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Conformal Theories are irnwawriant under the
Poincowe and conformad tronsformations with

MHY P D, K-,
the generatory of SO (4,2)

SO(4,2) has a mathematical representation on AdS;5
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Scale Transformations

e Isomorphism of SO(4,2) of conformal QCD with the group of isometries of AdS space

R2 wwowrtont measure

ds* (Nudztdz” — dz?),—=———-—"

22

xt — Axt, z — Az, maps scale transformations into the holographic coordinate z.

e AdS mode in 2 is the extension of the hadron wf into the fifth dimension.
e Different values of z correspond to different scales at which the hadron is examined.
w2 = Nx?, 2> Az
2

Tr° = LUMZI?MZ invariant separation between quarks

e The AdS boundary at z — 0 correspond to the () — o0, UV zero separation limit.
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AdS/CFT: Anti-de Sitter Space / Conformal Field Theory

Maldacena:
MO(/P AdSs X S5 fO‘CO'VLfOVVVLa/Z/N=4 SUSY

°* QCD is not conformal; however, it has
manifestations of a scale-invariant theory:
Bjorken scaling, dimensional counting for hard
exclusive processes

e Conformal window in thelR:

as(Q?) ~ const at small Q2

» Use mathematical mapping of the conformal
group SO(4,2) to AdS;5 space
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Deur, Korsch, et al: Effective Charge from Bjorken Sum Rule
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F(Q%) ~ [1/@4", n=3
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2 2
Q [GeV ] From: M. Diehl et al. Eur. Phys. J. C 39, 1 (2005).

e Phenomenological success of dimensional scaling laws for exclusive processes
-2
do/dt ~1/s""“ n=ns+ng+nc+np,

implies QCD is a strongly coupled conformal theory at moderate but not asymptotic energies
Farrar and sjb (1973); Matveev et al. (1973).

e Derivation of counting rules for gauge theories with mass gap dual to string theories in warped space
(hard behavior instead of soft behavior characteristic of strings) Polchinski and Strassler (2001).
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Brodsky and Farrar, Phys. Rev. Lett. 31 §1973; 115:
Matveev et al., Lett. Nuovo Cimento, 7 (1973) 719

Quawk Counting Rules for
Exclusive Processes

* Power-law fall-oft of the scattering rate reflects
degree of compositeness

* The more composite - the faster the fall-oft

* Power-law counts the number of quarks and gluon
constituents

* Form factors: probability amplitude to stay intact

o Fy(Q) o ooyt n = # elementary constituents
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Quawk-Counting : 9 (pp — pp) = Flcu) n=4x3-2=10

P.V. LANDSHOFF and J.C. POLKINGHORNE
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s’do/dt (10°GeV™ nb/GeV?)

Test of PQCD Scaling

Constiti OOWWLQ/ v Farrar, sjb; Muradyan, Matveev, Tavkelidze
RUN i ﬁﬁiﬁ%ﬁfﬁpwm 7 +
n Clifftetal (1|971'59872 s'do/dt(yp — wn) ~ const
4 v DI:t% tearkgtnaBgfore)‘IQTO f ixed GC M Scahng
— SAID (2002)
- MAID (2001)
} PQCD and AdS/CFT:
3
sha=249(A+ B — C+D) =
? o FA—I—B—>C+D(6CM)
ecm — 90
7 do
1 s g T (Yp — q'n) =F(Ocum)
P s i n,o,:1+3+2+3:9
i 15 2z 25 3 35 2 No sign of running coupling
Vs (GeV)
Conformald inwawiance
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do/dt (nb/GeV?)
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Deuteron Photodisintegration.

J-Lab

PQCD and AdS/CFT:

st 299 (A+ B — C+ D) =
Farp—cip(Ocm)

11d0(

yd — np) = F(6cp)

Rior — 2 =

(1+6+3+3)-2=11

Reflects conformal invariance

Stan Brodsky
SLAC & IPPP
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* 15% Hidden Color in the Deuteron
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5-Dimensional Confinement
Anti-de Sitter Radius

\ Spacetime

AdS
Boundary

4-Dimensional
Flat Spacetime
(hologram)

8-2007
585414

e Truncated AdS/CFT (Hard-Wall) model: cut-off at zp = 1/AQCD breaks conformal invariance and
allows the introduction of the QCD scale (Hard-Wall Model) Polchinski and Strassler (2001).

e Smooth cutoff: introduction of a background dilaton field gp(z) — usual linear Regge dependence can
be obtained (Soft-Wall Model) Karch, Katz, Son and Stephanov (2006).

We will consider both holographic models
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* Polchinski & Strassler: AAS/CFT builds in conformal symmetry at
short distances; counting rules for form factors and hard exclusive
processes; non-perturbative derivation

* Goal: Use AdS/CFT to provide an approximate model of hadron
structure with confinement at large distances, conformal behavior
at short distances

* de Teramond, sjb: AdS/QCD Holographic Model: Initial “semi-
classical” approximation to QCD. Predict light-quark hadron
spectroscopy, form factors.

e Karch, Katz, Son, Stephanov: Linear Confinement

* Mapping of AdS amplitudes to 3+ 1 Light-Front equations,

wavefunctions

* Use AdS/CFT wavefunctions as expansion basis for diagonalizing
HL¥qcp ; variational methods
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AdS/CFT

* Use mapping of conformal group SO(4,2) to AdSs

* Scale Transformations represented by wavefunctiony(z)

in §th dimension 22 — X%z z— Az

e Match solutions at small z to conformal dimension of
hadron wavefunction at short distances ©¥(z) ~ z2 at z — 0

* Hard wall model: Confinement at large distances and
conformal symmetry in interior

* 'Truncated space simulates “bag” boundary conditions

— 1
0 <z <20 Y(z0) =0 “0 = Aocp
Landau Congress AdS/QCD Stan Brodsky
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Let ®(z) = 23/2¢(2)
AdS Schwodinger Equatiow for bound state
of two- scalow constituenty:

[— L+ V(2)]6(2) = M26(2)

. 2 Interpret L
V (Z ) p— 1 4:2L as orbital angular
47 momentum

Derived fromv vawiation of Actionw invAdSs
Hoavrd wall model: truncated space

b(z =129 = 3,) =0.
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Match fall-off at small = to conformal twist-dimension.
at short distances twist,

e Pseudoscalar mesons: Doy 1= ¢y5Dyy, ... Dy 10 (P, =0gauge). A =2+ L

e 4-d mass spectrum from boundary conditions on the normalizable string modes at z = z,

®(x, z,) = 0, given by the zeros of Bessel functions 3, x: Ma.r = BaxAocD

e Normalizable AdS modes ®(2)

| I | I IZO I

1 2 3 4
V4

S = (0 Meson orbital and radial AdS modes for Agcp = 0.32 GeV.
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Fig: Orbital and radial AdS modes in the hard wall model for AQCD =0.32 GeV .
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Fig: Light meson and vector meson orbital spectrum Agcp = 0.32 GeV
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Let ®(z) = 23/2¢(2)
AdS Schwodinger Equatiow for bound state
of two- scalow constituenty:

[— L+ V(2)]6(2) = M26(2)
Howrd wall model: truncated space

V(z) = 1245 gz =20 =1/Ag) =0

Soft wall model: Harmonic oscillator confinement

. 2
V(z) = 15" + wiz?

Derived fromv vawiation of Actionw invAdSs
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Fig: Orbital and radial AdS modes in the soft wall model for k = 0.6 GeV .
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Light meson orbital (a) and radial (b) spectrum for k = 0.6 GeV.
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Higher Spin Bosonic Modes SW SO‘]GL_'WO(JJ/ VVLOOL@L

e Effective LF Schrodinger wave equation

d>  1-4L?> ,, ) )
T2 T T a2 + K72+ 267 (L+ S—1)| ¢ps(2) = M“pg(2)
with eigenvalues M? = 2k%(2n 4 2L + S). Same é’LO“pe/ irv vand L

e Compare with Nambu string result (rotating flux tube): M?2(L) = 270 (n+ L +1/2) .

S=1

5-2006
8694A20 L

Vector mesons orbital (a) and radial (b) spectrum for k = 0.54 GeV.

|
2
n

e Glueballs in the bottom-up approach: (HW) Boschi-Filho, Braga and Carrion (2005); (SW) Colangelo,
De Facio, Jugeau and Nicotri( 2007).
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Hadron Form Factors from AdS/CFT
Propagation of external perturbation suppressed inside AdS.

J(Q,z) = 2QK1(2Q)

F(QY)p= [ 50p(2)J(Q 2)®(2)

High Q?
from 0.6l
smallz ~1/Q 0.4

Polchinski, Strassler
de Teramond, sjb

Andreev

Consider a specific AdS mode ®(™ dual to an n partonic Fock state |n). At small z, ®

scales as @™ ~ z2n . Thus:
1 7—1  Dimensional Quark Counting Rule
Q2] : General result from
mn

AdS/CFT
where 7 = A,, — 0, 05, = Zizl o;. The twist is equal to the number of partons, 7 = n.

FQY) ~ |
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Spouoewce/pwwforwvfad‘or ﬁfcrwvAd/S/CFT

q°(GeV'?)

Data Compilation from Baldini, Kloe and Volmer

SW: Harmonic Oscillator Confinement

HW: Truncated Space Confinement

One parameter - set by pion decay constant. de Teramond, sjb

Landau Congress AdS/QCD Stan Brodsky
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e Analytical continuation to time-like region ¢°> — —q° M, =2k =750 MeV

e Strongly coupled semiclassical gauge/gravity limit hadrons have zero widths (stable).

q° (GeV?)
Space and time-like pion form factor for £ = 0.375 GeV in the SW model.

e \ector Mesons: Hong, Yoon and Strassler (2004); Grigoryan and Radyushkin §2007 :
Landau Congress AdS/QCD tan Brodsky
Moscow, June 20,2008 ”2 SLAC & IPPP
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P.A.M Dirac, Rev. Mod. Phys. 21, 392 (1949)
Dirac s Amaging Idew
The Front Form

Evolve in Evolve in
ordinary time 4 light-front time!

Instant Form Front Form
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tach element of

Aash photograph
itluwminated,
at same LF time

T=14z/c

HELEN BRADLEY -

PHOTOGRAPHY
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Calcudatiow of Form Factors inv Equal-Time Theory
Instant Form.,

S

A

OULOON
()

Need vacuum-induced currents

Calculatiow of Form Factors in L:,glfvt Front Theory
Front Form.

Simple LF vacuuumn Absent for ¢t =0 zero!!

Landau Congress AdS/QCD Stan Brodsky
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Calcudationw of Hadvow Form Factors
v Inustont Formy

Current matrix elements of hadron include interactions with
vacuum-induced currents arising from infinitely-complex vacuum

Pair creation from vacuum occurs at any time before probe acts —
acausal

Knowledge of hadron wavefunction insufficient to compute
current matrix elements

Requires dynamical boost of hadron wavefunction -- unknown
except at weak binding

Complex vacuum even for QED

None of these complications occur for quantization at fixed LF
time (front form)

Landau Congress AdS/QCD Stan Brodsky
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Light-Front Wavefunctions: rigorous representation of
composite systems in quantum field theory

I+ 10 4 i3 Fixed T =t+4 z/c

— A

Y= pr T pog ps

zPT,z,P| + k|,
Pt,P,

Z?$Z =1

W (x4, k iy Aj)

Sk =0
Inwawriont under boosts! Inde/peszle/mi‘ofPu
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Angular Momentuwm o the Light-Front

N o &S Conserved
Z + Z LF Fock state by Fock State

l_

2 110 i .
[ i l(k I ka k s kl) n-1 orbital angular momenta

Nongero-Anomalouws Moment -->Nongero- orbitald angulowr momentunm

Landau Congress AdS/QCD Stan Brodsky
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A Unified Description of Hadron Structure

B-Decays

Parton momentum
distributions

Hadronization -

1€ the amplicuae |=4‘I;*| LHA}FS/
A ¥

- Deeply Virtual Meson
Distribution production

Amplitudes

Landau Congress AdS/QCD Stan Brodsky
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L ). scattering at high
wn(xza kJ_za )\z) < 2
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Hadronigation at the Amplitude Level

e

Event amplitude
generalor

Construct helicity amplitude using Light-Front
Perturbation theory; coalesce quarks via LFWF's

Landau Congress AdS/QCD Stan Brodsky
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Light-Front Representatiov
of Two-Body Meson Form Factor

e Drell-Yan-West form factor

2 -
Zeq/ d:c/i:ré Y (x kL—qu)wp( k).

e Fourrier transform to impact parameter space I; L
Y(x, IZL) = VA4r / d2b | eibLklzZ(:U, I;L)

e Find (b = \I;L\):

1 - N ~
F(¢®) = /dac/d%L embrﬂlzp(x,b)\? Soper
0
1 00
= 27T/ dx/ b db Jy (bgx)
0 0
Landau Congress AdS/QCD Stan Brodsky
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Holographic Mapping of AdS Modes to QCD LFWFs

/ CdC Ty <<q\/m ) 3z, €),

with p(x, () QCD effective transverse charge density.

¢ = \/l—x‘z%bM

e Compare AdS and QCD expressions of FFs for arbitrary () using identity:

1 1l —=x
/deJ()(CQ - )CQIQ(CQ),

the solution for J(Q, () = (QK1(CQ) !

e Integrate Soper formula over angles:

1
F(¢?) = 2%/0 dx

e Transversality variable

Landau Congress AdS/QCD Stan Brodsky
Moscow, June 20,2008 S2 SLAC & IPPP
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e Electromagnetic form-factor in AdS space:
Fei(@) = B [ 5752 1001 ()

where J(Q?, 2) = zQK1(2Q).

e Use integral representation for J (Q?, 2)

1
J(QQ,z):/O da;J0<gQ 1;)

e Write the AdS electromagnetic form-factor as

1
F(Q%) = R3/0 dx/d_§ Jo (ZQ ! _$> |(I)7r+<2)‘2

Z

e Compare with electromagnetic form-factor in light-front QCD for arbitrary ()

~ 2 R3 (1)77 9
|¢Q§/W(x>C)’ = M

with ( = 2z, 0 < ¢ < Aqcp
Landau Congress AdS/QCD Stan Brodsky
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LF(3+1) AdSs

(=\/z(1-2)p? ——m— 2

2
(1-2)

(2, ) = Va(l —2)26(C)

Light-Front Holography: Unique mapping derived from
equality of LF and AdS formuda for current matiix elementy

Landau Congress AdS/QCD Stan Brodsky
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tolography:
Map AdS/CFT to- 3+1 LF Theory

Relatvistic LF radial equation Frame Independent

1 V(O] 6(¢) = M2a(0)

G. de Teramond, sjb

2 _= x(1l — x)bi

|

—

by

(1—-2)

Effective conformal 1 —4L?
—|—/{4C 2 confining potential:
Landau Congress AdS/QCD Stan Brodsky
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Grawvitational Form Factor inwAdS space

e Hadronic gravitational form-factor in AdS space

dz

H(Q? 2) |2 (2)],

Aﬂ' Q2 —
(@) P Abidin & Carlson

where H(Q?,2) = %Q2z2K2(zQ)

e Use integral representation for H (Q?, 2)

H(Q?, 2) :2/01:1:de0<,2@ 1;x>

e Write the AdS gravitational form-factor as

1
AW(QQ) = 2R3/0 xdx/g Jo (zQ 1;$> \(I%r(z)]Q

e Compare with gravitational form-factor in light-front QCD for arbitrary ()

Identical to-LF Holography obtained from electromagnetic cuvvent

Landau Congress AdS/QCD Stan Brodsky
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Light-Front AdSs Duality

At fixed 33:_
ds? = — L5 (dz? + dz?)

Invariant under dxi — )\Qdazi
2 — Az

Landau Congress AdS/QCD Stan Brodsky
Moscow, June 20,2008 8~ SLAC & IPPP
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Example: Pion LFWF

e Two parton LFWF bound state:

~ A vzl —x) AS?
v, b1) = —= Jo (V&1 =) [b1|BrxAqep) 6T < =32
wQQ/ﬂ'(CL” J—) ﬁJ1+L(6L,k) L( iU( 33') ’ J_|6L,k3 QCD) 1 = IIZ’(]. _ l’) ’

~

SW ( ) —1k2z(1—2)b? [L 2 2
Gg/ 7L DL € n(mxl asz).
(@)
AN ,"3“"3‘:;%{“‘{\
s “\,t\\‘ AEIMIN

ok \
ORI

\ TR 0.2

\“L\\\\\\t\\\ \ \\\\\\\ \

o
5: " \\\\‘\‘\\\\ RN
“\\‘8“}“‘0"&3’“ >

)
“\\\\\“\‘g“‘.‘u

7-2007
8755A1

- Ground state pion LFWF in impact space. (a) HW model Aqcp = 0.32 GeV, (b) SW model £ = 0.375 GeV.
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Prediction fromAdS/CFT: Meson LFWF

Landau Congress AdS/QCD

Moscow, June 20,2008 89

de Teramond, sjb

“Soft Wall”

model

k = 0.375 GeV

massless quarks

drr(x, Qo) o Jz(1 — )

Stan Brodsky
SLAC & IPPP

89



Second Moment of Piow Distribution Amplitude
1
<¢o= | e £20(¢)

E=1—-2x

<& >,=1/5=0.20 Pasympt X T(1 — x)

<& >,=1/4=025  ¢aas/gop X V(1 — 1)

Lattice (I) < &% >,=0.284+0.03 Donnellan et al.
Lattice (IT) < &% >,= 0.269 £ 0.039 Braun et al.
Landau Congress AdS/QCD Stan Brodsky
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0. (%)

1.5

_|_|_|_|_|_|_|_|_I_I_I_|_I_I_I_|_I_I_I_

—— Linear potential(m=0.22 GeV,=0.3659 GeV)

--- HO potential(m=0.25 GeV,B=0.3194 GeV)
- 0 ()~x(1-x) ]

i T (1)AdS/CI::'I*(X)N[X(l'X)]1/2

/

(,basympt ~ CC(l — fﬁ)

AdS/CFT:

¢(z, Qo) o /(1 — )

Landau Congress AdS/QCD
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Lepage, sjb
Choi, Ji

167Cray(Qy)
(1-x)(1—y)Q*

1 1
F Q%)= fo dxqbw(X)fO dyd.(y)

C.Ji, A. Pang, D. Robertson, sjb

0.6 : . . |
0.5 - i
0.4 | 1 T | i

Q*F(Q%) 03 L 1% 1 |

(Gev?) | T E_ A
02 L L | ¢(CB,QO) X \/Cli(l—ac)
2 by | | |
0.1 —I -] Qbasymptotz'c se g8l 1L = )
uﬂ . ’ : X 0 Normalized to fr

Q? (Gev?)

Increases PQCD leading twist prediction for
AdS/CFT:
Fr(Q?) by factor 16/9

Landau Congress AdS/QCD Stan Brodsky
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Hadronigation at the Amplitude Level

Capture if (* = z(1 — 2)b3 > =
. QCD

AdS/QCD
Hard Wall | 1-©-
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L+ V(O] 6(O) = M)

de Teramond, sjb

46

(1—2)

¢ =/z(1—2)2  Holographic Variable

d _ k% LF Kinetic Energy in
d¢z = z(1-x) momentuimn space

Assume LFWTE s av dynamical functiow of the
quak-antiguowk nwariant mass squared

2 2 2 2 2 2

o d >_d Im1 | ms :kL—I—ml IkL—|—m2
dCQ dCQ L 1 — L €Z ]_ —
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