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Bawyov Spectvruwm

e Baryon: twist-three, dimension % + L

Oo,p =¥Diy ... DDy, ... Dy yp, L= 4

2
1=1

Wave Equation: |[2° 07 — 320, + 2°M* — L1 +4] fi(2) =0

with L. = L+ 1, L_ = L + 2, and solution
U(z,z) = Ce ;2 {JH_L(ZM) uy (P) + Joyr(zM) u_(P)]

e 4-d mass spectrum U(zx, z,)T =0 = parallel Regge trajectories for baryons !

M = BayAqeob, ok = Bat+1,6MQeD.

e Ratio of eigenvalues determined by the ratio of zeros of Bessel functions !

D AdS/QCD
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Entire light

Predictions Only one & barvon
ua arvo
of AdS/CFT parameter! 1 Y
SpCCtI' um
! I ! I ! N (22300) .
8- @ 1=1p /// 7]
. N (2250) g
< 6 N (2190) —
& | umo
Nv 4 N (1650) //(
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8694A14

Fig: Predictions for the light baryon orbital spectrum for AQC p = 0.25 GeV. The 56 trajectory corre-

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

Guy de Teramond

B
AdS/QCD Sl
UCD
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Glueball Spectrum
e AdS wave function with effective mass :
(2202 — (d — 1)z 0, + 2° M?* — (uR)?] f(2) = 0,
where ®(z, 2) = e~ f(z) and P,P* = M?.

e Glueball interpolating operator with twist -dimension minus spin- two, and conformal dimen-
sion 4+ L

Osrr = FDyy, ... Dy F,
where L = " | ¢; is the total internal space-time orbital momentum.

e Normalizable scalar AdS mode ( d = 4):
(I)oz,k (ac, Z) — Oa,ke_iPOIZQJa (Z Ba,aAQCD)
with o = 2 + L and scaling dimension 4+ L.
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Glueball Regge trajectories from gauge/string duality and the

Pomeron

Henrique Boschi-Filho,* Nelson R. F. Braga,” and Hector L. Carrion*

Instituto de Fisica, Universidade Federal do Rio de Janeiro,

T T T T T T T T T T 1
T T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40 5 10 15 20 25 30

M (GeV?) M (Gev?)

Neumann Boundary Conditions Dirichlet Boundary Conditions
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Hadronic Form Factor in Space and Time-Like Regions

e The form factor in AdS/QCD is the overlap of the normalizable modes dual to the incoming
and outgoing hadron ®; and ®r and the non-normalizable mode J, dual to the external
source (hadron spin o):

< dz
F(Q2)1—>F _ 17:{3—1—20‘/0 me(3+20)A(Z>¢F(2) J(Q,z) (I)](Z)

2

o dz
R3120 /0 a5 Or(2) J(Q,2) 21(2),

e J(Q, z) has the limiting value 1 at zero momentum transfer, F'(0) = 1, and has as boundary
limit the external current, A* = e e'? J(Q, z). Thus:

I = i = 1.
Jm J(Q, 2) = lim J(Q, 2)

e Solution to the AdS Wave equation with boundary conditions at () = 0 and z — O:

Polchinski and Strassler, hep-th/0209211; Hong, Yong and Strassler, hep-th/0409118.

Con AdS/QCD
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Hadron Form Factors from AdS/CFT

e Propagation of external perturbation suppressed inside AdS.

® At large Q2 the important integration region

isz~1/Q.

2 — dz
J(Q,2), ®(z) F(Q)—F =] 3Pr(2)J(Q,2)P(2)

0.6 Polchinski, Strassler
de Teramond, sjb

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

L General result from
Q? AdS/CFT
mn

where 7 = A,, — 0,,, 0, = Zq;:1 o;. The twist is equal to the number of partons, 7 = n.

] r—1 Dimensional Quark Counting Rules:

FQ) -~ |

Con AdS/QCD
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Spwceb]c@pmformfmotor fro-wvAd/S/CFT

-1.5 -1

¢°(GeV?)

-6 -4
¢*(GeV?)
Data Compilation from Baldini, Kloe and Volmer

Harmonic Oscillator Confinement

Truncated Space Confinement

One parameter - set by pion decay constant. € el el
ueD AdS/QCD
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Spacelike and Timelike Piow form factor from AdS/CFT

SRR 2 | G. de Teramond, sjb
‘ Fr(q*)

£ & | One parameter -
| E" | setby piondecay
0l ‘i ] constant

[ x| Harmonic Oscillator
ﬁ { ’ Confinement
e Current modified
: by metric
-10 - —I5 - O - 5 10
q*(GeV?)
AdS/QCD

UCD
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(M)
(M)

Tete—pp
O'pt
ete—pp

| Fpp(M)| = J
Gp=Gy=1

Babar: radiative return.

do

(ete”
dQVdQ%D

March 13, 2007

Babar PHYSICAL REVIEW D 73, 012005 (2006)

——
BABAR
FENICE
DM2
DM1
BES
CLEO
PS170
E835
E760

S
~
N
N
~
~
~
~
~

1 1 1 1 1

|
4

2
MpﬁGaﬂc)

¥ox<4H>0060 |

Lepage, sjb
Chernyak, Zhitnitsky
Qpﬁ — \/g

PQCD C

(M)| =

2

£5
pp o

M*1og? M2 /A

2
Pl Rusiglis’ @)
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Baryon Form Factors

e Coupling of the extended AdS mode with an external gauge field A*(z, 2)

g5 / d*x dz \/g A, (x,2) U(z, 2)7"U(z, 2),

where
U(z,2) = e [y (2)us (P) + - (2)u—(P)],
Yy (2) = C22J1 (2 M), Y_(2) = C2*Ja(zM),
and
u(P)e =~ u(P)

vi(z) =91(2), ¥-(2) = ¢H(2),

the LC = spin projection along 2.

e Constant C' determined by charge normalization:

B V2Aqep

 R32[—Jo(B11) T2 (Bra)] Y2
AdS/QCD
UCbh
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Nucleow Form Factory

Consider the spin non-flip form factors in the infinite wall approximation
9 3 dz 2
Fu@) = 9B [ 57@.9) 0P,
2 g [ dz 2
F@) = 9B [ 5@ -,

where the effective charges g4 and g_ are determined from the spin-flavor structure of the theory.

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

For SU (6) spin-flavor symmetry
P ()2 3 [ dz 2

FQ@) = —5B [ 57Q.2) [0+ - lw-G)F,

where FT(0) =1, FJ*(0) = 0.

Large (Q power scaling: Fy(Q?) — [1/@2]2.
G. de Teramond, sjb
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G. de Teramond, sjb

FP(Q%)

Nt

Q%) r

J Lo (2)J(Q,2)®)(2)

AdS/QCD
March 13, 2007

Preliminary

k = 0.454 GeV

N =0.2 GeV

Current modified

by metric

Stan Brodsky, SLAC




Harmonic Oscillator Confinement.

2
r = 0.454 GeV
1.
b o Preliminary
F5(Q7)
I:I.E: lt
I 1 2 3 4 2 =)
Q?(GeVv?) Current modified

by metric

Fo(Q)—r = J %0} (2)J(Q, 2) P} (2)
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Dirac Proton Form Factor
(Valence Approximation) Truncated Space Confinement

Q4FP<Q2) [GeV4

1.75

1.5¢

5 10 15 20 25 30 35
Q% [GeV?]

Prediction for Q4Ff(Q2) for Aqcp = 0.21 GeV in the hard wall approximation. Analysis of the data
is from Diehl (2005). Red points are from Sill (1993). Superimposed Green points are from Kirk (1973).
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Dirac Neutron Form Factor
(Valence Approximation)

Q4Fn (QZ) [GeV4

Truncated Space Confinement

Q* [GeV?]

Prediction for Q* F*(Q?) for Aqcp = 0.21 GeV in the hard wall approximation. Data analysis from

Diehl (2005).

UCD
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Light-Front Wavefunctions

Dirac’s Front Form: Fixedt=1+2z/c

WP(x, k) -+

Invariant under boosts. Independent of P"

HZ P |y >= M2y >

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

on AdS/QCD
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Light-Front Wavefunctions

Dirac’s Front Form: Fixedt=1+z/c

P,k ) - 0

QCD

)
Yvy

T
YY

v
Yvy

P >= My >

13
Yvy

Invariant under boosts. Independent of P*

on AdS/QCD
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CD
HESPIwg) = M3 W)

QCD __ _ _ =)
Hjc" = PuPt = P~P%*—P?

The hadron state |Wy,) is expanded in a Fock-
state complete basis of non-interacting n-
particle states |n) with an infinite number of
components

‘Wh(P+7ﬁL)> —
Z/ [dx; dzgu]tbn/h(%,%u,&)
n,\;

X |n . xiP_I_,:U?;Pl -|— EJ_i7>‘i>

S [ldw; d2F L] (i i 212 = 1
n

on AdS/QCD
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Light-Front QCD
Heisenberg Equation

CD
HESP W) = M2 (W)

3
qa9

qaqag

8
099999

9999 | 99999 | 99qdgg

12
9999999

13
qqqaqaag

<
M<
>M
A
>
-

IV O I N Y e P

1 2
n  Sector g9
KA _
1 q
— 2 g {
ps’ p,s -
3 q4g }»
(a)
4 qdqd ;
p.s’ k,A
B s[5 w9
Ve _
Ly | O
K\ s _
P 7 qdq4g
(b)
8 quqdaqd
p.s p,s 9 9999
§ 10 qgg99
_ g 11 qaqagy
k,c K,
12 qgqqqqg
(c)
13 qiqgqqqd -

Y

UCD
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(

LIGHT -FRONT SCHRODINGER EQUATION

ME_Z{:E:'%—TH?

1

e

UCD
March 13,

.
=0

2007

)

" Yae ] [ (@@l Ve {99l Vieggd -] [ Yegn |
Yagern | = | {6391V 147) <QE§|V|Q’§§)_ s U Waga/n
: U T+ = .g L‘L-L_ LR N }
0 -~ P E:
AdS/QCD
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Deep Inelastic Lepton Proton Scattering

Imaginary Part of Xgs E_ 2
Forward Virtual Compton Amplitude ==
2 2 >
q(x,0%) =3, [0 dkp [Wa(x, ko))
Wn

X=X, All spin, flavor distributions

Light-Front Wave Functions v (z;, k4, \;)
veD AdS/QCD
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Angular Momentum ow the Light-Front

A%=0 gauge: No unphysical degrees of freedom
J< Z ST+ Z [<. Conserved
i LF Fock state by Fock State
5 i (k i kz k= jig kl ) n-1 orbital angular momenta

Nongzero Anomalous Moment requires
Nongzero orbital angular momentum.

on AdS/QCD
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Hadronigation at the Amplitude Level

€

Event amplitude
genevralor

Construct helicity amplitude using Light-Front

Perturbation theory; coalesce quarks via LEWFs

on AdS/QCD
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Hadronigation at the Amplitude Level

.
.
.
e

llllll
o
e
.
o

Baryon Production.

Tb(% Ej_a AZ)

Construct helicity amplitude using Light-Front

Perturbation theory; coalesce quarks via LEWFs

won AdS/QCD
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Light-Front Wawvefunctions

Fixed 7 =t+z/c F.T. < 0ly(y1)v (y2)v (y3)|p > |r.=0

—

Wiz, ki Ai)

Invariant under boosts! Independent of P

Con AdS/QCD
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Hadronigationw at the Amplitude Level

.
e
o

Ve (@i, kg Ai)

Higher Fock State Coalescence |uudss >

Asymmetric Hadronization! Ds—.p(2) # Ds_,5(z)

B-Q Ma, sjb
on AdS/QCD
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Timelike Test of Chowm Distributionw inv Protovw

D(Z)c—>pX E,,

“‘
-

Gribov-Lipatov crossing at large z

ZD(Z)C—>pX — Fp—>cX($ =1/z)
et

X = cudu

'

p

(CUZ’ kJJ,a >\ )
Intrinsic charm model: Vuudee

predict proton at same rapidity as charm quark: high z
Z; X m | ; = \/mg—l—ki

on AdS/QCD
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Ds—p(z) # D8_>13(z)

B _ | _
_ ~”~ o
0.6 7 _
i . |
N //
I&w OO — ")' ‘ |
<C i / i
R4
—0.6 [/ —
!
| | | | ]
s 0 02 04 06 08 10
8229A01 y
pp _ DS*p(Z)_DS—@(Z)
As (Z) —
D8—>p(z)+Ds—>]3(Z)
Consequence of sp(x) # 5p(x) luudss >~ |[KTA >
AdS/QCD

UCD
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Hadronigation at the Amplitude Level
eTe- > HTH 4+ X

Large Ay = |yg — yx|
o

‘v Bjorken, Lu, sjb
‘ Kopeliovich,
Schmidyt, sjb

Timelike Pomeron. C=+ Gluonium Trajectory
Large Rapidity Gap Events
Crossing analog of Diffractive DIS eH —eH + X

on AdS/QCD
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Hadronigation at the Amplitude Level

- . Kopeliovich,
€+€ — H +H —I— X ‘Y Schmidyt, sjb
Large Ay = |yg — yx|
ot
,.y*
—
Timelike Odderon
Large Rapidity Gap Events =- Gluonium Trajectory

HYH- asymmetry from Odderon-Pomeron
interference

on AdS/QCD
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Fz

Z/ da][d%k ] 263 o« Drell, sjb

1 1
[ - q—ng*(l’z’a Ky Ai) g (0, K, Aa) + q—R?ﬁi*(%, K5 Ao) ¥4 (0, ks, Az)]

k,J_Z:kJ_Z—ZIZ@qL k/J_j:kJ_j—l—(l—ZCj)ql
U qr,, = q° £ iqY
~ (+) - =
Xjs Ky} xj’klj‘+ql
P, S,=-1/2 p+aq, S,=1/2

Must have A¢, = +1 to have nonzero F»(q%)

on AdS/QCD
March 13, 2007 8o Stan Brodsky, SLAC




Anomalows growvitomagnetic moment B(0)
Okun et al: B(0) Must vanish because of

Equivalence Theovem
growvitorv
a, sum over constituents
- (+) - =
, LK1+ Qg
Xjs K Xjo R jv 9y
rd |
P, S,=-1/2 p+aq, S,=1/2
Hwang, Schmidt, sjb; I
Holstein et al B(0) EacivF State

UCD
March 13, 2007
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Electric Dipole Form Factor on the Light Front

We consider the electric dipole form factor F3(g?) in the light-front
formalism of QCD, to complement earlier studies of the Dirac and Pauli

form factors. [Drell, Yan, PRL 1970; West, PRL 1970; Brodsky, Drell, PRD 1980]
Recall

(P', 5;|J*(0)|P, Sz) =

| I/ I « o
U(P', X) | Fir(@P)r" + Fa(6?) 370" Ga + Fa(P) 50" ¥5Ga | U(P. )

K = % [F2(0)] , d= % [F3(0)]

We will find a close connection between x and d, as long
an’ricipa‘red. [Bigi, Uralstev, NPB 1991]

AdS/QCD
UCD S2

March 13, 2007 Stan Bl‘OdSky, SLAC




Electromagnetic Form Factors on the Light Front

Interaction picture for J*(0), g* = 0 frame,
imply (/= q" = ig?):

2
F"‘Z(AZ) = za:/[dx][dzkdzj:ej% X

2 .
F32(I\CZI ): Z / [dx][d*k ] ; € é 5
1

« 1 .
— E% (X, K i A1) 5 (x5, Koi, Ai) — ﬁ% (xi, K iy \i) @b;(xi,kj_i;)\i)] ,

kij =k ;+ (1 — x;)q. for the struck constituent jand k', ; = k; — x;q for
each spectator (i #j). g© = 0= only n’ = n.
Both F»(g?) and F3(q?) are helicity-flip form factors.

Gardner, Hwang, sjb,

on AdS/QCD
March 13, 2007 83 Stan Bl‘OdSky, SLAC




UCD
March 13, 2007

CP-violating phase

\

F3(q%) = F>(¢?) x tan ¢

Fock state by Fock state

Gardner, Hwang, sjb,

AdS/QCD
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Holographic Model for QCD Light-Front Wavefunctions

e Drell-Yan-West form factor

2 —
Zeq/ d:v/cli(:; Y (x kJ_—$QJ_)¢p( k).

e Fourrier transform to impact parameter space E n
Y(z, kL) = v 47T/d25¢ PR (2,5, )
e Find (b = \gﬂ) ;
1 g — ~
F(q®) = / da / b a2, b)) Soper
0

1 00 ~ 5
= 27’(’/ daz/ bdb Jo (bgz) |¢(z,b)|",

0 0

D AdS/QCD
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Hadronic Form Factor in Space and Time-Like Regions

e The form factor in AdS/QCD is the overlap of the normalizable modes dual to the incoming
and outgoing hadron ®; and ®r and the non-normalizable mode J, dual to the external
source (hadron spin o):

< dz
F(Q2)1—>F _ 17:{3—1—20‘/0 me(3+20)A(Z>¢F(2) J(Q,z) (I)](Z)

2

o dz
R3120 /0 a5 Or(2) J(Q,2) 21(2),

e J(Q, z) has the limiting value 1 at zero momentum transfer, F'(0) = 1, and has as boundary
limit the external current, A* = e e'? J(Q, z). Thus:

I = i = 1.
Jm J(Q, 2) = lim J(Q, 2)

e Solution to the AdS Wave equation with boundary conditions at () = 0 and z — O:

Polchinski and Strassler, hep-th/0209211; Hong, Yong and Strassler, hep-th/0409118.

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

1 dzr Cmax:AééD C‘Qx N 9
2\ _
F@y=o | = | <d<J0< x(1x>>’¢(‘”’ ¥

e Compare with AdS form factor for arbitrary (). Find:

1@.0= | deo< ;(?“_3 x)> — CQK1(CQ).

the solution for the electromagnetic potential in AdS space, and

- A , A2
’(ﬁ(CC,bJ_) fJCfCﬁDO 1 N 1 — X J() (\/ 1 — X |bJ_|BO 1AQCD) (bf S Jj(lQCD:L’)>

the holographic LFWF for the valence Fock state of the pion wqq /e

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

and is also the holographic coordinate { = 2!

D AdS/QCD
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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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Mapping between LF(3+1) and AdSs
LF(3+1) AdSs

(e, b1) = /o (1 - ) ¢(C) (1)

on AdS/QCD
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G. de Teramond and sjb

Map AdS/CFT to 3+1 LF Theory

Effective radial equation:

VO] 6O = M?6(0)

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

(seneral solution:

TZL,k(ZU, EJ_) — BL,]{\/QZ(l — ZC)

JL (\/33(1 — $)|5J_|5L,kAQCD) 9(5f < xAééD ),

(1)
D AdS/QCD
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AdS/CFT Prediction for Meson LFWF

G. de Teramond

4?39\\ &&\\
AR 4‘,\\_\}}§\\\
S \\ ‘\\\\..,\\\\

%
SZSRSISS
s T

5 =

RS 752

0 e I AT oo SN
y(x,C) /,,l,,l;’o’o,”\g‘g‘ RN G SRR

2-2006
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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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.

Karch, et al.

d? 1 — 412
(dCQ | 1 —/14C2—2/12(V—|—1)—|—/\/l2) ¢, (C) =0
LF Hamiltonian

ZF¢V — M3¢u Bilinear H}, = IIII,,

where X
d v+3
HVC:—i( - 2_“2<>7
(€) T :
and its adjoint de Teramond, sjb
d v+
Hicz—z‘( + 2+n2<),
(€) i :
with commutation relations
2v+ 1
[1L,(¢), IT(¢)] = — 2k,

2
o AdS/QCD &
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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)

(d + A 2 = l€2<) ¢V(C) — CV¢I/—|—1(C)

d
Con ‘ ‘ AdS/QCD
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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)
AdS/QCD
UCD
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AdS/CFT Predictions for Meson LFWF ¥ (x,b )

Aqcp = 0.32 GeV k= 0.76 GeV,
Truncated Space Harmonic Oscillator
AdS/QCD

UCD
March 13, 2007 96 Stan Brodsky, SLAC






