|P>Sz = E ‘Pn(xiazj_ia}\'i) \n;%Li,N >
n=3

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

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

are boost invariant; they are independent of the hadron’s energy

and momentum P*.
The light-cone momentum fraction

A

l

p+ _p0_|_Pz

X —

are boost invariant.

zkj = pt. Ex,- =1, Eic} =0t
Intrinsic heavy quarks  u(z) # d(x)
Mueller: BFKL DYNAMICS s(x) #= s(x)

Fritzsch Symposium AdS/QCD
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%
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Fixed LF time

Stan Brodsky
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Light Antiquark Flavor Asymm-

I(z)/u 015 <z < 0.
Nadive Assumption d(x)/u(x) for 0.015 <z < 0.35

from gluon splitting: 225 1 /
. B ER06
2 - —h— A NASI

d(z) = u(z) MRS
CTEQ4m

CTEQO

w

025 F FE866 Systematic Error

B E866/NuSea (Drell-Yan)

-I L1 __1 I. 11 I I L1 I Ll % i i .l 1
0 0 0.1 0.2 0.3 0.4 0.5 0.0
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L W‘ F ront Q CD Heisenberg Matrix

Formulation

-D CD PhyS?;CGJl gauge: AT =0
7QRCD _| ng %Z\
QCD m? + k2 t A
H Z[ ] Hzn .
i aj Ll r\f\f&/\fu
HY: Matrix in Fock Space i
(b)
D . )
Eigerwalues and Eigensolutions give Hadron o ] o

Spectrum and Light-Front wawvefunctions

DLCQ: Periodic BC in z~. Discrete k™; frame-independent truncation
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(

LIGHT-FRONT SCHRODINGER TQUATION

:

-

22 2
M2 — Z ﬁi*:m,‘)

.
=+

[
—

AT =0

Fritzsch Symposium
June 6,2008

CYare | [ {a@lVieq  {(q7]V lggg) 1 T g/
Yogere | = | (6891 V Igq) (qaglVieGg) -+ | | Vggetn
U + - -g L'L'L_ 50 i e
G Pl I ; ) g}=

| .
i | i_- LK L )
G.P. Lepage, sjb
AdS/QCD Stan Brodsky
60 SLAC & IPPP
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Light-Front QCD

DLCQ

CD 2
Heisenberg Matrix Q |\Ijh >=M |\Ijh c Discretized Light-Cone
Formulation Quantization
1 2 3 4 5 6 7 8 9 10 1 12 13
n  Sector qq a9 qag qaqq g9 qagg | q4qdg | 99qdqd | 9999 qq999 | 999999 {999999 g |adqdqqaqg
kA 1 q 3: - I
U LN R =
s e s @y | >- | o <
@ eoaa | oF | o | > T
SRV N N B I P
oy e LA N Dl D
KA os |7 aqae | - T [
o 8 qiqiaa - :
5.5 DS 9 9999 . T I
] § ] 10 qdggg N I :
— . 1 qiaagg R I
<o o “* i daans - : S
c
=i

13 q9aqqa Qﬁl

Eigenvalues and Eigensolutions give Hadron
Spectrum and Light-Front wavefunctions

DLCQ: Frame-independent, No-fermiovw doubling; Minkowski Space

H.C. Pauli & sjb
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Heisenberg Equatiovw

Light-Front QCD

CD
HEG | Wh) = M3 [Wy)

%lzz\

p.s’ P,S
(a)

p,s’ k,A

Eammanns AVAVAVAVAVAVS
Y/
V4

f}/\f\/\f =

kA p,S
(b)

p.s p,s

kG Kk,
(c)

n  Sector

qqqqg

8
qqqqqg

10
qa999

1
qq 99 g9

12
qqaqaag

13
qqqqqdag

qq

a9

999

><
M<

999

FALA A || B e

1
2
3
4 qqqg
5
6

qqgg

7 qqaag

8 qdqqag

A& |

9 9999

10 qqggg

" qaqagg

-
=8

12 qdqaqqg

SRl
| Y |

LA s R

Use AdS/QC

13QﬁQ§QﬁQﬁ|

A

Fritzsch Symposium
June 6, 2008

D basis functions

AdS/QCD

62

Stan Brodsky
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Use AdS/CFT ovthonormal LFWFs

as v basis for diagonalizing
the QCD LF Hamiltoniown

* Good initial approximant: generates all Fock
states

Pauli, Hornbostel, Hiller,

* Better than plane wave basis McCartor, b

* DLCQ discretization -- highly successful 1+1

* Use independent HO LFWFs, remove CM

: Vary, Harinandrath, Maris, sjb
motion

e Similar to Shell Model calculations

Fritzsch Symposium AdS/QCD Stan Brodsky
June 6, 2008 63 SLAC & IPPP
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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

Fritzsch Symposium AdS/QCD Stan Brodsky
June 6, 2008 64 SLAC & IPPP



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< 2 W(zg) =0 ZO_AQCD
Fritzsch Symposium AdS/QCD Stan Brodsky

June 6, 2008 65 SLAC & IPPP



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
Havrd wall model: truncated space

b(z =129 = 3,) =0.

Fritzsch Symposium AdS/QCD Stan Brodsky
June 6, 2008 66 SLAC & IPPP
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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.

Fritzsch Symposium AdS/QCD Stan Brodsky
June 6, 2008 67 SLAC & IPPP
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T T T 4 T T T T T T T
3L i
2+
(2)
D(2) 2 i 0
1r T 2
0 | 0 | . | ) -4 I I I I I I I
52007 O 1 2 3 4 ooy © 1 2 3 4
8721A18 4 8721A19 V4

Fig: Orbital and radial AdS modes in the hard wall model for AQCD =0.32 GeV .

| T
. (2050)
S =1 a4 (o4

p (1700)
P4 (1690)

a, (1450)
a, (1320)

f, (1270)
a, (1260)
. | . |

1-2006
8694A16 L L

Fig: Light meson and vector meson orbital spectrum Agcp = 0.32 GeV

Fritzsch Symposium 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)
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

Fritzsch Symposium AdS/QCD Stan Brodsky
June 6, 2008 69 SLAC & IPPP
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2-2007 0
8721A20

2-2007
8721A21

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

[ ' [ [ ' [
@ S=0 1
—~ 4 I —
N% n, (1670)
O |
S 2p |
mt (140)
0
0 2 4
gézget%g L
Light meson orbital (a) and radial (b) spectrum for k = 0.6 GeV.
Fritzsch Symposium AdS/QCD Stan Brodsky
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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).

Fritzsch Symposium AdS/QCD Stan Brodsky
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Oz(t) 61 V,,,*d/ [fG]a[QG]
,'«’)’«x
S Lo | ps]
,'x’y
»*'/
4 A as, fa
"’,)’y‘)
3 - Vﬁ"", w3, P3
»",’y
’*y
2 7 fa, a0
1
a(t) =~ 5 + 0.9¢
1 b .« pw (t) 2 T
O |
0 1 2 3 4 ) 6 / 8

t (GeV?)
AdS/QCD Soft Wall Model -- Reproduces Linear Regge Trajectories
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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

AdS/CFT
where 7 = A,, — 0, 05, = 2?’21 o;. The twist is equal to the number of partons, 7 = n.

FQY) ~ |

Fritzsch Symposium AdS/QCD Stan Brodsky
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Spouoewce/pwwforwvfad‘or ﬁfcrwvAd/S/CFT

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

Fritzsch Symposium AdS/QCD Stan Brodsky

June 6, 2008 4 SLAC & IPPP
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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 :

Fritzsch Symposium AdS/QCD tan Brodsky
June 6, 2008 5 SLAC & IPPP
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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 - = ~
F(¢®) = /dac/d%L eszL-qu(%b)‘? Soper
0
1 00
= 27T/ dx/ b db Jy (bgx)
0 0
Fritzsch Symposium AdS/QCD Stan Brodsky

June 6, 2008 =6 SLAC & IPPP
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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

Fritzsch Symposium AdS/QCD Stan Brodsky
June 6, 2008 7 SLAC & IPPP

77



e Electromagnetic form-factor in AdS space:
2
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 ¢ = z, 0 < ¢ < Aqcp

Fritzsch Symposium AdS/QCD Stan Brodsky
June 6, 2008 8 SLAC & IPPP
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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

Fritzsch Symposium AdS/QCD Stan Brodsky
June 6, 2008 79 SLAC & IPPP
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tolography:
Map AdS/CFT to- 3+1 LF Theory

Relatvistic LF radial equation Frame Independent

V()] 6(0) = M26(Q)

G. de Teramond, sjb

(2 _= x(1l — x)bi

|

—

by

(1—-2)

Effective conformal 1 — 47
potential: V(¢) = 4¢2
-+ /{4 C 2 confuning potential;
Fritzsch Symposium AdS/QCD Stan Brodsky

June 6, 2008 So SLAC & IPPP
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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

Fritzsch Symposium AdS/QCD Stan Brodsky
June 6, 2008 S1 SLAC & IPPP
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Consider the Ad.S5 metric:

ds?® = f—;(nwdx“dx” — dz?).

ds? invariant if # — \x#, z — AZ,

Maps scale transformations to scale changes of the the holographic coordinate z.
We define light-front coordinates ¥ =20 4+ 23

Then n*dxdx, = drg® — dxs® — dr,? = dotde™ — dw, ?

and
Light-Front Adss Dualit

2

o ds?isinvariantif dz | %2 — A2dx | 2, and z — Az, at equal LF time.

e Maps scale transformations in transverse LF space to scale changes of the holographic coordinate z.

e Holographic connection of AdSs to the light-front.

e The effective wave equation in the two-dim transverse LF plane has the Casimir representation L?
corresponding to the SO(2) rotation group [The Casimir for SO(N) ~ SN Vis L(L + N — 2) 1.

Fritzsch Symposium AdS/QCD Stan Brodsky
June 6, 2008 S> SLAC & IPPP
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Example: Pion LFWF

e Two parton LFWF bound state:

~ Aqgepyz(1 — ) A2
HW (2,b)) = =22 I (Ve —2)|b Aoen) 0 (b2 < —2QCD_
wqq/w($7 J-) ﬁJ1+L(6L,k) L( iU( .CE) ’ J_|6L,k: QCD) 1L = IE(]. — l’) ,

~

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

TS \
ST

| TR 0.2

TR v\\\\‘\\ \.

o)

5: 'O “‘“““‘““ \ TR

= TR
“\\‘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.

Fritzsch Symposium AdS/QCD Stan Brodsky
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Prediction fromAdS/CFT: Meson LFWF

Fritzsch Symposium AdS/QCD
June 6, 2008 84

de Teramond, sjb

“Soft Wall”

model

k = 0.375 GeV

massless quarks

drr(x, Qo) o Jz(1 — )

Stan Brodsky
SLAC & IPPP
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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.
Fritzsch Symposium AdS/QCD Stan Brodsky
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0. (%)

2_|_|_|_|_I_I_I_|_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

1.5 — B

/

(,basympt ~ CC(l — .CC)

AdS/CFT:

¢(z, Qo) o /(1 — )

Fritzsch Symposium AdS/QCD

June 6,2008 86

Stan Brodsky
SLAC & IPPP
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Lepage, sjb C. Ji, A. Pang, D. Robertson, sjb
Choi, Ji
167Cray(Qy)
(1=x)(1=y)Q°

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

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

Fritzsch Symposium AdS/QCD Stan Brodsky
June 6, 2008 8~ SLAC & IPPP
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Hadronigation at the Amplitude Level

Capture if (* = z(1 — 2)b3 > =
. QCD

AdS/QCD
Hard Wall | 1-©-

88



&+ V(] 60 = M2(0)

de Teramond, sjb

46

(1—2)

¢ =/z(1—2)2  Holographic Variable

d _ Kk LF Kinetic Energy in
d¢z — x(l—x) momentum shace

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

2 2 2 2 2 2

d - d | m7 | ms :kL—I—ml | ki +m5
d¢? d¢? X l1—=x x l1—x
Fritzsch Symposium AdS/QCD Stan Brodsky
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Resuldt: Soft-Wall LFWF for massive constituenty
dme . (a:(lixfrnﬁ _I_lni%m)

ky/2(1 — )

LF WF i impact space: soft-wall model

Wﬂf;kL) —

with massive quarks
2 2
CK —12z(1—2)b% — 4 {ml ’”12}
blaby) = S5 all =y TR R
z— (=X
1 m? m3
*=b’z(1 —x) L 2
= bl =)+ — [+
Fritzsch Symposium AdS/QCD Stan Brodsky
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k = 0.375 GeV

Fritzsch Symposium
June 6,2008

b[GeV ']

m, = mp = 1.25 GeV

AdS/QCD
oI

Stan Brodsky
SLAC & IPPP
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Q.

-~

1, >= |bb >

k=375 MeV

92



e Baryons Spectrum in "bottom-up” holographic QCD

GdT and Brodsky: hep-th/0409074, hep-th/0501022.

Bawyons ivv
Ads/CFT

e Action for massive fermionic modes on AdS;1:

S, U] = /dd+1:z: VI Y(z,2) (iFEDg -~ ,u) U(x, z).
e Equation of motion: (iFng — ,u) U(x,z) =0

- Im d 14

[z (zn 'O, + §Fz) + ,LLR] U(z") = 0.

Fritzsch Symposium AdS/QCD Stan Brodsky
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0

1-2006

8694A14

— (a)

l=1/2

N (1700)
N (1675)
N (1650)
N (1535)
N (1520)

.~
7

N (2250)

N@190) 7
7

x

(b)

| =3/2

A (1700)
A (1620)

A (1950
A (1920
A (1910
A (1905

)
)
)
)

A (2420)

Fig: Light baryon orbital spectrum for Agcp = 0.25 GeV in the HW model. The 56 trajectory corresponds to L

even P = -+ states, and the 70 to L odd P = — states.

Fritzsch Symposium
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AdS/QCD
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Stan Brodsky
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SU6) S L Baryon State
56 L1 o0 N17(939)
_|_
5 g A27(1232)
(VR Nz (1535) N2 (1520)
2 1 N3 (1650) N2 (1700) N3 (1675)
L A5 (1620) Az (1700)
= =
56 1 2 N27(1720) N27(1680)
3 2 ALT(1910) A27(1920) AZT(1905) ALT(1950)
70 1 3 N3~ NI
3 3 N2~ N& NI7(2190) N2 (2250)
L3 A2 (1930) AL~
56 L 4 NIT  N2T(2220)
3 5+ 7+ 9+ 11+
70 L1 5 N3 N (2600)
3 7 9~ 11~ 13—
5 5 N3 N3 N5 N3
Fritzsch Symposium AdS/QCD SSItJaAI;:B&rOI(;)Skﬁ

June 6,2008

95

95



Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

Fo@®) = gs / a¢ J(Q, Q)+ (O

2 2
FL@) = o [ IOl (O,
where the effective charges g+ and g_ are determined from the spin-flavor structure of the theory.

e Choose the struck quark to have S* = +1/2. The two AdS solutions 14 (¢) and 1/ (() correspond
to nucleons with J* = +1/2 and —1/2.

e For SU(6) spin-flavor symmetry

F@Q@) = [d1@.01+ P,
F@) = -3 [ dC1@.0 [0+ OF - [v-(0)F].

where F7'(0) = 1, F{*(0) = 0.

Fritzsch Symposium AdS/QCD Stan Brodsky
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e Scaling behavior for large Q%:  Q*FP(Q?) — constant | Proton 7 = 3

9-2007
8757A2 Q? (G eV2)

SW model predictions for k = 0.424 GeV. Data analysis from: M. Diehl et al. Eur. Phys. J. C 39, 1 (2005).

Fritzsch Symposium AdS/QCD Stan Brodsky
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Dirac Neutron Form Factor
(Valence Approximation)

Truncated Space Confinement

Q4Fn (Q2> [GeV4

Q* [GeVv?]

Prediction for Q4F{L(Q2) for Aqcp = 0.21 GeV in the hard wall approximation. Data analysis from
Diehl (2005).

Fritzsch Symposium AdS/QCD Stan Brodsky
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Spacelike Paudi Form Factor

Preliminary
From overlap of L =1 and L = 0 LEWFs
2 ¢
' Harmonic Oscillator
. Confinement
- Normalized to anomalous
LoZ j moment
p 2\ |
Fy(Q7)
1t
| k= 0.49 GeV
0.5]
e
0 1 2 3 4 5 6
QQ(GGVQ) G. de Teramond, sjb
Fritzsch Symposium AdS/QCD Stan Brodsky
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Holographic Connection
between LF and AdS/CFT

* Predictions for hadronic spectra, light-front
wavefunctions, interactions

* Deduce meson and baryon wavefunctions,
distribution amplitude, structure function from
holographic constraint

* Identification of Orbital Angular Momentum
Casimir for SO(2): LF Rotations

* Extension to massive quarks

Fritzsch Symposium AdS/QCD Stan Brodsky
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New Perspectives for QCD fromAdS/CFT

e 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 LFWFs, meson and baryon spectra: many
applications!

* New basis for diagonalizing Light-Front Hamiltonian

* Physics similar to MIT bag model, but covariant. No
problem with support o < x < 1.

* Quark Interchange dominant force at short distances
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CIM: Blankenbecler, Gunion, sjb

Uu
Quawk Interchange Gluon Exchange
(Spinv exchange inv atom- (Vo der Waal - -
atom scattering) Landshoff)
do _ |M(s.t)|?
dt 52
1
M(t, U)interchange 08 O M (s, t)gluonexchange ox sF(t)

MIT Bag Model (de Tar), large Nc, (CHooft), AdS/CFT
all predict dominance of quawk interchange:
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S

(do/dt)/(do/dt) g0

Q
O

A 770 GeVi
10° +

C K’ 10 Gevitc
o KY5 Gevie

AdS/CFT explaing why
quawk interchange is
dominant

momentum tronsfer

| inexclusive reactions

1
M (t,u)interchange X -2

Non-linear Regge bebavior:

ap(t) — —1
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dgdi i
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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. Wah!?
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/e, near 90° cm.: n~p—pr T pp T a*a* K ¥ (AYZOKO,
K*p—pK* . p*p—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 k| T d d K
. - u u U S
rTp—pr—, |
|
Kip—"pxi, L u { v S o
P u u p P U u A
rtp—pp T, d GEXx d : d ANN d
xtp—xta®, kts g gt | md d K°
+ 4 u u | u =
ntp—K*tz*, 1
= o AOEO 0RO u u | u s 3
T p AK1EK+ P u u pP [ P d d lﬁi.
d QIN d U COM u

- +
p—p—pp—.
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New Perspectives on QCD
Phenomena from AdS/CFT

* AdS/CFT: Duality between string theory in Anti-de
Sitter Space and Conformal Field Theory

» New Way to Implement Conformal Symmetry

* Holographic Model: Conformal Symmetry at Short
Distances, Confinement at large distances

* Remarkable predictions for hadronic spectra,
wavefunctions, interactions

* AdS/CFT provides novel insights into the quark
structure of hadrons
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Light-Front Wavefunctions

Dirac’s Front Form: Fixedt=1r+z/c

ll) X,kJ_ =

Inwowriant under boosty.  Independent of P
HE: [ >= M|y >
Remawkable new insighty fromAdS/CFT,

the duality between conformal field theory
and Anti-de Sitter Space

Fritzsch Symposium AdS/QCD Stan Brodsky
June 6, 2008 106 SLAC & IPPP

106



Some Applications of Light-Front Wawvefunctions

Exact formulae for form factors, quark and gluon distributions;
vanishing anomalous gravitational moment; edm connection to
anm

Deeply Virtual Compton Scattering, generalized parton
distributions, angular momentum sum rules

Exclusive weak decay amplitudes

Single spin asymmetries: Role of ISI and FSI
Factorization theorems, DGLAP, BFKL, ERBL Evolution
Quark interchange amplitude

Relation of spin, momentum, and other distributions to physics of
the hadron itself.
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SP%C@-t’UVVw/ PLCtW@ O‘IC DVCS P. Hoyer

N,

*

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

Measure x- distribution from DVCS:
Take Fourier transform of skewness, £ — QQ—
the longitudinal momentum transfer e

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

Hadron Optics

N -1 - -
A(o,b)) = 2 [dee'257 A(,b)) 1 _ Q%
L 2 L O — §£U P_I_ € 2p.q

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

b |. GeV units
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Quawk ond Glwonw condensates

reside within hadrons, not vacuuun
Shrock, sjb

* Bound-State Dyson-Schwinger Equations

* LF vacuum trivial up to k* =0 zero modes
* Analogous to finite size superconductor

* Implications for cosmological constant --
reduction by 55 orders of magnitude!

Confined QCD Condensates
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String Theovy

} Mapping of Poincawe’ and
'AUDS/CFT Conformal SO (4,2) symwmetivies of 3

+1 space
Goal: First Approximant to-QCD Tor ASS e
Counting rules for Howrd Cond L behovior at short
Exclusive Scattering distonces
Regge Trajectories AdS(QCD + Confinement at lawrge
QCD at the Amplitude Level radiede

Semi-Classical QCD / Wave Equations

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

Hadrow Spectra, Wavefunctions, Dynawmics
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Light-Front Holography and AdS/QCD Correspondence.
Stanley J. Brodsky, Guy F. de Teramond . SLAC-PUB-13220, Apr 2008. 14pp.
e-Print: arXiv:0804.3562 [hep-ph]

Light-Front Dynamics and AdS/QCD Correspondence: Gravitational Form Factors of Composite
Hadrons.

Stanley J. Brodsky (SLAC) , Guy F. de Teramond (Ecole Polytechnique, CPHT & Costa Rica U.) . SLAC-
PUB-13192, Apr 2008. 12pp. e-Print: arXiv:0804.0452 [hep-ph]

AdS/CFT and Light-Front QCD.

Stanley J. Brodsky, Guy F. de Teramond . SLAC-PUB-13107, Feb 2008. 38pp.

Invited talk at International School of Subnuclear Physics: 45th Course: Searching for the "Totally Unexpected"
in the LHC Era, Erice, Sicily, Italy, 29 Aug - 7 Sep 2007.

e-Print: arXiv:0802.0514 [hep-ph]

AdS/CFT and Exclusive Processes in QCD.
Stanley J. Brodsky, Guy F. de Teramond . SLAC-PUB-12804, Sep 2007. 29pp. Temporary entry
e-Print: arXiv:0709.2072 [hep-ph]

Light-Front Dynamics and AdS/QCD Correspondence: The Pion Form Factor in the Space- and Time-
Like Regions.

Stanley J. Brodsky (SLAC) , Guy F. de Teramond (Costa Rica U. & SLAC) . SLAC-PUB-12554, SLAC-
PUB-12544, Jul 2007. 20pp.

Published in Phys.Rev.D77:056007,2008.

e-Print: arXiv:0707.3859 [hep-ph]
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