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P.A.M Dirac, Rev. Mod. Phys. 21, 392 (1949)

Dirac s Amaging Idew

The Front Form
Evolve in Evolve in
ordinary time 4 light-front time!
‘Ct o=ct — 2z ‘Ct T:t—|—Z/C

Instant Form Front Form
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Different possibilities to parametrize space-time [Dirac (1949)]

Parametrizations differ by the hypersurface on which the initial conditions are specified. Each evolve

with different “times” and has its own Hamiltonian, but should give the same physical results

Instant form: hypersurface defined by ¢ = 0, the familiar one

Front form: hypersurface is tangent to the light cone at 7 = ¢ + z/c =0

zt =204+ 23  light-front time
r~ =2 — 23 longitudinal space variable
kt =K%+ k3  longitudinal momentum (k1 > 0)

k= =kY — k3 light-front energy

kox=zkta”+k 2t) -k, -x

ki +m?
k+

On shell relation k? = m? leads to dispersion relation k= =

Quantum chromodynamics and other field theories on the light cone.
Stanley J. Brodsky (SLAC), Hans-Christian Pauli (Heidelberg, Max Planck Inst.),

Stephen S. Pinsky (Ohio State U.). SLAC-PUB-7484, MPIH-V1-1997. Apr 1997. 203 pp.
Published in Phys.Rept. 301 (1998) 299-486
e-Print: hep-ph/9705477




Evolve ivv LF time

d
P~ — i
ZalT

Causal, Trivial Vacuum.

gero !!




Light-Front Wavefunctions: rigorous representation of composite
systems in quantum field theory

Fixed T=t+ z/c

kT KO+ RS
-~ pt PO p3

v PT 2P| +ky;
PT, P,

Process Independent .
Direct Link to-QCD Lagrangion! :
y

W (i, k| i Ai)

Inwawiont under boosty! Inde/pe/vwlemtofP“

Plus momento conserved; ol k™ > 0



Angular Momentum on the Light-Front

LC gauge
JZ o ]z Conserved
Z + Z LF Fock state by Fock State
] —

Gluon orbital angular momentum defined in physical 1c gauge

k>

n-1 orbital angular momenta

[% —1(k

J ak2 J akl)

Nongero-Proton Anomalous Moment -->
Nongero-ovbital quoawk anguwlar momentum
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Electron positron annihbilate with opposite chirality,

parallel spins along _
or
L =+1/2 s :
S = +1 :
ooo.o)ao< LZ:O :LZ:_|_2
& :
i S =+4+1/2+ —1/2
S =+1/2 :
Massless D0 14 cos26
S and D waves Toosg <+ o8
leptons
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' Wick Theorem

Feynmawv diagram = st n/!
instont-form time-ordered diagrams
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Drell, sjb
- Wick Theorem

Feynmouwv diagramy = one
front-form time-ovdered diagram/

Also P — oo observer frame (Weinberg)
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Calcudatiow of Form Factory inv Equal-Tiume Theory
Instant Form.

-

Need vacuum-induced currents

Calcudation of Form Factory ivv Light-Front Theory
Front Form.

Absent for gt =0  Z€ro 1

No-vacuuwm graphs
KITPC Applications of Light-Front Holography Stan Brodsky
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Fz

Z/dx koJ_ Zej ~ox Drell, S]b

1 k
[ o q—Lwl*(QJZ, 14 )¢l<$ukJ_za >\z) + q—Rwi (CCZ', Lis )ZpT(Qj“kJ_“ A )}

=k —man =kt —z)an

qr,I, = q* £ iqY

Py S,=-1/2 p+a, S,=1/2

Must have AZ, = +1 to have nonzero F»(q?)

Nongero- ProtonvAnomalous Moment -->
Nongero- ovbitadl quark anguwlar momentum
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Anomalouws growvitomagnetic moment B(0)

Terayev, Okun, etal: B(0) Must vanisiv because of

Equivalence Theovem
growvitov
q, sum over constituents
-~  (+) - =
Xjo K] Xjprkpj*ay
v
— =
>
Py S,=-1/2 p+q, S,=1/2
Hwang, Schmidt, sjb;
Holstein et al B(O) =0 Eaciv Fock State
KITPC Applications of Light-Front Holography Stan Brodsky
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Front-Form calcudations formally identical
in perturbation theory with Weinberg’s
infinite-momentum frome (instont form)
analysis

® Observer moves at infinite momentum, not the
hadron system!
® Requires infinite boost.

® Renormalization Theory — Alternate
Denominator Method

Roskies, Suaya, sjb
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Light-Front formalismwm links dynamics to-
spectvoscopy
CD Physical gauge: AT =0
7QRCD _, HQ

K
Heisenberg Matrix %\
Formulation 2 L 2 o
CD m* + 1 i nt ps ps
HPeP =) |, + HY
) X
1 p,s’ k,A
—— VSV
HYt: Matrix in Fock Space N
(b)
Q C D 2 5,8'; ps
‘ v, >= M | Uy > g § y
k.’ ] k,c
Eigerwalues and Eigensolutions give Hadrovw ©
Spectrum and Light-Front wavefunctions
KITPC Applications of Light-Front Holography Stan Brodsky
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Light-Front QCD

CD
Hoisenberg Equation, | TEC |VA) = MR W)

7 8 9 10 1 12

2
Sector qQQ a9 q qqqdqg | 99qdqq | 9999 | 99999 | 999999 (9949999 |qaqqqqaq

P

1 qq

2 a9

3 qqg

4 qqaqg

5 999

BN
S
o
=8

6 4qqgg9

LY

7 qaqqg

8 qdqqqq

9 9999

¥

10 qqggg

1 qaqqgg

Y Y e A A w || B

12 qdqaqqg

13 qqqaqgaa

>WV
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Light-Front QCD

>

H.C. Pauli & sjb

Discretized Light-Cone

Heisenberg Matrix Formulation Quantization
KA 2 3 4 5 6 7 8 9 10 1 12 13
%\ n  Sector a9 qag | qaqg 999 qdgg | qaqdqg | qdqdqd | 9999 | 94999 | q9qagg [99qdqdg|qaqdqdad
S o s
P p 5 0@
(a) _
3 g > |
ps’ k,A 4 qaq .
e AVAVAVAVAVAVE
A 5 999 }w
NSV ——— _ :}w
T Af 6 qq gg ~
kA p,s
(b) 7 qqqag .
8 qqqqag
P.S _Ps 9 9999
§ 10 qqggg
— > 1 qiqagg
k,c K,
12 qiqaqqg
(c) o
13 qU g3 qa 47

Eigenvalues and Eigensolutions give Hadron Spectrum and Light-Front wavefunctions

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

DLCQ: Periodic BC in x~

. Discrete kT frame-independent truncation



(

LIGHT-FRONT SCHRODINGER EQUATION

?

pus
Bl

ME_ZEE1+TH?

Ty

[
—

AT =0

KITP

C

October 20, 2010
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i Ipqﬁfﬂ ]

VFo/ ™

_-_-._0‘.
0~

" {qql V |7)

{97 V |qg)
(g9l V'leq) ({qq9|V 1999}

3
-

|

G.P. Lepage, sjb

Applications of Light-Front Holography
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D,S.>= Y W, (xi, ki, i)k, A >
n=>3

suu over states withv n=3, 4, ...conustituenty

The Light Front Fock State Wavefunctions
P, (x1,K 11, As)

P

Yvy

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

YVYY

kKD K+ K
= —

' pt PO pz P (
are boost invariant.
n g n B n_’L__’J_ =
;ki =P ,Zx,-_l,Zki =0~ ] (
/

Intrinsic heavy quarks|( 3(z) # s(x)
c(x), b(x) at high x ! )| u(z) # d(x)

Mueller: gluon Fock states>BFKL Pomeron tidden Color

YYYYY

YYVYYYYY

Fixed LF time




QCD and the LF Hadron 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 States
Intrinsic Charm
P

W (24, k3> M)

Orbital Angular Momentum
Spin, Chiral Properties
Crewther Relation

—_

Hard Exclusive Amplitudes
Form Factors

Counting Rules/

Distribution amplitude
ERBL Evolution

¢p( 1,516‘2,@2

Coordinate space
representation

J-=0 Fixed Pole

DVCS, GPDs. TMDs
F Overlap, incl ERBL,

Nuclear Modifications
Baryon Anomaly

Color Transparency Baryon Decay



Hadronw Distribution Amplitudes

: Lepage, sjb
Q 2 — —
ol Q) = [ & bgla ) 2 <@
in =1 .
- Fixed T=t+ z/c
® Fundamental gauge invariant non-perturbative input to hard
exclusive processes, heavy hadron decays. Defined for
Mesons, Baryons Lepage, jb

Efremov, Radyushkin.

® Evolution Equations from PQCD, OPE,
Sachrajda, Frishman Lepage, sjb

® Conformal Invariance Braun, Gardi
® Compute from valence light-front wavefunction in light-

cone gauge

KITPC Applications of Light-Front Holography Stan Brodsky
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[H Q E D] QED aloms: posilroniumnm

ond nmuonium

(Ho + Hipy) |U >=E |U > Coupled Fock states
A? - l
[— o T Ver (S, 7)] ¥(7) = E (7) Effective two-particle equation
red l Includes Lamb Shift, quantum corrections

2Myred AT%  2Mypeq T2

[[ L &, €(€+1>+Veﬁr(r,5,€)]¢(r)Ew(rﬂ Spherical Basis T, 0, &

(87 )
V:‘Eff —>Vc(7“) — _ Couloml- potential
Bohr Spectrum
Semiclassical furst approximation to- QED



Goal/ anv analytic first approximation to- QCD

As Simple as Schrédinger Theory in Atomic Physics

e Relativistic, Frame-Independent, Color-
Confining

e QCD Coupling at all scales
e Hadron Spectroscopy
¢ Light-Front Wavefunctions

e Form Factors, Hadronic Observables, Constituent
Counting Rules

¢ Insightinto QCD Condensates

¢ Systematically improvable

de Teramond, Deur, Shrock, Roberts, Tandy

KITPC Applications of Light-Front Holography Stan Brodsky
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Light-Front Wavefunctions

Dirac’s Front Form: Fixedt=17+z/c

V(x, k) -+

Invariant under boosts. Independent of pH
CD
HEp [y >= M|y >

Remawkable new insighty fromAdS/CFT, the
duality betweer conformal field theory and
Anti-de Sitter Space

KITPC Applications of Light-Front Holography Stan Brodsky
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Light-Front Holography and Now-Perturbative QCD

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

Hadrow Spectrum
Light-Front Wawvefunctions;,
Running coupling inv IR

in collaboration with

wn(il?i, kJ_Z? >"L> Guy de Teramond

Central problem for strongly-coupled gauge theories

KITPC Applications of Light-Front Holography Stan Brodsky
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Applications of AdS/CFT to-QCD

5-Dimensional Confinement
Anti-de Sitter
Spacetime

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

KITPC Applications of Light-Front Holography Stan Brodsky
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Conformal Theories awe ivwowriont under the
Poincore and conformal trovsformations with

MHFY PH, D, KF,
the generators of SO (4,2)

S$O(4,2) has a mathematical representation on AdS;

KITPC Applications of Light-Front Holography Stan Brodsky
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Deur, Korsch, et al.

-Bloch et al.
Godfrey-Isgur

® Lattice QCD

/w JLab ------ GDH limit| — Burkert-loffe

s,g1

pOCD evol. eq.

vy

Fit

- Cornwall

) Bhagwat et al.
e Maris-Tandy

couplings

),,_,

v A (04

S
3

1

10

10

Q (GeV)

Stan Brodsky

ions of Light-Front Holography

icat

Appl

KITPC
October 20, 2010
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AdS / CFT: Anti-de Sitter Space / Conformal Field Theory

Maldacena:

Map AdSs X Ss to-conformal N=4 SUSY

e QCD is not conformal; however, it has

manifestations of a scale-invariant theory:
Bjorken scaling, dimensional counting for
hard exclusive processes

® Conformal window: as(Q?) ~ const at small Q2

e Use mathematical mapping of the conformal group
S$O(4,2) to AdS;5 space

KITPC Applications of Light-Front Holography Stan Brodsky
October 20, 2010 28 SLAC



Nearly conformal QCD?

Define a s from 1 1 o
1] ] FP n — dx P X, Q2 TR X, Q2 g y 5,81
Bjorkén sum, ' /0 (g1< )~ & )) 654 ( - )
éoé S ii I h{ ]
08 % F gl = spin dependent structure
o %} b l functio
0.5 L
04+ A JLab CLAS ] ” . Recent JLab data -from
03| ¥ JLab PLB 650 4 244 Eq1(R008), CLAS, and Hall A
O a,,/mworld data I 1
02 r T
X ML o sruns only
------ GDH limit 115 modestly at small Q2
O%é i pOCD evol. eq.
J5imn o, /m OPAL Ty Gribov
0.06 - | | T ‘ T\

10" 1 + 0(GeV) Fig. from 08034119, Duer et al.



Confinement:
maximuwm wowelengiiv of bound quawks and glwons

1
k> g A < Agep
AQCD ‘.““"K\‘

B-Meson

gluon ond quark probagators cutoff inv IR
because of color confinement
R. Shrock, sjb

KITPC Applications of Light-Front Holography Stan Brodsky
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IR Conformal Window for QCD

* Dyson-§ (}Z’IMJUVLQ«@V Analysis: QCD gluon coupling has IR
Fixed Point

* Evidence fromv Lattice Gauge Theory
o Stability of T — ggg Shrock, sjb

* Define coupling from observable: indications of IR
fixed point for QCD effective charges Deur, Chen, Burkert, Korsch,

* Confined gluons and quarks have maximum wavelength:

Decoupling of QCD vacuum polarization at small Q2
Serber-Uehling

Q) —» &%  QP<<tm? e O ..........

e Justifies application of AdS/CFT in strong-cou‘i)_ling
conformal window

KITPC Applications of Light-Front Holography Stan Brodsky
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Maximal Wavelengtiv of Confined Fields

(z —y)* < Aé% I
® Colored fields confined to finite domain

® All perturbative calculations regulated in IR
® High momentum calculations unaffected

® Bound-state Dyson-Schwinger Equation

® Analogous to Bethe’s Lamb Shift Calculation
Shrock, sjb
Quark and Gluonw vacuum polawrization insertions
decouple: IR fixed Point

_ A strictly-perturbative space-time region can be defined as one which
S{A%_BP’{’J;;“I”J; has the property that any straight-line segment lying entirely within the region
Cargese Lectures 13989 has an invariant length small compared to the confinement scale
(whether or not the segment is spacelike or timelike).

KITPC Applications of Light-Front 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 wwawrtant measire
ds* = — (Mudx"dz” — dz?), ——_—
2

x* — Ar*, 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.
2 = Nx? 2= )z
2

x® = x,x": invariant separation between quarks

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

KITPC Applications of Light-Front Holography Stan Brodsky
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5-Dimensional Confinement
Anti-de Sitter Radius

Spacetime

AdS
Boundary
(z=0)

BT T

4-Dimensional
Flat Spacetime
(hologram)

8-2007
B685A14

KITPC Applications of Light-Front Holography Stan Brodsky
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5-Dimensional Confinement
Anti-de Sitter Radius
Spacetime

AdS
Boundary

4-Dimensional
Flat Spacetime
(hologram)

8-2007
8685A14

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 gp(z) — usual linear Regge dependence can
be obtained (Soft-Wall Model) Karch, Katz, Son and Stephanov (2006).

KITPC Applications of Light-Front Holography Stan Brodsky
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Bosonic Solutions: Hoavrd Wall Model

e Conformal metric: ds? = ggpdatda™. b = (z,2), gom — (R2/22) Nem, -

e Action for massive scalar modes on AdS; 4 1:

1
S[P| = > /dde g3 [gem(?gq)(?mq) — /12@2} , g — (R/2)*H.
e Equation of motion
1 0 om O 5
— m—o¢ ¢ =

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

e Solution: ®(z) — 2™ asz — 0,

q)(Z):CZd/ZJA_d/Q(ZM) A:%(d—l—\/d2—|—4u2R2).
A=2+1L d=4 (LR)* = L* — 4

KITPC Applications of Light-Front Holography Stan Brodsky
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Let ®(2) = 23/2¢(2)
AdS Schwodinger Equation for bound state
of two- scalow covutituents:
[ > 1—4L7
dz? 422

[p(z) = MZ¢(2)

L: light-front orbital angular
momentum

Derived from vawriationw of Action inAdSs

Howrd wall model: truncated space

$(z =29 = 3-) = 0.

KITPC Applications of Light-Front Holography Stan Brodsky
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Match fall-off at small = to conformal twist-dimension.

at short distances t01st,

e Pseudoscalar mesons: Oy 1= ¢y5Dyy, ... Dy 100 (@, = 0 gauge). 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)

| ! | I IZO !

S = (0 Meson orbital and radial AdS modes for Agcp = 0.32 GeV.

KITPC Applications of Light-Front Holography Stan Brodsky
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I I I 4 T T T T T T T
3 - -
2+
D(2)
D(2) 2 i 0
1r T 2 -
0 | . | 1 | . -4 L | ! | ! | !
2-2007 0 1 2 3 4 2-2007 0 1 2 3 4
8721A18 z 8721A19 z

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

T | T
f, (2050)
S — 1 a, (2040)
4
o p (1700)
>
()
S
Al
S 0
1260)
O 1 | 1 |
2 4
213&29(21%16 L L

Fig: Light meson and vector meson orbital spectrum Agcp = 0.32 GeV
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Soft-Wall Model
S = /d4a:dz \/§e¢(z)£, QO(Z) — +x22°2

Retain conformal AdS metrics but introduce smooth cutoff
which depends on the profile of a dilaton background field

Karch, Katz, Son and Stephanov (2006)]

e Equation of motion for scalar field £ = %(gemé’g@@mcb — ,LL2<I>2)
2202 — (3F2K%2%) 20, + 2°M? — (uR)?] ®(2) = 0
with (uR)? > —4.

e LH holography requires ‘plus dilaton’ ¢ = +x222. Lowest possible state (,LLR)2 = —4

1
M =0, @(x) ~ 225, (F) ~

A chiral symmetric bound state of two massless quarks with scaling dimension 2:

Massless piov



22R2

ds® = e”
L2

(deg — dxt — dx3 — dos — dz?)

Gravitational
potential

y=R/z

¥ xlebanov and Maldacena

ds? = e (—da? + da? + da2 + da?) + dy?



22R2

ds® = e~ — (deg — dxt — dxs — dos — dz°)
z

V(z) = mc* +/ goo

:

0 1 2 3 4 5

KITPC Applications of Light-Front Holography Stan Brodsky
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Nonconformal metric dual to a confining gauge theory

R?

2 2

ds® = = e#(?) (nuyda;“da:” —dz )

where ¢(z) — 0 at small z for geometries which are

asymptotically AdSs

Gravitational potential energy for object of mass m

e#(2)/?

Z

V = mc®\/g00 = mc*R

Consider warp factor exp(£x22?)

| | N N
Plus solution: V' (z) increases exponentially confining

any object in modified AdS metrics to distances (z) ~ 1/k

KITPC Applications of Light-Front Holography Stan Brodsky
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*  Erlich, Karch, Katz, Son, Stephanov * deTeramond,sjb

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

A 5] e) = M2(e)

dz? 472

U(z) = k*2* +2:*(L+ S — 1)

Derived from vawiatiow of Actiovw
DMOV\/"MOWOLAOLS5

KITPC Applications of Light-Front 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

2 (GeV?)

< 2
Pion has 7 (140)

zero-mass! ot

ﬂ

@ S=0

n, (1670)

b, (1235)

® S =0

Pion mass
automatically
. zero!

8-2007
8694A19

Light meson orbital (a) and radial (b) spectrum for kK = 0.6 GeV.

KITPC
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Quawk separation increases withv L

f, (2050)
a, (2040)

KITPC
October 20, 2010

Applications of Light-Front Holography
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Bosonic Modes and Meson Spectrum

4k2 for An = 1
4k for AL = 1
262 for AS = 1
JPC
1-- 2++ 3-- 4++

o | | | | L 0 _
6-2010 0 1 2 3 4 9-2009
8796A5 L 8796A1

Regge trajectories for the m (k = 0.6 GeV) and the I =1 p-meson and I =0 w-meson families (x = 0.54 GeV)

KITPC Applications of Light-Front Holography Stan Brodsky
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Higher-Spin Hadvons
e Obtain spin-J mode (I)ul---w with all indices along 3+1 coordinates from @ by shifting dimensions
—Jf
B (z) = (E) (2)
e Substituting in the AdS scalar wave equation for ®
2202 — (3—2J — 2k%2°) 20, + 2°M? — (uR)*]®; = 0

e Upon substitution z —(
65(Q)~ (3P e B(()

we find the LF wave equation

d? 1 —4L? 4 -2 2 2
_d—CQ N 4—C2 + K¢+ 2K (L‘|' S — 1) ¢M1"'MJ =M gbﬂl'”ﬂJ

with (uR)? = —(2 — J)? + L?

KITPC Applications of Light-Front Holography Stan Brodsky
October 20, 2010 48 SLAC



Higher Spin Bosonic Modes SW Soft-wall model

e Effective LF Schrodinger wave equation

¢ 1-4L* 4, ) )
3T g2 TR F2N(LES-1)) ds(z) = MTos(2)
with eigenvalues M? = 2/432(271 + 2L+ 5). Same é’lOP?/ irv v and L

e Compare with Nambu string result (rotating flux tube): M?2(L) = 270 (n+ L +1/2).

T | T T
f, (2050) | |

' I [
@ § =1 a0 o S =1

Regge
Trajectories

o
\V)
N
o_

| L
2 4
n

5-2006
8694A20 L

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

e Glueballs in the bottom-up approach: (HW) Boschi-Filho, Braga and Carrion (2005); (SW) Colangelo,
De Facio, Jugeau and Nicotri( 2007).

KITPC Applications of Light-Front Holography Stan Brodsky
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State I Jv L S @,

m(140) 1 0~ o0 O TV5574

b1(1235) 1 1t 1 0 —igy5 057q
mo(1670) 1 2% 2 0 ~G755(30;0; — 52982)%
p(770) 1 1= 0 1 q'a57q

w(782) o0 17 0 1 ¢'aq
a1(1260) 1 1T 1 1 —igT (@ x 9)Lrq
f2(1270) o 2T 1 1 —iq [%(a@@j + a;0;) — & 5525](1
f1(1285) 0 1t 1 1 —ig’(@ x d)q
az(1320) 1 2% 1 1 —ig"[$(8; + @;0;) — @ 5513]%_’(1
ap(1450) 1 0t 1 1 —ig'a - 5%771

Tensor decomposition of total angular momentum interpolating operators O, [O] =24 L

KITPC
October 20, 2010
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3 B V,W’Vw37p3
’VV’)’
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2 1 e f2, az
o 1
a(t) =~ =+ 0.9t
Tr y’”*ypaw ( ) : —l_
0)

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



a4(2040)

£:(2050)
3_
| w(1650) 01(1690)
5L w3 (1670)
[ p(1450)
- w(1420) a>(1320)
It £(1270)
p(770)
Of w(782)
o0 i 2 3 4

L

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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Hadron Form Factors from AdS/CFT
Propagation of external perturbation suppressed inside AdS.

J(Q,z) = z2QK1(2Q)

F(QY) = [ B p(2)7(Q, 2)P1(2)

High Q? N
from .
small z ~1/Q 0.

Polchinski, Strassler
de Teramond, sjb

Consider a specific AdS mode ®(™ dual to an n partonic Fock state |n). At small z, ®
scales as (™) ~ z2», Thus:

T—1
2 1 Dimensional Quark Counting Rules:
F(Q ) — [Q2] ) General result from
AdS/CFT and Conformal Invariance

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

KITPC Applications of Light-Front Holography Stan Brodsky
October 20, 2010 53 SLAC



Spwcebk@pwwformfwotor ﬁmAdé/CFT

| Data Compilation
| Baldini, Kloe and Volmer

Soft Wall: Harmonic Oscillator Confinement

Hard Wall: Truncated Space Confinement

- on d de Teramond, sjb
One parameter a ant. ’
ne p eter - set b_)/pZOﬂ ecay constan ety ko Tim
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Light-Front Representation
of Two-Body Mesow Form Factor

Drell-Yan-West form factor 9 2 2
* mre ¢ =Q°"=—q

A2k
Zeq/ da:/167$ W (z, k1 —xq ) wp(z, k).

e Fourrier transform to impact parameter space I; L
Wz, ki) = Var / d?b | e Fy(z, b))

e Find (b= |b.):

1 -
"N ; a7 2
F() — / du / 028 P |z, b) Soper

0

1 00 N
— 277/ da:/ bdb Jo (bgz) |
0 0
KITPC Applications of Light-Front Holography Stan Brodsky
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Holographic Mapping of AdS Modes to QCD LFWFs

e Integrate Soper formula over angles:

F(¢?) = 2n /0 dr L= / <d<Jo<<q 1”) 3z, ),

X X

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

e Transversality variable

¢ = \/:13(1 — x)l_)i

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

1 1l —2x
/Oda;J()(cQ - >=CQK1(CQ),

the solution for J(Q, () = (QK;(¢Q) !




Gravitational Form Factor inAdS space

e Hadronic gravitational form-factor in AdS space

dz

H(Q? 2) |2 ()],

A’]‘(‘ 2 _ R3
Q%) 3 Abidin & Carlson

where H(Q?, z) = 1Q*2?K»(2Q)

e Use integral representation for H (Q?, z)

1
H(Q2,z):2/0 :UdacJ()(zQ 1;96)

Write the AdS gravitational form-factor as

1 d 1 —
2>:2R3/O deI/Z—;JO(ZQ x$> B (2)?

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

: R 2 ()
an(@ Q)| = g (1= 2) T,
Identical to-LF Holography obtained from electromagmnetic cuvvent
KITPC Applications of Light-Front Holography Stan Brodsky
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LF(3+1) AdSs

(x5, ) - B(2)

¢ = \/a:(l —z)?  ——

2
(1-2)

P(z,¢) = Vol — ) 26(C)

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

KITPC Applications of Light-Front Holography Stan Brodsky
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Light-Front Holography:
Map AdS/CFT to- 3+1 LF Theory

Relativistic LF radial equation Frame Independent
d* 1—4L?
@ T e TU©8() = M)

(2 =z(1— a:)bi

2
(1-2)

U(C) =k*C*+26*(L+ S —1)
soft wall
G. de Teramond, sjb confining potential:
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October 20, 2010 59 SLAC



Light-Front Holography:
Map AdS/CFT to- 3+1 LF Theory

Relativistic LF radial equation Frame Independent
> 1-4L% Y
@ T e TU©8() = M)

(2 =z(1— a:)bi

2
(1-2)

U(z) =k*2* +2:*(L+ S — 1)
soft wall

74 otentiad
G. de Teramond, sjb confiningp
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Current Matrix Elements in AdS Space (SW) sjb and GdT
Grigoryan and Radyushkin

e Propagation of external current inside AdS space described by the AdS wave equation
2202 — 2 (1 + 26%2°) 0, — Q°2°] J.(Q, 2) = 0.

e Solution bulk-to-boundary propagator

Q2 2
Jo(Q, z) = F(l + —) U(— 0, 52z2> :

4k>2 4K2’

Soft Wall

where U (a, b, ¢) is the confluent hypergeometric function Od@l/
" M
(a)U(a, b, 2) = / e #ta-1(1 4 )b-a-lgt
0

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

F(Q*) = R* / % e_’QQZQ(I)(z)J,{(Q, 2)P(z2).
e Forlarge Q% > 4k?
Ju(Q, 2) — 2QK1(2Q) = J(Q, 2),

the external current decouples from the dilaton field.

KITPC Applications of Light-Front Holography Stan Brodsky
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Dressed soft-wall cuwrent bring in higher
Fock states and more vector meson poles

+
o
%
_ Y
&
-
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Space- and Time Like Pion Form-Factor (HFS)

[T R B e e e et S e T S . T
o

1T) = Yqq/=199) + Vagqa/~|9297)

M? — 4k?%(n +1/2)

k = 0.54 GeV

I, =130, T,y = 400, I, = 300 MeV

Piggg = 13 %

PRELIMINARY

Y M; log | Fx(Q%)|




Form Factory i AdS/QCD

F(Q2)_ ! 2 9 N:27
F(Q*) = 1 , N=3,
(1+WQ%) (1+ﬁ%)
, 1
F(Q7)= N

1
Positive Dilaton Background exp (+x%2?) M? = 4K7 (n + —)

2
4Kk (N—1 Q? — o0
F(@Q) — (V=1 [ag] "
Q Covutituent Counting
KITPC Applications of Light-Front Holography Stan Brodsky
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$(a,b1) = \/ x(;:f)cb(o

Light-Front Holography: Unique mapping derived from equality of
LF and AdS formuda for cuwrvent matrix elementy
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Light-Front Holography:
Map AdS/CFT to- 3+1 LF Theory

Relativistic LF radial equation Frame Independent
> 1-4L% Y
@ T e TU©8() = M)

(2 =z(1— aj)bi
-

U(C) = Kk*C+2r*(L+ 5 —1)

G. de Teramond, sjb soft walls

confuining potential:

I

(1—-2)
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Derivatiow of the Light-Front Radial Schwodinger Equation

divectly fromv LF QCD
A2k k2 SENE
/ dx / 167$ 1- ) (x, k l)‘ + interactions

/0 z(1 —;c) /dzb ™ (z, bl)( V2 )w(ﬂfaa)%—in‘ceractions.

bl

Change (C, ), = \/x(l—x)lgl: v2:1i <§i)+i8_2

variables ¢ d¢ d¢ 2 92
o o (-1 )8
+ [ace U0
- [aco©) (a5 - a0 0

October 20, 2010 67 SLAC



e In terms of n—1 independent transverse impact coordinates b ;, 7 = 1,2,...,n—1,

n—1
M=% 1] / dz;d®b iy (zi b1i) )

n =1 /¢

—Vi +m?
( by ¢ ) Yn(x;, b ;) + interactions

Lq

e Relevant variable conjugate to invariant mass in the limit of zero quark masses

the x-weighted transverse impact coordinate of the spectator system (x active quark)

e For atwo-parton system (? = x(1 — z)b? =

(1-=x)

e To first approximation LF dynamics depend only on the invariant variable (, and hadronic properties

are encoded in the hadronic mode ¢(() from

¢(¢)
v2m¢

factoring angular ¢, longitudinal X () and transverse mode ¢(()

P(z, ¢, ) = eMPX ()

KITPC Applications of Light-Front Holography Stan Brodsky
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[H Q E D] QED aloms: posilroniumnm

ond nmuonium

(Ho + Hipy) |U >=E |U > Coupled Fock states
A? - l
[— o T Ver (S, 7)] ¥(7) = E (7) Effective two-particle equation
red l Includes Lamb Shift, quantum corrections

2Myred AT%  2Mypeq T2

[[ L &, €(€+1>+Veﬁr(r,5,€)]¢(r)Ew(rﬂ Spherical Basis T, 0, &

(87 )
V:‘Eff —>Vc(7“) — _ Couloml- potential
Bohr Spectrum
Semiclassical furst approximation to- QED



[ HXE OCD ] QCD Mesow Spectruum

'

(Hpp + Hp )|V >= M?|¥ > Coupled Fock states

[];%J—TZ) + V&'l vop(m, kL) = M? ¢rp(z,k1)  Effective two-pawticle equation
l ?=x(l —x)b3
d>  —1+4L7? 5
U(C,S,L) =rk*C+rk*(L+S—1/2) Confining Ads/QCD
potential

Semiclassical first approximation to-QCD



Prediction from AdS/CFT: Mesow LFWF

de Teramond, sjb

s (@, k2 “Soft Wall”
model
k= 0.375 GeV
Note coupling
> massless quarks
kY, @
47 _ B
X, k’ — e 2 k2xz(l—=x)
V(e k) ky/2(1 — )
Covwmnection of Confinement to-TMDy
KITPC Applications of Light-Front Holography Stan Brodsky
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Hadronw Distribution Amplitudes

! Lepage, sjb

k< Q7

Fixed T=t+ z/c

® Fundamental gauge invariant non-perturbative input to hard
exclusive processes, heavy hadron decays. Defined for
Mesons, Baryons

Lepage, sjb
® Evolution Equations from Efiemov, Radyushkin.
PQCD, OPE, Conformal Invariance Sachrajda, Frishman Lepage, sjb

Braun, Gard:
® Compute from valence light-front wavefunction in light-

cone gauge 0
ot (2, Q) = / 02K g (2, Ky )

KITPC Applications of Light-Front Holography Stan Brodsky
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Second Moment of Pion Distribution Amplitude
1
< £ >=/1d£ Eo(€)

E=1-—-2x

<& >,=1/5=0.20 Pasympt X (1 — T)

< 52 > = 1/4 = 0.25 ¢AdS/QC’D X \/iL’(l — J’J)

Lattice (I) < &2 >,=0.28 +0.03 Donnellan et al.
Lattice (IT) < &% >,= 0.269 + 0.039 Braun et al.
KITPC Applications of Light-Front Holography Stan Brodsky
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0 (%)

— Linear potential(m=0.22 GeV,3=0.3659 GeV)
--- HO potential(m=0.25 GeV,p=0.3194 GeV)
- 0, (0)~x(1-x) L

= Oy =Ix(1001

qbasympt ~ 33(]- — CE)

AdS/CFT:
ﬁ _ #(z,Q0) o \/2(1 - )

e ———
- -<

0.5

I /. : .\ |
T _\\ “'-\_‘

: AR
_,.."' "-;\ | Increases PQCD leading twist predictio
i Fr(Q?) by factor 16/9

/ / | | | | | | | | | | | | | | | | | | \\ J
0 0.2 0.4 0.6 0.8 1

X
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ERBL EvohwmomeDthMmA mpb/tude/

—
.|;

r(l - )=

Q2 = 100 GeV?

—
o
{

d(x,09)/ fx
-
>

0.1 :
] 10

05 F. Cao, GdT, sjb (preliminary;
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Baryons

Holographic Light-Front Integrable Form and Spectrum

e In the conformal limit fermionic spin-3 modes /(¢ ) and spin-3 modes ¢/, (¢)

are two-component spinor solutions of the Dirac light-front equation

all(C)1h(C) = My(¢),

where H; r = «ll and the operator

I+ 1
L (¢) = —i (ddg 22%>»

and its adjoint HTL(() satisfy the commutation relations

12(0). 11}(0)] = =5

KITPC Applications of Light-Front Holography Stan Brodsky
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e Baryons Spectrum in "bottom-up” holographic QCD
GdT and Brodsky: hep-th/0409074, hep-th/0501022.

Bawyons invAds/CFT

e Action for massive fermionic modes on AdSs: From Nick Evans

S[¥, U] = /d4:c dz\/g¥(z,2) (z’I’eDg — ,u) U(x, z)

e Equation of motion: (iFeDg — ,u) U(x,z) =0
. d
[z (znemfgﬁm + §FZ> + uR] U(z") =0

e Solution (uR =v +1/2)

U(z) = C2°2 [J, (zM)uy + Jyp1(zM)u_]
e Hadronic mass spectrum determined from IR boundary conditions ¢+ (2 = 1/Agcp) = 0

M =B,k Aqcp, MT = But1k Aqep

with scale independent mass ratio

e Obtain spin-J mode ® J > % with all indices along 3+1 from W by shifting dimensions

Hi-Hj—1/2°
KITPC Applications of Light-Front Holography Stan Brodsky
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8 - 7 —
@ 1=1/2 ¢
/
e
. N (2250)
<« 6 N@190) 7 —
/7
o N (1700)
S N (1675)
N N (1650)
= 4 N (1535) _ =
N (1520)

0.7
-

A (1700) —= 70
A (1620)

0 | ! | ! | ! | ! | ! | !

Fig: Light baryon orbital spectrum for Agcp = 0.25 GeV in the HW model. The 56 trajectory corresponds to L
even P = 4 states, and the 70 to L odd P = — states.
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Non-Conformal Extension of Algebraic Structure (Soft Wall Model)

e We write the Dirac equation
(adI(¢) = M) ¥ (C) =0,
in terms of the matrix-valued operator 11

L4l
TIV(C)i(ddC 2275%&2@5),

and its adjoint HT, with commutation relations
2v + 1
@] = (25 - 2 ) s

e Solutions to the Dirac equation

e Eigenvalues
M? = 4r*(n+ v +1).

KITPC Applications of Light-Front Holography
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e Baryon: twist-dimension3+ L (v =L + 1)

Ostp =¥Dyy, ... DDy, ... Dy yh, L= 4
1=1

M? =4x*(n+ L +1).

N(1720)
N{1680)

N(940)
0 1 2 3 4 5 6

Proton Regge Trajectory k = 0.49GeV
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3 Ak? for An =1
* A spectrum identical to Forkel and Klempt, Phys. Lett. B 679, 77 (2009)

4k? for AL = 1
252 for AS = 1
M?
—
n=3 n=2 n= 1 n=0 n=3 n=2 n=1 n=>0
6+
N(2200)
5 A(2420) |
4+
N(1710) N(1680)
_ N(1720) 5[ A(1950)
N(1440) A(1905)
A(1920)
5[ A(1600) A(1910)
N(940)
A(1232)
0 I 2 3 4 Ty T T T s
L

Parent and daughter 56 Regge trajectories for the /N and A baryon families for k = 0.5 GeV
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A o’

112"
+
M? (GeV?) A, (2950
8 5/2+ 9/2_ 15/2 ( )
A7,,+(2390) 11/2”
Ay,,+(2300)
N=0 A44/2%(2420) . .
6 L A1/2+(1 91 0) A5/2_(2223) 5/2+ 9/2”
i 7/2 -
—> A,,*(1920) A;,~(2200) . 1172
Ag»*(1905) oz A,5,"(2750)
A72+(1950) N 32" e
A4,,~(1700) N 3/; 200 o N=1
+
A,,-(1900) 512 7(/2+ ) A,,-(2400)
A,*(1232) Ay ,(1940) €—
2 A, ,+(1750) A,-(1930)
A4,,*(1600)
L+N
1 1 1 1 1 1 1 >
L 0 1 2 3 4 5 6

E. Klempt et al.: A" resonances, quark models, chiral symmetry and AdS/QCD

H. Forkel, M. Beyer and T. Frederico, JHEP 0707 (2007)
077.

H. Forkel, M. Beyer and T. Frederico, Int. J. Mod. Phys.
E 16 (2007) 2794.
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Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

Fo(Q) = g. / a¢ J(Q, O+ ()2,

2 2
FAQ) = g [ dCIQON- ()
where the effective charges g4+ 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 ¥_ ({) correspond
to nucleons with J* = +1/2 and —1/2.

e For SU(6) spin-flavor symmetry
FQ) = [ @01+,

F@Q) = - / 4¢ J(Q, ¢) [0+ (O = [9— (O]

where F7'(0) = 1, F{*(0) = 0.
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e Scaling behavior for large Q?: Q*FT(Q?) — constant | Proton 7 = 3

9-2007
8757A2 Q? (G 9V2)

SW model predictions for kK = 0.424 GeV. Data analysis from: M. Diehl et al. Eur. Phys. J. C 39, 1 (2005).
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e Scaling behavior for large Q%: Q*F!*(Q?%) — constant

Neutron 7 =3

< -0.
O
S
% -0
EI_F
-
d -0.
04 A R R
0 10 20 30
9-2007
8757A1 Q? (GGVZ)

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

KITPC
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Spacelike Paudi Form Factor

Preliminary
From overlap of L =1 and L =0 LEFWF's
' Harmonic Oscillator
Confinement
Normalized to anomalous
1.5¢ moment
(Q7)
F5(Q7) |
1} k = 0.49 GeV
0.5+
ol o
0 1 2 3 4 5 6
Q?(Gev?)
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Chiral Features of Soft-Wall
AdS/QCD Model

Boost Invariant

Trivial LF vacuum.

Massless Pion

Hadron Eigenstates have LF Fock components of different L~

Proton: equal probability S* = +1/2,L* =0;5° = —1/2,L* = +1
Self-Dual Massive Eigenstates: Proton is its own chiral partner.

Label State by minimum L as in Atomic Physics

Minimum L dominates at short distances

AdS/QCD Dictionary: Match to Interpolating Operator Twist at z —> o



Running Coupling from Modifted AdS/QCD

Deur, de Teramond, sjb

e Consider five-dim gauge fields propagating in AdSs space in dilaton background ¢(z) = x22>

1 1
S=—— /d4:c dz \/§e¢(z) G*
1 g2

e Flow equation

]_ —/§3222 9

1
— e#1%) or g5(2) = e " g5(0)

2 _ 2
g5 (2) 95(0)
where the coupling g5(z) incorporates the non-conformal dynamics of confinement

e YM coupling as(¢) = g%-,,(¢) /4 is the five dim coupling up to a factor: g5(2) — gy ar(¢)

e Coupling measured at momentum scale ()

a5 / CACT(CQ) a5 (¢)

e Solution
N2 KUQ

AdS

where the coupling o™ incorporates the non-conformal dynamics of confinement



Ruwnwning Coupling fromv Light-Front Holography and AdS/QCD
Analytic, defined at all scales, IR Fixed Point

] ke ]

0.8 - ’ 4
i AdS( )/71' _ B_Q /4K

T 06 — { T

IR Modified AdS ¢

! ':
N N _

04 — . ;
I ay,/n (pQCD)

Nl Otgl/ﬂ'li world data i\
------- GDH limit X o,/n \i.:
02 ¢ a/m OPAL { i?
A ocgl/:n: JLab CLAS
[] Otgl/J'IJ Hall A/CLAS S s
® Lattice QCD (2004) ¥V (2007)

10 1 10

Deur, de Teramond, sjb



BQ)

-0.25

-0.5

-0.75

-1.25

-1.5

-1.75

-2.25

Lattice QCD (2007)

X From Ol

B From chl

- Hall A/CLAS
® Lattice QCD (2004

Q ( ) A From o CLAS

— AdS - From GDH sum

rule constraint on ocg1
. Modified AdS From oLy, (pQCD) ‘

07 10

Q (GeV)

Deur, de Teramond, sjb



Features of Soft-Wall AdS/QCD

® Single-variable frame-independent radial Schrodinger
equation

® Massless pion (mg=0)

® Regge Trajectories: universal slope in nand L

® Valid for all integer J & S. Spectrum is independent of S

® Dimensional Counting Rules for Hard Exclusive Processes
® Phenomenology: Space-like and Time-like Form Factors

® LF Holography: LFWFs; broad distribution amplitude

® Nolarge Nclimit

® Add quark masses to LF kinetic energy

® Systematically improvable -- diagonalize Hrr on AdS basis
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String Theory

Mapping of Poincare and
AM/CFT Conformal SO (4,2) symwmetiries of 3+1

space
Goal: First Approximant to-QCD to- Ads5 space
Counting rules for Hawd Exclusive
Scattering Conformal behawvior at short
R Trajectori distances
A Ad/S/QCD + Confinement at lawrge distance
QCD at the Amplitude Level
Semi-Classical QCD / Wawve Equations

L Holography

Boost Inwariant 3+1 Light-Front Wave Equations

J=0,1,1/2,3/2 plus L Integrable!

Hadvrow Spectra, Wawvefunctions, Dynamics
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