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

* Vector p meson (Erlich et al. ‘05)
e scalar glueballs (Colangelo, De Fazio, F.J., Nicotri ‘07)

» scalar mesons (Colangelo, De Fazio, Giannuzzi, F.J., Nicotri ‘08)
Q{> the topics of this talk

adronic (o, ) form factors (Brodsky & de Teramond, Radyushkin, Kwee & Lebed ‘07)

. Q(j potential (Andreev & Zakharov ‘07)

e Gluon condensate (Andreev & Zhakarov '07, Colangelo et al. '08, F.J. ‘09)

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

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

» Deep Inelastic Scattering (Braga '07)

- strongly coupled plasma f

- confinement/deconfine
(Rajagopal, Shuryak, lan

* Heavy ion collisions/QGP {



duality comjecture (“98)

theory <> N = 4 Superconformal YM theory SU(N¢)
in the boundary OAdS: (z — 0)

compact space
A

ic spacetime / bulk . R?

i s : ol 2 2
sical extra dimension) ds —g{"'?pvdﬁu‘if +dz") + dsgs
; ] Gstring — g}%M
R : AdS typical size RY_ . | ‘tHooft coupling : A = g7y M.
¢, : string typical size 71— FOhvaite

{ - classical limit : Ostring — 0 {- Iarge Nc ()\ fixed) - Oym — U
- supergravity limit: ¢ <<R - large ‘t Hooft limit ; A >

ﬂ ¢S5 K(@)] (o[ e Xo(e)O(")

CI'T

Weakly - coupled effective theory Strong|
in a warped higher dim. space
Boundary value

Classical bulk field X (", 2) —
Z—>0 Source

bulk to boundary
propagator



Its breaking (or what is z ?)

s 2 languages for deriving correlator functions !

scale invariance mapped into the 5" holographic coord. z

T — AP — 2 — AZ

R . .
= (d:ﬂ‘2 -+ dzz)
erent values of z : different scales at which the hadron is examined :

Asymptotic freedom in UV : z — 0 the boundary space-time 0JAdS; where is QCD

- Confinement in IR (max. separation of quarks) : IR ‘boundary’ for z

Hard wall approx. (Polchinski, Strassler ‘01) : ) <0 2 < 2, ~ 1/ f"xr;rcﬂ

2

% quadratic Regge trajectories: 77, x 1°

Soft wall approx. (Karch etal ‘06) : background dilaton  ¢(z) = ¢*2*

Q{> linear Regge trajectories for vector mesons :

—> (c, z,) break conformal inv. of CFT : intro



D-like gauge theories (up-down approach)

weakly-coupled effective theory

ttom- h
in a warped higher dim. space (bottom-up approach)

Model of the lightest 0 Scalar stateates

I mesons: a,(980), fp (980), a,(1450), f,(1370), f,(1505),...

Scalar glueballs : bound-states of gluons well defined in large N¢ limit

)
/) 2 R’ 2 2
QCD in ! / Dual theory in  AdSs 3 ’ 22( ' i
/] : :
Boundary operators ? Bulk fields - Dilaiguiy o(2)
glueball & meson 7 Scalar fields :
scalar operators ? 1
O5(2) = Bla)Ce (o) A o) 5@ 2)
s(z) = Bla,) Hpm (z) ? glueball meson
/] .
Oj; _ Q(I]T‘d‘q(ir) 7 5d mass : mg
7%
uv|z — 0




D for the scsdatar mmesmm

'\ —t i
| |
scalar sector p meson sector ;> p A (dn +4)

i

v i 385 MeV
meson bulk field : S(x,z / ~
— T~
guadratic part of the action : spectroscopy SPP couplings

quark mass mgy (expl. ySB)
V(z) « -
guark condensate o = -<qQg> (impl. ySB)

[ (0, my)
z 16m2 *mq
Hard wall approx. v(z) :E(mq+ N ):ﬂ R — GMOR
(F.J.’09)
Soft wall approx. 0 occmg 1 No implicit ySB descrip.

(but quartic term in U(X) seems to avoid the dep



n-point correlation functions in terms of bulk-to-boundary propagators

AdSTAEB, 2
g 45 (%) =




J.hlirc
FE — S Cil
m

n

(n+1)

. 2
acuum matrix elt. (0.21+0.05Gev*4):  F,, =~ 0.08 Gel

First radial excitation state : ~ F; =~ (.12 GeV?

F? :
> ‘zﬂ' becomes const. as n increases
mSﬂ

e Large q2 limit of the 2-point correlation function : pert. contr. + powe

2
» 4-dim. gluon condensate (0,012 Gev4): |(—G*) = —Ec‘l ~ 0.004 Ge\?
m m

> 6-dim. condensates (QCD « - <gg> )



scalar hulk ffeddl chiral ok fiedbdl

: NS

gSéj” = —igfdf’g: —ge P MN ()T { 3MTT—3M¢5)(3N?T—3N¢)}

/ \

XxSB function longitudinal component
of the axial-vesttor bk fied

-point correlator ——) scalar form factor ——> SPP couplings :

12 R® _4 1 8 ~ 2 mi .

_ - = £ (z] 2.2 Sn 2_2)\2
GSnn }fzfn d e ()ch\/Nﬂ; () [(0.40,2)) + T2 40,22
massless pion scalar b.4o-b. pfmop .
decay constant

ggﬂ_ y ﬂ;'z”Rcf dze™ % v(z)

Gagne = 12 £ 6 GeV



for the scedatar g luestol|

S(scalar]

5d ; / d’x/=ge™ "N (04 X) (0N X)

~ q2 . ~ qj" . ~ q2 .
K(%,2%) = Affl(c—_z,éz) — BI(Q(C—Q}%E)

00 2 B : constant o

AdS) s -
¢ (%) =)

2 4 a2 E
— q- + me + 1€

asses: |mi., =c(4n+8)|  (mg++ = 1.089 GeV)

n

RE
> Decay constants :| /.. = [{0]0s(0)|G)|* = —8(n+1)(n + 2)c?

]

AdS/QCD QCDSR

Narison
(hep-ph/9612457)

7 Dominguez,
PLB 652:73-78,2007 Paver (86)

Mgy 1.089 <1 1.5(0.2)




tion : pert. contr. + power corrections

(condensates)
qz
[—hl(;)—i—?—?f}fg—klnél]

2
2Ly LS
—H;f[ 2111(y2)+4(1 4’;@-%21114)]
ct 2891 481 1
— (2 =5+ —= - =40 (=
N A W (q)}

A dev,
> 4-dim. gluon condensate : (? G?) = 3 (2??0 -
AdS) R’
> correlator at g% =0 : Hfg 0) = -
5 1 (s 2 1 v rd
— = — G°) = 0.007 GeV
—> =15 (1+j—;,ﬁo) and (a (ﬁ )



Conclusion

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

r glueball and meson spectroscopy (masses and decay constants)

___> Relevance of the complete b.-to-b. prop. (higher terms in the effective action,...)

» good description of the implicit ySB mechanism
» ySB function v(z) : {

* SPP couplings
* 4-dim. gluon condensate  (wjith only one

» scalar glueball b.-to-b. prop. : ‘[ « Low Energy Theorem oarameter ’70)

AdS/QCD at its very beqinning :
up-down approach (quantitative predictio

[t
—

there is the strong hope to identify the Dual Theory of OCD

I

bottom-up approach







ce : Bulk AdS;

classical

g theory { » weakly coupled

* massive

Bulk field A (1", :) { p-form

‘\

A{}(L‘E ,u:)
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{—> Our spacetime

{—> SUN) {

<— /Operator O(z")

Source  Ay(z*)

-
-
-
-
o
-
-
—————————

Md

e strongly coupled A
* SUSY
e conformal

scaling
dimension

scaling
dimensi




espondence wien-s

- Hologr&plic dual
theory_fQCD

How modifying AdS/CFT towards AdS/QCD ?

U

QCD could be nearly conformal (UV) (8rodsky '02; Alkofer et al. ‘04)
QCD could have IR fixed point

Dimensionless renormalized Green function : G (p. m. A, /L)

/’
. - effective coupling N\ — A(t, \)
Renormalization :

p— () = e

- effective mass m — m(t,m)
N—



J J v,
(#3—# + .ﬁ(k)a + rm(}\)m%

G{n)(pﬁ ,m.?)\?#_) . G(ﬂ}(etpj\._nb }H 1L
U

=0 : A(l) breaks scale invariance

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

Chiral QCD : m=0 [ QCD nearly
{ IR fixed pOint A* B()\*):O conformal invariant

AdS/CFT

|k
r AdS/QCD

Effective bulk field action

S 1A (M) ds* = ¥4, do'da? 4 d22)



p meson (Son et al. '05)

RE

yin AdSs ds? = —(da? + d=2)
Z
Dilaton :  ¢(2)

A%(x, 2)

(2, 2)

3 d }
ta@hyonigév

&> S‘Eff—fd"ﬂ:\/_e \DX\ZJr@ t

P
1
1
0

Tr(F} + F})




Ot (vV=ge = [MVY — aNVM]) = 0
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upertring Theory
AdSs = S°

((String-inspired) dual theory :
Se/ [A@E™)]

Holographic spacetime :
distorted  AdSx

h Glueball Spectroscopy

(Colangelo, de Fazio, Nicotri, F.J. ‘07)

[I) Bottom-up approach (AdS/QCD) :

<

!

raphic Models of mesons

QCD-like Gauge theory
Boundary : dA4dS,

i Properties of QCD SU(3)c :

. squark>@uinos —> S><(
* massive quarks }
« renormalisation scale y J = é{

Minkowski ~ h{?

Confinement, Chiral symmetry breaking, masses, deca y constants, form factors, etc...

++ - -
e Scalar0 and vectorl ma
(pseudoscalar 0~ *, hybric

 Dual theory of QCD



glueballs (scalar, vector)

und-states of gluons (gg...)

. R2

ds® = —(da? + d2”

Dual theory in  AdSs < 2 ( )
N Dilaton :  ¢(z)

—> Scalar field : (AdSradius: R=1 )

\\\\\\ﬁ\\\\\

—~  Vector field :

I'r(F(DF)F), 4 bulk fields
/4 > Z
boundary operators Operators / fields of the model
4D : O(z) 5D :  o(z,2) p A
TTFZ X(.’If, z)

Tr(F(DF)F), Ay (i, 2)




» VVector bulk field : s

5-dim. bulk

4

» Broken AdS isometries/conformal
» Regge behaviour of the mass sf



1

c=1: Au(x,2)
c=3: X(x,2)

SOOUNONNANNNONNONNNNANNANN




m2 = (f-]:n—|—1-|—c—|— \/(c+1]2-|—4m§):12

Z — 0

t(z) = A RI IR (e nd) +10%) =0 { 2 =0

Kummer confluent
(c+1)?

g(ms,c) = \/ m? + 1 hypergeometric function
(-n < 0 : polynomial)

glueball Vector glueball Vector p meson (Son et al. ‘05)

0t+ 1~ 1~
TrF? Tr(F(DF)F), Jr(x) - jr(@)
(A=4) (A=7)
i X{I,E} A.M('Tu z}
=< (p=0) (p=1)
mz =0 mi = 24
-
9 -
*§< m? = (4ﬂ—|—8)a2 mi:(4n+12)a2
n L




1
ds? = EQA(’T)-I}MNQ’.S‘F"I dz™N = ;(d{tg + dzz)

ehaviour : . X7 > connection dilaton/metric

\

g—0

* z — 0 : asymptotic AdS 0—A— —In(z)

I—oo 9

e Z — oo : harmonic-like potential ¢ — A4 — =

AG) f 27

» Higher spin meson spectrum



leledids|s

S X (,2)] _ ( ol d4xXg(a:)O(;-:)>

e CFT

I(¢*)  ——» Decay constant (f, = (0]0(0)|n)

Moco(q” ) = Mass(q?)

Macn(s®) =i [ ' (0/T(0(@)0 ()]0

2y _
Completeness in the 2 chronological order :  Hecn(q) =2,

)

AdS:  Tlaus(q’) = (i’(q,z),@gi’(q, z)

]

Fourier transf

z—)



assless scalar bulk field) :

d'y' K(x, 22/, 0) Xo(2")
N y
Y

K(z—a';2,0) =2 §*(x — 2))

o(q)  with K (q,2) =0 (massless scalar)

2 - E_‘f“(z)
Mags(q”) = K(Q;z)(

5 )asz (q,2)

z—0

o ¢*=—m? normalizable bulk mode f’ifﬂ(z) —>  dualt

z—>0 |K.2)~ A,z

e ¢° >0 non-normalizable bulk mode K (q,z)




completeness

> | fu= 44, ~8n+1)(n+2)




Wﬂm (Evans et al. '06)

Dqirichlet) p-brane model of spacetime :

=u,d,s
) * p spatial-dim. object

* (p+1)-dim. spacetime

D1-brane ﬂ
y(%/ D3-brane in 4-dim. Spacetime :  M* 7

W
\y(O,t):O y'(L,t)=0 )

Y : :
N Open string endpoints
Dp-branes : boundary conditions ——> attached to Dp-branes

It Open string spectrum =Y

.
D3-brane : >




:> 1 massless vector
(tachyon, massless scalars)

. 0sc. E=hw(N+1/2))

&
M2 = %(N —1) + 1@@ ’

quantum osc.  classical energy of . (Energy/iencin)
the stretched string =~ X (length)

X1 X2

: X1 — X2
> 1 massive vector SN 1 massless vector
(tachyon, massive scalars)

M? = [Ty(z2 — 7) ]

2

Standard Model
(QCD)

3 X 3 massless vecto
in (3+1) spaceti



Gauge theory SU(N) in (p+1) spacetime
SU(3) in (3+1) spacetime

U
M-’-l

pen strings with the 2 endpoints attached on the 3 (colored) D3-branes

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

/\ flavour brane
Ur

o < -e

D

color brane flavour brane
(red,green) (u,d)

&[> Massive quarks M?* = [Ty(7 — 71)]




of heavy-ligightnessioss

holo. spacetime

meson string
AdSg x S°
} > X4,...,X9
D
3 D3-baryonic ~ J
branes (r,b,0) 2 D7-flavour branes
Q> SU(3) : QCD ( )and(c,b)
D7-D3 open string spectrum : M = i,(N — 14 1) + [Ty (22 — 74)]°

4

[
ﬂ semi-classical string limi
Heavy-light meson spectrum: /% = [TD(D _ d)]?

Mp =770 MeV : d
My=9.4GeV :D

} ——> Bmeson:Ms=



orrespondence waacena o

y/Superstring : : Large N limit of Superconformal
SU(N) gauge theory in  JAdS,

ace x compact space

_/
olographic spacetime / bulk <::> Minkowski spacetime e
(no physical extra dimensions)
. ; M,N=0,1,2,3,4
Anti-de Sitter _Ad.S5 (d=5) : ds? = gyvda™ da ( )
. (-’+’+’+’+)

 Solution of vacuum Einstein equation :

Ratn — ~gan R = ~gun A
MN = 5IMNIE= Z9MN- cosmological constant A >0

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



Large N limit of Superconformal
<::> SU(N) gauge theory in M *

Parameter correspondence

=

(. String length YM coupling Gauge group ST7(N)

R : AdS radius (AdS typical size) ‘t Hooft coupling A = Ngi

‘ . A fixed but large | A
t Hooft limit N >> 1 l wyu= <<1 >

strong coupling A

Classical : :
Perturbative}smng theory in  AdS- <:> S

supergravity



Global symmetry

(SU(3) x SU(S)R)QIGBEI

perator/field correspondence (witten '98, Gubser, Klebanov, Polyakov ‘98)

A(z™) — Operator (scaling dim. A)

| = <€ifd4 <§‘FT

Bulk-to-boundary propagator :

M4



ﬂ{A
Z
A(z)=—-In—  where =2

Z =

RQ

ds® = gyndaeMdz® = —
z

ndrtde’ + dz*
1L

Bulk : holographic spacetime

AdSs
TN KX M-Theory/Superstring
strong coupling e o Azt 2) :\(/:\:ZZII; (c::;)lupling

e SUSY
» conformal
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