Identical DY W and AdS§ Formulae: Two parton case
e Change the integration variable ¢ = |b | |v/z(1 — z)

o 1 dx Cmaw—AéCD CQx B .
F@y=o | = | cac (2 ) 00

e Compare with AdS form factor for arbitrary (). Find: Same result for
| Ox LF and AdSj5
7Q.0) = [ dudo = QKICQ), (o
0 z(l —x)

the solution for the electromagnetic potential in AdS space, and

- A , A2
’lﬁ(il?,bj_) \/7(]?0;0 1 N 1 — X J() (\/ 1 — X |bJ_|60 1AQCD) (bf S JZ(IQCD:L’)>

the holographic LFWF for the valence Fock state of the pion ¢§q /e

e The variable (, 0 < ( < AQC’D represents the scale of the invariant separation between quarks

and is also the holographic coordinate ( = 2!
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LF(3+1) AdSs

$(@01) g B(2)

¢ = \/gj(l —z)bp?  ———

Y(x,b)) = /z(1 - z) ¢(C)

Holography: Unique mapping derived from equality of LF
and AdS formuda for cuwrent matrix elementy

(1-=x)

cksonville
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tolography:
Map AdS/CFT to- 3+1 LF Theory

Relativistic radial equation: Frame Independent

&+ V(O] 60 = M2

G. de Teramond, sjb

(2 =z(1-— a:)bi

Effective conformal

potential:
Agf)}];il;fgﬁ‘;i;le AdS i?CD Stan Brodsky, SLAC




G. de Teramond and sjb

Map AdS/CFT to- 3+1 LF Theory

Effective radial equation:

V()] 6(0) = M20(0)

(2 =z(1-— a:)b?_
Effective conformal 1 — A2
potential: VI(C)=— 102

(General solution:
ZﬂL,k(ZE, bJ_) — BL,k\/QZ(l — :C)
. . A2
1 —2)[b A )9(b2< QOD )
JL (\/ﬂf( )[bL|BrkAqep | 001 < (1 — 1)

cksonville
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AdS/CFT Predictions for Meson LFWF ¥ (x,b )

Aqcp = 0.32 GeV k= 0.76 GeV.

Truncated Space Harmonic Oscillator

cksonville
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AdS/CFT Prediction for Meson LFWF

® (©) G. de 'gjglmond

% §{‘\\
,;»Q‘.t‘, ! ‘}\‘\S§\\\\
& \\‘t\\\\..\\\\\
()
O

%
SIS
s N

"’z: N
702020 %% SN
20020020 % SN
777600 N SN

SRR

R
X N

RN

X

RS
<) “:‘ “ ::‘x
SR

0.1 s \
RN
w(x,6) BRI
SRR
LGRS

2-2006 3
8721A14™

Two-parton holographic LFWF in impact space @Z(a:, ¢) for Agcp = 0.32 GeV: (a) ground state
L =0, k = 1; (b) first orbital exited state L = 1, k£ = 1; (c) first radial exited state L = 0, k = 2.
The variable ( is the holographic variable z = ¢ = |b |\/z(1 — x).

~ A
9w, Q) = s Vall = 2) (¢Boihaen) 8 (= < Aghp)
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Define effective single particle transverse density by (Soper, Phys. Rev. D 15, 1141 (1977))
2 ! 2 g
F(@) = [ do [ e g, i)
0

From DYW expression for the FF in transverse position space:

n—1 n—1 n—1

plz,q)=> 1] /d%’ dbrj 6(1—x =) ;) 6D asbiy — i) [n(xs, biy)
n j=1 j=1 j=1

Compare with the the form factor in AdS space for arbitrary ():

F(Q*) =R’ /OOO %63‘4(2)‘1’?(2) J(Q,2) Pp(2)

Holographic variable z is expressed in terms of the average transverse separation distance of the

spectator constituents 77 = Z;":_ll Z; b

- n—1 _
TV1I-2 |ijbLj’
7=1
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Hadronigation at the Amplitude Level

€

Event amplitude
genevralor

Construct helicity amplitude using Light-Front
Perturbation theory; coalesce quarks via LEWFs

APS Jacksonville
Ap;']; 16? 21(107 AdSigCD Stan Bl‘OdSky, SLAC




Diffractive Dissociation of Piovw

into- Quawrk Jety
E791 Ashery et al.
by ~0 (1/k)
l . X1 GJ
T X2, ka
A A

M x an ¢7r(«’17 kJ_)
Measure Light-Front Wowefunctiow of Piow
M inimal momentuwm tronsfer to- nuuclews

Nucleus left Intact!
AKIS)}];?:T::;Ie AdSSé QCD Stan Brodsky, SLAC




Key Ingredienty inv €791 Experiment

by ~0 (1/k.)

l X1, Ky Brodsky Mueller
{ R Frankfurt Miller Strikman
T X2, kJ_2

A A

|
Yy

Small color-dipole moment piovw not absorbed;
interacty witihveach nucleovw coherently
QCD COLOR Travusparency

. Mjy=A My
" —& ¢ do (A — qgA") = A2 92(xN — qgN') F3(1)
| N A
A Target left intact
Diffraction, Rapidity gap
Ails)}];ilz(;?;i;le Ad?l/ QCD Stan Brodsky, SLAC




Color Travusparency

Bertsch, Gunion, Goldhaber, sjb
A. H. Mueller, sjb

* Fundamental test of gauge theory in hadron physics
* Small color dipole moments interact weakly in nuclei
* Complete coherence at high energies

e (Clear Demonstration of CT from Diffractive Di-Jets

cksonville
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Mueller, sjb; Bertsch et al;
Frankfurt, Miller, Strikman

Measure piow LFWF i diffractive dijet productiov
Confurmaliow of color transparency

A-Dependence results: oo A®
k; range (GeV/c) Q. a (CT)
1.25 < k< 15 1.64 +0.06 -0.12 1.25
1.5 < k<20 1.52 £ 0.12 1.45
Ashery E791
20 < k<25 1.55 4+ 0.16 1.60

a (Incoh.) = 0.70 £ 0.1

Conwentional Glauwber Theory Ruled Out Factor of 7

!
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Key Ingredienty invAshery Experiment

by ~0 (1/k.)
l g S Eq
T - |
T X2 ka
A

Gunion, Frankfurt, Mueller, Strikman, sjb
Frankfurt, Miller, Strikman

Two-gluon exchange measures the second derivative of the piovw

light-front wawvefunctiow
q
2

™ M o =9 z, k

! ?—q 32;%%7( 9 J_)

I
N N
Ails)}lﬁil:(::;i;le Adss‘i QCD Stan Brodsky, SLAC




E~791 Diffractive Di-Jet transverse momentum distribution

g do Two Components
: dkr
kJ T
o4 — Gaussian High Transverse 65
momentum dependence kr™
consistent withv PQCD,
103 TRBL Evolution
, Gaussion component similar
102 ]‘ H to-AdS/CFT HO LFWF
172 14 16 18 2 22 24 26 28 3
kT (GeV)
APS Jacksonville AdS /QCD

April 16, 2007 Stan Brodsky, SLAC
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Prediction from AdS/CFT: Mesonw LFWF

2\ 0.15¢
Y (x, k J_) Harmonic oscillator

0.1 model
0.05¢
0
o _
9, de Teramond, sib
k| (GeV) 1. XKL > 9]
o4
drr(z, Qo) o /(1 — )
1.5
Agf)}]ﬁil:(;?:;le AdSS/?CD Stan Brodsky, SLAC




70

= 1.25 <k < 1.5 GeV/c L 1.5 <k <2.5GeV/c
60 50 [
50 — :
C 40 — ==
40 — - INF
- 30— 3
30— N
- 20 \
20— - .
10— o Jr
H | ;H | | L1 1 | L V] I_*—
% 1 % 06 08 1
X Ashery E791

Nawrrowing of x distribution at higher jet transverse momentum

x ' distribution of diffractive dijets from the platinum target for 1.25 < k; < 1.5 GeV/c (left) and for
1.5 < k; < 2.5 GeV/c (right). The solid line is a fit to a combination of the asymptotic and CZ distribution amplitudes.
The dashed line shows the contribution from the asymptotic function and the dotted line that of the CZ function.

Possibly two components:
Nonperturbative (AdS/CFT) and

Perturbative (ERBL)
AT Evolution to asymptotic distribution
acKson €
April 16, 2007 AdSé?CD Stan Bl’OdSky, SLAC




Space-time picture of DVCS P. Hoyer

N,

9F _ N
X —XJ_—O
UZ%LE_P+

The position of the struck quark differs by x~ in the two wave functions

Measure x- distribution from DVCS: 5
Take Fourier transform of skewness, = Q°
the longitudinal momentum transfer

S. J. Brodsky?, D. Chakrabarti’, A. Harindranath®, A. Mukherjee?, J. P. Vary®®/

cksonville
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AdS/CFT Holographic Model, ¢ d amond

¢(Ua bJ_)

APS Jacksonville
April 16, 2007

The front form

3 -dimensional photograph:
meson LFWF at fixed LF Time

AdSS/ SCD Stan Brodsky, SLAC




S. J. Brodsky?, D. Chakrabarti’, A. Harindranath®, A. Mukherjee?, J. P. Vary®®/

Hadron Optics

1 S
Afo,b1) = o= [ d¢e A, 0) o=y Pt (=2

80 | T | T | T T |

DVCS Amplitude using
holographic QCD meson LFWF

60

40

Aocp = 0.32

20

0

The Fourier Spectrum of the DVCS ampli-
tude in o space for different fixed values of

6] |. GeV units

ksonvill
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Hadvronw Dynamics at the
Amplitude Level

e LFWES are the universal hadronic amplitudes which
underlie structure functions, GPDs, exclusive processes.

e Relation of spin, momentum, and other distributions to
physics of the hadron itself.

e Connections between observables, orbital angular
momentum

e Role of FSI and ISIs--Sivers effect

cksonville
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Single-spinv
P Leading Twist

asymumelies
Sivers Effect
AN ¢
7 e-
current
quark jet
Y
15,4 X Pg
QCD S- and P-

final state

) . Coulomb Phases
Interaction

spectator

system
proton 11-2001
Light-Front Wawefunction, 000 D. S. Hwang,
S and P- Waves I. A. Schmidt,
sjb
R AdS/QCD Stan Brodsky, SLAC
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Featuwies of Light-Front Formalism
* Hidden Color Nuclear Wavefunction
o Color Transparency, Opagueness

o Intrinsic glue, sea quarks, intrinsic charm.

e Simple proof of Factorization theorems for hard processes
(Lepage, sjb)

® Direct mapping to AdS/CFT (de Teramond, sjb)

e New Effective LF Equations (de Teramond, sjb)

e Light-Front Amplitude Generator

Aif)}];il;fgﬁ‘;i;le Ad Sé?CD Stan Brodsky, SLAC




AdS/CFT and Integrability

* Conformal Symmetry plus Confinement: Reduce
AdS/QCD Equations to Linear Form

* (Generate eigenvalues and eigenfunctions using
Ladder Operators

* Apply to Covariant Light-Front Radial Dirac and
Schrodinger Equations

e L. Infeld, “On a new treatment of some
eigenvalue problems”, Phys. Rev. 59, 737 (1941).
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AdS/CFT LF Equation for Mesons with HO Confinement.
v =1L

- K - 26204 1) 4 M) 6,(0) =0
LF Hamiltonian

IV/F¢V — M3¢V Bilinear HZF — HZHV,

d? i 1 — 41?
d¢? 4(?

where .
d v+3
Hl/ - L 2 2
and its adjoint de Teramond, sjb
i (d v+s o,
HI/(C) — _Z dC + C + K’ C Y
with commutation relations
2+ 1
[HV(C)7 HZ(C)] — CQ o 2/{2'

cksonville
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AdS/CFT LF Equation for Mesons with HO Confinement.

?  1-4a? ) 2
(d_@_|_ e — Kk°C —QK(V+1>+M>¢V(C)_O
d v+s
Define bl — —ZH,/ _d§+ C2+/€2C
d v+1
b,,:d—c—i— 1_2—|—/f2§ bibl/:bl/—l—lbi—l—l

Ladder Operator bi|v) = culv + 1)

¢~ ¢

cksonville
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Ov(2) = OZl/QJFV@_KQCQ/QGV(O»

2¢G,(x) — G'(x) = Gy (x)
defines the associated Laguerre function LYt (x?%)

¢1/( ) _ V21/2+V€_K2<2/2LV(//M' C )

M? — M? — 2K%,
Subtract Vacuum

Energy

1
M? = 4K*(n + v+ 5)

cksonville
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f, (2050)
a, (2040)

5-2006
8694A15

J = L + 1 vector meson Regge trajectory for x ~ 0.54 GeV

APS Jacksonville
April 16, 2007

AdS/QCD
63

Stan Brodsky, SLAC




New Perspectives for QCD fromAdS/CFT

LFWFs: Fundamental frame-independent description of
hadrons at amplitude level

Holographic Model from AdS/CFT : Confinement at large
distances and conformal behavior at short distances

Model for LEWFs, meson and baryon spectra: many
applications!

New basis for diagonalizing Light-Front Hamiltonian

Physics similar to MI'T bag model, but covariant. No
problem with support o <x < 1.

Quark Interchange dominant force at short distances

APS Jacksonville AdS/QCD Stan Brodsky, SLAC

April 16, 2007
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CIM: Blankenbecler, Gunion, sjb

A, |

Uu

Quark Interchange Gluonw Exchange
(Spinv exchange inv atom- (Vo der Waall - -
atom scattering) Landshoff)

do _ |M(s,t)|?
dt ~— 52
M(t, U)interchange X # M (s, t)gluonexchange oc sF'()

MIT Bag Model (de Taw), lawrge N, (‘tHooft), AAS/CFT
all predict dominance of quawk interchange:

Ails)}];il:(:::;le Ad S;QCD Stan Brodsky, SLAC




|
A 70 Gevic
o KT 10 Geve
O K5 Gevwe

S —

=== Quark Interchange

APS Jacksonville
April 16, 2007

O
cos Be m.

AdS/QCD

AdS/CFT explaing why
quawk interchange is
dominant
momentum trownsfer
inv exclusive reactions

1
M (t,u)interchange X -2

Non-linear Regge bebavior:

ap(t) — —1

Stan Brodsky, SLAC




Why is quark-interchange dominant over gluon
exchange?

Example: M(Ktp — KTp) 712
Exchange of common u quark
Mory = [ d%k, dx 1051#})&%1103
Holographic model (Classical level):

Hadrons enter 5th dimension of AdSs

Quarks travel freely within cavity as long as

separation z < zg = /\Qch

LFWFs obey conformal symmetry producing
quark counting rules.

cksonville
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VOLUME 60, NUMBER 12 PHYSICAL REVIEW LETTERS 21 MARCH 1988

Comparison of Exclusive Reactions at Large ¢

B. R. Baller,® G. C. Blazey,® H. Courant, K. J. Heller, S. Heppelmann, > M. L. Marshak,
E. A. Peterson, M. A. Shupe, and D. S. Wahl @
University of Minnesota, Minneapolis, Minnesota 55455

D. S. Barton, G. Bunce, A. S. Carroll, and Y. I. Makdisi
Brookhaven National Laboratory, Upton, New York 11973

and

S. Gushue® and J. J. Russell

Southeastern Massachusetts University, North Dartmouth, Massachusetts 02747
(Received 28 October 1987; revised manuscript received 3 February 1988)

Cross sections or upper limits are reported for twelve meson-baryon and two baryon-baryon reactions
for an incident momentum of 9.9 GeV/c, near 90° c.m.: #p—pr¥ pp T xta* Ktz * (AYZO)K
K*p—pK¥; prtp—pp*. By studying the flavor dependence of the different reactions, we have been
able to isolate the quark-interchange mechanism as dominant over gluon exchange and quark-antiquark

annihilation.
kts s Kt T d g K*
xtp—pr, ’ |
|
Kip—’PKi, u u u S o
l a A
P U u p P u
ntp—pp~, d GEx d : d ANN  d
rtp—ata®, (s skt d d K°
+ + u . l . S
rfp—K¥tz¥, |
-, AOE0 500 u u I u S 4o
T p— AKLEKD P U upP P d d A
d QIN d u COM u

prp—pp*.




Use AdS/CFT ovthonormal LFWFs

as o basis for diagonalizging
the QCD LF Hamiltoniowv

* Good initial approximant

* Better than plane wave basis Pauli, Hornbostel, Hiller,
McCartor, sjb

* DLCQ discretization - highly successful 1+1

* Use independent HO LFWFs, remove CM

motion Vary, Harinandrath, sjb

e Similar to Shell Model calculations

cksonville
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Light-Front QCD
Heisenberg Equation

CD
HESP W) = M2 (W)

DLCQ

1
n  Sector qq

qaqag

8
099999

10 1

12

9999 | 949999 | 99qdgg {99qaadg

13
qqqaqaag

qq

A& ]
el

. N
g ooawe | - | - | | - | F

Y A A A E

_ g 11 qaqagy . . . ;}
k,c k,o

12 qaqqqqg
(c)

AL LA A ]

2
g9
1 T
2 g9 I .
- Ps 3 dqg | - >- E
(a)
¢ @a | oF | - <
Lf\/\f‘((/}{/w s owe | - | O ‘
o | e [T [T <
i Ps 7 qdqig .
(b)
8 qaqdag . >w
5,3’7 P 9 9999 ;;?N .
};
<

13 q4q94dqq

Y

Use AdS/QCD busis functions
APS Jacksonville
April 16, 2007 Ad Sé?CD

Stan Brodsky, SLAC




String Theovy

;

Mapping of Poincowe and

AdSI/CFT Conformal SO (4,2) symumetries of
3+1 space
Goal: First Approximant to-QCD } e
Counting rules for Hawds ’
E i~y g I Confor% behawior at short
Regge Trajectoriey AdS(QCD + Confinement at lowge
QCD at the Amplitude Level + distonce

Semi-Classical QCD / Wave Equations

'

Holography

Boost Irwarionk 3+1 LLg%w-From': Wawve Equations

J=0,1,1/2,3/2 plus L ¥

Integrable!

Hadrow Spectray Wa/vleﬁ/wwﬁovw, Dynawmics

APS Jacksonville
April 16, 2007 AdS;?CD

Stan Brodsky, SLAC




AdS/QCD

e New initial approximation to QCD based on conformal
invariance, and confinement

* Underlying principle: Conformal Window

e AdSs: Mathematical representation of conformal gauge
theory

e Systematically improve using DLCQ
* Successes: Hadron spectra, LEFWFs, dynamics

e QCD at the Amplitude Level

cksonville
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AdS/CFT and QCD

Bottom-Up Approach

Nonperturbative derivation of dimensional counting rules of hard exclusive glueball scattering
for gauge theories with mass gap dual to string theories in warped space:
Polchinski and Strassler, hep-th/0109174.

Deep inelastic structure functions at small x:
Polchinski and Strassler, hep-th/0209211.

Derivation of power falloff of hadronic light-front Fock wave functions, including orbital angular
momentum, matching short distance behavior with string modes at AdS boundary:

Brodsky and de Téramond, hep-th/0310227. E. van Beveren et al.

Low lying hadron spectra, chiral symmetry breaking and hadron couplings in AdS/QCD:
Boschi-Filho and Braga, hep-th/0212207; de Téramond and Brodsky, hep-th/0501022; Erlich, Katz,
Son and Stephanov, hep-ph/0501128; Hong, Yong and Strassler, hep-th/0501197; Da Rold and Po-
marol, hep-ph/0501218; Hirn and Sanz, hep-ph/0507049; Boschi-Filho, Braga and Carrion, arXiv:hep-
th/0507063; Katz, Lewandowski and Schwartz, arXiv:hep-ph/0510388.
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e Gluonium spectrum (top-bottom):
Csaki, Ooguri, Oz and Terning, hep-th/9806021; de Mello Kock, Jevicki, Mihailescu and Nunez,
hep-th/9806125; Csaki, Oz, Russo and Terning, hep-th/9810186; Minahan, hep-th/9811156; Brower,
Mathur and Tan, hep-th/0003115, Caceres and Nunez, hep-th/0506051.

e D3/D7 branes (top-bottom):

Karch and Katz, hep-th/0205236; Karch, Katz and Weiner, hep-th/0211107; Kruczenski, Mateos,
Myers and Winters, hep-th/0311270; Sakai and Sonnenschein, hep-th/0305049; Babington, Erd-
menger, Evans, Guralnik and Kirsch, hep-th/0312263; Nunhez, Paredes and Ramallo, hep-th/0311201;
Hong, Yoon and Strassler, hep-th/0312071; hep-th/0409118; Kruczenski, Pando Zayas, Sonnen-
schein and Vaman, hep-th/0410035; Sakai and Sugimoto, hep-th/0412141; Paredes and Talavera,
hep-th/0412260; Kirsh and Vaman, hep-th/0505164; Apreda, Erdmenger and Evans, hep-th/0509219;
Casero, Paredes and Sonnenschein, hep-th/0510110.

e Other aspects of high energy scattering in warped spaces:
Giddings, hep-th/0203004; Andreev and Siegel, hep-th/0410131; Siopsis, hep-th/0503245.

e Strongly coupled quark-gluon plasma (n/s = 1/47r):
Policastro, Son and Starinets, hep-th/0104066; Kang and Nastase, hep-th/0410173 ...
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* Jack Gunion e Dae Sung Hwang

e Al Mueller e John Hiller

e Chris Pauli e Ivan Schmidt

e Kent Hornbostel
*  Guy de Teramond ent Hornboste
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SCIENCE VOL 265 15 SEPTEMBER 1995

A Theory of Everything Takes Place

String theorists have broken an impasse and may be
on their way to converting this mathematical
structure — physicists’ best hope for unifying gravity
and quantum theory -- into a single coherent theory.

Frank and Ernest

l + Vx Kk %{'}fi}{' ” av = | thought | had
m VS ¥ (K@ ﬁhﬂlr‘_"ﬂjhx'—_ #  discovered the

;'“ e ﬁ.t& "'-i'r”h:-f Tol(wtR) f:ﬁ,J il ~, Theory of Everything
“ '.3 < \,H But everything

X
"-T;?) !: ﬂﬁi Mﬂ rl }i{/ &Ef canceled out !
! _ "___._.__...__.,____._______ lg=15
g, e —— § t han i _ TrARER J

Copyright (c) 1994 by Thaves. Dustributed from www. ihecomics.com.

cksonville
AKIS)}]; 16f ;07 Ad Sé?CD Stan Brodsky, SLAC






