

0" glueball

QCD
@ Described by tr(G2) = Tr(Gu, GHY)

@ Dimension A = 4

AdSs
@ Described by a scalar field X(x, z)

@ Massmg = (A —p)(A+p—4)=0
@ Scalar (p = 0) ass mp = ( 2 P )

.
Massless free scalar field

Action & EOM:

_ 1 5 /1 . —é(z) MN
Sffﬂ/dx\/\gu "N oy X X

Om [\/gefﬂz)gm’ OnX(xs Z)] =0

V.
How to compute masses?

@ 4-dim Fourier transformation of the field: X(x, z) = / d*x eiq'X)N((q, z)

@ Fields on shell — g2 = —m?

Eigenvalues mﬁ of the EOM — 0% glueball spectrum

2 2 2 2
my, = 4c*(n + 2) myy = 2m,
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LEESES
Glueballs

Example of a calculation: glueball masses

1~ glueball

QCD
@ Described by Tr(G(DG)G)

@ Dimension A =7

AdSs
@ Described by a vector field V) (x, z)

@ Mass m2 = (A — p)(A +p —4) =24
@ Vector (p = 1) 5= ( J )
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LEESES
Glueballs

Example of a calculation: glueball masses

glueball

QCD
AdSs
@ Described by Tr(G(DG)G)

@ Dimension A =7

@ Described by a vector field V) (x, z)

® Mass m2 = (A — p)(A+p —4) =24

@ Vector (p = 1) )
Massive free vector field
Action & EOM: a 1
1ol a— MN _ST T
S = =T / dsx\/\gl e ¢ ( Eg gs Fus FnT + 24g5 V5V7—>

Om [\/gefﬂz)gMNgST Fus (x, Z)] - 24\/g97¢(z)gSTVs(Xa z)=0

where:

Fun = OmVn — OuViy J
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LEESES
Glueballs

Example of a calculation: glueball masses

glueball

QCD
@ Described by Tr(G(DG)G)

@ Dimension A =7

AdSs
@ Described by a vector field V) (x, z)

@ Mass m2 = (A — p)(A +p —4) =24
@ Vector (p = 1) 5= ( J )

V.
Massive free vector field
Action & EOM: a 1
1ol a— MN _ST T
S = =T / dsx\/\g| e ¢(z)<§g gs Fus FnT + 24g5 VSVT)
ou| /161 €O M Fuys(x,2)] — 24/ lg] e~ ¥ Vi(x.2) =0
where:

Fun = OmVn — OuViy
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Conclusions

Conclusions & remarks

@ New approach to QCD — Holographic description
@ Modification of the standard AdS/CFT correspondence — QCD

© Different approaches
@ In Dilaton approach:

o 0T glueball mass spectrum

o 17 glueball mass spectrum

AdS/QCD seems to be very interesting and powerful in investigating QCD
... but there is still a lot of work to do. ..

P. Colangelo, F. De Fazio, F. Jugeau
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