do/dt (nb/GeV?)

o
N

O

AA — AA
o o o<
-lk N -P N

Deuteron Photodisintegration.
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AdS/QCD
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J-Lab

PQCD and AdS/CFT:

st 299(A+ B — C+ D)
FA+B—>C+D(9CM)

11d0(

vd — np) = F(0cy)

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

Reflects conformal invariance

Stan Brodsky, SLAC
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* Remarkable Test of Quark Counting Rules

* Deuteron Photo-Disintegration yd — np

do __ F(t/s)
dt — gNtot—2

® ntot:1=6=3=3:13

Scaling characteristic of
scale-invariant theory at short distances

Conformal symmetry
Hidden color: Z—:(fyd S ATTA) ~ C;—j(fyd — pn)
at high pr

SUNY Stony Brook Ad/S/ QCD

February 5, 2008 45 Stan Brodsky, SLAC



QCD Prediction for Deuteron Form

Factor

Fi@?)=[ & L 4 (m %)""d'”‘d[l +0(a,(@9), —"';3)}

Q 2
Define “Reduced” Form Factor

. _F,(@
f@) = G

Same large momentum transfer
behavior as pion form factor

2 2
(i

SUNY Stony Brook
February 5, 2008

fd(Qz) ~

-—

)"( 2/5) C.F"(B

A/ LD
46
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FIG. 2. (a) Comparison of the asymptotic QCD pre-
diction f; @%= (1/Q A In (Q?/AY)~1-C@/9CF/B with final
data of Ref. 10 for the reduced deuteron form factor,
where Fy(@Q%) =[1+Q2%/(0.71 GeV?]~?., The normaliza-
tion is fixed at the @ ?= 4 GeV? data point. (b) Compari-
son of the prediction [1 + (Q%/m 2] f4(@)<[In @*/

AY] ~1-(2/5) Cr/B with the above data. The value m g’
= 0.28 GeV*? is used (Ref. 8).

46



Define “Reduced” Form Factor e’
e >

I A%

.
y 17
2
d
2
f4(Q?) = — L4 P+
Fp(7-) Fn(75)
Elastic electron-deuterow scattering
SUNY Stony Brook Ad}S/QCD Stan Brodsky, SLAC

February 5, 2008 47
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0.5 T T T T 1

| 2

Deuteron Reduced Form Factor

~ Pion Form Factor x 15%

| ¢

X
X

0.2 o * —
E ¢ ¢¢¢ & ¢
0.1 R ¢ -
0 | | | | | !
0 1 2 3 4 5 6 V4
;(7)-6%?0(\)148 —q2 (GeV2)

* 15% Hidden Color in the Deuteron

SUNY Stony Brook Ad5/ QCD

February 5, 2008 48 Stan Brodsky, SLAC
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Hidden Color in QCD  Lepage, Ji, sib

SUNY Stony Brook AdS/ QCD
February 5,2008 49

Deuteron six quark wavefunction:

5 color-singlet combinations of 6 color-triplets —-
one state is n p>

Components evolve towards equality at short
distances

Hidden color states dominate deuteron form
factor and photodisintegration at high
momentum transfer

Predict 22(yd — AT™"A™) ~ %2(yd — pn) at high Q*

Stan Brodsky, SLAC
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QCD Lagrangiory
Generalization of QED

i i +
gluon dynamics quark kinetic energy mass term

\ guark-gluon dynamics /

nf

nf
Laco = - fg? ™G 'G,) + Z iy D, yH gy + Z M, e s
=1

o N =

T
QCD color charge fiald strength tensor covariant derivative quark field

Scale-Invariant Coupling
Renormalizable
Nearly-Conformal
Asymptotic Freedom
Color Confinement

Yang Mills Gauge Principle:
Color Rotation and Phase
Invariance at Every Point of
Space and Time

SUNY Stony Brook Ad5/ QCD

February 5, 2008 50 Stan Brodsky, SLAC
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Qcb Fundamentol Couplings

Only quarks and gluons involve basic vertices: Quark-gluon vertex

g Similar to QED

q(r)
g(b,r)
q(b)

colored particles couple to gluons

More exactly

Gluon vertices

51



* Although we know the QCD Lagrangian, we
have only begun to understand its remarkable
properties and features.

* Novel QCD Phenomena: hidden color, color

transparency, strangeness asymmetry, 1ntrinsic
charm, anomalous heavy quark phenomena,
anomalous spin effects, single-spin
asymmetries, odderon, diffractive deep
inelastic scattering, dangling gluons,

shadowing, antishadowing, QGP, CGC, ...
Trutiv iy stranger thaw fiction, but it iy
because Fictiow iy obliged to- stick to-

possibilities. —Mowk Twairy
SUNY Stony Brook Ad5/ QCD

February 5, 2008 52 Stan Brodsky, SLAC
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negativel

B T ol e il . et
_._....—._.n_-—---——_.—.""-'—

logawrithmic derivative \
of the QCD coupling s negative
Coupling becomes weaker at shovt
distances or highv momentuwm transfer

SUNY Stony Brook AdS/ QCD
February 5, 2008 53

In QCD and the Standard Model
the beta function is indeed

llustration: Typatormn

Stan Brodsky, SLAC
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Ve/nﬁcafww ofAéymptoﬁ,o Freedomw

II\

“BEERYE

« X 1A A Theory | 2 = =
' 5T Decp Inelastic Scatiering i ]
H ete Annihilation wI ]
0.4 ll\l'm Hadron Collisions = 7
H Heavy Quarkonia = @ ]
lI'-III'II- Iﬁ 1
IL.{"‘ i ﬂh';!'-? Ea(”.ﬁ_?‘ ]

M 245 MeV ———- 01210
0.3+ Ll QCE} [211 MeV 0.1183 | 7
F I Ohort) ] -

t‘-’\:‘x 181 MevV — — 01156

N
a_‘t'é%
4+ : n2p o Wb ]
o(eTe  —three jets) SN %
o(ete——two jets) | “{5&%
1Y S
proportional to as(Q) 01 ?@__
1 10 L)

Q [GeV]
Ratio of rate for ete™ —gggtoeTe” —q7 atQ=Ecy=E, +E_4
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Conformal QCD Window in Exclusive Processes

e Does a¢ develop an IR fixed point? Dyson—Schwinger Equation Alkofer, Fischer, LLanes-Estrada,

Deur...

e Recent lattice simulations:

evidence that ag becomes constant and is not small in the infrared

Furui and Nakajima, hep-lat/0612009 (Green dashed curve: DSE).

4”
3.5
3_
2.5
S ol o7
n A\\
S 1.5 \
1t %k\%\ .
0.5 ﬁi&&ii -
-0.4-0.2 0 0.2 0.4 0.6 0.8 1
Log 10[g(GeV) ]
SUNY Stony Brook AdS/ QCD

February 5, 2008
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Why do- dimensional counting
rules work so-well?

* PQCD predicts log corrections from powers of X,
logs, pinch contributions Lepage, sjb; Efremoy,
Radyushkin; Landshoft; Mueller, Duncan

* DSE: QCD ggg coupling (mom scheme) has IR
Fixed point  Alkofer, Fischer, von Smekal et al.

e Lattice results show similar flat behavior  Furui, Nakajima

* PQCD exclusive amplitudes dominated by
integration regime where 0 is large and flat

SUNY Stony Brook Ad5/ QCD

February 5, 2008 56 Stan Brodsky, SLAC
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Fundamental Interactions of QED, QCD, and
Weak Interactions —

All derived from the Yang-Mills Lagrangian

_ 1
£ =iy Dy = myy — G, G Gy = Ay — By Af, + gf 1A
Dy = 8y + igT* A (7%, T = fobere
QED : T =1,f=0 QCD : T® = 3 x 3 traceless matrices
v . charged leptons Y . quarks — color triplets

Electroweak : T = 2 x 2 traceless matrices

Y . chiral fermion doublets

SUNY Stony Brook Ad5/ QCD

February 5, 2008 57 Stan Brodsky, SLAC
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QCD Lagrangiowv

i i +
gluon dynamics quark kinetic energy mass term

\ quark-gluon dynamics /

1 ) of nf
Lucu='4—gz""{‘3" G,) + ;iwf D, " y; + Z,"wf Vi

o A " \

" T
QCD color charge field strength tensor covariant derivative quark field

lim No — 0 at fixed a = Cpas,ny = np/Cg
Analytic umit of QCD: Abelian Gauge Theory
QCD _>QED P. Huet, sjb

SUNY Stony Brook AdS/ QCD

February 5, 2008 58 Stan Brodsky, SLAC
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QED: Underlies Atomic Physics, Molecular Physics,
Chemistry, Electromagnetic Interactions ...

QCD: Underlies Hadron Physics, Nuclear Physics,
Strong Interactions, Jets

Theoretical Tools

* Feynman diagrams and perturbation theory
* Bethe Salpeter Equation, Dyson-Schwinger Equations

* Lattice Gauge Theory, Discretized Light-Front
Quantization

 AdS/CFT'!

SUNY Stony Brook Ad/S/ QCD

February 5, 2008 59 Stan Brodsky, SLAC
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Given the elementary gauge theory interactions, all
fundamental processes described in principle!

Exaumple from QED:

Electron gyromagnetic moment - ratio of spin precession
frequency to Larmor frequency in a magnetic field

%ge — 1.001 159 652 201(30) QED prediction (Kinoshita, et al.)

%ge — 1.001 159 652 193(10) Measurement (Dehmelt, et al.)

1
59e = 1.001 159 652 180 85 [0.76 ppt]

Dirac;: g.=?2 Measurement (Gabrielse, et al.)
SUNY Stony Brook Ad}S/QCD Stan Brodsky, SLAC

February 5, 2008 60
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QED provides an asymptotic series relating ¢ and «,

o a\2 a3 a\4
T T T T

T a,LLT + hadronic + Aweaks

Light-by-Light Scattering Q Q O

Contribution to-Ce

D |09

-Q-qu-d-l—q——qJ-q-Lﬁ—-l-—tl--Lﬂ—-l—

a~! = 137.035999 710 (90) (33) [0.66 ppb][0.24 ppb],
— 137.035999 710 (96) [0.70 ppb]

- G. Gabrielse, D. Hanneke, T. Kinoshita, M. Nio, and
B. Odom, Phys. Rev. Lett. 97, 030802 (2006).

SUNY Stony Brook Ad5/ QCD

February 5, 2008 61 Stan Brodsky, SLAC
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Other High-Precision
Atomic Physics Tests of QED

* Lamb Shift in Hydrogen
* Hyperfine splitting of muonium and hydrogen
* Muonic Atom spectroscopy

e Positronium Lifetime

All Accurate to subppm

SUNY Stony Brook Ad/S/ QCD

February 5, 2008 62 Stan Brodsky, SLAC
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Dirac s Amasging

Ideou:
The “Front Formw’ Evolve in
light-cone time
ct o=-ct—z Act T=t+z/c

Instant Form Front Form

SUNY Stony Brook Ad5/ QCD

February 5, 2008 63 Stan Brodsky, SLAC
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Light-Front Wavetunctions

Fixed T=t+ z/c
pt = pO 4 pz

xz-P+,a:if_’l —|— EJ_Z'

PT, P,

ZZLCCZ =1

W (zi, ki A

Sk =0,
Invariant under boosts! Independent of pH

SUNY Stony Brook Ad/S/ QCD

February 5, 2008 64 Stan Brodsky, SLAC
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‘Tis o mistake /[ Time flies not
It onlly hovers onvthe wing
Once born the moment dies not
Ty avv imumortad thing

Montgomery

SUNY Stony Brook AdS/ QCD

February §, 2008 65 Stan Brodsky, SLAC

65



[

Anguwlar Momentum on the Light-Front

A*=0 gauge: No unphysical degrees of freedom

J* Z ST+ Z [~ Conserved

i—1 LF Fock state by Fock State

(k jig kz k= jig kl ) n-1 orbital angular momenta

Nongero Anomalous Moment requires
Nongzero orbital angular momentum.

SUNY Stony Brook Ad5/ QCD

February 5, 2008 66 Stan Brodsky, SLAC
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A Unified Description of Hadron Structure

Elastic form factors
Parton momentum
distributions

Real Compton
scattering at high

Deeply Virtual Meson
production

Light Front Wavefunctions

SUNY Stony Brook Ad5/ QCD

February 5, 2008 67 Stan Brodsky, SLAC
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Quantuwm Mechanics: Uncertainty inv p, x; spivv

Relativistic Quantuwm Field Theory:
Uncertainty in pawticle nmuwmber

etTe e+6_7

Lamb Shift n=3 Vacuum Polarization n=4
ete eTe eTe™
SUNY Stony Brook A dé/ QCD Stan Bl‘OdSky, SLAC

February 5, 2008 68
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‘paSZ = E ‘Pn(xijéuyki) ‘njéj_,-aki >
n=>3

sum over states with n=3, 4, ...constituents

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

!
\

P

vy

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

\

ki KAk

l

p+_p0_|_pz P

X =

Y

t
\

Yy

are boost invariant.

n

Intrinsic heavy quarks, «f(x) 7 8 Ex) e, LIF o,

SUNY Stony Brook AdS/ QCD
February 5, 2008 69

Yy

|
\

YYVYY

Stan Brodsky, SLAC
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Light-Front Wavefunctions: rigorous representation of
composite systems in quantum field theory

Fixed T=t+ z/c

P+:PO_|_PZ N

a:iP‘l',a:if_’l —|— EJ_i

PT, P,

D Ty =

W (zi, ki A

SPk ;=0

Inwawiant under boosty! Imde)pe/nde/m:'oﬂou

SUNY Stony Brook Ad5/ QCD

February 5, 2008 -0 Stan Brodsky, SLAC
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Light-Front Wavefunctions

Dirac’s Front Form: Fixedt =t +2z/c
X, k) remn

— p+  po 3

7 P~ P4+ P

Inwariant under boosty. Independent of P+

QCD

P >= M| >

Heisenberg Matrix Equation
for QCD

SUNY Stony Brook Ad5/ QCD

February 5, 2008 - Stan Brodsky, SLAC
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Light-Front QCD DLCQ

CD
HEEP W) = M2 |wy)

Heisenberg Matrix Discretized Light-Cone
Formulation Quantization
1 2 3 5 6 8 9 10 11
n Sector | qq 99 49 | 9G93 | 999 | odog | oGqdg | 999743 | 9999 | 99009 | 9AFog |qdqdad g |aGaTeqaa
KA 1 q } {E
2 g9 E
ps’ PS II3 qgg >w M{
(a) -
4 q4qg . }
p.s’ K.\ 5 999
1 6 qigg S
PVL—s
KA p.s 7 qigdg >w
(b) —
8 qaqqag .
5,3' p,s 9 a9 99 {
g 10 qaggg =
» > |11 qdqqgg }
ko K,c
12 qqqaqag .
(c) :
13 q4 g qqqg >W

Eigenvalues and Eigensolutions give Hadron
Spectrum and Light-Front wavefunctions

Hans Christian Pauli| & sjb
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New Perspectives in QCD from
AdS/CFT

* Need to understand QCD at the Amplitude

Level: Hadron wavefunctions!

* Remarkable new insights from AdS/CFT, the
duality between conformal field theory and
Anti-de Sitter Space

SUNY Stony Brook Ad/S/ QCD

February 5, 2008 73 Stan Brodsky, SLAC
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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
Equation for Atomic Physics

o AdS/QCD Holographic Model

74



New Way to-Solve QCD.
AdS/CFT

* Maldacena Correspondence

* Mathematical Representation of Lorentz
Invariant and Conformal (Scale-Free) Theories

* Add new 5th space dimension to 3+1 space-time
* Holographic Model with Color Confinement and

Quark Counting Rules de Teramond, sjb

SUNY Stony Brook Ad5/ QCD

February 5, 2008 5 Stan Brodsky, SLAC



Conformal Theories avre ivwowriont under the
Poincare and conformal travusformations withv

MHY PH, D, KH,
the generators of SO (4,2)

SO(4,2) has a mathematical representation on AdS35

76



5-Dimensional
Anti-de Sitter
Spacetime

4-Dimensional
Flat Spacetime
(hologram)

SUNY Stony Brook Stan Brodsky, SLAC
February 5,2008
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5-Dimensional
Anti-de Sitter
Spacetime

Truncated AdS Space

4-Dimensional
Flat Spacetime
(hologram)

Stan Brodsky, SLAC




Scale Transformations

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

2

wwowrtoont measure

2
ds* = i (Nudztda” — dz?),——-_———

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

AdS mode in 7 is the extension of the hadron wf into the fifth dimension.

Different values of z correspond to different scales at which the hadron is examined.

2

2 = Nax? 2z )z

Tr° = a:ua:“: invariant separation between quarks

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

SUNY Stony Brook
February 5, 2008

AdS/QCD
83

Stan Brodsky, SLAC
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5-Dimensional Confinement
Anti-de Sitter Radius

\ Spacetime

AdS
Boundary

4-Dimensional
Flat Spacetime
(hologram)

8-2007
BE85A14

e Truncated AdS/CFT (Hard-Wall) 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 ¢(z) — usual linear Regge dependence can
be obtained (Soft-Wall Model) Karch, Katz, Son and Stephanov (2006).

We will consider both holographic models

SUNY Stony Brook Ad5/ QCD

February 5, 2008 84 Stan Brodsky, SLAC
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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

* (oal: Use AAS/CFT to provide models of hadron

structure: confinement at large distances, near
conformal behavior at short distances

* Holographic Model: Initial “classical”
approximation to QCD: Remarkable agreement
with light hadron spectroscopy Guy de Teramond, sib

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

SUNY Stony Brook Ad5/ QCD

February 5, 2008 85 Stan Brodsky, SLAC
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Guy de Teramond

AdS/CFT

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

Scale Transformations represented by wavefunction (%)
in §th dimension 22 — X222 z— Az
Holographic model: Confinement at large distances

and conformal symmetry in interior 0 < z < zg

Match solutions at small z to conformal dimension of
hadron wavefunction at short distances (2) ~ 22 at z — 0

Truncated space simulates “bag” boundary conditions

— 1
¢(ZO> =0 20 — AQcD

SUNY Stony Brook Ad5/ QCD

February 5, 2008 86 Stan Brodsky, SLAC
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B(z) = 7%/2(z)

AdS Schwodinger Equationw for bound state
of two- scalaw conustituents

[ dzz + V(2)]¢(z) = M?¢(z)

Truncated space

2

47,

Alternative: Harmonic oscillator confinement.

2
V(z) = — 1;321’ k72 Karch, et al.

Derived fromv vawriation of Actionw invAdSE>5

SUNY Stony Brook Ad/S/ QCD

February 5, 2008 8~ Stan Brodsky, SLAC
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