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AdS / C FT Anti-de Sitter Space / Conformal Field Theory
Maldacena:

MO(/P AdSs X S5 tO“CO“thOVWLObZ/N=4 SUSY

°* QCD is not conformal; however, it has
manifestations of a scale-invariant theory:
Bjorken scaling, dimensional counting for hard
exclusive processes

e Conformal window: «s(Q?) ~ const at small Q2

* Use mathematical mapping of the conformal
group SO(4,2) to AdSj5 space

Exascale Workshop Exascale and LFQCD Stan Brodsky
December 9, 2008 48 SLAC

48



e Karch, Katz, Son, Stephanov * de Teramond, sjb

AdS Schwodinger Equationw for bound state
of two- scalow constituenty:

T g 0)])6() = M26(2)

dz? 42

U(z) = k*2° +26*(L+ S — 1)

Derived from vawiation of Action

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

2-2007

8721A21

Soft Wall
Model

[ ' [ [ ' [
@ S=0 o S=0 1
Nl Pion mass
B () automatically
I _
= zero!
S oL -
7 (140) .
) | my; =0
0
0 2 4
8-2007
8694A19 L
Light meson orbital (a) and radial (b) spectrum for x = 0.6 GeV.
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Higher Spin Bosonic Modes SW Soft-wall model

e Effective LF Schrodinger wave equation

> 1-4L*> , , ) )
o3 T e TE A 2L S-1)] ¢s(z) = MT9s(2)
with eigenvalues M? = 2x2(2n + 2L + S). Same 5/1,0799/ irv wound L

e Compare with Nambu string result (rotating flux tube): M?2(L) = 270 (n+ L +1/2).
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Vector mesons orbital (a) and radial (b) spectrum for kK = 0.54 GeV.
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e Glueballs in the bottom-up approach: (HW) Boschi-Filho, Braga and Carrion (2005); (SW) Colangelo,
De Facio, Jugeau and Nicotri( 2007).
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M? =2r%(2n + 2L + 9).
S=1

M2 (GeV?)
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Spa/cebke/pwwforwvfaotor ﬁ{mAd/S/CFT

| Data Compilation
| Baldini, Kloe and Volmer

-10 -8

6 -4
q°(GeV?)

Soft Wall: Harmonic Oscillator Confinement

Hard Wall: Truncated Space Confinement

Omne parameter - set by pion decay constant.
4 VP ) de Teramond, sjb

See also: Radyushkin
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LF(3+1) AdSs

V(@01) g B(2)

W(,5,) |5,
(1—x)

(2, ) = Va(l —2)26(C)

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

Relativistic LF radial equation/ Frame Independent
> 1—4L? )
[ dCQ | 4(2 | U(C)} ¢(C) = M ¢(C)

(2 =z(1 - :r;)bi

2
(1- =)

U(z) = k2" 4+ 2x*(L+ S — 1)
G. de Teramond, sjb “soft-wall’” confining potentials
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Derivatiow of the Light-Front Radial Schwodinger Equation
divectly from LF QCD

2k k2 L2
d z, k
/ C'3/167& 1—33 L)

+ interactions
/0 z(1 — :1:') /delw (2, bL) ( viM) Y(x,b, ) + interactions.

} . 1d (. d\ 1 0
Change (G, (= Voo V2= o2 (¢ ) + @ges

variables dc \°dc
Py
JEAGEGES
- [aco©) (15 - a0 60
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Prediction from AdS/CFT: Meson LFWF

de Teramond, sjb

vp(z, k7)) “Soft Wall”
- model
k= 0.375 GeV
Note coupling
o massless quarks
kY,
41 __ B
V(@ k) = e w0 oy (7, Qo) o< y/z(1 — )
ky/o(l —
Covwection of Confinement to- TMDy
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Features of Sofe-Wall AdS/QCD

Single-variable frame-independent radial Schrodinger equation
Massless pion (mg =0)

Regge Trajectories: universal slope in n and 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: LEWFs; broad distribution amplitude

No large Nc limit

Add quark masses to LF kinetic energy

Systematically improvable — diagonalize Hrr on AdS basis
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Second Moment of Piow Distribution Amplitude
1
< & >=/1d§ E¢(¢)

E=1—-2x
Links AdS/QCD and LF to-
Lattice Gauge Theory

<& >,=1/5=0.20 Pasympt X (1 — T)

< 52 > = 1/4 = 0.29 ¢AdS/QCD X \/Q’J(l — ZIZ‘)

Lattice (I) < &* >,=0.28 +0.03 Donnellan et al.
Lattice (IT) < &2 >,= 0.269 4 0.039 Braun et al.
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Use AdS/CFT ovthonormal LFWFs

as v basis for diagonaliging
the QCD LF Hamiltoniowv

* Good initial approximant

e 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, Maris, sjb

e Similar to Shell Model calculations

Exascale Workshop Exascale and LFQCD Stan Brodsky
December 9, 2008 60 SLAC

60



Light-Front QCD QCD 5
, Hpe 7 |[Wh) = Mj [Wp)
Heisenberg Equatiov
1 2 3 4 5 6 7 8 9 10 11 12 13
n  Sector a9 qag qaqq 999 qdgg | 99999 | qdqdqd | 9999 qq999 | 999999 (99qdqdg |qaqaqqad
%Z\ e T
AN 2 gg N{;
be " ls  q ~ .
(a)
T 1 =
Loy yNs | E ~ '
’_\/W\; . 6 qagg E .
T | > IR
8 qaaacq . co I - ES
p.s _ps 9 0900 ;;’M . e E . . . .
g 10 qaggg . ;r . ;}W = I . ~
i,o’= >k,<5 1 qaaagg . ? ) ;)F >’ jr:
© 2 e ' I e padl
13 qqgqgqal - . . . . . . ;r . >w
Use AdS/QCD busis functions
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Ground State Energy (MeV)
G
o
|

| Exp (-92.162)

12¢

Oscillator
Energy (MeV)
= 25
° 27.5
+ 30
+ 32.5

35

Application to-
rnucleow physics

J.P. Vary et al

| Extrap (-93.9)

max

15

20

Calculated ground state energy of '?C for N, = 2—8 (discrete points) at selected values of 7Q
For each 7€2, the results o fit to an exponential plus a constant, the asymptote, which is constrained to be
the same for each curve[5]. We display the experimental ground state energy and the common asymptote.
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Recent progress in Hamiltonian light-front QCD November 2008
SLAC-PUB-13460

J. P. Vary*
lowa State University, Ames, lowa, USA
E-mail: jvary@iastate.edu

H. Honkanen, Jun Li, P. Maris

lowa State University, Ames, lowa, USA

S. J. Brodsky
SLAC National Accelerator Laboratory, Stanford University, Menlo Park, California, USA

P. Sternberg, E. G. Ng, C. Yang
Lawrence Berkeley National Laboratory, Berkeley, California, USA

Hamiltonian light-front quantum field theory constitutes a framework for the non-perturbative so-
lution of invariant masses and correlated parton amplitudes of self-bound systems. By choosing
light-front gauge and adopting a basis function representation, we obtain a large, sparse, Hamilto-
nian matrix for mass eigenstates of gauge theories that is solvable by adapting the ab initio no-core
methods of nuclear many-body theory. Full covariance is recovered in the continuum limit, the

infinite matrix limit. We outline our approach and discuss the computational challenges.

Basis LF Quantization (BFLQ)
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Basis LT Quantizationw (BFLQ)

H=H,+H,,
Massless partons in a 2D harmonic trap solved in basis functions

commensurate with the trap:

H,=2MP] = %Ei[znﬁ |m, 1+1]AQ(2M,)

. X
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Basis LF Quantization (BFLQ)

The properly normalized wavefunctions W, ,,(p, @) = fom(p)xm(@) are given by

fam(p) = V2MQ vew/z (Vara p)™ Lim(aQ p?)
/

1

X\m(®) = Jon

Set of transverse 2D HO modes for n=0

(n+ |m|

im D
(\

. M=1
(1) :
034
04
034
02

wo -
¥ M
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TT 1
APBC: kT =—(j+—
L(] 2)

—L<x =<+L

j=0,n=1, m=0

e

- P

Transverse sections of a 3-D basis function involving a 2-D harmonic oscillator and a longitudinal
mode with antiperiodic boundary conditions (APBC).
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State Energy (dimensionless)

State density from BLFQ for 3 identical massless fermions confined in a trap for a selection of
Nuax values at fixed K = 6. The dimensions of the resulting matrices are presented in the legend. The states
are binned in groups of 5 units of energy (quanta) where each parton carries quanta equal to its 2-D oscillator
energy divided by its light-front momentum fraction (x; = (j;i + 1)/K). The dashed straight line traces the
exponential increase in state density, familiar in many-body theory, when the basis is sufficiently large.
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Covutruct Non-Valence LFWFy
e Start with AdS/QCD Valence LFWF |qq>

* Construct higher Fock states by applying QCD

Interaction Hamiltonian

_ 1 I _
lqq9 >= M2y k3 +m? Hoeplag >

J=1 L5

* Has correct spinors, polarization vectors
* Colorsinglet states

* Optimum basis for diagonalizing QCD LF

Hamiltonian
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Formatiow of Relatvistic Antu-Hydrogen

Measured at CERN-LEAR and FermiLab

Munger, Schmidt, sjb

I Coulomb field

—n—) y]; = ye"‘
A

Wavefunction maximal at small impact separation and equal rapidity
“Hadronization” at the Amplitude Level
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Hadronigatiow at the Amplitude Level

e

Event amplitude
generator

Construct helicity amplitude using Light-Front
Perturbation theory; coalesce quarks via LFWF's
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Light-Front Wavefunclions

Fixed T=t+ z/c

Wi (@i, k14, Ai)
Inwowriant under boosty! Independent of P

Exascale Workshop Exascale and LFQCD Stan Brodsky
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Hadronigation at the Amplitude Level

* Rigorous approach to hadron formation
* Off-shell T-matrix for quarks and gluons consistent with confinement

* Light-front wavefunctions put constituents on shell
* Use AdS/QCD model

* Relativistic frame-independent generalization of Lippmann-
Schwinger formalism
1

[$E >= ¢ > + 2 0 : HCSCD‘wi >
M ivian — Hpp 1 1€

Replaces heuristic probabilistic generators PYTHIA, HERWIG, etc.

*  (Quantum Mechanical Bose-Einstein, EPR correlators !

* Now conceivable using Exascale Computer capabilities

Exascale Workshop Exascale and LFQCD Stan Brodsky
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Hadronigatiow at the Amplitude Level

e

Event amplitude
generator

Construct helicity amplitude using Light-Front
Perturbation theory; coalesce quarks via LFWF's

Exascale Workshop Exascale and LFQCD Stan Brodsky
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Hadronigationw at Amplitude Level

* Factorization for non-interacting clusters
* Cluster factorization well-matched to parallel processing

* Numerator algebra of cluster amplitude independent of
context; format with variable denominators which are set
at final stage

* Renormalization using ‘alternate denominator’ method --
code recognizes divergences and applies counter terms

* (Can include rescattering corrections which give single-
spin asymmetries, diffraction, shadowing phenomena

Exascale Workshop Exascale and LFQCD Stan Brodsky
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Deep Inelastic Electron-Proton Scattering

Final-State QCD
Interaction

jet
Corwentional wisdow:
Final-state interactions of struck quark can be neglected
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Single-sp WV Leading Twist
asymumelries Sivers Effect

< Hwang,
Schmidet, sjb

current
quark jet  Collins, Burkardt

Ji, Yuan

QCD S- and P-
Coulomb Phases
--Wilson Line

PX%dO" T-Odd quark | final state

interaction

spectator
system

proton 11-2001

Light-Front Wawvbfunction, oo
S and P- Wowves

- e mm mm o wm -
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Remaowrkalble observation at HERA
0.20

P

P

" Q
lfz

s

)QP

P

i/

10% to-15%
of DIS eventy

are

diffractive !

r

0.15F

0.10}

0.05

0.15}
0.10F
0.05k

0.00}

0.00}

ﬁ

%o, < 0.0008
ZEUS

1

—+ 4 =

0.0008 < xg < 0.003

20 40 60 80 100
Q% [GeV]

Fraction r of events with a large rapidity gap,
max < 1.5, as a function of Q%A for two ranges of xpa. No
acceptance corrections have been applied.

M. Derrick et al. [ZEUS Collaboration], Phys. Lett. B 315, 481 (1993).
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Hoyer, Marchal, Peigne, Sannino, sjb

QCD Mechanism for Rapidity Gapy

y :
+  Wiilson Line: (y) / dx 4% 4y (0)
0

qEOLL“LL pX
E (1' )Xg

X fs oX~1 § } Rap Gap
\Y

pP—> \ P

Y «©

==

Y

Reproduces lab-frame color dipole approach
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Physics of Rescaltering

e Diffractive DIS: New Insights into Final State Interactions
in QCD

* Origin of Hard Pomeron

e Structure Functions not Probability Distributions!
* T-odd single-spin asymmetries,

* Nuclear Shadowing, Non-Universal Antishadowing
e Diffractive dijets/ trijets, doubly diffractive Higgs

* Novel Effects: Color Transparency, Color Opaqueness,
Intrinsic Charm, Odderon

Exascale Workshop Exascale and LFQCD Stan Brodsky
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Stationary Dynamic

Square of Target LFWFs Modified by Rescattering: ISI & FSI
No Wilson Line Contains Wilson Line, Phases
Probability Distributions No Probabilistic Interpretation
Process-Independent Process-Dependent - From Collision

T-even Observables T1-Odd (Sivers, Boer-Mulders, etc.)

No Shadowing, Anti-Shadowing | Shadowing, Anti-Shadowing, Saturation
Sum Rules: Momentum and | Sum Rules Not Proven

DGLAP Evolution; mod. at large x | DGLAP Evolution

No Diffractive DIS Hard Pomeron and Odderon Diffractive DIS

current
quark jet

final state
interaction

spectator>

system

W (24, k3, M)

proton 11-2001

8624A06
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Hadronigation at the Amplitude Level

.
.
.
.
.
.
.
R
*

A J
o
*
ot I
*
o
*

Wilson Line Effect:
Rescaltering: FSI
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Bawyow cowv be made divectly withinw howd subbrocess

Bjorken
Coalescence P Blankenbecler, Gunion, sjb
R — Berger, sjb
within hard uu — pd Hoyer, et al: Semi-Exclusive
subprocess . .
dp(z1,22,23) < Adep viddes, o
by ~1/pr ¢
Small color-singlet
Color Travnsparent
Minimal same-side energy
u >, |- < u
g .”m g
Collision com produce 3 Nactive = 6
collinear quarks Neff= 2Nactive ~ 4
- 8
P Neff=
d
Exascale Workshop Exascale and LFQCD Stan Brodsky
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Gluonic Laser

Gluonic bremsstrahlung from initial hard scattering backscatters on nuclear " “mirrors”

~ analog of laser backscattering in QED

QCD cascade mechanism for forming quark-gluon plasma inside overlap ellipse I

Coherent

Exascale Workshop Exascale and LFQCD Stan Brodsky
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Exascale Simudation of Heavy Iow Collisions

* Dynamical & Quantum Mechanical vs. Statistical
e Retains Quantum Mechanical Coherence o E
S Ar

* Gluonic Cascade at High Centrality

* Ridge produced from Initial State Inetractions

* RHIC Baryon Anomaly: Allows hadron to be

formed directly in hard subprocess -- Color
transparency phenomena
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Hadronw Dynamics at the Amplitude Level

* LFWFES are the universal hadronic amplitudes which
underlie structure functions, GPDs, exclusive processes,
distribution amplitudes, direct subprocesses,
hadronization.

* Relation of spin, momentum, and other distributions to

physics of the hadron itself.

* Connections between observables, orbital angular
momentum

e Role of FSI and ISIs—-Sivers effect
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Impact of Exascale Compuling
ow LF QCD

E-flop

10"8 floating-point calculations per second

* Goal: Nonperturbative Solutions to QCD

* DLCQ and AdS/QCD-generated solutions of
QCD(@+1)

* Hadronization at the Amplitude Level

* Computer Simulation of Complex QCD and
other quantum field theory processes
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http://www.ilcacinc.org/TLCAC-WP-FINAL.pdf

LIGHT-FRONT QUANTUM CHROMODYNAMICS
A framework for analysis of hadron dynamics

White Paper
International Light Cone Advisory Committee

An outstanding goal of physics 1s to find solutions that describe hadrons in the theory
of strong interactions, Quantum Chromodynamics (QCD). For this goal, the light-front
Hamiltonian formmulation of QCD (LFFQCD) is an appealing approach that complements the
well-established lattice gauge method, LFQCD offers unique aceess to the nonperturbative
quark and gluon amplitudes for the hadrons which are directly testable In experiments at
forefront facilities, We present an overview of the promises and challenges of LFQCD in the
context of unsolved 1ssues i QCD that require broadenad and accelerated Investigations,
We identify specific poals of this approach.,
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White Paper International Light Cone Advisory Committee

The rigorous evaluation of masses and wave functions of hadrons using the light-front Hamil-
tonian of QCD;
Develop computer codes which implement the regularization and renormalization schemes.

Provide a platform-independent, well-documented core of rontines that allow mmvestigators to
implement different numerical approximations to field-theoretic elgenvalue problems. Con-
sider various quadrature schemes and basis sets, including Discretized Light-Cone Qunati-
zation (DLCQ)), finite elements, function expansions, and the complete orthonormal wave
functions obtained from AdS/QCD. This will build on the Lanczos-based MPI code devel-
oped for nonrelativistic nuclear physics applications and similar codes for Yukawa. theory
and lower-dimensional supersymmetric Yang-Mills theories.

solve for hadronic wave functions and masses. Use these wave functions to compute form
factors, GPDs, scattering amplitudes, and decay rates. Compare with perturbation theory,
lattice QCD, and model calculations, using insights from AdS/QCD, where possible. Study
the transition to nuclear degrees of freedom in light nuclel.
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