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Predict Hadron Properties from First Principles!

Light-Front Hamiltonian

U POCD —
Evolution Equations

o ective Field Th eOr': -

Methods
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Goal: anv analytic first approximation to- QCD
® As Simple as Schrédinger Theory in Atomic Physics

¢ Relativistic, Frame-Independent, Color-Confining
¢ QCD Coupling at all scales

¢ Hadron Spectroscopy

¢ Light-Front Wavefunctions

¢ Form Factors, Hadronic Observables, Constituent

Counting Rules
Guy de Teramond,
¢ Insights into QCD Condensates Xing-Gang Wu
Leonardo di Giustino
¢ Systematically improvable Matin Mojaza
Joseph Day
¢ Eliminate scale ambiguities sjb
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P.A.M Dirac, Rev. Mod. Phys. 21, 392 (1949)

Dirac s Amazging Idea

The Front Form
Evolve 1n Evolve 1n
ordinary time light-front time!
Ct o= cl — =z ACI T:t—l—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

‘L‘[

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

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

T =24+ 23  light-front time
r” =20 — 23 longitudinal space variable
kt = kY + k3 longitudinal momentum (kT > 0)

k— =k — k3 light-front energy

k‘CC:%(k+33_—|—k_ZE+)—kJ_'XJ_

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

k™ = k‘o + Kk~ Fixed T=t+4 z/c

n=3

Wiz k1, N) - KA

Yk =0,

Inwouriont under boosty! Independent of PV

Bethe-Salpeter WF integrated over k' Squawe: Structuwre Functions
Measwwed inv DIS



tach element of
dluwminated
at same Light-Front time

T=t+z/c
Causal, frame-independent

Evolve inv LF time

HELEN BRADLEY

- PHOTOGRAPHY
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<p+4qliTO)p >=2pTF(¢®)  suermction
x Fixed T=t+4 z/c pretre

L4
X4
K
L4
L4
X4
I I B = .

Form Faclorsy arve

I I = = = .
v

N lb(%wl;u) i

Drell &Yan, West struc/Q kj_@ — kJ_z' + (1 — ZEz)CTJ_
txact LF formudar - o =
Drell, sjb spectators kj_z = kii—xiq1
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txact LF Fornmudav for Paudic Formv Factor

F .
2 Z / dCE' dsz Zej Zox Drell, sjb
Lo | Lot i
[ _ C]_Lwa (xia 149 >¢ (mzvkhfv)‘) q_Rwa ('xiv 13> )w (xzvkLza)\ )}
li:km—%‘(h lj:kL]—F(l—x])qL
@ qr,, = 9" £ iq?
Xjokyj
4_
p, S,=-1/2 p+a, S,:=1/2
Must have A/¢, = +1 to have nonzero F»(¢?)

Nongero- Protonw Anomalous Moment -->
Nongero-ovbital quark anguwlar momentuim
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Calcudatiow of Form Factory inv Equal-Tiume Theovy
Instant Form.

-

Need vacuum-induced currents
Calcudatiow of Form Factory inv Light-Front | heory
Front Form.

gero!!
No- vacuuwm graphs
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Compare WU COUCAUUOALOVY O protovw formy fTACLOY
iy Instond Formv

<p+qJ"O0)p>
p”é*p“] p p+q

® Need to boost proton wavefunction: p to p+q. Extremely
complicated dynamical problem; particle number changes

® Need to couple to all currents arising from vacuum!!
Remain even after normal-ordering

® Instant-form WF's insufficient to calculate form factors
® Each time-ordered contribution is frame-dependent

® Divide by disconnected vacuum diagrams

Institute Theoretical Physics TU Vienna AdS / QCD and L l:gJ’\t -Front HO'LO'g/V a/PZ’W Stan Brodsky
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o Light Front Wawefunctions:

Momentum space k1L <> Z1  Position space

ALHZ_),_L

W (25, k5, M)

Z, k_]_, bl

Transverse density in position

Transverse density in space

momentum space

Transverse

S

—)\_\

Lorce




Light-Front Wave Function Overlap Representation
DVCS/GPD

Diehl, Hwang, sjb, NPB596, 2001 T+¢ T —§

DGLAP
See also: Diehl, Feldmann, Jakob, Kroll region.,
E N . >
/ N 1+¢ s
A . A x + g (a £)
k= 5 k= k+ 5
* * —§<T<¢ ERBL
— 2 .
/C )\ Z region.
P=FP+ ? P=PFP f
< (x 4+ &)
7 .
\\\v
DGLAP
E : - region.
1+ \ >
N 3
Bakker & JI
Lorce
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I nteractzons occur between tbe LF tzmes of tbe two mrtual pboton 4 Q

Dymﬂwm/o Not v LFWF

* overlap! *
7 . "’Y Effects GPD sum rules?
24
_\_ AT =0 (LC gauge)

* /
Y'p— XD
Cut is Leading-Twist Diffractive DIS
Institute Theoretical Physics TU Vienna A d/s / QCD ond L ngf\,t - FV’O’V\I,' HO‘I,OWOLPZ’W Stan Brods ky

November 6, 2012 14 1 A7/~

oD e AN

P p



Hadronw Distribution Amplitudes

@
_ 27, L. 2 2
¢M(I7Q) _/ d*k Zpq(j(ajakJ_) kT <@
i Fixed T=t+4 z/c
® Fundamental gauge invariant non-perturbative input to hard Lepage, sjb
exclusive processes, heavy hadron decays. Defined for
Mesons, Baryons ,
Lepage, sjb
® Evolution Equations from PQCD, OPE Efremoq, Radyusbkin.
Sachrajda, Frishman Lepage, sjb
® Conformal Expansions Braun, Gardi

® Compute from valence light-front wavefunction in light-cone
gauge
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Single-spiny Leading Twist

WW’/ Lesy Sivers Effect
e~ Hwang, Schmidt,
sjb
> -
current

q uark Jet Collins, Burkardt, Ji,

Y Yuan. Pasquini, ...
1 Sp'qqu C QCD S- and P-
9 Coulqmb Ph_ases
Pseudo—- T-Odd quar final state --Wilson Line
interaction
“Lensing Effect”
QED: S J
~ Lensing © spectator
involves soft system Leading-Twist
scales proton Rescattering
Light-Front Wavefunction Violates pQCD
S and P- Wawves! Factorigation!

Sigw reversal tn DY
16



QCD and the LF Hadron Wavefunctions

: Initial and Final State
~ Ads/QcD Rescattering Baryon Excitations
Light-Front Folography DDIS, DDIS, T-Odd g
jﬂ|]§}[]” 3:}0
Non-Universal Antishadowing
Heavy Quark Fock States
Intrinsic Charm

P

Yvy

—
(U xX; IC ; )\ ) Orbital Angular Momentum
n\<Lqgy V| gy g

Coordinate space P
representation ('_')

Spin, Chiral Froperties
Crewther Relation

YYY

> N Form Factors
Burkardt, Schmidt, sjb

)
YYVYVYY

(t:,_.{__\:)
YYYYYYY

Distribution amplitude
ERBL Evolution

J-=o Fixed Pole ¢p(x17x27 Q2)

DVCS, GPDs. TMDs
LF Overlap, incl ERBL

Nuclear Modifications
Baryon Anomaly
Color Transparency Baryon Decay

Weak Decays

17



Fixed 7 =t + z/c ng/l/ lft'FV'O“t QCD Physical gauge: AT =0

Exact frame-independent formulatiow of
nonperturbative QCD!

QCD QC D .
p T i .
CD m< + k | — ~
Hip =) =L+ Hy |
. ’ p,s’ k,A
H ijv Matrix in Fock Space w
CD "
HPEP |0y, >= M3 |0y, > o
P, e >= an(a}i, kLo, Xi)lns @i, ki A > N § 3
n:3 ko K,o
Spectirumy and Light-Front wav Lo

LEFEWPFs: Off-shell in P- and invariant mass ;%W ;zg%ij



Light-Front QCD

Heisenberg Equation

DLCQ
Pauli, Hornbostel, sjb

p,s’ P,S
(a)
p,s’ k,A
KA DS
(b)
p.s p,s
Ko k,o

n  Sector

10

qqgg g

13
qaqaqqaqq

- X

6
qa 99
1 q ’TTE
2 g9 “{;
3 g W{(
4 qiq I
5 999 w<
7 qgqag >M
8 qdqaqq .
9 0909 I
10 qiggg >>
11 qqqgg g’
12 q9qaqqg .

13 q9qaqqqq

Minkowski space; frame-independent; no-fermiovnw doubling; no-ghosty




Light-Front vs. Instant Form

® Light-Front Wavefunctions are frame-independent

® Boosting an instant-form wavefunctions dynamical
problem -- extremely complicated even in QED

® Need to couple to all currents arising from vacuum
(Remain even after normal-ordering)

® Vacuum state is lowest energy eigenstate of Hamiltonian

® Light-Front Vacuum same as vacuum of free
Hamiltonian

® Zero anomalous gravitomagnetic moment
® Instant-Form Vacuum infinitely complex even in QED
® n! time-ordered diagrams in Instant Form

® Causal commutators using LF time; cluster
decomposition

Institute Theoretical Physics TU Vienna AdS / QCD and L l:gJ’Lt -Front ‘HO'LO'g/V a/PZ’W Stan Brodsky
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(

LIGHT -FRONT MATRIX EQUATION

G.P. Lepage, sjb

Rigorous Method for Solving Now-Perturbative QCD!

72 v,
g -y s

:

e

=

— —

i d’qﬁff -

”Dﬁm’ v

0 .--

0 ~

ud

(qal V lg7)  {q9|V l¢g9) " Yag/n
lqgglV leq) (qa9lViggg) - | Yago/r
AT =0

— i —_ I_ —

Il

Il

Y M

o Light-Front Vacuum = Vacuum of Free Hamiltonian!

Causal, Frame-Independent.

21X



‘Py 5; >= Z Tn(xul_ﬁi, 7»:‘) \i’l;l_ﬁi, A >
n=3

Yvy

YVYY

YYYYY

YYYYVYYY

Higher Fock States of the Proton-

Intrinsic heawy quawks OETOD

s(x), c(x), b(x) at bigh x! | u(z) # d(z)
Institute Theoretical Physics TU Vienna Ad/s / QCD m L(:gj’\zt ~ FV' ont ‘7’6) O‘I,Og/if OK/PZ’W
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|P» 5, >= Z ‘Pn(Xi,]_C)u, 7%) \n;zi,-, Ai >
n=3

sty over states withv n=3, 4, ...covnstituenty

The Light Front Fock State Wavetunctions
W, (x1, K1, M)

ﬂ
Yvy

are boost invariant; they are independent of the hadron’s energy
and momentum P¥. P —t
The light-cone momentum fraction

ki k) +k

x; = —

. p+ N PY + P? P‘C
are boost invariant.

l l

YYYYY

U
(J\,
VIVVVVV

Intrinsic heavy quarks, s(x) # s(z) rived LT time

u(z) # d(z)
Institute Tl;\e’oreticbal I;bysics TU Vienna AdS / QCD and Ll:gJ’\t -Front H O‘LO'g/V OK/PZ’W Stan Brodsky
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d(x)/u(x) for 0.015 < x < 0.35

225
- / B ES66
2 r —A— A NA51

W E866/NuSea (Drell-Yan) {75 — MRS12
CTEQ4m
1.5 CTEQ6
J(:E) 7& ﬂ(x) T
s /
s(z) # §(x) ng \/

INntrinsic W se, 0.25 —WE866 Systematic Erroxr
oo by v by o Iy N s s L
heavy quawks O 0701 02 T 03 04 05 06

X
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HQED QED al‘%mmmd/

l Fixed time t (“instant form”)
A2 . l
— > + Vet (S, 7)] () = E (7) Effective two-pawticle equation
Mired l Includes Lamb Shift, quantum corrections
1 d? 1 44+ 1)

[ + Vg (1, S, 0)] b(r) = E o(r) Spherical Basis 1,0, @

2Myped AT2 2Mypeq T2

G Coulomlb- potential
— = ——
Vef J VC <T) Bohr Spectrum

Semiclassical first approsimation to- QED 25



QCD Mesow Spectrum

Fixed Light-Front Time
H QCD (Front form)

l Fixed T=t+4 z/c

(HY o + HL )| >= M?| ¥ > Coupledbight-front Fock states

l

k3 +m? ; X
= + Ve | Yor(z, k) = M? ¢rp(z, kL) Effective two-particle equation

(1l — x)

B e T e 5 0] Q) = M @) (P = x(1— 2)b?

d¢? = z(1— =) ¢?
AdS/QCD: Agimuthal Basis (, @
U(C) = r*C* 4+ 26*(L+ 5 — 1) Confoning Ads/QCD

Semiclassical furst approximation to- QCD potential .6



Derivatiow of the Light-Front Radial Schwodinger Equation divectly
from LF QCD

M2

A2k SN
/daz/ 167TJ:; 1_:6 (w,/ﬁ)| + interactions

/0 z(1 —x) /d2wa (@ bl)( vz )1@(513,1&) + Interactions.

b

Change  (C.), C= Vol da: w2 14 ((4). L2

variables d¢ d¢ C2 (9902
) 2 1d L2\ 6(C
M= a0V (e it @) R
T / 4¢ 6" (OU(O)(C)

[ac60) (~1 — ae + V(@) ) 900
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( Light-Front Schwédinger Equation )
G. de Teramond, sjb
Relativistic LF single-variable radial ]

equation for QCD & QED Frame Independent!

[ d2 | m2 | —1-|—4L2
2 z(l—z) ¢?

FU(¢, S, L)) Yrr(C) = M? Yrr(C)

(2 =z(1—2x)b?.

U((,S, L) = k*CC+ KA (L+ S —1/2) ==l

¢--- 4
U is the exact QCD potential : . :

Conjecture: ‘H’-diagrams generate

Institute Theoretical Physics TU Vienna AdS / QCD and L Lght -FrontC HO‘I»O'g/V a/PZ’W Stan Brodsky
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2 _
o J=L+S,I=1meson families M2’L,S = 4k%(n+ L + S/2) 4k for An =1

n 4k? for AL =1
° ° 2/'{2 for AS — 1
Same slope inn and L Massless pion,
T | ! 1 J | ' I
n=2 n=1 n=0 n=2 n=1 n=0
4t - 4t -
. p“V a4(2040)
S0 1T S “
& ~(1800) S
s 2r 1 % 2r :
0(1450)
~ x(1300) I .
(140
0 ] | 1 0 p(7170) 1 l 1
0 2 0 2
2-2012 2-2012
8820A20 L BB20A24 L

|=1 orbital and radial excitations for the m (k = 0.59 GeV) and the p-meson families (k = 0.54 GeV)

e Triplet splitting forthe I = 1, L = 1, J = 0, 1, 2, vector meson a-states

Ma,1320) > Mg, (1260) > M, (980)

Institute Theoretical Physics TU Vienna
November 6, 2012

AdS/QCD and Light-Front Holography Stan Brodsky
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Bavyor Spectroscopy from AdS/QCD and, Light-Front Holography

8- 2 N(2600) ] I 2 ]
I M | : M =3 n=2 n=1 n=0
6 ]
’ N(2250) :
ol | ,
N(2190) 5- / A(2420)
I N(1700) 4 ;
al N(1675) N(2220) ]
N(1650) 3 A(1930) _~ A(1950) ,
i A(1920)
I ] i A1600) A(1910) 1
N(1720) 2l ]
5 i * A(1905) 1
% =0.5T1 GeV |
N(1535) N(1680) AX=0.49 GeV : 5 ’
- N(1520) ] 1 A(1232) ]
- N(940) L | i L
0. i I |
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | O L | | | | | | | | | | | | | | | | | | | | ‘ | | |
0 1 2 3 4 5 6 : ; 5 3 i
de Teramond, sjb All confirmed
2 (1) , . . resonances
M, s =4r" | n+ L | positive parity from PDG
2012

S 3
2 4/
_ S 5
Mot =4r" (n L+ 2+
See also Forkel, Beyer, Federico, Klempt
Institute Theoretical Physics TU Vienna A Ow / QCD O(/Vld/ L Lgxzf\t - FV’O-VLt HO‘lOWOKxPZ’W S tan BTO dS ky
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® LF wavefunctions play the role of Schrodinger
wavefunctions in Atomic Physics

® LFWFs=Hadron Eigensolutions: Direct Connection to QCD
Lagrangian

W (24, k| A

® Relativistic, frame-independent: no boosts, no disc
contraction, Melosh built into LF spinors

® Hadronic observables computed from LFWFs: Form factors,
Structure Functions, Distribution Amplitudes, GPDs, TMDs,
Weak Decays, .... modulo lensing’ from ISls, FSls

® Cannot compute current matrix elements using instant or
point form from eigensolutions alone -- need to include
vacuum currents!

- Hadvonw Physics without LFWFs is like
Biology without DNA!

Institute Theoretical Physics TU Vienna AdS / QCD and L l:gJ’Lt -Front ‘HO'LO'g/V a/PZ’W Stan Brodsky
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- Hadron Physics without LFWFs is like Biology without DNA!

/
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Light-Front Holography and Now-Perturbative QCD

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

Hadrow Spectruwm
Light-Front Wavefunctions;
Running coupling inv IR

in collaboration with

\Ijn i ki, A\ Guy de Teramond
1y v 1y M y

Central problem for strongly-coupled gauge theories
Institute Theoretical Physics TU Vienna AdS / QCD andy Ll:gJ’\t -Front H O‘l()'g/i" OK/PZ’ly Stan Brod. sky
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5-Dimensional Confinement

Anti-de Sitter Radius
Spacetime .
Changes in
Boﬁgjary PhyS’Ca/
length scale
mapped to

evolution in the
5th dimension z

4-Dimensional
Flat Spacetime
(hologram)

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).

Institute Theoretical Physics TU Vienna AdS / QCD and L l:gJ’\t -Front ‘HO'lO'g/V prz’\y 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 wwaowriont measure
ds* = (nﬂydaz“ do¥ — dz?), —--—

! — Ax¥, z — Az, maps scale transformatlons 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 — N, 2z — Az
2

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

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

Institute Theoretical Physics TU Vienna AdS / QCD and L l:gJ’Lt -Front HO'LO'g/V a/PZ’W Stan Brodsky
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Bosonic Solutions: Howrd Wall Model

e Conformal metric: ds? = ggdztdz™. x* = (2", 2), Gom — (RQ/Z2) Nem, -

e Action for massive scalar modes on AdS4 1:

1
S[®] = 5 /ddHaz g3 [gfmagcmmcb — ,LLQCPQ} /g — (R/2)*H.

e Equation of motion

10 9
500t V99 g ®) e =0

e Factor out dependence along z#-coordinates , ®p(z, z) = e~ 0% ®(2), P, PH = M?:

2 2
A=2+1L d =4 (uR)* = L* — 4
Institute Theoretical Physics TU Vienna AdS / QCD oand L l:gJ’\t -Front HO‘LO'g/V OK/PZ’W Stan Brodsky
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Let ®(2) = 23/2¢(2)
AdS Schwodinger Equation for bound state
of two- scalow constituenty:

d? 1 —4L7
[~ ) 0(2) = MP(2)

L=LZ: Light-Front orbital angular momentum

Derived fromv vawriationw of Actionw inAdSs

Hord wall model: truncated space

$(z =129 =3-) = 0.

Institute Theoretical Physics TU Vienna AdS / QCD and L l:gJ’\t -Front HO'I«O'g/V a/PZ’W Stan Brodsky
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Match fall-off at small z to conformal twist-dimension.

at short distances .
twist,

A=2+ 1L
e Pseudoscalar mesons: O241,= @75D{£1 oo Dy, v (@, = 0 gauge).

e 4-d mass spectrum from boundary conditions on the normalizable string modes at z -

®(x, z,) = 0, given by the zeros of Bessel functions 3, 1 Ma.r = BaxNocD

e Normalizable AdS modes ®(z)

A=2+4+1L

AQcD
Fig: Meson orbital and radial AdS modes for Agcp = 0.32 GeV.

Identify hadron by its interpolating operatoratz -->o0

Institute Theoretical Physics TU Vienna AdS / QCD and L l:gJ’\t -Front HO'I«O'g/V a/PZ’W Stan Brodsky
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2-2007
8721A18

4

-4

2-2007
8721A19

0

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

S _ll f, (2o|50)
TR Hard Wall
P p (1700)
> p5 (1690)
8 a, (1450)
= a, (1320) —
~ (- (1285) iz, mp
- °
a, (1260)
O 1 | 1
2
B694A16 L
Fig: Light meson and vector meson orbital spectrum Agcp = 0.32 GeV
Institute Theoretical Physics TU Vienna Adﬁ/ QCD and Ll:gJ’\t -Front HO‘LO'g/V OK/PZ’W Stan Brodsky
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Introduce “Dilatown’ to- simudate confinement analytically
e Nonconformal metricljual to a confining gauge theory
V(2)
R . i}
de = 22 (nﬂ dz"dz” dZQ) _

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

asymptotically AdSs

e (ravitational potential energy for object of mass m

e#(2)/2

V = mc*\/g00 = mc*R

%
T , —K“z
e Consider warp factor exp(dr?2?) \ ‘ g
e Plus solution: V() increases exponentially confining \\/
any object in modified AdS metrics to distances (2) ~ 1/k
Klebanov and Maldacenow
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Dual QCD Light-Front Wave Equation 2 (, Pp(z) < |W(P))
[GdT and S. J. Brodsky, PRL 102, 081601 (2009)]

e Upon substitution z—¢ and ¢7(¢) ~ ¢73/217e#(2)/2® ;(¢) in AdS WE

Zd—l—ZJ 690(2) ,uR 2] ,
- ev(2) O (Zd—1—2JaZ> T (7) ®(z) = M®;(2)

find LFWE (d = 4)

d> 1—4L7
(~ia ~ e +U©) 6a(0) = M65(0
with J
1, L, 2J =3
U(Q) = 5¢"(2) + 1¢'(2)* + =5 —¢(2)

and (uR)? = —(2 — J)* + L?
e AdS Breitenlohner-Freedman bound (pR)? > —4 equivalent to LF QM stability condition L* > 0

e Scaling dimension 7 of AdS mode CiDJ is 7 = 2 + L in agreement with twist scaling dimension of a

two parton bound state in QCD and determined by QM stability condition

Institute Theoretical Physics TU Vienna AdS/ QCD oand L l:gJ’\t -Front H O‘I,O'g/i/ OK/PZ’W Stan Brodsky
I
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de Teramond, Dosch, sjb

General-Spin Hadrony

e Obtain spin-J mode ®,,, ..., , with all indices along 3+1 coordinates from P by shifting dimensions

2(2) = (5) " a(z)

e Substituting in the AdS scalar wave equation for ®
2207 — (3—2J — 26°2%) 20, + 2°M*— (uR)*|®; = 0

e Upon substitution z— (¢
05(C)~ (P2 B(()

we find the LF wave equation

d*  1-4L°
<_d—C2 e - R+ 267 (L + S — 1)) Guy oy = M2y,

X

with (uR)% = —(2 — J)2 + L2

Institute Theoretical Physics TU Vienna AdS/ QCD oand L l:gJ’\t -Front H O‘LO'g/V OK/PZ’W Stan Brodsky
2
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|

d(z) _  +KZz2° * deTeramond, sjb
€ — € Positive-sign dilaton

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

’ e U (2)]|@(2) = M*(2)

dz? 42

U(z) = k2> +2c*(L+ S — 1)
Derived from vawiatiovw of Action for Didlaton-Modified AdSs

Identical to Light-Front Bound State Equation!

2z < (= \z(1l-2)b?

43



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

J(Q,z) = 2QK1(2Q)

F(Q?)—r = [ 4Pp(2)J(Q,2)P(2)

High Q? J(Q,2) &/
1 &
from " | ¢ (Z) Polchinski, Strassler
small z ~1/Q 0 el de Teramond, sjb
0.4
0.2, ]
high Qz/ > 5 3 2 4 5

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

T—1
9 1 Dimensional Quark Counting Rules:
F (Q ) > , General result from
QQ AdS/CFT and Conformal Invariance

where Tt = A, — 0, 0, = Z?’:l o;. The twist is equal to the number of partons, 7 = n.
Institute Theoretical Physics TU Vienna AdSE/ QCD O(/Vld/Ll:gJ’\t -Front HO'I,O'g/VObPZ/W Stan Brodsky
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Holographic Mapping of AdS Modes to QCD LFWFs

e Integrate Soper formula over angles:

Pt =2 [ a2 cchO<<q 1_$>ﬁ(x,ﬁ),

X

with ﬁ(az, C ) QCD effective transverse charge density.

e T[ransversality variable

¢ = \/:13(1 — ZB)I_??_

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

1 1l —=x
/Oda:Jo(ch . )—CQKl(CQ),

the solution for J(Q, () = CQK1(CQ) !




Grawitational Form Factor inAdS shace
e Hadronic gravitational form-factor in AdS space

R L Q2 2)18.(2),

A (Q?) =
(Q7) 3 Abidin & Carlson

where H(Q?, 2) = %Q2Z2K2(ZQ)

e Use integral representation for H ()2, z)

1
H(Q?, 2) :2/0 xde()(zQ 1;$>

e Write the AdS gravitational form-factor as

1
4,(Q?) = 2R3/0 v [ 5 0 <z@ 1;’”) B (2)

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

Identical to-LF Holography obtained from electromagmnetic cuwrrent

Institute Theoretical Physics TU Vienna AdS / QCD and L Lglf\t -FrontC HO'I«O'g/V a/PZ’W Stan Brodsky
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LF( 3+ 1) e A d55 de Teramond, sjb

V(x, b)) — ——— d(2)

¢ = \/.:B(l — :Iz)l;i ey

|5
(1-a)

P(2,¢) = Va1l — )¢ 2¢(C)

Light Front Holography: Unique mapping derived from equality
of LF and AdS formudae for bound-states and form factorsy

Institute Theoretical Physics TU Vienna AdS / QCD and L Lglf\t -FrontC HO'I«O'g/V a/PZ’W Stan Brodsky
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QCD Mesow Spectrum

Fixed Light-Front Time
H QCD (Front form)

l Fixed T=t+4 z/c

(HY o + HL )| >= M?| ¥ > Coupledbight-front Fock states

l

k3 +m? ; X
= + Ve | Yor(z, k) = M? ¢rp(z, kL) Effective two-particle equation

(1l — x)

B e T e 5 0] Q) = M @) (P = x(1— 2)b?

d¢? = z(1— =) ¢?
AdS/QCD: Agimuthal Basis (, @
U(C) = r*C* 4+ 26*(L+ 5 — 1) Confoning Ads/QCD

Semiclassical frst abproximation to-QCD potential 3



( Light-Front Schwédinger Equation )

G. de Teramond, sjb

Relativistic LF single-variable radial

equatiowfor QCD & QED Frame Independent!
d? ° —1 +4L?
CEtiaoa T o TUGS DI vne() = M gre(Q)
(2 =2(1—z)b?.
|5
(1—x)
AdS/QCD:

U(C, S, L) = k*C* + w*(L + S — 1/2)

Institute Theoretical Physics TU Vienna AdS / QCD and L Lglf\t -FrontC HO‘I»O'g/V a/PZ’W Stan Brodsky
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Meson Spectrum in Soft Wall Model
e Linear Regge trajectories [Karch, Katz, Son and Stephanov (2006)]
e Dilaton profile ¢(2) = +k%22
e Effective potential: U (2) = k*(? + 2xk%(J — 1)

e LFWE

2 1-4L?
(_ 1 i - 4 2K2(J — 1)) 67(¢) = M?;(¢)

e Normalized eigenfunctions (d|¢) = [ d{ ¢?(2)* =1

d’n,L(C) — nl-f—L \/(nzf;;)' <1/2+L6_K’2C2/2L£’(l‘§2<2)

e Eigenvalues

J+ L
M, 51 = 4K (n | ; )



2 _
o J=L+S,I=1meson families M%,L’S = 4k%(n+ L + S/2) 4k for An =1

42 for AL =1
2k2 for AS = 1
T | ! | ! | ! I
n=2 n=1 n=0
41 = 4 -
_— ' _—
ST 1T %
& ~(1800) S
N§ 21 - N§ 2 -
Plovw has
o " b4(1235) .
Ol b 1 | 1 0
0 2
2-2012 2-2012
8820A20 L BB20A24

|=1 orbital and radial excitations for the m (k = 0.59 GeV) and the p-meson families (k = 0.54 GeV)

e Triplet splitting forthe I = 1, L = 1, J = 0, 1, 2, vector meson a-states

Ma,1320) > Mg, (1260) > M, (980)

Institute Theoretical Physics TU Vienna AdS/ QCD oand L l:gfl’bt -Front H O‘I,O'g/t/' O(/PZ’W Stan Brodsky
I
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Quark separationw g
increases witv L

0

2-2007 0

8721A20

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

2-2007
8721A21

2-2012
8820A20

Orbital and radial excitations for the 7 (k = 0.59 GeV) and the p I=1meson families (x = 0.54 GeV)

2-2012
8820A24

n=1




Quark separationw 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

|(b) SI:O

x (1800)
o

Pion mass
automatically zero

8-2007
8694A19

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

AdS/QCD and Light-Front Holography
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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
[z20§ — 2z (1 + 2/12z2) 0, — Q2z2] Jx(Q, z) = 0.

e Solution bulk-to-boundary propagator

Q2 2 5 9
Jm(Qaz):F(1+@> U(@aoaﬁ 2 ),

Soft Wall

where U (a, b, ¢) is the confluent hypergeometric function MOUL@Z/

['(a)U(a,b, z) = / e 101 ) La,
0

e Form factor in presence of the dilaton background ¢ = K22
d
F(Q*) =R’ Z—§ e_’i222<1>(z)J,<,(Q, 2)®(2).

e Forlarge Q% > 4k?
Ju(@,2) — 2QK1(2Q) = J(Q, 2),

the external current decouples from the dilaton field.
Institute Theoretical Physics TU Vienna AdS / QCD onad Ll:gJ’\t -Front H O‘LO'g/VObPZ’W Stan Brods ky
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Note: Analytical Form of Hadronic Form Factor for Arbitrary Twist

e Form factor for a string mode with scaling dimension 7, ® - in the SW model
2

T (1+ 4%)

I' (T+ %)

e Forr=N, T(N+2)=(N—-14+2)(N—-2+2)...(1+2)'(1+ 2).

F(Q*) =I(r)

e Form factor expressed as /N — 1 product of poles

F(Q2): 1_|_Q_2’ N =2,
4K2
2
(N — 1)
R G2 I (e

e For large Q*:

4/{2 (N—-1)
Institute Theoretical Physics TU Vienna AdS/ QCD and Ll:gJ’\t -Front H O‘I,O'g/i/ aphy Stan Brodsky
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Dressed soft-wall cuwrvent brings inv higher
Fock states and move vector mesovw poles

Institute Theoretical Physics TU Vienna AdS / QCD and L Lglf\t -FrontC HO‘I»O'g/V a/PZ’W Stan Brodsky

November 6, 2012 5~ 1 A7/~

oD e AN



Higher Fock States

® Exposed by timelike form factor through

dressed current.

® Created by confining interaction

ol —I—Taw 1 @,7+Taw
P ~ kt | de=d*% vy
confinement K / L L1 P+ ( o / (9_]_)4 P+

® Similar to QCD(1+1) in lcg

e i <
Institute Theoretical Physics TU Vienna A d5 / QCD O(/Vl,d/ L l:gJ’\t - FV' ontl HO‘LO'g/V OK/PZ’W
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Spacelike piow form factor fromAdS/CFT

| Data Compilation
| Baldini, Kloe and Volmer

Soft Wall: Harmonic Oscillator Confinement

Hard Wall: Truncated Space Confinement

One parameter - set by pion decay constant.
7 VP ) de Teramond, sjb

See also: Radyushkin
Institute Theoretical Physics TU Vienna AdS/ QCD oand L Lglf\t -Front H O‘I,O'g/lf OK/PZ’W Stan Brodsky
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Timelike Pion Form Factor from AdS/QCD

and Light-Front Holography

: (1 _ 1 1
) ==Y P
: 0 0 o 0!
% 2 _ g2
=4rk“(1/24+n
log | Fy (s)] M., (1/2 4+ n)
* v =0.17
1 I ]
v~' A
o Prescription for
" 3 S Y7yl ' Timelike poles :
0% AR Twist 2+4 | 1
% / RN i I s— M?2+iy/sT
Twist 2 $
-1+ ~ \—— —
i . =2 14%0 four-quark
Frascati data ~<_] probability
=2 L I | | | I I I I | | [
0.0 0.5 1.0 15 20 25 3.0
S(GGV ) G. de Teramond & sjb
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Piovw Tumelike Form Factor (Includes Twist 2 to-5)
2

log |
AdS/QCD 0 | Fx(5)]

4 poles

; Frascati

!

N |

WL
J L]

M2 = 4k*(1/2 4 n)

] |
|

BaBar ISR

Y T T

s(GeV?)
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- Plonw Form Factor from AdS/QCD ang Light-Front Holography

log | Fx(s)

I spacelike

G deTeramond, sjb
Preliminary

timelike

t
i } { NG ﬁ% |
f JLab ! \ -
L BaBar ISR | |
Piwist 2 = 917, Pywist 4 = 3%, Piwist 5 = 6%
x determined by the p mass, PDG widths. I'yv =T,1.
I
2 2
q°(GeV?)



ra

l A A A l A A A l A A A l A A A l

4 6 58 10
¢*(GeV~)
Timelike

~~~~~~~~~~~ °Fr(¢?)] — (1 —~)m;,

B P
B
—
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---
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Guy de Teramond, sjb
preliminary

0.0 ) . )
- Spacelike pion form factor ;
01l from AdS/QCD e
A7 T ‘!,;I-
-0.2 - T | I 14 i
lOng(Q2) : ! } ,/"‘
03| -t 37T | -
: P S T hreshold effect from analytic -
_ ‘ ,,,, \ continuation of resonance widths
04 -
[Lee”” 1.2~ - N/ Analytic continuation to time-like region
T p P ;
o5 | | sos+iVs I(s) i
_ o(s) 2J+1
=it [p(M)]
—0.6 - ]l
2\1/2
_ ! po=(1-5) =
—0.7 . | -

~030 —025 —éo.zb . 2—'0.1'5 2010 —0.05 0.0
), (G@V ) 65



log FW(Q2)

0.0
- Spacelike pion form factor

Guy de Teramond, sjb
preliminary

from AdS/QCD

" Radius at large Q
different than at
small Q:

 5~1_ _ muonic hydrogen

10\ X R Threshold effect from } :
‘‘‘‘‘‘ \ continuation of resonance widths
-_,—"'::; N Analytic continuation to time-like regior;
‘ > 107 p IO ]
sos+iVs [(s)
B o(s) 127+1
He)=T L(M)]
1/2
P(S)=(1 T) _p/\/_
—-0.30 -0.25 —0 20 —0 15  —0.10 -0.05 0.00

Q (G’eV2)
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Guy de Teramond, sjb

preliminary
ol Spacelike pion form factor ;
V from AdS/QCD A
1 Threshold effect from analytic

continuation of resonance widths




D)
n

N [ ]

T

1Q°I IF (Qﬁl (GeV %)
N

=
n

K
¢}

H (3

Consistent with log fall-off of pQCD
Timelike Piow Form Factor

Q7| Fr(Q%)] 1 BaBAR

N

CLEQO: Sethetal.

Q

—il— +T

ADS/QCD

5 15

0%l (GeV?)

I TN A T T N T N T T T T [N T T SN S O N M A '
10 125 15 175 20
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LF( 3+ 1) e A d55 de Teramond, sjb

V(x, b)) — ——— d(2)

¢ = \/.:B(l — :Iz)l;i ey

|5
(1-a)

P(2,¢) = Va1l — )¢ 2¢(C)

Light Front Holography: Unique mapping derived from equality of LF
and AdS fornmuda for TM and grovitational current matrix elements
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e Interms of n— 1 independent transverse impact coordinates b ;, 7 = 1,2,...,n—1,

2
+m€

vQ
Z H /dil?jd2b in (i, b 1) Z ( bzf >¢n(a:i, b ;) + interactions
q

n j=1

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

¢ = \/1—x|zx]bl‘7

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

e For a two-parton system (¥ = z(1 — z)b?

(1-2)

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 ¢(()

Y(,¢,¢) = M X ()

70



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

Relativistic LF radial equatiov Frame Independent
d?> 1 —4L2
et e TUQI(O = MP(Q)

(2 =2z(1—2z)b?.

U(C) = k*C* +2x*(L+ S —1)

(1—x)

soft wall
G. de Teramond, sjb confining potential:
Institute Theoretical Physics TU Vienna AdS/ QCD oand L Lglf\t -Front H O‘I,O'g/lf OK/PZ’W Stan Brodsky
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( Light-Front Schwédinger Equation )
G. de Teramond, sjb
Relativistic LF single-variable radial ]

equation for QCD & QED Frame Independent!

[ d2 | m2 | —1-|—4L2
2 z(l—z) ¢?

FU(¢, S, L)) Yrr(C) = M? Yrr(C)

(2 =z(1—2x)b?.

U((,S, L) = k*CC+ KA (L+ S —1/2) ==l

¢--- 4
U is the exact QCD potential : . :

Conjecture: ‘H’-diagrams generate

Institute Theoretical Physics TU Vienna AdS/ QCD oand L Lght -Front H O‘I,O'g/lf OK/PZ’W Stan Brodsky
2

November 6, 2012 = el A

NATIONAL ACCELERATOR LABORATORY



Prediction from AdS/CFT: Mesow LFWF

de Teramond,

sjb

“Soft Wall”

model

Note coupling
2
kY, @

47 o
€ 2k2x(l—x)
ky/o(l — )

Cornwmection of Confinement to-TMDy
Institute Theoretical Physics TU Vienna AdS / QCD and Ll:gJ’\t -Front H O‘I«O'g/l/ a/PZ’W Stan Brodsky
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Hadrow Distribution Amplitudes

Lepage, sjb

kT < Q?

2 ed -
Fixed T=t+4 z/c

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

Lepage, sjb
* Evolution Equations from PQCD, OPE, Contormal  Efremov, Radyushkin.
Invariance Sachrajda, Frishman Lepage, sjb

Braun, Gardi
* Compute from valence light-front wavefunction in light-

cone gauge

—

Q —
oz, Q) :/ d°k yg(x, kL)

74



Second Moment of Pion Distribution Amplitude
1
<¢ = | e €20(¢)

E=1-2x

<& >.=1/5=0.20 Dasympt X (1 — )

< 52 > = 1/4 = (0.25 ¢AdS/QCD X \/33(1 — $)

Lattice (I) < &* >,= 0.28 £ 0.03 Donnellan et al.
Lattice (IT) < &% >,= 0.269 + 0.039 Braun et al.
Institute Tl;\e’oreticbal I;bysics TU Vienna AdSE/ QCD o L{,gJ/\t -Front HO'I«O'g/Va/PZ’W Stan Brodsky
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week ending

PRL 109, 081601 (2012) PHYSICAL REVIEW LETTERS 24 AUGUST 2012

AdS/QCD Holographic Wave Function for the p Meson
and Diffractive p Meson Electroproduction

J.R. Forshaw™

Consortium for Fundamental Physics, School of Physics and Astronomy, University of Manchester,
Oxford Road, Manchester M13 9PL, United Kingdom

R. Sandapen’

Département de Physique et d’Astronomie, Université de Moncton, Moncton, New Brunswick EIA3E9, Canada
(Received 5 April 2012; published 20 August 2012)

We show that anti—de Sitter/quantum chromodynamics generates predictions for the rate of diffractive

b5 0) = NN~ Derp <4,

y _ 1 B M_gq
b Vx(1 —x) exp( 2K )’



o |nb]

PRL 109, 081601 (2012)

week ending

PHYSICAL REVIEW LETTERS 24 AUGUST 2012

AdS/QCD Holographic Wave Function for the p Meson
and Diffractive p Meson Electroproduction

20000 T I l 2000
15000+ ‘+' — 1500 -
10000 -8 E-% —

J: R. Forshaw,
R. Sandapen

v'p — p’p’

5000
4000

W [GeV]

= HI1 (2000)
e H1(2010)
o ZEUS (2007)

I l (b) ZEUS

o . _ 1 B M_?}c?
. ¢t B) Jx(1 — x) exp( )’
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Formatiow of Relativistic Anti-Hydroger

Measured at CERN-LEAR and FermiLab

Munger, Schmidt, sjb

o

' Coulomb field
—l_:_) Yp = Yo+
7 :

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

Institute Theoretical Physics TU Vienna AdS / QCD and L l:gJ’\t -FrontC HO'I«O'g/V a/PZ’W Stan Brodsky
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Hadronigation at the Amplitude Level

Event amplitude | | A
generator (kL)

Construct helicity amplitude using Light-Front
Perturbation theory; coalesce quarks via LFWF's
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Hadronigation at the Amplitude Level

Construct helicity amplitude using Light-Front Perturbation theory;
coalesce quarks via LFWFs
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Hadronigation at the Amplitude Level

e Ad}S/QCD

potential

ypl ypr + 0

ay
Tagy
ay
ay
ay
ay
ey
Ta,
ay
"ay
ay
ay
LT
ay
ay
]
........
||||||
.......
ay
ay
ay
L™
ay
ay
ay
ay
"ay
ay
nay
ay
Tay
ay
ay
]

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

Institute Theoretical Physics TU Vienna AdS/ QCD oand L Lght -Front H O‘I,O'g/lf OK/PZ’W Stan Brodsky
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Off -Shell T-Matrix
Event amplitude generator

Quarks and Gluons Off-Shell

LFPth: Minimal Time-Ordering Diagrams-Only pqsitive k|+ |

J? Conservation at every vertex

Frame-Independent

.
",

Cluster Decomposition  Chueng Ji, sjb -
“History”-Numerator structure universal

Renormalization- alternate denominators

LEWTEF takes Off-shell to On-shell

Roskies, Suaya, sjb
Tested in QED: g-2 to three loops
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Fermionic Modes and Baryon Spectrum Yukowa interactiovw

GdT and sjb, PRL 94, 201601 (200%) | v S

From Nick Evans

e Action for Dirac field in AdS4. 1 in presence of dilaton background ¢(z)\ [Abidin and Carlson (2009)]
S = /ddﬂﬁe@(z) (1We TADpy W + hoc + p(2) TV — pTT)

e Factor out plane waves along 3+1:  Wp(zH, 2) = e oW (2)
[z’ (znﬁmrgam + QFZ) + uR + /4;2,2] U(z*) = 0.
e Solution (v=pR— 3, v=L+1)
U, (2) ~ L3V ok z2/2L1/( 2 2)’ U_(2) ~ L5tk z2/2L1/—|-1( 2z2)
e Eigenvalues (how to fix the overall energy scale, see arXiv:1001.5193)
M? =4k*(n+ L +1) positive parity

e Obtain spin-J mode (I)m-"/w_l/w J > % with all indices along 3+1 from W by shifting dimensions
e Large N¢: M? :4/£2(NC—|—n—|—L—2) — M~ \/NCAQCD
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Non-Conformal Extension of Algebraic Structure (Soft Wall Model)

e We write the Dirac equation

(adI(¢) = M) ¥(¢) =0,

in terms of the matrix-valued operator 11 v=1+1
[ d v+ 2
HV(C) — —1 (d_c _ C 27/5 — ’%24-75) )
and its adjoint HT, with commutation relations
| Soft Wall
2v + 1
[HV(C)7 HZ(C)} — < CQ o 2’{2) V5-

e Solutions to the Dirac equation

Yi(Q) ~ 22teERLY(2¢2),
Y_(() ~ zrte 222,

e Eigenvalues
M? =4k*(n+v +1).
Institute Theoretical Physics TU Vienna AdS / QCD and Ll:gJ’\t -Front H O‘I«O'g/l/ a/PZ’W Stan Brodsky
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Table 1: SU(6) classification of confirmed baryons listed by the PDG. The labels S, L
and n refer to the internal spin, orbital angular momentum and radial quantum number
respectively. The A2~ (1930) does not fit the SU(6) classification since its mass is too low
compared to other members 70-multiplet for n =0, L = 3.

Institute Theoretical Physics TU Vienna

November 6, 2012

SU6) S L n Baryon State
5 1 0 0 N17(940)
1o 1 N17(1440)
1o 2 N1T(1710)
5.0 0 A37(1232)
3.0 1 A27(1600
70 1 1 0 N17(1535) N3 (1520)
510 N3 (1650) N2 (1700) N3 (1675)
3211 Ni~ N3 (1875) N2~
10 A (1620) A2 (1700)
56 1 2 0 N37(1720) N57(1680)
12 1 N3T(1900) N3T
32 0 ALT(1910) A3T(1920) AZT(1905) AIT(1950)
70 1 3 0 N2~ NI~
$ 3 0 N3 N5~ N%7(2190) N5 (2250)
3 0 A2 AL
56 1 4 0 NIT N9 (2220)
54 0 o ALY AT ALLT(2420)
70 L 5 0 N3~ N~
$ 5 0 N2 N3 N4 (2600) N+
AdS/QCD and Light-Front Holography
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PDG 2012

7 j‘ ]

i 2

- M
6j ]

i n=3 n=2 n=1 n=0

N(2220) 5
4 i
3 ]

| N(1710) N(1720)
2t N(1680) :

- N(1440) I
1 102

N(940) L I
0 ;\ ! L ! L ! 11
0 1 2 3 4
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gl

M?
N(1875)
o P
N(1535)
N(1520)
| i | | | | é | | | |

LF Viricd Theovem:

Nucleonw Mass: 1/2 fromv LFKE
ond 1/2 from Confinement Potential

AdS/QCD and Light-Front Holography
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7 T AR AR AR ‘ ]
85 2 N(2600) 1 : 2
I M 1 M =3 n="2 n=1 n=0
6? -
| N(2250) ?
6 ] ,
N(2190) 5- / AQ2420)
, N(1700) 4 ]
al N(1675) N(2220) ] :
N(1650) 3 A(1930) _~A(1950) ]
* A(1920)
, | i A(1910) ,
Al N(1720) | ) B A(1905) ]
fis3s) V680 %= 0.49 GeV | % =0.51 GeV
([ A(1232) i
: N(1520) f 7
- N(940) L i L
OT‘ ol e e ] 0; -
0 1 2 3 4 5 6 S - M
de Teramond, sjb All confirmed
2 (4) , . . resonances
M, s =4k’ (n+ L+ =+ = |, positive parity from PDG
2012

, negative parity

S O | Qo

S
2
_ S
Mi(L)S =4k (n+ LA 5
See also Forkel, Beyer, Federico, Klempt
Institute Theoretical Physics TU Vienna Ad5 / QCD 0(4/1,01/ Lﬂgzzf\t - FV’O-VLt H O-I,O-gxra,p;\y Stan Brodsky
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A a2"

112"
13/2"
2 2 ®
g M~ (GeV?) oot on  Mi52t(2950)
A,,+(2390) 11/2” !
Ag,»*(2300)
N=0 A11/2*(2420) N 712
6k A,,,*(1910) Ag,~(2223) o2 or2”
—> A,,,+(1920) A, 712 N 11/2°
Ag/,*(1905) 191//22+ A ,,-(2750)
A,,,+(1950) . .
A4,,~(1700) \ 3/; 200 e N=1
A, ,,~(1900) 572" N ) Ag,,-(2400)
712
A,,,*(1232) A;,~(1940) €—
2r A, ,+(1750) A,,~(1930)
A,,,*(1600)
L+N
O ] ] ] ] ] ] ] >
0 1 > 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.

Institute Theoretical Physics TU Vienna AdS/ QCD oand L l:gJ’Lt -Front H O‘I,O'g/i/ OK/PZ’W Stan Brodsky
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Fermionic Modes and Baryon Spectrum
[Hard wall model: GdT and S. J. Brodsky, PRL 94, 201601 (2005)]
[Soft wall model: GdT and S. J. Brodsky, (2005), arXiv:1001.5193]

From Nick Evans

e Nucleon LF modes

Y+ (COn,r = K2+L\/ ( 2+"7J!L)'<3/2+L6—m2<2/2L5+1 (k*¢?)
n :

1 2n! 202
lb—(C)n,L _ K3+L\/n+L+2\/(n+L)!C5/2—I—L€ ¢ /2L£+2 (HJQCZ)

e Normalization

[acvi© = [acuc) =1

e Eigenvalues
M%,L,Szl/Q = 4k* (n+ L +1)

e “Chiral partners”

M N (1535) /3
M N (940)



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§~* — _|_1/27 7 = 0; S* = —1/27 L7 = +1
JF=+1/2:<L”>=1/2,<5; =0>

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=o0.
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Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

F Q) = g. / 4¢ J(Q, Ol (O],
F QY = g / 4¢ J(Q, Ol (O

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 ¥4 ({) and 1_ ({) correspond
to nucleons with J? = +1/2 and —1/2.

e For SU(6) spin-flavor symmetry

FY(Q7)

[ ¢ IQ. 0w+ o)
@) = —3 [ dCIQ0) [l6+(O)F ~ ()],
where F7'(0) = 1, F7*(0) = 0.

Institute Theoretical Physics TU Vienna AdS/ QCD oand L l:gJ’\t -Front H O‘I,O'g/i/ OK/PZ’W Stan Brodsky
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Using SU (6) flavor symmetry and normalization to static quantities

2.2012 p) 2 2.2012 2 2
8820A18 Q< (GeV?) 8820A17 Q“ (GeV?)

2I ! I ! I ! O_I ! I ! 1 ! _

& C\l
O _ O
~ 1 ~ _1 L —
o A C AN
LL L
0 [ | | I | 1 * | A -2 I | I | I |

0 2 4 6 0 2 4 6

55208 Q* (GeV?) 620A7 Q* (GeV?)

Institute Theoretical Physics TU Vienna AdS/ QCD oand L l:gJ’\t -Front H O‘I,O'g/l/ OK/PZ’W Stan Brodsky
2

November 6, 2012 9 ol AR
) b N

NATIONAL ACCELERATOR LABORATORY



Spacelike Paudi Form Factor

Preliminary
From overlap of L =1 and L =0 LEWFs
2 -
' Harmonic Oscillator Confinement |
Normalized to anomalous '
_ moment
1.57
;) (Q7)
Fy(Q7) |
1| k = 0.49 GeV
0.5¢
| G. de Teramond, sjb
0 L A A
0 1 2 3 4 5 6
Q?(GeV?)
Institute Theoretical Physics TU Vienna AdS / QCD and Ll:gJ’\t -Front H O‘LO'g/V OK/PZ’W Stan Brodsky
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Nucleon Transition Form Factors
: : . * _ n=0,L=0 n=1,L=0
e Compute spin non-flip EM transition N (940) — N*(1440): W7 — Wl

e Transition form factor
dz _n=11=0 n=0, =0
Fl%]?\f_g\[* (QQ) — R4/¥ \Ij—l— , (Z)V(sz)\p—l— (Z)
e Orthonormality of Laguerre functions  (Fih < (0) =0, V(Q =0,2) =1)

dz n',L n,L
R4/?\I}+’ (Z)\If_|_ (Z): n,n’

e Find
Q
iy n-(Q%) = 22 Y
N—N* 3 2 Q2 Q2
(1 &) (1+ 3 (1+ 5%
p p

with M ,> — 4k?(n +1/2)

de Teramond, sjb
Consistent withv counting rule, twist 3
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Nucleon Transition Form Factors

FP y_on+(@%) = v2 e
S A& d) (v aE)
AdS\QCD - G. de fl?z?’dmond,

Light-Front _

576
tolography

Q2 (GeV?)
Proton transition form factor to the first radial excited state. Data from JLab

Institute Theoretical Physics TU Vienna AdS / QCD and L l:gJ’\t -FrontC HO'I«O'g/V a/PZ’W Stan Brodsky

November 6, 2012 95 el A~

NATIONAL ACCELERATOR LABORATORY



Pion Transition Form-Factor Cao, de Teramond, sjb

T* (o
— | )_“O
q
e Definition of m — v TFF from ’)/*7'('0 — 7y vertex in the amplitude em — ey (y; 1-x

' = _?:GQFW’Y(q2)€,UJ/pO'(pﬂ')l/ep(k)qg7 k=0

e Asymptotic value of pion TFF is determined by first principles in QCD:
Q*F(Q* — 00) = 2fr [Lepage and Brodsky (1980)]

e Pion TFF from 5-dim Chern-Simons structure [Hill and Zachos (2005), Grigoryan and Radyushkin (2008)]

/d4:€ / dz ELMNPQAL({?MAN(QPAQ
~ (27T)45(4) (pw +q — k) va(q2)€'uypae,u(Q) (pﬂ')l/ep(k)QJ

e Findfor A, x ®,(2)/z

Fry(Q%) = - /Ow%q>w(z)V(Q2,z)

T on 2

with normalization fixed by asymptotic QCD prediction

® V(QQ, z) bulk-to-boundary propagator of v*

Institute Theoretical Physics TU Vienna AdS / QCD and L l:gJ’\t -Front HO'I«O'g/V a/PZ’W Stan Brodsky
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WICOUVII 11dAdlloILIVIL T VITFT dylVio

[S. J. Brodsky, Fu-Guang Cao and GdT, arXiv:1005.39XX]

e Pion TFF from 5-dim Chern-Simons structure [Hill and Zachos (2005), Grigoryan and Radyushkin (2008)]

/d4x/dz ELMNPQALaMANaPAQ
~ (27‘-)45(4) (pﬂ' +q — k) va(q2)€'uypae,u(Q) (pw)yep(k)q(f
e Take A, x P(2)/2, Pr(2)= \/2Pq§mz26_"°2'z2/2, (Pr|Pr) = Pgg
e Find (¢(z) =V3frz(l —x), fr=+/Pgr/V2r)
4 [ ()
2 o0 . *
Q FW’Y(Q )_ \/g/o dajl—m

normalized to the asymptotic DA [/°,; = 1 — Musatov and Radyushkin (1997)]

{1 _ ¢~ PaQ*(1—z) /4> f7 x} G.P. Lepage,

sjb
e Large Q° TFF is identical to first principles asymptotic QCD result Qsz(Cf — 00) = 2fr

e The CS form is local in AdS space and projects out only the asymptotic form of the pion DA

Institute Theoretical Physics TU Vienna AdS / QCD and L l:gJ’\t -Front HO'LO'g/V a/PZ’W Stan Brodsky
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Photon-to-piow transitiow form factor
Lepage, sjb Q*Fr(Q* — 0) = 2f,

0.30 |
0.25 | *
. ;|
q) o
= 0203 _-Jadd E------- wvirrirrireireiret
~~ - C T l=tlTredecc"""
o e e
NS 015 - si’ = BaBar
~ 0hi . CLEO
l F.-G.Cao, |~ Free current; Twist 2 (Chern-Simons)
0.05 t G. de Teramond, — = Dressed current; Twist 2
S]b — Dressed current; Twist 2+4
0.00 ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ]
0 10 20 30 40
Q*(GeV?)
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Q*F,,(Q%)(GeV)

Pion-gamma transition form factor

0.30 I
0.25 %
0.20 f
0.15 e Belle
m BaBar
0.10 ¢+ CLEO
A CELLO
------ Free current; Twist 2
0.05 = = Dressed current; Twist 2
— Dressed current; Twist 2+4
0.00 ' E—
0 10 20 30 40
Q%(GeV?)
10000 | I T . .
L 1{{ ! | -
8000 | ]I ] ] ] . i
NQ) | r --“ —
6000 T 7
o i
2 I
S 4000 ! ]
2000 - .
0 10 T T w0
Q2
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Ruwnwning Coupling from Modifted AdS/QCD

Consider five-dim gauge fields propagating in AdS5 space in dilaton background (z) =

Flow equation

Deur, de Teramond, sjb

1
S = /d4:1: dz \/§e‘p(z) G2
4 g5
1 1 2.2
= ¢#?) or g2(z) =e "% g2(0
20 " @ 5% 5(0)

where the coupling g5(z) Incorporates the non-conformal dynamics of confinement

__ /{222

YM coupling as(¢) = g%M(C)/ZLW is the five dim coupling up to a factor: g5(z) — gy ar(()

Coupling measured at momentum scale ())

Solution

where the coupling o

AdS

025 / CACT(CQ) @S (¢)

@SAdS(Q2) _ aAdS(O) €—Q2/4/<:2.

iIncorporates the non-conformal dynamics of confinement
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Ruwnwning Coupling from Light-Front Holography and AdS/QCD
Analytic, defined at all scales, IR Fixed Point

OzAdS

S

(Q)fm =e @/

k = 0.54 GeV

)
0.8 |-
06 . { X
----- Modified AdS 1§ |1 .. il
— AdS | i|:\
04 - — L ||
i Otgl/J'E (pQCD) 0
ocgl/:n: world data '
------- GDH limit X og,/m
02 7¢ o /mnOPAL
A o, /nJLab CLAS
M o, /n Hall A/CLAS
o @ Lattice QCD (2004) (2007)
| | | | | | | | ‘
10" ]

Deur, de Teramond, sjb
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AdS/QCD and Light-Front Holography

® AdS/QCD: Incorporates scale transformations
characteristic of QCD with a single scale - RGE

® Light-Front Holography; unique connection of
AdSs to Front-Form

® Profound connection between gravity in sth
dimension and physical 3+1 space time at fixed LF
time T

® (Gives unique interpretation of z in AdS to
physical variable C in 3+1 space-time

Institute Theoretical Physics TU Vienna AdS / QCD and L l:gJ’Lt -Front HO'LO'g/V a/PZ’W Stan Brodsky
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An analytic first approximation to QCD
AdS/QCD + Light-Front Holography

® As Simple as Schrédinger Theory in Atomic Physics
¢ LF radial variable ( conjugate to invariant mass squared

¢ Relativistic, Frame-Independent, Color-Confining

¢ QCD Coupling at all scales: Essential for Gauge Link

phenomena
¢ Hadron Spectroscopy and Dynamics from one parameter

e Wave Functions, Form Factors, Hadronic Observables,
Constituent Counting Rules

¢ Insightinto QCD Condensates: Zero cosmological
constant!

¢ Systematically improvable with DLCQ Methods

Institute Theoretical Physics TU Vienna AdS / QCD and L l:gJ’Lt -Front ‘HO'LO'g/V a/PZ’W Stan Brodsky
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String Theory

Goal: First Approximant to-QCD +

Mapping of Poincawe and Conformal

SO(4,2) symumetiries of 3+1 space
AOL‘S/CFT to- AdS5 space

Counting rules for Hard Exclusive

Scattering
Regge Trajectories Conformal behawior at short distances
+ Confinement at large distonce
AdS/QCD
QCD at the Amplitude Level

Semi-Classical QCD / Wave Equaltions

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

Hadrow Spectra, Wavefunctions, Dynawmics

Institute Theoretical Physics TU Vienna AdS / QCD and L l:gJ’\t -Front HO'I«O'g/V a/PZ’W Stan Brodsky

November 6, 2012 104 ol AR

NATIONAL ACCELERATOR LABORATORY



Applications of Light-Front holography

® Diagonalize the LF Hamiltonian on the AdS/QCD basis

® Analytic form for two-photon reactions - analytic connection to
DVCS - light-by-light contribution to g-2

® Set the factorization scale using AdS/QCD LFWF's
® Hadronization at the Amplitude Level

® Compute QCD amplitudes at the soft scale: e.g. Sivers SSA
Asymmetry and Diffractive DDIS

® Sublimated gluons: Interplay of confinement and gluon exchange

® QCD puzzles: dominance of quark interchange in hard hadron-
hadron scattering; ./ / Y — pm

Institute Theoretical Physics TU Vienna AdS / QCD and L l:gJ’Lt -Front ‘HO'LO'g/V a/PZ’W Stan Brodsky
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Gell-Mawvuwv Oakes Revwner Formudar inv QCD

s (Mg +mg) ) current al.gebra:
My = [z < 0[gq|0 > effective pion field
2 (M, + ma) l QCD: composite pion
= < 0 > P P
M I iqsq|m Bethe-Salpeter, LF

vacuuwm condensate actually iy o “in-hadron condensate”

< O|§W5Q|7T > Maris, Roberts, Tandy

100



Light-Front Pionw Valence Wavefunctions

SE 4 8% =41/2-1/2=0
Couples to
L*=0,8°=0 <7|gy"5q|0 >~ fx

—>

S Ruwrwming covnustituent mass al vertex

s
f»—.+_' " LF=+1,5"=-1 <7|qvsq|0 > ~ pr
T J _3:_$

SZ48%=-1/2-1/2=—1

Angular n ol
Momentum. J” = Z Si + Z L;
Conservation. i i
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General Form of Bethe-Salpeter Wowvefunctiow

[ (k; P) = ivs Ex(k, P) + 757 - PFx(k; P)
+v57v - kG (k; P) — v50,, k" PY H (k; P)

— P/2+k
Fw(k,P) T ’ P
y /2 — k

Allows bothv < 0|qy57,q|m > and < 0|qysq|m >

§*=-1,L°=+1

108



New perspective on QCD ‘Condensates’

® Condensates do not exist as space-time-independent
phenomena

® Property of hadron wavefunctions: Bethe-Salpeter or Light-
Front: “In-Hadron Condensates” Maris, Roberts, Tandy

o Fing: — 790>

> — < 0]iqysq|m >= px

s

< 0|giysq|m > similar to < 0|gy*~vysq|m >

® Zero contribution to cosmological constant!  Included in
hadron mass

® P survives for small mq -- enhanced running mass from gluon
loops / multiparton Fock states

Institute Theoretical Physics TU Vienna AdS / QCD and L l:gJ’\t -Front HO'I«O'g/V a/PZ’W Stan Brodsky
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RAPID COMMUNICAT

PHYSICAL REVIEW C 82, 022201(R) (2010)

New perspectives on the quark condensate

Stanley J. Brodsky,!? Craig D. Roberts,** Robert Shrock,” and Peter C. Tandy®
ISLAC National Accelerator Laboratory, Stanford University, Stanford, California 94309, USA
2Centre for Particle Physics Phenomenology: CP?-Origins, University of Southern Denmark, Odense 5230 M, Denmark
3 Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
*Department of Physics, Peking University, Beijing 100871, China
SC.N. Yang Institute for Theoretical Physics, Stony Brook University, Stony Brook, New York 11794, USA
SCenter for Nuclear Research, Department of Physics, Kent State University, Kent, Ohio 44242, USA
(Received 25 May 2010; published 18 August 2010)

We show that the chiral-limit vacuum quark condensate is qualitatively equivalent to the pseudoscalar meson
leptonic decay constant in the sense that they are both obtained as the chiral-limit value of well-defined gauge-
invariant hadron-to-vacuum transition amplitudes that possess a spectral representation in terms of the current-

(" quark mass. Thus, whereas it might sometimes be convenient to imagine otherwise, neither is essentially a constant )
mass-scale that fills all spacetime. This means, in particular, that the quark condensate can be understood as a
property of hadrons themselves, which is expressed, for example, in their Bethe-Salpeter or light-front wave

L functions.
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“One of the gravest pusgzles of
theovetical physics”

DARK ENERGY AND
THE COSMOLOGICAL CONSTANT PARADOX

A. ZEE

Department of Physics, University of California, Santa Barbara, CA 93106, USA
Kauwil Institute for Theoretical Physics, University of California,
Santa Barbara, CA 93106, USA
zeeQkitp.ucsb. edu

(Q)gep ~ 107
Qp = 0.76(expt)

() Ew ~ 10°°

QCD Problemv Solved if Quawk and Gluon condensates reside
within hadrons, not vacuuwum/!

~ arXiv:0905.1151 [hep- th], Proc. Nat’l. Acad. Sci.,
R. Shl‘OCk, S]b “Condensates in Quantum Chromodynamics and the Cosmological Constant.”III



Light-Front vacuum cawv simudate empty universe

Shrock, Tandy, Roberts, sjb
® Independent of observer frame

® (ausal
® ].owest invariant mass state M= o.
® ‘Irivial up to k*=0 zero modes— already normal-ordering

® Higgs theory consistent with trivial LF vacuum (Srivastava, sjb)

® (QCD and AdS/QCD: In hadron condensates (Maris, Tandy
Roberts)

® (QED vacuum; no loops

® /ero cosmological constant
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tffective Confinement potentiold from soft-wall AdS/QCD gives Regge
Spectroscopy plus higher-twist corvrection to- current propagator

M? = 4x? (n+ L+ S/2) light-quark meson spectra

_ Kk~ 0.5 GeV

R€+e_(s):NcZe?](1+O )

mimicsy dimension-4 gluonw condensate < O]%GW(O)GW(O)\O >

ete”™ — X, 7 decay, QQ phenomenology

Institute Theoretical Physics TU Vienna AdS / QCD and L l:gfl’\zt -FrontC H O‘I«O'g/i’ a/phy Stan Brodsky
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QCD Mytns

® Anti-Shadowing is Universal
® ISI and FSI are higher twist effects and universal

® High transverse momentum hadrons arise only from
jet fragmentation -- baryon anomaly!

® heavy quarks only from gluon splitting
® renormalization scale cannot be fixed
® QCD condensates are vacuum effects
® Infrared Slavery

® Nuclei are composites of nucleons only
® Real part of DVCS arbitrary

Institute Theoretical Physics TU Vienna AdS / QCD oand L l:gJ’Lt -Front ‘HO'LO'g/V axphy Stan Brodsky
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Novel' QCD Phenomena ond Perspectives

e Hadroproduction at large transverse momentum does not derive exclusively
from 2 to 2 scattering subprocesses: Baryon Anomaly at RHIC Sickles, sjb

e Color Transparency Mueller, sjb; Diffractive Di-Jets and Tri-jets Strikman et al

¢ Heavy quark distributions do not derive exclusively from DGLAP or gluon
splitting -- component intrinsic to hadron wavefunction. Hoyer, et al

e Higgs production at large xr from intrinsic heavy quarks Kopeliovitch, Goldhaber,
Schmidt, Soffer, sjb

¢ Initial and final-state interactions are not always power suppressed in a hard
QCD reaction: Sivers Effect, Diffractive DIS, Breakdown of Lam Tung PQCD
Relation Schmidt, Hwang, Hoyer, Boer, sjb; Collins

e LFWFS are universal, but measured nuclear parton distributions are not
universal -- antishadowing is flavor dependent Schmidt, Yang, sjb

¢ Renormalization scale is not arbitrary; multiple scales, unambiguous at given
order. Disentangle running coupling and conformal effects,
Skeleton expansion: Gardi, Grunberg, Rathsman, sjb

® Quark and Gluon condensates reside within hadrons: Shrock, sjb
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Gooly

* Test QCD to maximum precision
* High precision determination of «,(Q?) at all scales

e Relate observable to observable ——no scheme or scale

ambiguity

* Eliminate renormalization scale ambiguity in a scheme-
independent manner

* Relate renormalization schemes without ambiguity

* Maximize sensitivity to new physics at the colliders

“Principle of Maximuuwm Conformality™



The Renormalizatiov Scale Problem

® No renormalization scale ambiguity in QED

* Gell Mann-Low QED Coupling defined from physical observable

¢ Sums all Vacuum Polarization Contributions

®* Recover conformal series

* Renormalization Scale in QED scheme: Identical to Photon Virtuality

® Analytic: Reproduces lepton-pair thresholds -- number of active leptons set
e Examples: muonic atoms, g-2, Lamb Shift

¢ Time-like and Space-like QED Coupling related by analyticity

¢ Uses Dressed Skeleton Expansion

¢ Results are scheme independent!
Predictions for physical observables
carwnot be scheme dependent
Institute Theoretical Physics TU Vienna AdS / QCD and L ﬂgfl’\t -Front ‘HO‘ZOg/V aphy Stan Brod. sky
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Electron-Electiron Scaltering inv QED

Meesee(++;++) = -S%?- a(t) 828 or(u)
‘@
a(t) = (0)

1—1(¢)

Gell-Mann--Low Effective Charge



QED tffective Chawge

a0
a(t) = 1255

Al-orders lepton-loop corrections to-dressed photonw propagator

(6, 10) = NOFAG

Initial scale t, is arbitrary -- Variation gives RGE Equations

Physical renormalization scale t not arbitrary!
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Electron-Electiron Scaltering inv QED

8s 8mws
Meeﬁee(++;++) — """"t"""' a(t) | 1L a(u)

Two separate physical scales: t, u = photon virtuality

‘@ -@
Gauge Invariant. Dressed photon propagator :

N\

=
Sums all vacuum polarization, non-zero beta terms into running coupling. This
is the purpose of the running coupling!

If one chooses a different initial scale, one must sum an infinite number of
graphs -- but always recover same result!

Number of active leptons correctly set

Analytic: reproduces correct behavior at lepton mass thresholds

No renormalization scale ambiguity!




Features of BLM/PMC Scale Setting

On The Elimination Of Scale Ambiguities In Perturbative Quantum Chromodynamics.

Lepage, Mackenzie, sjb Phys.Rev.D28:228,1983

o “Principle of Maximum Conformality” Di Giustino, Wu, Mojaza, sjb

e All terms associated with nonzero beta function summed into running
coupling

e Standard procedure in QED
¢ Resulting series identical to conformal series

¢ Renormalon n! growth of PQCD coefficients from beta function
eliminated!

o Scheme Independent !
¢ Ingeneral, BLM/PMC scales depend on all invariants

e Single Effective PMC scale at NLO



Q? my Agen Agen mg
O = C(as + B(Blog - D - E ya -G(—-)
(T (ko)) + B( u%) (Qg) ( 02 ( - -1
Running Coupling
Scale-Free . Effects Intrinsic Heavy
Conformal Series Quarks
Higher Twist fr(.)m Light by Light
Hadron Dynamics Loops
BLM/PMC: Absorb [-terms into running coupling
2 2
m AQC D AQC D mq
0 = C(0a(Q)) + D(0) + B(~252) + F(Z952) 4 G( 1)
Q 9 mig, my,
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Eliminating the Renormalization Scale Ambiguity for Top-Pair Production.
Using the ‘Principle of Maximum Conformality’ (PMC)

0.8

0.7

0.6

0.5}

0.4}

0.3

0.2}

0.1

0 -

" e Xing-Gang W
AL (M. > 450 GeV) o B

.

PMC

- - -- Experimental asymmetry

PMC Prediction

Using conventional guess for
renormalization scale and range

tt asymmetry predicted by pQCD NNLO within
1 0 of CDF /D0 measurements using PMC/BLM scale setting
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Need to set multiple renormalization scales --
Lensing, DGLAP, ERBL Evolution ...

PMC/BLM

l No renormalization scale ambiguity!

; ; . R, init
C'hoose renormalization scheme; e.g. a(pup™)

Choose p'5": arbitrary initial renormalization scale

Result is independent of

l Renormalization scheme
Identify {8} — terms using ny — terms and initial scale!
through the PMC — BLM correspondence principle S e as QED Scale Setting

:

Shift scale of o, to piMC to eliminate {SE} — terms

}

Conformal Series Eliminates unnecessary
systematic uncertainty

Apply to Evolution kernels,
hard subprocesses

Result is independent of u'i'* and scheme at fixed order

Xing-Gang Wu
Leonardo di Giustino, SJB

Principle of Maximuwm Conformality

Institute Theoretical Physics TU Vienna AdS / QCD and L l:gJ’Lt -Front ‘HO'LO'g/V axphy Stan Brodsky

November 6, 2012 124 ol A
HWLEL:’-‘C'? L/-n%




Relate Observalbles to-Each Other

e Eliminate intermediate scheme
* No scale ambiguity

* Transitive!

e Commensurate Scale Relations
* Conformal Template

* Example: Generalized Crewther Relation

R, (09=3 3 ¢ 142821
flavors h ™
: € €en 1 - 1
| dzlo?(@.QY) - g Q") = 5 |4 - ;Q)]
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Lu, Kataev, Gabadadze, Sjb

Generalised Crewther Relation

1+ ozR7(Ts*)][1 Ozgl(qz)] — 1

T

Vs* ~ 0.52Q

Conformal relation true to- all ovdersy irv
perturbation theory

No- radiative corrections to- axiold anomaly

Nonconformal terms set relative scales (BLM)
No renormalization scale ambiguity!

Both observables go through new quark thresholds
at commensurate scales!
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NZ -1
ING

im N — 0 at fixed a = CFCMS,TLg = TLF/CF
QCD — Abelian Gauge Theory

Analytic Feature of SU(Nc) Gauge Theory

Scale-Setting procedure for QCD
must be applicable to- QED

Cr = Huet, S]b
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RAPID COMMUNICATIONS

PHYSICAL REVIEW C 82, 022201(R) (2010)

New perspectives on the quark condensate

Stanley J. Brodsky,!? Craig D. Roberts,** Robert Shrock,> and Peter C. Tandy®
ISLAC National Accelerator Laboratory, Stanford University, Stanford, California 94309, USA
2Centre for Particle Physics Phenomenology: CP*-Origins, University of Southern Denmark, Odense 5230 M, Denmark
3 Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
*Department of Physics, Peking University, Beijing 100871, China
SC.N. Yang Institute for Theoretical Physics, Stony Brook University, Stony Brook, New York 11794, USA
®Center for Nuclear Research, Department of Physics, Kent State University, Kent, Ohio 44242, USA
(Received 25 May 2010; published 18 August 2010)

We show that the chiral-limit vacuum quark condensate is qualitatively equivalent to the pseudoscalar meson
leptonic decay constant in the sense that they are both obtained as the chiral-limit value of well-defined gauge-
invariant hadron-to-vacuum transition amplitudes that possess a spectral representation in terms of the current-

(" quark mass. Thus, whereas it might sometimes be convenient to imagine otherwise, neither is essentially a constant )
mass-scale that fills all spacetime. This means, in particular, that the quark condensate can be understood as a
property of hadrons themselves, which is expressed, for example, in their Bethe-Salpeter or light-front wave

L functions.
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Quawk and Gluwonw condensates reside
within hadrons, not vacuuum

Casher and Susskind Maris, Roberts, Tandy Shrock and sjb

¢ Light-Front Quantization
¢ Bound-State Dyson Schwinger Equations

o AdS/QCD

¢ Implications for cosmological constant --
Eliminates 45 orders of magnitude conflict
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Predict Hadron Properties from First Principles!

Light-Front Hamiltonian

U POCD —
Evolution Equations

o ective Field Th eOr': -

Methods
ke o CET9 ChPT’ °et




LF( 3+ 1) e A d55 de Teramond, sjb
Light-Front Holography

V(x, b)) — ——— d(2)

¢ = \/.:B(l — :c)l;i Y

|5
(1-a)

P(2,¢) = Va1l — )¢ 2¢(C)

Light Front Holography: Unique mapping derived from equality
of LF and AdS formudae for bound-states and form factorsy
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( Light-Front Schwédinger Equation )

G. de Teramond, sjb

Relativistic LF single-variable radial

equatiowfor QCD & QED Frame Independent!
d2 | 4L2 —1 | 2 2 2 2 2
[ dcz ! 4(2 ! U(C 9 Ja L) M )] lIJJ,L(C ) =M \IJJ,L(C )

(2 =2(1—z)b?.

X
5
(1 —=)
U is the exact QCD potential ey ey e
Conjecture: ‘H’-diagrams generate z T _'!

U(C S, L) = k¢ + k(L + S5 —1/2) Sk
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LF uantization
Bjorken, Kogut, Soper, Susskind

LFWFs and Exclusive RCD:
Lepage and SJB, Efremov, Radyushkin

RGE and LF Hamliltonians:
Glazek & Wilson

PLCR:

Hornbostel, Pauli, & SJB
Pinsky, Hiller

Renormalization of H ¢
Hiller, Chabysheva, Pauli, Pinsky, McCartor, Suaya, sjb

Rotation wvariance, Regularization
Karmanov, Mathiot

Z.evo-Modes: Standard Model

Srivastava, sjb 133



AdS/QCD, Light-Front Holography, and Color Confinement

Fixed T=t+4 z/c
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