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Light-Front Holography and Now-Perturbative QCD

Main Goal:
Use AdS/QCD duality to construct
a first approximation to QCD

Hadvrow Spectruumw

Light-Front Wavefunctions;,
Formv Factors, DVCS, etc

in collaboration with

\Un(gjz-’ kJ_fb )\Z) Guy de Teramond
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* Quarks and Gluons:

Fundamental constituents of hadrons and nuclei

o Quantuwm Chwromodynamics (QCD)

 New Insights from higher space-time dimensions: AdS/QCD

o Light-Front Holography
o Hadronigation at the Amplitude Level

o Light Front Wawvefunctions:  analogous to the

Schrodinger wavefunctions of atomic physics

\Un(ajia EJ_ia )‘Z)
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P.A.M Dirac, Rev. Mod. Phys. 21, 392 (1949)

Dirac s Amaging Idea

The Front Formwv
Evolve 1n Evolve in
ordinary time 4 light-front time!
ct o=ct—z % T=t+4 z/c

Instant Form Front Form
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tach element of

Alash photograph
itlluwminated
at some LF time

T=1t4 z/c

Evolve inv LF time
d

P —
ZdT

tigenstate -- independent of T

Causally -Conwnected Domaing

HELEN BRADLEY = PHOILIOGRAP HY
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Light-Front Wavefunctions: rigorous representation of
composite systems in quantum field theory

- KO 4 i3 Fixed T =t+ z/c

- p+ POy p3

X

n P, mP) 4k
pt P,

Process Independent
Direct Link to-QCD Lagrangion

W (i, k| i A

Inwawriont under boosts! Inde/pe/nd,e/ntOfPu

Yuri=1

€ m—_—————— -

Sk, =0,
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. Heisenberg Matrix
L W - FV O'V\/t QCD Formulation

LQC_D HQCD Physical gauge: A—i- —0

2 | 1.2 ——
op 2
HEe? =) L], + Hin
t . il f\/\f‘é/}{/\f\f
HY: Matrix in Fock Space I

QCD‘\I/h >= ./\/l ‘\Ifh > = §>p’s

tigerwalues and Eigensolutions give Hadrown
Spectrum and Light-Front wawvefunctions
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Light-Front QCD H.C. Pauli & sjb

Heisenberg Matrix Discretized Light-Cone
Formulation Quantization
KA 1 6 7 8 9 10 1 12 13
LC%X n  Sector Gl qdgg | q9qdg | 99qqqy | 9999 | 94999 | AGaggg |[qdqdqdg jqdqaagag
N, @ | k
5o . .
p p 5 % W{;
(a) _
3 qdg M{(
p,s’ k,A 4 qiqa }
> 'WMN
X 5 999 M<
NSV ——— _
T oAt 6 qq gg
K,A p,S
(b) 7 diqag >m
8 qdqqqqg .
p.s P.s 9 9999 {
§ 10 qaggg }»
— > 11 qdqagg }
k,c k,o —
12 qgqdqag .
(c) o
13 q4q9 99 qg

Eigenvalues and Eigensolutions give Hadron Spectrum and Light-Front wavefunctions
DLCQ: Frame-independent, No-fermion doubling; Minkowski Space
DLCQ: Periodic BC in #~. Discrete k™ ; frame-independent truncation
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S =1 >tk ;=0

— —

Sk =y g Pt =Pt S0P (2P + ki) =P

W (24, k35 A

m P, mP) 4k

pt P,
Z'E(EJ_XEJ_)':(EJ_X@)'
J J ok
n-1 Intrinsic Orbital Angular Momenta
Frame Independent i=1,2,---(n—1)
AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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Angular Momentum on the Light-Front

n n—1
7 __ Z Z Conserved
Jr = Z Si T Z lj ' LF Fock state by Fock State!
) e

=1
LF Spinvv Swm Rules
[ j — —1(k]1 82? k? %) n-1 orbital angular momenta

Nongero-Anomalouws Moment -->Nongero- orbital anguwlar momentuwm
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Calcudation of Form Factors inv Equal-Tume Theory
Instant Form.

|
|
|
+
T |
Need vacuum-induced currents

Calculatiow of Form Fowtov/y i Light-Front Theory
Front Form. ( b

1
1
1
i

|
q*
|

.lll-lill.

Absent for gt =0 gzero!!

il
9.0\
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F2

Z/ da][d%k ] Zey S Drell, sjb
1 /
[ B q—Lwl*(%‘, K’ Ai) WL(%‘» ki, Ai) + q_chl"*(%’ KLis ) %TL(ZL’@', KL )‘Z)}
k/J_,L:kJ_Z—ZIZ’ZqL k/J_j:kJ_j—F(l—CCj)qL

q qr,I, = q* T iqY

Xj, Ky} xj K, l""ql

—
< 5

P, Sz=_l/2 p+aq, Sz=|/2

Must have A¢, = 41 to have nonzero F5(g*)

Saume matvix elementy appeow invSivers effect
-- conmnection to- quark anomalouws momenty
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Anomalous gravitomagnetic moment B(0)

Terayev, Okun, et al: B (0) Must vanishv because of
Equivalence Theovenmy

growvitorv

" Li=0 :
2imi q, sum over constituents

n — 1 independent orbital angular momenta

Xj, Ky} Xpkyj*tay

>
«— >
P, S,=-1/2 p+aq, S,=1/2
Hwang, Schmidyt, sjb;
Holstein et al B(O) =0 tach Fock State
AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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Special Features of LF Spin

e LF Helicity and chirality refer to z direction, not the
particle’s 3-momentum p!!

: : 1
* LF spinors are eigenstates of 5% = +5

* Gluon polarization vectors are eigenstates of 5% = £1
€L kL )
k'_|_ ) 1

L.
—\ﬁ(l‘“w) ey =0 € =0

e = (e, e, )= (0,2

=
€ =

Light-Cone Gauge

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
Porto EDS September 11, 2009 14 SLAC

Friday, September 11,2009



Quantuwm Mechanics: Uncertainly ivv p, x; spivv

Relativistic Quantum Field Theory:
Uncertainty in particle number w

Hyperfine splitting n=3
_|_
(&

e

Lamb Shift n=3 Vacuum Polarization n=4
€+€—7 etTe ete
AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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\PaSz = E an(xijéj_iaki) \n;h,h >
n—=>3

st over states withv n=3, 4, ...covutituenty

The Light Front Fock State Wavefunctions
W, (x1, K11, M)

)
Yyvy

are boost invariant; they are independent of the hadron’s energy .
and momentum P¥. P | —
The light-cone momentum fraction

kD K4k
Xi = =

= p+ -~ po + Pz P4~C
are boost invariant.

n

ijzpi ixi: 1, i%}:ﬁi. P‘"C

Intrinsic heavy quarks  5(z) # s(x)
c(x),b(x) at high x u(z) # d(z)

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
Porto EDS September 11, 2009 16 SLAC

YYYVYY

YYYY

i

Fixed LF time
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Light-Front QCD Features and Phenomenology

* Hidden color, Intrinsic glue, sea, Color Transparency

* Physics of spin, orbital angular momentum

* Near Conformal Behavior of LEWFs at Short Distances;
PQCD constraints

* Vanishing anomalous gravitomagnetic moment
* Relation between edm and anomalous magnetic moment

* Cluster Decomposition Theorem for relativistic systems

* OPE: DGLAP, ERBL evolution; invariant mass scheme

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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Hadvron Distribution Amplitudes

| Lepage, sjb
Q . L
ol Q) = [ & bgla ) 2 <@
z@,:xizl Fixed 7 = ¢ + 2/c
* Fundamental gauge invariant non-perturbative input to
hard exclusive processes, heavy hadron decays. Defined
for Mesons, Baryons
Lepage, sjb
* Evolution Equations from PQCD, OPE, LT LT 21

Sachrajda, Frishman Lepage, sjb

e Conformal Invariance T, Gl

* Compute from valence light-front wavefunction in light-
cone gauge

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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QCD and the LF Hadvron Wavefunctions

Initial and Final State
Rescattering
DDIS, DDIS, T-Odd

AdS/QCD
Light-Front Holography
LF Schrodinger Eqn

Baryon Excitations

Non-Universal
Antishadowing

Heavy Quark Fock State
Intrinsic Charm

P

W (24, K 1) Mi)

Orbital Angular Momentum
Spin, Chiral Properties
Crewther Relation

Coordinate space
representation

Hard Exclusive Amplitudes
Form Factors

Distribution amplitude
ERBL Evolution

¢p($1,3}2, Q2

J=o Fixed Pole

DVCS, GPDs. TMDs
F Overlap, incl ERB

Nuclear Modifications
Baryon Anomaly
Color Transparency

Baryon Decay

Friday, September 11, 2009
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Example of LFWF representation of
GPDs (n=>n)

Diehl,Hwang; sjb
1 Al—iA?
T—¢ 2M

JSTo dx;d%ky; . 4 & o
=(J1-¢ Z/]_[ 1677 1= x; ) 8@ Tk,
i ji=1 '

E(n—>n)(xa é—a t)

X 0(x — m)%t;; (x7, K\, )»i)lﬁ(in) (xi, ki, i),

where the arguments of the final-state wavefunction are given by

, X1 —¢ >, = 1 —x;
X = x ki 1=ki | — A, for the struck quark,
X; - - 1 -
X =——, k', =k, ;+——A,  forthe spectatorsi =2, ...,n.
1-¢ 1-¢
AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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Link to DIS and Elastic Form Factors

Form factors (sum rules)
DIS at S=¢t=0 ljde[H"(xE,.t)] =F, (t) Dirac f.f.

];[q (X,0,0) N Q(X), _q£_x) J‘dekq(x E,.,t)] =F, (f) Pauli f.f.

H*(x,0,0)=Aq(x), Ag(—x)

jdxHq(xar) G, ( 1), jdeq(x E,1)=Gp,( 1)

X [ Verified using LEFWEs
L B )

v

— Diehl,Hwang, sjb

-

Quark angular momentum (J1’s sum rule)

gi=d_jo=1 jxdx[Hq(x ,0)+E"(x, E)O)]

2 X. Ji, Phy.Rev.Lett.78,610(1997)
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Leading Twist
Sivers Effect

Hwang,
Schmidyt, sjb

current
quark jet  Collins, Burkardt

Ji, Yuan

QCD S- and P-
Coulomb Phases
--Wilson Line

Pseuwdo- T-Odd QU final state

interaction

spectator
system

proton

Light-Front Wawvefunctiow
S and P- Waves

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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Final-State Interactions Prodiuce
Pseudo-T-Odd, (Sivers Effect)

* Leading-Twist Bjorken Scaling! e I - —
15D
* Requires nonzero orbital angular momentum of quark

* Arises from the interference of Final-State QCD e
Coulomb phases in S- and P- waves; e-

current
quark jet

* Wilson line effect — gauge independent

final state

* Relate to the quark contribution to the target proton interaction

anomalous magnetic moment and final-state QCD phaseg, >
®© spectator
system
* QCD phase at soft scale! proton J1-2001
* New window to QCD coupling and running gluon mass in the IR
* QED S and P Coulomb phases infinite - difference of phases finite!
AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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Static Dynamic

® Square of Target LFWFs Modified by Rescattering: IS| & FSI

® No WWilson Line Contains Wilson Line, Phases

® Probability Distributions No Probabilistic Interpretation

® Process-Independent Process-Dependent - From Collision
® T-even Observables T-Odd (Sivers, Boer-Mulders, etc.)

® No Shadowing, Anti-Shadowing | Shadowing, Anti-Shadowing, Saturation
® Sum Rules: Momentum and J? Sum Rules Not Proven
® DGLAP Evolution; mod. at large x | DGLAP Evolution

® No Diffractive DIS Hard Pomeron and Odderon Diffractive DIS

2 Quark jt
final state
interaction
Wi (i, k145 Ai) ggggg}or>
proton
AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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o Light-Front Holography

0.15

Win(zi kg, Ai) ™
o Light Front Wawvefunctions: 0
Schrodinger Wavetunctions
of Hadron Physics k| GeV)

1.5
AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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Applications of AdS/CFT to-QCD

5-Dimensional
Anti-de Sitter
Spacetime

Confinement

AdS
Boundary
Changes in
physical
length scale
mapped to

evolution in the
5th dimension z

4-Dimensional
Flat Spacetime
(hologram)

in collaboration with Guy de Teramond

AdS/CFT & QCD
Porto EDS September 11,2009

Friday, September 11,2009
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Applications of AdS/CFT to-QCD

5-Dimensional
Anti-de Sitter
Spacetime

Bottom-Up

Confinement

Radius
Changes in
AdS .
Boundary physical
length scale
mapped to

evolution in the
5th dimension z

4-Dimensional
Flat Spacetime
(hologram)

String Theory

Top-Down



Gool;

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

° Analogous to the Schrodinger Theory for
Atomic Physics

o AdS/QCD Light-Front Holography

o Hadvronic Spectraw and Light-Front
Wowefunctions

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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Conformal Theories are irnwawriont under the
Poincare and conformal tronsformations withv

M~ PH. D, KH.
the generators of SO (4,2)

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

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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Scale Transformations

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

R2 wwawrton measure
xt — Axt, z — Az, maps scale transformations into the holographic coordinate z.

e AdS mode in z 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.
= Nx?, 2= )z
2

xr° = a:ua;“: invariant separation between quarks

e The AdS boundary at z — 0 correspond to the () — 00, UV zero separation limit.

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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5-Dimensional Confinement
Anti-de Sitter Radius
Spacetime

‘ AdS
W (x, 2) > = Boundary

4-Dimensional
Flat Spacetime
(hologram)

e Truncated AdS/CFT (Hard-Wall) model: cut-off at 2z = 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).

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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LF(3+1) AdSs

Cz\/a:(l—x)l_)% - Z

|5
(1-2)

(. Q) = Va(l — )" 26()
Holography: Unique mapping derived from equality of LF and
AdS formuda for cuwrent matrixn elementy

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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AdS / C FT Anti-de Sitter Space / Conformal Field Theory
Maldacena:

Map AdSs X Ss to-conformal N=4 SUSY

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

* Conformal window: ozS(QQ) ~ const at small Q2

» Use mathematical mapping of the conformal
group SO0(4,2) to AdS;5 space

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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Deur, Korsch, et al: Effective Charge from Bjorken Sum Rule

o I (02
Q%) = 1 — 9]

S
= ] el . h s
Sl i iIh IR conformal window
3708 | } I
0.7
0.6 | I |
05 | A JLab CLAS %
04| A JLab PLB 6504 244 1
1ifs
03[ o, /mworlddata LHEKS
>K O('s F3/n %Eﬁ?
02 ’ L
------ GDH limit gt
% pOCD evol. eq.
01 "W a_/m OPAL
0.09 - 57
0.08
0.07 | 1
0.06 B ¥
10" 1
Q (GeV)
AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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Deur, Korsch, et al.

1
10
|1 Q
v
— 'w
8
1 -
~
R .
S s 1@
~ o i
z e
NS} a y _
= -
S S |/ &
Q S S
| = °
n 7
~ : ]
B> 1 .
= S 1% =
w T~ S
Q 1S N
S Q s 3
" Q 18 5
A < S
CR xS
&= ER q E
S IR S & -
n — ~..... lon —
.th S SF p 4
3 i s | i A
I wh O i
S ; S
S S
A I | 1 | 77,,, _0
10 ~ s - E h
S S

Stan Brodsky
SLAC

Q (GeV)

AdS/QCD & LF Holography
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IR ConformalWindow for QCD?

e Dyson-Schwinger Analysis: QCD gluon coupling has IR
Fixed Point

* Evidence fromv Lattice Gauge Theory

* Define coupling from observable: indications of IR
fixed point for QCD effective charges
Shrock, de Teramond, sjb
* Confined gluons and quarks have maximum wavelength:

Decoupling of QCD vacuum polarization at small Q3
Serber-Uehling

N(Q?) — 1%‘7Tgl Q2 << 4m2 e O ...............

* Justifies application of AdS/CFT in strong-coupling
conformal window

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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QED One-Loop Vacuumn Polarigatiov

¢t
................ O t=-Q2<0
= (t spacelike)
(0) 4 4 1+\/1+
nQ% = 373~ g;g )\/1 - 41 og
2 11 )
I1(Q%) ~ % log &5 Q2 >> 4m?

2 2 Serber-Uehlin
157 102 Q° << 4m g
B Q_2 vanishes at small momentum transfer
m
AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
Porto EDS September 11, 2009
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Conformal symmetry: Template for QCD

* Take conformal symmetry as initial approximation;
then correct for non-zero beta function and quark
masses

* Eigensolutions of ERBL evolution equation for

distribution amplitudes V. Braun et al;
Frishman, Lepage, Sachrajda, sjb

e Commensurate scale relations: relate observables at
corresponding scales: Generalized Crewther Relation

* Fix Renormalization Scale (BLM, Effective Charges)
* Dimensional Counting Rules

e Use AdS/CFT

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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Featuwres of Howd Exclusive

Processes v PQCD
Lepage, sjb; Duncan, Mueller

* Factorization of perturbative hard scattering subprocess
amplitude and nonperturbative distribution amplitudes M = [ T X [¢p;

¢ Dimensional counting rules reflect|conformal invariance M ~ f(Ocm)
. QNtOt_4
and operator twist:

oo\ H = o\ H
* Hadron helicity conservation: 2initial A 2 final ]

* Color transparency Mueller, sjb;
e Hidden color Ji, Lepage, sjb;

¢ Evolution of Distribution Amplitudes  Lepage, sjb; Efremov, Radyushkin

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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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.

* Karch, Katz, Son, Stephanov: Soft-Wall Model --Linear Confinement
* Mapping of AdS amplitudes to 3+ 1 Light-Front equations, wavefunctions!

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

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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The Holographic Correspondence

e In the semi-classical approximation to QCD with massless quarks and no quantum loops the 3 function

is zero and the approximate theory is scale and conformal invariant.

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

R2
2
dS—?

(Nudztdz” — dz?).
e Semi-classical correspondence as a first approximation to QCD (strongly coupled at all scales).
o " — Az, z — Az, maps scale transformations into the holographic coordinate z.

e Different values of z correspond to different scales at which the hadron is examined: AdS boundary at

2z — 0 correspond to the () — 00, UV zero separation limit.
e There is a maximum separation of quarks and a maximum value of z at the IR boundary

e Truncated AdS/CFT model: cut-off at zg = 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 Regge dependence can be ob-
tained (Soft-Wall Model) Karch, Katz, Son and Stephanov (2006).

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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String Theory

Mapping of Poincowe’ and
Adﬁ/CFT Conformal SO (4,2) symwmetries of 3+1

ypaw
to- AdS5
Goal: First Approsimant to- QCD # i hace
Counting rules for Hard Exclusive
> ering Conformal Irwowionce +
Regge Trajectoriey Ad/S/QCD Confinement at lawge distances

QCD at the Amplitude Level

Y

Semi-Classical QCD [/ Wave Equations

l Light Front Holography
Boost Inwariant 3+1 Light-Front Wave Equations
J=0,1,1/2,3/2 plus L + Integrable!

Hadrow Spectiray, Wawvefunctions Dynawmics

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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AdS/CFT

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

* Scale Transformations represented by wavefunction in
sth dimension zh — N2x3 z — Az

e Match solutions at small z to conformal twist dimension
of hadron wavefunction at short distances ¢ (z) ~ 22 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(zp0) =0 “0 = Ngep
AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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Bosonic Solutions: Hovrd Wall Model

e Conformal metric: ds? = ggmdacgda:‘m. rt = (", 2), Gom — (R2/Z ) Nem -

e Action for massive scalar modes on AdS 4 1:

1
S[P] = 5 /dd+1x g3 {gemé’g@@mq) - ,LLQCI)Q} , g — (R/2)*.

e Equation of motion
1 /
\f(‘?:p (fg iy

e Factor out dependence along x#-coordinates , ®p(x, 2) = e £"* &(z), P,P* = M?:

2202 — (d — 1)20, + 2°M? — (uR)?] ®(2) = 0.

8 )+,u2<I>:O.

e Solution: ®(z) — 22 asz — 0,
(D(Z):Czd/QJA_d/Q(ZM) A:%<d+\/d2—|—4lu2R2).
A=2+1TL d=14 (WR)* = L* — 4

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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Let ®(z) = 23/2¢(2)
AdS Schwodinger Equationw for bound state
of two- scalow constituents:
| > 1—4L?
dz? 427

J¢(2) = MZ6(z)
L: orbital angular momentum
Derived from vawiatiow of Action invAdSs

Howrd wall model: truncated space

$(z =179 =3.) = 0.

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
Porto EDS September 11, 2009 49 SLAC

Friday, September 11,2009



e Physical AdS modes ® p(x, z) ~ e~ "% ®(2) are plane waves along the Poincaré coordinates with

four-momentum P* and hadronic invariant mass states P, P* = M2,

e For small-z ®(z) ~ z2. The scaling dimension A of a normalizable string mode, is the same
dimension of the interpolating operator (O which creates a hadron out of the vacuum: (P|O|0) # 0.

1 Confinement
AN=2+1L in the 5th
(2) ] dimension
Twist dimension |
of meson
equivalent to- |
dimensiony of chiral de Teramond, sjb
superfields

0 1 2 iT 4
z _ 1
~0 = NQcp
Identify hadron by its interpolating operatoratz -->o0

AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
Porto EDS September 11, 2009 50 SLAC

Friday, September 11,2009



Match fall-off at small = to conformal twist-dimension.
at short distances tawist,

e Pseudoscalar mesons: Oy = ¢y5Dyy, ... Dy vt (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 B, k: Mok = BakAocD

e Normalizable AdS modes P(z)

| L | ! IZO L

S = (0 Meson orbital and radial AdS modes for Agep = 0.32 GeV.
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3+ _
2
D(2)
®(2) 2 i 0
1F ) 21
0 | ) | ) | ) -4 | | | | | | |
92007 0 1 2 3 4 50007 O 1 2 3 4
8721A18 z 8721A19 y4

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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Higher Spin Bosonic Modes HW

e Each hadronic state of integer spin S < 2 is dual to a normalizable string mode

—iP-
(2, 2)pipnps = Eupaps € Ps(2).
with four-momentum PM and spin polarization indices along the 3+1 physical coordinates.

e Wave equation for spin S-mode W. S.I'Yi, Phys. Lett. B 448, 218 (1999)
[z283 — (d+1-25)z0, + z2/\/12—(,uR)2]<I>5(z) =0,

e Solution

~ Z\° —iP.x 94
D(z2)g = (}—%) ®(2)s = Ce P Z2JA_%(ZM)€(P)M1/J2“‘NS7

e We can identify the conformal dimension:

(d+ V(d—25)2 + 42 R?).

e Normalization:

=
Qcp  (
Rd_2s_1/0 Z_—Z_ b(z) = 1.
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Soft-Wall Model

e Soft-wall model [Karch, Katz, Son and Stephanov (2006)] retain conformal AdS metrics but introduce

smooth cutoff wich depends on the profile of a dilaton background field gp(z) = +K22?

S = /ddaz dz \/ge‘%’('z)c,

e Equation of motion for scalar field £ = ( m 0, ®0,, P — ,u2<I>2)
2202 — (d — 1F2K%2%) 20, + 2°M? — (uR)?] ®(2) = 0
with (uR)? > —4. See also [Metsaev (2002), Andreev (2006)]
e LH holography requires ‘plus dilaton’ ¢ = +x222. Lowest possible state (1 R)? = —4
M? = 4Kk’n, ®p(2) ~ e n(K22%)

®(z) a chiral symmetric bound state of two massless quarks with scaling dimension 2: the pion

Maussless piov
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* Erlich, Karch, Katz, Son, Stephanov * de Teramond, sjb

AdS Soft-Wall Schwodinger Equation for
bound state of two-scalow covustituents:

A G ))et) = M)

dz? 472

U(z) = k*2* +2k*(L+ S — 1)

Derived fromv vawiationw of Actiovw

2_2
eé[)(z) — o THZ

Dilaton-Modified AdSs
AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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22R2

ds® = e —
Z

(deg — dx* — dxs — dzs — dz°)

Gravitational
potential

y=R/z

Y Klebanov and Maldacena

ds® = eA(y)(—da:% + d:z:% + daz% 4 dazg) 4+ dy2
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2 Kz 2 2 2 2
ds“ =e — (dzg — dz° — dxs — drs — dz°)
-
K V . 2
; (2)=mc £00
5L
4l
3L
E Agrees with
2 Klebanov and Maldaceno
; for positive-sign
. exponent of dilaton
1k
0 ! 2 5 4 5 6
AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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Quawk separation g

increases withv L

2-2007 0
8721A20

Fig: Orbital and radial AdS modes in the soft wall model for Kk = 0.6 GeV .

2-2007
8721A21

Soft Wall
Model

@ S=0

., (1670)

o S=0

Pion mass
automatically
zero!

8-2007
8694A19

Light meson orbital (a) and radial (b) spectrum for kK = 0.6 GeV.
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Quawk separationw increases withv L

6 1

AdS/CFT & QCD

Porto EDS September 11, 2009
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T T I |
L (v)
_ n =2
1 D(z) [ =0 ¥
0
N n=1 n=23 N
I | | | | |
0 4 8
<
f (20|50) | | |
a‘: (2040) - (b) 1
| | | . | . |
4 0 2 4
n
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Higher Spin Bosonic Modes SW Soft.wa,u/ model

e Effective LF Schrodinger wave equation
d? 1 —4L?
4 _2 2 2
—— — + K27+ 28°(L+ S—1 s(z) = M“odg(z
- (L+ 1) 65(2) = M26s(2)
with eigenvalues M? = 2x2(2n + 2L + S). Saume é’lO'Pe/ inv v and L
e Compare with Nambu string result (rotating flux tube): M?2(L) = 270 (n+ L +1/2).

| ' | '
f, (2050)

(a) S — a, (2040)

T ® S =1

o
V)
N
O_

5-2006
8694A20 L

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

| L
2 4
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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AdS/QCD Soft Wall Model -- Reproduces Linear Regge Trajectories
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1= 2+t S AT+
M? of
[ n=3 n=>2 n=1 n=0
s
s £(2300)
al
[ a4(2040)
[ p(1700 £:(2050)
3L
 (1650)
2 [
[ p(1450)
[ w(1420) az(1320)
Ir £(1270)
p(770)
0F w(782)
o i 2 3 4
Parent and daughter Regge trajectories for the I = 1 p-meson family (red)
and the I = 0 w-meson family (black) for k = 0.54 GeV
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Current Matrix Elements in AdS Space (HW)

e Hadronic matrix element for EM coupling with string mode ®(z%), x* = (z#, 2)
. 4 14 * =Y
zg5/d rdz /g A (z,2)Pp/ (z,2) 0 1 Pp(z, 2).

e Electromagnetic probe polarized along Minkowski coordinates (Q* = —¢? > 0)
Az, z), = eﬂe_iQ'mJ(Q, z), A,=0.
e Propagation of external current inside AdS space described by the AdS wave equation
2202 — 20, — 2°Q%] J(Q, 2) = 0,
subject to boundary conditions J(Q = 0,z2) = J(Q,z =0) = 1.
e Solution
J(Q,2z) = 2QK1(2Q).

e Substitute hadronic modes ®(x, z) in the AdS EM matrix element

Dp(z,2) =e TTP(2), ®(z) — 22, z—0.
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Hadron Form Factors from AdS/CFT

Propagation of external perturbation suppressed inside AdS.

J(Q,z) = zQK1(2Q)

F(Q)_p = [ %p(2)J(Q,2)P(2)

JQ.2) . @(z)

High Q? -
from y
smallz ~1/Q 0.4

Polchinski, Strassler
de Teramond, sjb

Consider a specific AdS mode ®(™ dual to an n partonic Fock state |n). At small z, ®
scales as () ~ 22 Thus:

T7—1
2 1 Dimensional Quark Counting Rules:
F(Q ) — o General result from
Q AdS/CFT and Conformal Invariance

where 7 = A,, — 0, 0, = 2?21 o;. The twist is equal to the number of partons, 7 = n.
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Spacelike piow form factor fromAdS/CFT

| Data Compilation
| Baldini, Kloe and Volmer

2 0

| -6 o -4 - =
q2(GeV?)

Soft Wall: Harmonic Oscillator Confinement

Hard Wall: Truncated Space Confinement

Omne parameter - set by pion decay constant.
? VP J de Teramond, sjb

See also: Radyushkin
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Current Matrix Elements in AdS Space (SW) . sjb anc(li (I;;rd(”lf "
rigoryan and Radyushkin

e Propagation of external current inside AdS space described by the AdS wave equation
[2283 —z(1+ 2/4:27;2) 0, — Q222} J(Q, z) = 0.

e Solution bulk-to-boundary propagator

Jo(Q, z) = F(l + %) U(%,O, m2z2> :

Soft Wall

where U (a, b, ) is the confluent hypergeometric function MOOL@Z/
o
(a)U(a, b, z) / e=2ta=1(1 4+ pyb-a—Lgy
0

e Form factor in presence of the dilaton background ¢ = K22

3

F(Q*) = R* / dz e_RQZQCI)(z)JH(Q,z)CI)(z).

e Forlarge Q% > 4k?
J,{(Q,Z) — ZQKl(ZQ) — '](Qv Z)v
the external current decouples from the dilaton field.
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Spacelike piow form factor fromAdS/CFT

| Data Compilation
| Baldini, Kloe and Volmer

2 0

| -6 o -4 - =
q2(GeV?)

Soft Wall: Harmonic Oscillator Confinement

Hard Wall: Truncated Space Confinement

Omne parameter - set by pion decay constant.
? VP J de Teramond, sjb

See also: Radyushkin
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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).

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

e \ector Mesons: Hong, Yoon and Strassler (2004); Grigoryan and Radyushkin (2007).
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Spacelike and timelike piow form factor

ehl0)

w—--—- 77—

k = 0.534 GeV

st

[T >=1eqqq > + Yeq4q19997 >
I', =120 MeV, F;) = 300 MeV

quqci = 15%
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Dressed soft-wall cuwrrent bring inv higher
Fock states and move vector mesovw poles
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Note: Analytical Form of Hadronic Form Factor for Arbitrary Twist

e Form factor for a string mode with scaling dimension 7, ®.- in the SW model

Q%
F(Q?) = rmi EH‘“f ;

T+ 4K2

e Forr=N, T(N+2)=(N—-142)(N—-2+42)...(1+2)['(1+ 2).

e Form factor expressed as /N — 1 product of poles

2 — N =
F(Q7) 1@ 2,
2
F(Q?%) = , N =3,
O B E)
F(Q% = NV —1)! N.

(1+&)(2+&) - (v-1+ %)

e For large (Q*:

) 4’%2 (N_l)
AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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Light-Front Representaliov
of Two-Body Mesow Form Factor

Drell-Yan-West f facto D 2 2
e Drell-Yan-West form factor QL:Q = —q

2 -
Zeq/ da:/dké wplka__fEQJ_)wP( k).

e Fourrier transform to impact parameter space g L
(. BL) = VT / 28, e F (2,5
o Find(b=|b.]):

1 - ~
F(¢®) = /0dx/dszembl'qlW(x,b)‘z Soper

~

1 o0 ~
27T/ dx/ bdb Jo (bgz) |0(x,b)?
0 0
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Holographic Mapping of AdS Modes to QCD LFWFs

e Integrate Soper formula over angles:

F(?) = 2n /O dr L) / <d<Jo<<q 1”) 5z, ),

X X

with ﬁ(x, ¢ ) QCD effective transverse charge density.

e Transversality variable

¢ = \/a:(l — a:)l_;i

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

1 1l —2x
/Od:cJo<CQ » >=<QK1(CQ),

the solution for J(Q, () = CQK1(CQ) !
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Generald formudav. oy w
e Define effective single particle transverse density (Soper '77)

F(¢*) = /0 dxp(x,q1)

with
o, ) = / 2277 T 3, 7).

e From DYW expression for FF in transverse position space:

ﬁ(waﬁJ_> — Z H /dl‘jd2bj_j 5(1 — T — ij)(S(Q)(ZijbJ_j — ﬁJ_) ‘wn@jja bJ_j)|
n j=1 j=1 j=1

e Integration over the n— 1 spectator partons, and x = x,, is the coordinate of the active quark.

® | = Z?:_ll mjb L ; is the z-weighted transverse position coordinate of the n — 1 spectators.
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e Electromagnetic form-factor in AdS space:
Fe(@) =R [ S0@.2) o ()

where J(Q?, 2) = 2QK1(2Q).

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

1
J(QQ,z):/O da;J0<gQ 1;”)

e Write the AdS electromagnetic form-factor as

1 _
F%@%—ﬁéwfﬁ%GleﬂMw@ﬂ

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

. 2 _ R D (¢)|°
|¢q§/7r<x7<>| — %Zb‘(l—.f) C4
with ¢ = z, O§C§AQCD
AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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LF(3+1) AdSs

b(z,b|) <  P(2)

¢ = \/:c(l—a:)l;i B Z

W(x,b)

> o jz(l—x)
Light-Front Holography: Unique mapbping derived from equality
of LF and AdS formuda for cuwrent matrix elementy
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e Particle number representation

e Gravitational form-factor in momentum space
- Z/ [dxz} [dzkh] Zfﬁf w:/P’(xia kﬁ_i)wn/P(xia ki),
n f

where k' . =k, + (1 — x;) q  forastruck quark and k’, . = k| ; — ; q for each spectator

e Gravitational form-factor in impact space

2
ZH/dacjd bL]ZajfeXp(qu ijby)| a;],bLj)|
n =1
AdS/CFT & QCD AdS/QCD & LF Holography Stan Brodsky
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Grawitational Form Factor inwAdS sbace

e Hadronic gravitational form-factor in AdS space

dz
A7r 2y R3 — H 2, < (1)77 ’ )
(@) 23 (@7 2) [@n(2)] Abidin & Carlson

where H(Q?, z) = 1Q*2?K»(2Q)

e Use integral representation for H (Q?, )

e Write the AdS gravitational form-factor as

1
AW(Q2) = 2R3/0 xdaz/% Jo (ZQ L ; x) ]@W(z)\Q

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

Identical to-LF Holography obtained from electromagmnetic curvent
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