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AdS/CFT correspondence provides a new way to address Physics at strong coupling

: * vector p meson (Erlich et al. ‘05)
dronic spectrum:

» glueballs (Pietro Colangelo, Fulvia De Fazio, F.J., Stefano Nicotri ‘07)

% the subject of this talk

» Hadronic (p, ) form factors (Brodsky, de Teramond, Radyushkin ‘07)

- QQ potential (Andreev, Zakharov ‘07)

,1"_1'5 2 ‘ 1 -
« Gluon condensate (Andreev, Zhakarov 07):  (—G7) = (0.010 £ 0.0023) GeV*

m

* U(1),sector of QCD/ n" mass (Katz, Schwartz, Schafer ‘07)

* Low Energy Constants, ySB (Da Rold, Pomarol ‘05)

* Deep Inelastic Scattering (Braga '07)

- strongly coupled plasma features

- confinement/deconfinement transiti
(Rajagopal, Shuryak, lancu, Mueller ‘07

» Heavy ion collisions/QGP : {



a’s AJS/CFT duality conjecture (‘98)

superstring theory <—> A = 4 Superconformal YM theory SU(N,)
in the boundary ) 45. I (z— 0)

Sr space x compact space
o

RB

»2

Holographic spacetime / bulk

2
(no physical extra dimensions) ds

(M dxtdx” + d2*) 4 ds%s

2
: : Gstring = Gy
R : AdS typical size 1 : 2 At
B . . R i ; i a}‘l — .J.'-I'\flc
¢ : string typical size T = 4 gi N, t Hooft coupling : Gyar Ve

{ - classical limit : Gstring — 0 > { large !\lc (A fixed) : gym — O
- supergravity limit : Ig<< R - large ‘t Hooft limit : A >> 1

ise T (ot i [ diz Xo(z*)O(zH
| R T I T

Weakly - coupled effective theory Strongly - coupled
in a warped higher dim. space

Classical bulk field X(a*, 2) I — Boundary value -Yo(")
Z—0



Scale invariance and its breaking (or what is z ?)

> AdS/CFT provides 2 languages for deriving correlator functions !

N 2 ﬁ—}f(d.l'j + d»?) inv. / scale transf. mapped into the 5t holographic coord. z

A Tr — AT s ¥ — A2

» AdS modes in z : extension of the hadron wave functions into the 5t holo. coord. z

e different values of z : different scales at which the hadron is examined :
- JAdS-I(z—0)i.e.q— o : UV regime

- max. separation of quarks (~ x2 ) — max. value of z at IR boundary :

hard
Hard wall approx. (Polchinski, Strassler ‘01) : U < 2 < z,,, ~ 1,.-"';:"1-[;_;5 'D i
(> quadratic Regge trajectories: 2 ~x n i
|
Soft wall approx. (Karch et al ‘06) : background dilaton  ¢(z) = a*=* .
Q> linear Regge trajectories for vector mesons : m; o< n :
° ol

—> (@, ) break conformal inv. of CFT : introduction of OCD scale /.,



- AdS/CFT : String-like theories — QCD-like gauge theories

- AdS/QCD : QCD properties — weakly-coupled effective theory (

in a warped higher dim. space

(up-down approach)

bottom-up approach)

I

AdS/QCD Model of light glueballs (scalar, vector)

Glueballs : Bound-states of gluons well defined in large N¢ limit

QCD in 2t

Boundary operators :

Scalar, vector glueball
operators Oy ,0,,

dim.o\/

Dual theory in AdSj

bulk fields :

Scalar, vector fields :
JY {;1’- Z :| ‘4_ _'I. _Ir '::..". r V:I

A mass m

-

R‘E

ds® = _—E(fﬂz'ﬂ + dz?)

-
ot

Dilaton : «#(2)

(AdSradius: R=1 )

z — ()

IR

v
N




1 5 —dlz) MN aTF g
T

5-dim. bulk

Dilaton ¢(z) = a*2* Bulk field mass

ﬂ Fus =0yAs — 0sAy

» Broken AdS isometries/conformal sym. (energy scale [a]=1)
* Regge behaviour of the mass spectrum

- (Classical) eq. of motion : Oy (y—ge *FM) - \/_E’ *m2AM =0

- Bulk field decomposition (mode) :

V(z)

QCD

SN NN




—" + V(2)y = m2y(2)

c=1: Am(x,z) : SN 2.2
c=3: X(x2) dilaton ¢(z)=a"2 I

(IR:z— )
ass spectrum : m2 = (4n +1+c+ \/{c—l— 1)2 + 4mg )HEI

Z —> o0
* Holo. wave function :  U.(z) = A, e = /2:2m 42 B (= gle,m?) + 1,027 | —0 {
(regular)

polynomial

» Spectrum given by a simple 1d. QM Shrodinger-like equation t

—

« AdS/CFT provides another language with tractable co
for non-perturbative Physics!



 Scalar glueball : = H +ﬂ ' * Vector glueball : | i = (""’ +12)a’
> Regge behaviour (n >>1): m? o n (dilaton (z) = a2 )
 up-down approach
P PP m, o< n (KK spectrum)
Hardwall 0 < > < 2,/ (z,:IRbrane)
(> Ground states : | mg, — mg, =m;, (@=m, /2 )
AdS/QCD LQCDSR Lattice QCD
PLB 652:73-78,2007 Domingl‘Jez, . Narison Hang, Zhang Morningstar i Meyer
Paver (‘86) (hep-1at/9901004)

(hep-ph/9612457) | (hep-ph/9801214)

(hep-1at/0508002)

”."{"II

M,

<1

too light (?) |

1.5 (0.2)

1.580(150)

1.730(50)(80)

3.850(50)(190)

1.475(30)(65)

3.240(330)(150)

Let us see if this picture can be improved with further deviations of conformality

% Background corrections (but still close to AdSs)



of the background (<arch et 2l 06) 1

modification of the metric

'R subleading
(z =)

2 _ a2 _ (.
- dilaton : e mf?‘n_(

> Mass splitting

. 2 2
* metric : g, — Mg, = (4 -

A <0 Mass splitting increases
Maximun effect : metri



Conclusion

AdS/CFT provides a new way to address Physics at strong coupling

> Scalar and vector glueball mass spectra  Ground states : me, — Mg, =M,

34/
Perturbation « dilaton modification: Mg, — M, = (4 - 1;3 J‘) o’
> of the background
(metric/dilaton)

» metric modification : mg, —mg, = (4 -

18997\ 4
198 J‘)“

max. mass splitting (A< 0)

AdS/QCD at its very beginning :

» fashionable at present (bad reason to investigate it)

up-down approach (quantitative predictions difficult

J

« there is the strong hope to identify the Dual Theory of QCD > (a

U

hottom-up approach

predictio
t low
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ut the operator/field correspondence
otally antisymmetric tensor with p indexes)
O-form: @  (scalar)
1-form: Ax  (vector)

| > Bulk
2-form : ;4.[_.14?_.“\-'] (Strength field Ew_w )

fmotion DA(z")=0 <—— mass term 'mﬁdsﬂ(f”)l

o

» Superconformal gauge theory : conformal group invariant )
Scale transf. : 2" — Az

Field  Aj(2") — A2 Ap(2*)

A, A I : scaling dim. = canonical dim.

Operator O(z") — A™20(2") (without anomalous dim.)

(Eafd ‘LAD(‘L)O(‘LDCFT . <Ezfd ‘1)??40@}(1
Q} 1-A-A=0or A

R*migs = (A —p)(A+p—4)

=4-A



raphic space : Bulk AdSEI {—> Ourspacetime Mn*

: R counled * strongly coupled A
FRiiitheory { sl PE% =) SUN) <+ SUSY
» conformal

massive dimension

. ° D- 4 . :
Bulk field A(:z:“,z)l{ p-form <> (" operator O(z*)] Scalng Al

scaling
dimension




CD Correspondence witen s

~
-squark}@uinos — S>§(
)c . Hologr dual
* massive quarks \S E/ theory &t QCD
_

* renormalisation scale

Q> How modifying AdS/CFT towards AdS/QCD ?

4

QCD could be nearly conformal (UV) (Brodsky '02; Alkofer et al. ‘04)
QCD could have IR fixed point

Dimensionless renormalized Green function : G (p, m. A, 1) I
d\(t)

/_
- effective couplin A— At A i 2 B
Renormalization : SIS & )I with | —— = 5())

— # <
- effective mass m—m t,'m
~— J

i — f(t) = etu dIn m(t)

dt

= Tm (;\)




d 19, J
9 9 L “(n) _
('u'i:),u. + d’[)\}aA + Y (A)m 33??)6 0

G™(p,m,\ 1) — G™(e'p,m,\, 1) = G™(p

iral limit m=0 : A(l) breaks scale invariance

. : : scale invariant theory
Classical theory or fixed point : =0 and A(t) = A = const.

Chiral QCD : m=0 QCD nearly
—> : :
{ IR fixed point A* : B(A*)=0 conformal invariant

AdS/CFT

r AdS%QCD 1

Effective bulk field action Deformation o

SeFf A(aM) I ds? = 245 (N dztdz” + dz?)




rum of p meson (sonetal 0s)

2

Dual theory in  AdSs | ds® = Rﬂ (dz* + d2?)

Z
Gauge symmetry _
(SU(3), x SU(3)r) Dilaton :

local

5(2) |

Scalar field : X(x, z)

eft/right gauge field

L(z,2)] Ak, 2)

TABLE [: DperatﬂMe]

SOOI

bulk fields

operators
P 4D: If){:c\ /5/[): o(x, 2}/ D A (ms)?
q_L‘;f“tagL A%p‘ 1 3 0
qR") ARy 1 3 0 }
2/2)X 8 0 tag:hyom%

8

T (F + F)

Seff—/d“':s:\/_e |DX[* +m2X 0

JI



M ( F e [ d..'ti' Vv N a;"-."vh-i' :I) —

V= % —— | Vi(z,2) = €02

olo. wave
function

plane wave

—" + V(2)p = m2y(2)

. onnection

egge behaviour : m, X n — dilaton/geometry Z

QCD in ] ;

geomgtfy




Holographic Models of mesons

-bottom approach :

M-theory/Supertring Theory QCD-like Gauge theory
>

Boundary : 9AdS, I

BUIk: -"‘1(!.5’5 ' ,5'5

Il) Bottom-up approach (AdS/QCD) :

((String-inspired) dual theory :  Properties of QCD SUQ3)e :

Sg![A(a™M)] -squar%uinos — S>é(
<

9 _ . 1 ¢ massive quarks }
Holographic spacetime : * renormalisation scale p J =
' AdSs : : 4
| distorted : I Minkowski M I

Confinement, Chiral symmetry breaking, masses, decay constants, form factors, etc...

++ --
*«Scalar 0  and vector 1 mass spectrum

b Glueball Spectroscopy 2 (pseudoscalar 0~ * | hybrid mesons)

(Colangelo, de Fazio, Nicotri, F.J. ‘07) « Dual theory of QCD (if exists




: L
o

\\ﬁ\ NN N

TrE?

Vector glueball
Tr (F(DF}F)#

boundary operators

SlU

ydel of light glueballs (scalar, vector)

eballs : Bound-states of gluons (gg...)

Dual theory in 2755
Dilaton :  ¢(=) |
— > Scalar field (AdSradius: R=1 )

—~  Vector field

bulk fields

Operators / fields of the model

4D : O(x) 5D: =2}
TrF? X(z,2) |

Tr(F(DF)F) Ay (z, )

it




bulk

TrF? (b=4) —>  X(z,z) (p=0)  m?=0
Tr(F(DF)F), (=) = Au(z,z) (=1) mi=2

r

AM) 2 Ao(a)

4{3?‘”}:/ d'2' K(z™,2") Ap(x*)
Ars

—> AdS/QCD < _

2 _
My = Mags

NS

L[ . .
. eff _ 5 —(z) MN (2 9.
- Scalar bulk field : 557" = —§/d zv/=ge*gM Y (93 X) (On X)

e 1 /
» Vector bulk field : Self — __E gMN 45"

5-dim. bulk Dilaton ¢(z) = a*2*

U

» Broken AdS isometries/conformal sym. (energ
* Regge behaviour of the mass spectrum

Fyrs =0y As — 0sAy




On (v=ge ?F"M) — /=ge ?mzAM =0

_E Eq ,'I!

plane wave hoIo wave function

ition (mode) :

V(z)
n
7 Dual theory in 445
/ o é ————————— 4 32
7 , ]
A metric X ”.._dilaton
/ e \\
/]
/]
¢ Sl
Is fy — 2.,/ y 2
- Schrodinger eq. : -+ V() =miv(2) | with V(z) =a*2? + dmy + (e +2)c + (c—1)a?

42

c=1: Am(x,2) : .
{ c=3: X(x,2) dilaton | ¢(2)
(IR:



m? = (4n+1+c+ \/{c+1]2+4m§)az

on :

Kummer confluent
g(ms,c) = \/ m2 + 1 hypergeometric function

(-n < 0 : polynomial)

Scalar glueball Vector glueball Vector p meson (Son et al. ‘05)
e o] 1 1~
E‘ P 2 -a( ) AD f n
T J 1rF T-?"(F(DF)F)# Je (@ I JR{‘L)I
=2
3 1 e &= G
i Xz, z) Apr(z, z)
=
3 < (p=0) (p=1)
*m.g =1 mi = 24 I
~
o
g m2 = (4n + 8)a? m2 = (4n +12)?
/9]



rbed background

. . 1 .
dual spacetime :  ds® = A yundsMdz = ;(d::::z + d2?)

e Dilaton : &(z) = a*2*

Regge behaviour:  m? xn =—> connection dilaton/metric
\
« z — 0 : asymptotic AdS b— A2 —In(z) Perturbation

- by

T . __ A Too 2
« Z — oo : harmonic-like potential © - - >

« Higher spin meson spectrum A(z) /é 220 B



stants of glueballs

ez’SE” (X (z.2)] _ ( ot d‘i;rXD(;r)O(;r)>

CFT

tor function  II(g” Decay constant
(g )| — y

Hoco(q2 )=TTaas(q°)

+QCD: Toon(f) =i f di 9% (0| T (2) 0 (0)]|0)

Completeness in the 2 chronological order :

) -1_-

X(q,2),0.X(q,2)

)

Fourier transf. of X(x,z)

« AdS : H_ng(qg) = (



pagator (massless scalar bulk field) :

/ d'a’' K(z, 22", 0) Xo(2)
Meo

nslation invariance : K (x — 2/: 2, 0) =2 §%(z — 2/)

« ¢*=—m* | normalizable bulk mode I{’n(z}l ——>  dual to particle s

—

z—>0 [K,(2)~A,?7"

¢« ¢*>0 I non-normalizable bulk mode (g, z)l —>




completeness

DG(g* 2,7) = —6(z — 2)

K.(2)K (z’)l
G 2. I — E T 1)

~ _ —3(2')
Green'’s theorem : K(gq,2) = K(q,z’)(ET)asz(qg, 2, 2)

f_s()

o—0(2)

wJ -

3

Maas(q®) = FrmZ m? [E (q, z)

l
1 1IZ3 4Anz

C—> | fuo=44,~y8(n+1)(n+2)




ight meson spectum :vans et al. o)

=cq Diirichiety p-brane model of spacetime :
. (gq=ud,;s) —»> A .
B=bq * p spatial-dim. object

* (p+1)-dim. spacetime

D1-brane ﬁ
t
DO- brane ym/ D3-brane in 4-dim. Spacetime :  M* I?

Y y(0,t)=0 (L,t)—Oj
Y
Dp-branes : boundary conditions ——>

Open string endpoints
attached to Dp-branes

@: Open string spectrum :@
D3-brane : > D3-D3-branes :
' 4




1 :> 1 massless vector
AF2 = (] .
M o (s (tachyon, massless scalars)

(harm. osc. E=hw(N+1/2))

AP _—(\ —1) +

quantum osc. classmal energy of . (energy/length)

D3-D3-branes :

0 the stretched string =~ X (length)
> 1 massive vector il 1 massless vector
(tachyon, massive scalars) -
12 _
ﬂ_f’ﬂ = I:Tg (;E‘-z S fl)] 2 _'1.{ —_ 0

Standard Model

(QCD) 3 x 3 massless vectors : 9 gauge fiel

in (3+1) spacetime
M| 3 D3-branes$




* N superposed Dp-branes >  Gauge theory SU(N) in (p+1) spacetime
3 D3-branes SU(3) in (3+1) spacetime

I L

Boundary of the bulk “»['L

* Gluons : open strings with the 2 endpoints attached on the 3 (colored) D3-branes

e Quarks : open strings with { 1 endpoint attached on the 3 (colored) D3-brane
1 endpoint attached to a flavour Dp-brane (D7-brane)

flavour brane

® < ==L

IR '

cl

color brane flavour brane color brane
(red,green) (u,d)
&> Massive quarks M* = [Ty(z; — #)]” % Massless (chiral) quarks



orane model of heavy-light mesons

holo. spacetime

/ meson string
= AdSs x S
L~
5
1 | | > X4,...,X9
H_/ d D
3 D3-baryonic S N =
branes (r,b,9) 2 D7-flavour branes
(% su): aco 5,8 el (0

D7-D3 open string spectrum :  M° = %{N —1+ i) + [To(2; — 71)]°

@ semi-classical string limit — D>>d
Heavy-light meson spectrum : /% = [TD(D _ fg)]z

Mp =770 MeV :d ——> B meson:Ms= 6529@
My=9.4 GeV : D ‘OG"



dS/ICFT Correspondence iacena s
it of M-theory/Superstring : : Large N limit of Superconformal
X a SU(N) gauge theory in f')fhf-ﬁlzl

~— —

| de Sitter space x compact space

P e
—

Holographic spacetime / bulk — Minkowski spacetime " |
(no physical extra dimensions)

= (M,N=0,1,2,3,4)
(-a+1+’+1+)

Anti-de Sitter AdS5 [ (d=5): ds® = ganda™ dx

* Solution of vacuum Einstein equation :

R ! R ! A :
MN — IMNIT= SIMN cosmological constant A >0

« Isometry group SO(2,4)
( preserves distances, ~ SO(1,3) )



-theory/ Large N limit of Superconformal
ry in AdS;,I — SU(N) gauge theory in 3\"1?4'

Parameter correspondence

N~

String coupling Va! = ¢, String length YM coupling Gauge group SLFLY)I

2
9s = 9y m

R : AdS radius (AdS typical size)  ‘t Hooft coupling * = Vv

A fixed but large | A gs < 1| perturbe
‘t Hooft limit N 5> 1 swyu=5 << —>
l R> [ I
strong coupling A supergravity
Classical

Perturbative}String theory in  AdSs| (——> Strongly cour M4



correspondence

— Global symmetry

(SU(3)L x S'U(B)R)giaﬁai I




spacetime
M4 I
SU(N)

» strong coupling

« SUSY
e conformal

SN

RE

acetime : ds* = gynda™Mda™ = (M datda” + dz*)

-2

Bulk : holographic spacetime

Ao(x ) ‘ﬁl
K(x) M-Theory/Superstring
R A, 2) - weak coupling
- e classical
uv(z — 0
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