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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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Instont fFormvvs. Front Form

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

Forms of Relativistic Dynamics: dynamical vs. kinematical generators [Dirac (1949)] -

Instant form: hypersurface defined by ¢ = 0, the familiar one lif:'l
H, K dynamical, L, P kinematical ¢ )

Point form: hypersurface is an hyperboloid D

P¥ dynamical, @ M"" kinematical
Front form: hypersurface is tangent to the light cone at 7 = { + z/ c=0
P, L*, LY dynamical, P7, P, L?, K kinematical

pt=po4 p3 Causal!

States are eigenstates of invariant mass



"Working with a front is a process that is unfamiliar to physicists.

But still I feel that the mathematical simplification that it introduces is all-
important.

I consider the method to be promising and have recently been making an extensive

study of it.

It offers new opportunities, while the familiar instant form seems to be played out. " -
PA.M. Dirac (1977)

Warsaw
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LW‘ FVO'M QCD Physical gauge: AT =0
Exact frame-independent formulatiow of

nonperturbative QCD!
QCD m2 -+ ki . = —
HLF :Z[ T ]Z_I_HLF (a)
¢ p,s’ k,A
H": Matrix in Fock Space I
C'D e
Q W), >= M3 [Ty, > .
D, 5. >= > bn(wis ks Ao)|n; wi, ki, A > A
n—3 : § :
tigevwalues and Eigensolutions give Hadronic ko k.o
Spectiruwm and Light-Front wawvefunctions ©

LEFWPFs: Off-shell in P- and invariant mass ;%W ;zg%ij
. Hznt



Light-Front QCD DLCQ

HYSP W, ) = M2 |wy) o
Heisenberg Matrix LC h Discretized Light-Cone
Formulation Quantization
1 2 4 5 6 7 8 9 10 11
n  Sector aqa aG9g | qiqdg | odaded | 9999 | 99099 | oGadgg |adadadg (aqaqaad
K,A
%L%\ 1
L_),SV' S p,S 2 a9
@ 3 qig
p,s’ K,A o
—— N\ 4 qaqg
VIV 5 999
K,A p,s
®) 6 qdgg
p.s p;s 7 qqqqg
% 8 qgqaqq
ko ko 9 9999
(© 3
10 agggg
11 qiaggg
12 qdqdqag
13 449999 qq

Eigenvalues and Eigensolutions give Hadron Spectrum
and Light-Front wavefunctions

Pauli, Hornbostel & sjb

e.g. solve QCD(1+1): arbitrasy color, flavor, quark mass



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

Fixed T=t+4 z/c

||
Y
||
E
E

o, PT,2;P) +k,;

LFWFs: off irwawriant mass-shell, infinite # componenty
—>
\Un(fl?i, kJ_ia )‘Z)

Inwouriont under boosty! Independent of PV

q-=—=—=—=====
]
N.§
8
|
-t

Warsaw
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Angular Momentum o the Light-Front

n n—1
J? — Z % Z JZ Conserved in each
L T J LF Fock state
i=1 i=1
[$ = —q kl. 0 kz.i n-1 orbital angular
1
j (k; T akj) momenta

Nongero-Anomalous Moment -->Nongero- orbital anguwlor momentum

Warsaw
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Fixed T=t+4 z/c

Light-Front Wavefunctions
HESP 10, >= M2|T), >

p, S, >= Zlbn(%;,]gu,)\i)!n;%,lgu,)\i >

Eigenfunctions of the exact QCD LF Hamiltonian

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
v

Boost invariant! Independent of P+, P.

Compute all observables intrinsic to hadron from LFWF's
Form factors, structure functions, GPDs, transverse momentum distributions

DGLAP and ERBL Evolution Built In

No renormalization scale ambiguity: “Principle of Maximal Conformality”

LF Vacuum Trivial: In-Hadron Condensates -- Eliminate 1045 discrepancy with
cosmological constant

Pseudo-T-odd observables from Lensing

Angular Momentum Sum Rule for each Fock state

Warsaw . Pl



Non-Pertuwrbative QCD:
Diagonadige the LF Hamilfoniar

* Frame-Independent

* No Fermion-Doubling

® Minkowski not Euclidian space

* Dynamical, positive-metric gluons

¢ No restriction on quark masses

o Complete spectrum

* Tested in color-confining low-dimension theories
e Simple Causal LF Vacuum

e (Calculate observables from LFWF's

Warsaw
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<p+4qlit(0)p>=2p"F(¢*?)  tuerction

picture

¢ =Q*=—¢ Y Fixed 7 =t + 2/c
q—l_:() le* Form Factors are
Overlapy of LFWFs

IS
=l
|_
+
<
2

X4
- | ---, I I B = .

lb(%‘a EJ_Z)

struck. E’M — EM + (1 — x;)q L

(—-—
=
3
EX
N

Drell, Yan; West . .
spectators k’m =k,; — 101

Warsaw
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txact LF Fornmudav for Paudic Formv Factor

F .
2( Z/ dx][d’k ] Z@J N Drell, sjb
Lo | Lot i
[ _ C]_Lwa (xia 14> >¢ (mzvkhfv)‘) q_Rwa ('xiv 14> )w (xzvkLza)\ )}
,J_Z' — kJ_z' — ;491 k/J_] — kJ_j —+ (1 — Ij)qJ_
@ qr,, = 9" £ iq?
Xjo ki) Xpkjtay
- - >
P, S,= - 1/2 p+a, S,=1/2
Must have A/¢, = +1 to have nonzero F»(¢?)
Nongero- ProtonvAnomalous Moment -->
Nongero-orbital quark angular momentuwm
Warsaw
J ulya;,i 012 QCD at the Light Front Stan Brodsky s L A C
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Anomalows growvitomagnetic moment B(0)

Terayev, Okun, etal: B(0) Must vanisiv because of
Equivalence Theorem/!

grovitovw
| sum over constituents

—_— e

Xjo Ky y+a;

P, S, - 1/2 p+q, S,=1/2
Hwang, Schmidt, Ma, sjb B(O) = 0 Eacihv Foc]o State
Warsaw )
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o Light Front Wawvefunctions:

Momentum space kL < Z1 Position space

W (25, k5, M)

—

ALHE_L

Z, k_]_, bi

Transverse density in

T Ity i iti
ransverse density in position space

momentum space

Transverse

Lorce

—— C.ij_

——  [dzx

—e— Jd%k,




Warsaw

July 3, 2012

Light-cone wavefunction representation of deeply
virtual Compton scattering *

Stanley J. Brodsky ?, Markus Diehl !, Dae Sung Hwang °

QCD at the Light Front Stan Brodsky
17
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Light-Front Wave Function Overlap Representation
DVCS/GPDs

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

See also: Diehl, Feldmann, Jakob, Kroll

Z ”
14 ‘ :
: 3

Bakker & JI
Lorce
Warsaw ]
July 3, 2012 QCD at the Light Front Stan Brodsky :_}L A Ol
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Example of LFWF representation of
GPDs (n=>n)

Diehl, Hwang, sjb
1 Al —iA?

J1—-¢ 2M

-y | [ dxigi?i 16”35(1 - Zn:xf') 5 (Z’m)
n,A; =1 =1

E(n—>n) (x,¢,1)

X 8()6' _xl)w(n)(xl’kJ_l’ )w(n)(xlal_c)J_la )

where the arguments of the final-state wavefunction are given by

X1 — - - I —x1 -
x| = 11_;, K=k —— LA, for the struck quark,
Xi -, o >
X, = 1:{, K . =k . + 1_I§AL for the spectators i =2, ... ., n.

I9



Hadvron Distribution Amplitudes

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

Fundamental gauge invariant non-perturbative input to hard
exclusive processes, heavy hadron decays. Defined for Lepage, sjb
Mesons, Baryons
Lepage, sjb
Evolution Equations from PQCD, OPE Efremov, Radyushkin.
Sachrajda, Frishman Lepage, sjb

Conformal Invariance Braun, Gardi

Compute from valence light-front wavefunction in light-

cone gauge
Warsaw i -
July 3, 2012 QCD at the Light Front Stan Brodsky SL ’é\ O
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Single-spin Leading Twist

ynunelries Sivers Effect
e Hwang,
> Schmidt, sjb
o
current

quark jet Collins, Burkardt, Ji,

v Yuan. Pasquini, ...
N
— —
1 Sp'qqu C QCD S- and P-
K Coulomb Phases
Pseudo- T-odd, final state ~Wilson Line

Interaction
“Lensing Effect”

QED:
Lensing spectator Leading-Twist
- 1 system Rescattering
oftscales ot efuncts Violates pQCD
soft scales LghE-Front Wa Lo /
S and P- Wawves/! factor WWVV!
Sigw reversal in DY
Warsaw . o
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QCD and LF Hadvron Wawvefunctions

: 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

Hard Exclusive Amplitude
> N Form Factors

)
YYVYVYY

f‘.l iy IH Ilk:, i! -| liii)
Burkardt, Schmidt, sjb

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

Distribution amplitude
ERBL Evolution

¢p(x17 L2, Q2)

J=0 Fixed Pole

DVCS, GPDs. TMDs

LF Overlap, incl ERBL Nuclear Modifications
Baryon Anomaly

Color Transparency B-decays

Baryon Decay

Weak Interactions

22



Static Dznamic

Hwang,
Square of Target LFVWFs Modified by Rescattering: ISI & FSI Schmidt, sjb,
No Wilson Line Contains Wilson Line, Phases
Mulders, Boer
Probability Distributions | No Probabilistic Interpretation .
Q1u, Sterman
Process-Independent Process-Dependent - From Collision Collins, Qiu
b
T-even Observables T-Odd (Sivers, Boer-Mulders, etc.) Pasquini, Xiao,
Yuan, sjb

No Shadowing, Anti-Shadowing | Shadowing, Anti-Shadowing, Saturation
Sum Rules: Momentum and J? 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 (5, k1 5, M)

proton

23



The suwwviving LT time-ordered contributions to-
the Feyrmawv vertex graphv

t3<12<t| tz<t <i- to<tz <t

(d) (e) (f)
Zero in LFPth Zero in LFPth Zero in LFPth

Time flows from left to right.

24



Calcudation of Form Factory inv Equal-Time Theory
Instant Form.,

l
q* |
|

N

Need vacuum-induced currents!
Calcudatiow of Form Factory ivv Light-Front Theory

Front Form
Absent for g7 =
Complete Answer
Warsaw .
July 3, 2012 QCD at the Light Front
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Calcudation of protow form factor in Instant Form
<p+qlJ*O)p> >

D /6\»191%1

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

® Need to couple to all currents arising from vacuum!

¢ Wavefunctions alone do not determine hadronic
properties! Not even pdfs!

® Each time-ordered contribution is frame-dependent

® None of these problems occur in the front form!

Warsaw

July 3, 2012 QCD at the Light Front Stan Brodsky o B V o~
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Observables comnot be computed from Usual Instant Form Wavefunctions
Filxed ¢

QCD‘\Ifh >—= Eh‘\Ifh >

p,S2 >= > thn(ki, Ai)|ns ks, Aq >
n=3
¢ Eigenfunctions of the exact QCD IF Hamiltonian

¢ Boosts of IFWF's dynamical, complicated
¢ Require vacuum-induced currents to compute observables!

e Form factors, structure functions, GPDs, transverse momentum
distributions cannot be computed from IFWF's alone!

¢ No Angular Momentum Sum Rule

¢ Vacuum Complicated -- Need Normal Ordering

Warsaw

July 3,2012 QCD at the Light Front Stan Brodsky S. AZ
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Light-Front Wavefunctions

Dirac’s Front Form: Fixed T=1+2z/c

wn(x’ivlgj_i;)\z) =g

Inwawiont under boosts. Independent of P
CD %
HE: [y >= M2y >

Direct cormnection to-QCD Lagrangiovv

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

Warsaw

July 3, 2012 QCD at the Light Front StanBrodsky SLAZ
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Light-Front Holography and Now-Pertuwrbative 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 Guy de Teramond

W (24, k1 3y M)

Central problem for strongly-coupled gauge theories

Warsaw

July 3, 2012 QCD at the Light Front Stan Brodsky C! Af?
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5-Dimensional Confinement

Anti-de Sitter Radius Changes in
Spacetime :
physical
Boﬁggary l ern g th Sca l e
mapped to

evolution in the
5th dimension z

Light-Front
4-Dimensional HO’ZO'g/Va/PZ/W

Flat Spacetime
(hologram) in collaboration

with Guy de Teramond

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) * Erlich, Karch, Katz, Son, Stephanov

Warsaw

July 3, 2012 QCD at the Lig;(‘)t Front Stan Brodsky SLAS



o Light-Front Holography

\\ \\“‘— \-(
Ny \
N
. _ANERAN

\Ijn(ajia kJ_iv )‘Z) .
o Light Front Wawvefunctions: 0

Schrodinger Wavefunctions
of Hadron Physics k| (GeV) *

Warsaw , 1.5 ~ A~
July 3, 2012 QCD at the Light Front Stan Brodsky S AT



Scale Transformations

e Isomorphism of SO(4,2) of conformal QCD with the group of isometries of AdS space
S0O(1,5)
R2
2 _ — (N dzdz” — dz?),  wariant measure
Z ———
! — Axt, z — Az, maps scale transformations into the holographic coordinate z.

ds

e AdS mode in 2 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.
= \Nx? 2> Az

12 = x 2" invariant separation between quarks

e The AdS boundary at z — 0 correspond to the () — o0, UV zero separation limit.

Warsaw

J“ly 3, 2012 QCD at the Light Front Stan Brodsky C! Af;’
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Bosonic Solutions: Howrd Wall Model

Conformal metric: ds® = ggmdilj'gdflfm. rt = (zH,

14

Action for massive scalar modes on AdS41:

Z), 9tm —

(R2/z2) Nem, -

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

2

Equation of motion

1 0 0

500t V99" g

D) + u’® = 0.

Factor out dependence along x#-coordinates , ®p(z, 2) = e~ 0% ®(z2), P, PH = M?:

Solution: ®(z) — 2z~ as z — 0,

O(2) = C2Y2Ia_qro(zM) A7

A=24+1

Warsaw

July 3, 2012

d=4

QCD at the Light Front
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S(d+ VP + 4R ).
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Stan Brodsky



Let ®(2) = 23/2¢(2)
AdS Schwodinger Equation for bound state
of two- scalow conustituenty:
d® 1—4L7
dz? 427

J¢(z) = MZ¢(2)

L =Lz light-front orbital angular momentum

Derived fromv vawriatiow of Actiow inAdSs

Howrd wall model: truncated space
gb(zzzO:Aic):O.

Warsaw

July 3, 2012 QCD at the Light Front Stan Brodsky ol AR>S
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e Physical AdS modes ®p(x, 2) ~ ¢~ "% O(z) are plane waves along the Poincaré coordinates with

four-momentum P# and hadronic invariant mass states P, P# = M2,

e For small-z ®(z) ~ z2. The scaling dimension A of a normalizable string mode, is the same
dimension of the interpolating operator (J which creates a hadron out of the vacuum: {P|O|0) # 0.

1 Confinement in

ANA=2+ 1L the 5th
(2) ) dimension
Twist dimension 0
of meson
equivalent to- .
dimensions of chival de Teramond, sjb
superfields .

0 1 2 T 4
V4
20 — 1

NQcD
Identify hadron by its interpolating operatoratz -->o0

Warsaw . ~ A~
July 3, 2012 QCD at the Light Front Stan Brodsky SLAS
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Match fall-off at small z to conformal twist-dimension.

at short distances :
Lwist,

e Pseudoscalar mesons: (Do 1= ﬂ%D{gl oo Dy, 0 (P, = 0 gauge). A=24+ L

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

®(x, z,) = 0, given by the zeros of Bessel functions 3, x: Mg = BarAocD

e Normalizable AdS modes ®(z)

5

4L

3

D(2)
0
oL |
ZA
1 \ 1 2r 7
0 , , | . -4 I | I | I |ZO I
0 1 2 3T ¢ 0 1 > 3 4
y4 ZO — /\ y4
QCD

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

Warsaw

July 3, 2012 QCD at the Light Front Stan Brodsky ol A
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4 | | | |
2 |
D(z)
D(2) 2 I 0
_| 2oL

-4 I | I | I | I
2-2007 0 4 2-2007 0 1 2 3 4
8721A18 z 8721A19 A

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

1-2006
8694A16 L L

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

Warsaw

July 3,2012 QCD at the ng;;t Front Stan Brodsky SL ’é\s



eqb(z) _ 6—|—/~<V2z2
Nonconformal metric dual to a confining gauge theory

R’

2 2

ds” = > e? (%) (mwdx“dx” — dz )

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

asymptotically AdSs

Gravitational potential energy for object of mass m

e¥(2)/2

<

V = mc*\/go0 = mc*R

Consider warp factor exp(d=x-22)

Plus solution: V' (2) increases exponentially confining

any object in modified AdS metrics to distances (2) ~ 1/k

Warsaw

July 3, 2012 QCD at the Light Front
b
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* de Teramond, sjb

2 2
€¢(z) — e TH™2 Positive-sign dilaton

AdS Soft-Wall Schwédinger Equatiow for
bound state of two- constituents:

L p))e) = MPe(e)

dz? 42

U(z) = k2" 4+ 2r*(L+ S — 1)
Derived from vawiatiow of Actiow : Dilaton-Modifted AdS:s
Matches the LF QCD Schrodinger Equation !
> 4L% -1

2
| i | Ve FU(C, S, L) Yrr(C) = M” Yrr(C)
Warsaw .
July 3, 2012 QCD at the Light Front Stan Brodsky SL [ ’é\s
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HQED QED at%&mwvmd/

(H() _l_Hznt) ‘\If >=F |\If > Coupled Fock states
A? - l
- > + Ver (S, 7)] ¥(r) = E ¢(7) Effective two-pawticle equation
Mhred l Includes Lamb Shift, quantum corrections
1 d? 1 ((0+1)

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

2Myped AT2 2Mypeq T2

Ve =V (7“) _ @ Couloml- potential
el ] ¢ Bohr Spectrum

Semiclassical first approsimation to- QED 40



HQ CD QCD Mesow Spectrumy

l

(H?,F T Hip)\\lf >—= MQ\\IJ > Coupled Fock states
[l;%ltnj + V'] Yrr (e, kL) = M Yrp(a, ko) tffective two-pauticle equation
l bwawriant impact vawriable
2 2
d? 412 — 1 C — Qj(l _ x)bJ_
= | FU(C, S, L — M2
[ d¢? 44“2 (C )] wLF(C) @DLF(C) Agimuthal Basis: C, ¢

U(C,S,L):/{4<2 HQ(L S —1/2)

Semiclassical first approximation to-QCD

Confining AdS/QCD

potential
41



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

d z,
/ x/167r3 1—:1; L)

/0 x(1 —a:) /deL¢ (z, bl) ( ﬁiu) w(w,li) -+ Interactions.

2
-+ 1nteractions

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

variables d¢ \>d¢ 2 92
) d> 1d L*\ ¢
M= a0V (e it e )
+ [ ©OU©0(0)

= [aco© (o ] v0) 00

LZ

,

N
~
|

42



* de Teramond, sjb

2 2
€¢(z) — e TH™2 Positive-sign dilaton

AdS Soft-Wall Schwédinger Equatiow for
bound state of two- constituents:

L p))e) = MPe(e)

dz? 42

U(z) = k2" 4+ 2r*(L+ S — 1)
Derived from vawiatiow of Actiow : Dilaton-Modifted AdS:s
Matches the LF QCD Schrodinger Equation !
> 4L% -1

2
| i | Ve FU(C, S, L) Yrr(C) = M” Yrr(C)
Warsaw .
July 3, 2012 QCD at the Light Front Stan Brodsky SL [ ’é\s
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LF( 3+ 1) e A d55 de Teramond, sjb

V(x, b)) — ——— d(2)

¢ = \/.:B(l — :c)l;i B

P(2,¢) = Va1l — )¢ 2¢(C)

Light Front Holography: Identical mapping derived from equality of
LF (DYW) and AdS formudas for cuvrent matrix elementy

Warsaw

July 3, 2012
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Dual QCD Light-Front Wave Equation 2z (, ®p(z) e [Y(P))
[GdT and S. J. Brodskv. PRL 102, 081601 (2009)]

G. de Teramond

e Upon substitution z—¢ and ¢7(¢) ~ ¢3/2t7e2(2)/28 ;(¢) in AdS WE & sjb

{_ zd—l—2J3z (;:%;,@) + (ﬂ)z} & (2) = M2®,(2)

e‘P(z) z

find LFWE (d = 4)

d? 1 —4L? ,
(~i0 — S +U©) 620 = M*61(0

with
2J — 3

22

1 1 ‘
U(Q) = 5¢"(2) + 7¢'(2)" + ¢'(2)
and (uR)* = —(2 — J)? + L?
e AdS Breitenlohner-Freedman bound (1R)* > —4 equivalent to LF QM stability condition L* > 0

e Scaling dimension 7 of AdS mode ® 7 is 7 = 2 + L in agreement with twist scaling dimension of a
two parton bound state in QCD and determined by QM stability condition

6¢(2) — 6+"6222 Positive-sign dilaton
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Light-Front Holography:
Map AdS/CFT to- 3+1 LF Theory

Relativistic LF radial equatiov Frame Independent
d* 4L -1

(2 =2(1—z)b?.

(1—-=x)
U(C) = k*C* +2k*(L+ S — 1)
soft walls
G. de Teramond, sjb confining potential;
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Quark separationw g

increases withv L
4
D(z)
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Fig: Orbital and radial AdS modes in the soft wall model for kK = 0.6 GeV .

Soft Wall
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Light meson orbital (a) and radial (b) spectrum for K = 0.6 GeV.
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Light-Front Holographic Mapping of Wave Equations
Higher Spin Modes in AdS Space

e Spin-J in AdS represented by totally symmetric rank .J tensor field ®pz,...51,

e Action for spin-J field in AdS4 1 in presence of dilaton background (2) (z™ = (a¥ 2) )

1

S = 5 /dda: dz \/ﬁe""("’) (gNN'ngM{ . -gM"M’JDNQMI'--MJDN’@M{---M’J

2 Mli\/I{

—u’g MiM;

PIMB g rp,Bagy g, )
where D is the covariant derivative which includes parallel transport

e Physical hadron has plane-wave and polarization indices along 3+ 1 physical coordinates

—iP-
(Dp(ilf, Z)Ml...uJ =€ ¢ mQ(z)ﬂl"'#J’ @zﬂz...#J _— — ¢#1M2...z — O
with four-momentum P,, and invariant hadronic mass P, P* = M*
e Find AdS wave equation for spin J-mode ®; = ®,,,...,; and all indices along 3+1
d—1—2J ?(z) R\ 2|
2z e¥ (2 v 9

e‘P(Z) 4

— —
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General-Spin Hadrony
e Obtain spin-J mode ®,,, ..., , with all indices along 3+1 coordinates from P by shifting dimensions
—J
2,(2)= (%) @)
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—§2 e - R+ 265 (L + S — 1)) Guy oy = M2y,

X

with (uR)% = —(2 — J)2 + L2

Warsaw
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Quawk separation increases withv L
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Bosonic Modes and Meson Spectrum

5 5 5 4k for An =1
M =4r*n+J/2+ L/2) - 4r“(n+ L 4+ §/2) 4x*for AL =1
. 2k2 for AS =1
Same slope in n and L
JP JPC
0-+ 1+- 2-+ 3+- 4-+ 4++
| |
6 n=|3 n=|2 n=|1 n;O N n=1 n=0
4 / i |
(1800)
M2 b : '
5 | 7(1300) N N
a,(1320)
i . - f,(1270) — i
. S T 0(770) S o 1
OF | | | | | 0 —w(7|82) I | | | |
0 1 2 3 4 ) 1 2 3 4
L L

Regge trajectories for the ™ (k = 0.6 GeV) and the I =1 p-meson and I =0 w-meson families (x = 0.54 GeV)
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2 _
e J=L+ S5, I =1 meson families M L.S = 4k%(n+ L+ S/2) 4k” for An = 1

42 for AL =1
2k% for AS =1
I | | 1 | | 1 |
n=2 n=1 n=0
4+ - 4 .
el
_— . _—
- | 1T %
& ~(1800) S
NE 2 | - NE 2 -
~ x(1300)
b4(1235) .
(140
0 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

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

Warsaw
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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 | ; )



Predictionw from AdS/CFT: Piow Light-Front Wavefunctionw

Soft Wall
Model

de Teramond, sjb

1.5
Increases PQCD prediction for F(Q?%) by 16/9
Warsaw .
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Prediction from AdS/CFT: Mesow LFWF

de Teramond, sjb

0.2
2 0.15]
Yy (z, k7)) | “Soft Wall”
model
0.05]
0
k= 0.375 GeV
Note coupling
5 massless quarks
kY, @
47 __
wM(:E7 kJ_) — e 2k2x(l—x)
ky/o(l — )
Cornwmection of Confinement to-TMDy
Warsaw .
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Second Moment of Pion Distribution Amplitude

1
<& >= /1d£ 2o (€)

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.
Warsaw _
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e Baryons Spectrum in "bottom-up” holographic QCD
GdT and Brodsky: hep-th/0409074, hep-th/0501022.

Bawyons i Ads/CFT

Action for massive fermionic modes on AdSs:

S[W, U] = /d4x dz /g ¥ (z,2) (zTng — ,u) U(x, 2)

Equation of motion: (iFEDg — ,u) U(z,z) =0

[73 (znemwﬁm + %ZFZ) + ,LLR] U(z") =0

Solution (uR = v + 1/2)

From Nick Evans

U(z) = C222 [T, (zM)uy + Jyp1(zM)u_]

Hard Wall

Hadronic mass spectrum determined from IR boundary conditions ¢+ (¢ = 1/Aqcp) =0

M* =B, Agep, MT = By x Aqep

with scale independent mass ratio

Obtain spin-J mode P
Warsaw

July 3, 2012
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J > % with all indices along 3+1 from W by shifting dimensions



Fermionic Modes and Baryon Spectrum Yukowa interactiovw

GdT and sjb, PRL 94, 201601 (2005) e

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)
¢(z) =€~

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
58



Non-Conformal Extension of Algebraic Structure (Soft Wall Model)

e We write the Dirac equation
(alI(¢) — M) ¥(C) =0,

in terms of the matrix-valued operator 11

1
HV(C) = —1 ( ! i 2’Y5 — KZC%) ;

dg G
and its adjoint I1T, with commutation relations

@ 10)] = (25— -2

e Solutions to the Dirac equation
1 — A % 2 -2
Y+(() ~ 23T CLI(R (),

3

Y_(¢) ~ 22TVeTmC2LrH(2¢2),

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

Warsaw

v=1L+1

Soft Wall
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e Excitation spectrum of nucleon represents formidable challenge to LQCD due to enormous computa-

tional complexity beyond ground state configuration

e LF Holographic nucleon modes

bi(Onr = nz—L\/( 2n! C3/2+L6_”242/2L7[{+1 (H2C2)

n+ L)!
aL 1 2n! 5 /e 22 g o, o
w—(C)n,L — KZJ L\/n - - - 2¢(n - L)'C /2+Le K“C /2L£+2 (nlcz)

e Normalization

2 _ 2 _
./dC ¥+(0) = /dCtZ)_(C) =1 tqual probability L=0,1 !

M2 = 4k? (n+ L+ 5/2 + 3/4)
M2 = 4k? (n+ L+ 5/2 + 5/4)

e Eigenvalues

Warsaw
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e Same multiplicity of states for mesons and baryons!

I r I l I
6 1 6
n=3 n=2 n=1 n=0
. / N@2220) | ~
N% 4 - - % 4
S S
s | N(1710) s
2 - N(1680) | 5
N(1440)
N(940)
O - | | | | | ] 0
2-2012 0 2 4 2-2012
8820A12 L 8820A3

Orbital and radial excitations for positive parity N and A baryon families (k = 0.49 — 0.51 GeV)

4K2 for An =1

A(1950)

42 for AL =1
2k% for AS = 1
| ! | ! |
n=3 n=2 n=1 n=0

A(1920)
| A(1600) 28 g;g; —
| A(1232) ]
| ] | ] |
0 2 4
L

Same results for the A spectrum: H. Forkel, M. Beyer and T. Frederico, JHEP 0707, 077 (2007)

Warsaw

July 3, 2012 .
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e Gap scale 4k determines trajectory slope and spectrum gap between plus-parity spin-

1

2

and minus-

parity spin-% nucleon families for the branch solutions L +1 = uR —1/2and L+ 1= uR+ 1/2

Warsaw

July 3, 2012

N(2190)

4K2
N(2220)

N(1700)

N(940)
|

N(2600)

—

o

0 -
2-2012 0 2 4
8820A1 L

Plus-minus nucleon spectrum gap for £ = 0.49 GeV

QCD at the Light Front
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- A spectrum identical to Forkel and Klempt, Phys. Lett. B 679, 77 (2009)

A o/2"
112"
13/2+
2 2 ®
M~ (GeV?) oot op  Di52*(2950)
£ A,1z*(2390) 10 ]
Ag,,*(2300)
N=0 A1121(2420) . 712"
6k A,,,*(1910) Ag,~(2223) o2 or2”
—> A,,,+(1920) A, 712 N 11/2°
Ag/,*(1905) 191//22+ A ,,-(2750)
A7,,*(1950) s 32"
4} Ay27(1620) 12 A ,~(2350)
A4,,~(1700) \ 3/; 200 e N=1
A,,,-(1900) 512 7(/2+ ) A,,-(2400)
Ay,*(1232) Ayyy-(1940) €—
2 A, ,+(1750) Ag,~(1930)
A,,*(1600)
L+N
O ] ] ] ] ] ] ] >
0 1 2 3 4 ) 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.

Warsaw
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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? W JQ.2) &
from " | ¢ (Z) Polchinski, Strassler
small z ~1/Q 0 el de Teramond, sjb
0.4
0.2, ]
hlgh QQ/ 1 2 3 z 4 5

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

9 1 71 Dimensional Quark Counting Rules:
F (Q ) > ] General result from
QQ AdS/CFT and Conformal Invariance
where 7 = A,, — oy, 0y, = Y _.—_ 0;. The twist is equal to the number of partons, 7 = n.
Warsaw ) ~ A~
July 3, 2012 QCD at the Light Front Stan Brodsky SLAC
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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
QCD at the Light Front Stan Brodsky ol AL

6 5 NATIONAL ACCELERATOR LABORATORY
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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
A(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

Warsaw

July 3, 2012 QCD at the Li%h; Front Stan Brodsky E:,

,,
e 4 |
o
a
2
m
"
2



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
JK(Q?’Z/):F(]‘—'_ZL—K:Q) 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<I>(z)J,<,(Q, 2)®(2).

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

the external current decouples from the dilaton field.
Warsaw
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Dressed soft-wall cuwrvent brings inv higher

Fock st

Warsaw

July 3, 2012

LA

Les ands move vector mesovw poles
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Spacelike and Timelike Piow Form Factor

de Teramond, sjb
e Higher Fock components in pion LFWF

‘7T> — ¢q§/7r|6ﬂ>7:2 + wqqqﬁ/w|qqqq>7‘:4 + .-
corresponding to interpolating operators O = Yyt v%y and O = Yy Yy

e Expansion of LFWF up to twist 4
k = 0.54 GeV,T, = 130, T,y = 400, T ,» = 300 MeV, P,g,q = 13%

06—+

Q° FA(0?)

05+

Warsaw
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Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

Fi(QY) = gs / 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.

Warsaw .
July 3, 2012 QCD at the Light Front Stan Brodsky o1 ALD
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Spacelike Paudi Form Factor

From overlap of L =1 and L = 0 LEWF's

Harmonic Oscillator Confinement |
Normalized to anomalous moment |

k= 0.49 GeV

G. de Teramond, sjb

AdS/QCD No-
L . chirads
s, davergencel
Q2(GeV?) F(Q%) =1+ 05 5

in chiral perturbation theory

72



Spacelike Neutronw Pauli Form Factor

0.0

-1.0

-1.5

From overlap of L =1 and L = 0 LEWF's

T [ T T T T

[ T T T T

S

; F3(0?)

A

(b)

Preliminary
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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

75



N(940) — N*(1440): ©h=05=0  gn=Ha=0

0.20 ]

0.15

0.10

0.05 |-

I T T T T T T . - . T . i

Fy N—>N'(Q2)

Q% GeV?
0_00;L111L11J1111L1,4LL111L1
0 1 2 3 4 5
Data from |. Aznauryan, et al. CLAS (2009)
Q2
24/2 M2
p 2\ P
FlN—>N* (Q ) —

with M2 — 4k%(n + 1/2)



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(Q%) = N =2,

e For large Q*:

77



Predict hadrow spectroscopy and dynamics

Excited Baryons in Holographic QCD G. de Teramond & sjb
) o' F{(0’) Fiyn(Q%)

0.10

0.05

0 .00 1 1 1 1 L 1 1 1 1 L 1 1 1 1
0

n= n= n=1 n=

O | | | | | | | | | |
9-2009 O 1 2 3 4 O 1 2 3 4
8796A3 L L
Warsaw CD he Lieht F 1 A
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Pion Transition Form-Factor /

[S. J. Brodsky, F-G. Cao and GdT, arXiv:1005.39XX] ¢

e Definition of T — «y TFF from v*m" — ~y vertex in the amplitude er — ey oy | x
J

I = _iesz(qz)qupa(P'rr)vfp(k)%, k* =0

A A

e Asymptotic value of pion TFF is determined by first principles in QCD:
Q2F7r7(Q2 — 00) = 2fr  [Lepage and Brodsky (1980)]

e Pion TFF from 5-dim Chern-Simons structure [Hill and Zachos (2005), Grigoryan and Radyushkin (2008)]
/ d4.'13 / dz GLMNPQALBMANBPAQ

et (27!‘)45(4) (pvr +q — k) F‘rr‘y(qz)euupaeu(Q)(pw)ufp(k)QG

e Findfor A, ox ®,.(2)/2

Fo(@) = || 5 V(@)

A

with normalization fixed by asymptotic QCD prediction

e V(Q?2, 2) bulk-to-boundary propagator of v* 79



QZ ny (QZ) (GeV)
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k ® BaBar
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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

81



Nearly conformal QCD?

Define o s from 1 1 0
g 00 ¢ FP ks = / dx P X, QZ — of X, Q2 = — 1— iy
Biorken sum, ; 0 (gl( )~ & )) 63A( n )
L e iil ]
v iﬁ i ol = spin dependent structure
s %} functio
05 - H li_ﬁﬁ:
04 A JLab CLAS i _jLab data from
03 Y JLab PLB 650 4 244 :': Eq1(2008), CLAS, and Hall A
O o,/mworld data [
02+ il } T
X a | l i s runs only
------ GDH limit I 19 modestly at small Q2
000é i pOCD evol. eq.
0.08 r
007 - ¢ o, /T OPAL
0.06 - | | IEEENEENN ) I‘ EEREEREE
0 z oev)  Fia. from 08034119 Duer et al.

Deur, de Teramond, sjb 82



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

F
0.8 - . ,
y AdS __—Q?/4r?
I Qg (Q)/ﬂ- — € @/
06 .{-- T
----- Modified AdS | Ii|
o AdS LMl '|:\ k= 0.54 GeV
04 - ! LA
i Otgl/J'E (pQCD) |
i ocgl/:n: world data '
------- GDH limit X a,/n \ &
02 - o /m OPAL ] ‘,,
A o, /n]JLab CLAS =
B o, /nHall A/CLAS ]j SR
)@ Lattice QCD (2004) (2007) |
| | | | | | | | ‘ | | | | | | ‘
10" ] 10
Q (GeV)

Deur, de Teramond, sjb



Sublimated Gluons

* AdS/QCD soft-wall model has confining potential .

Gluon exchange absent.

* Coupling falls exponentially - misses asymptotic
freedom at large Q2

* Interpretation: Gluons sublimated into potential
below 1 GeV?2 virtuality

* Higher Fock states with extra quark-antiquark pairs,

no gluons
Warsaw i ~ A
July 3, 2012 QCD at the Light Front Stan Brodsky SLAS

84



Deur, Korsch, et al.

B

- A o /nJLab - GDH limit| — Burkert-Ioffe
3 58

— Fit pOCD evol. eq.

%

Bloch et al.

Godfrey-Isgur

R fﬁi‘fﬁ; “ ;ﬂ > |l ® Lattice OCD
]
 DSE gluon.
"y .
10+ couplings
: \\\\\\‘ \\'FW“\-\ \\\\\\‘ !ii
107 I 10"
Q (GeV)
Warsaw . A
July 3, 2012 QCD at the Light Front Stan Brodsky Si A%
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Light-Front QCD
Exact formudation of nonperturbative QCD

LQCD s HQCD Physical gauge: AT =0

%Z;
2 k2 s :
oCD m* + k9 int " "
HgEP =S |
i Bs K,A
H"t: Matrix in Fock Space W
(b)
CD 2 p,s p,Ss
HEZZ P |y >= M2 Ty, > )
tigerwalues and Eigensolutions give Hadronic ko ko
Spectrum and Light-Front wowvefunctions ©)

> X

86 Hin



Light-Front Schwédinger Equalion

G. de Teramond, sjb
12006.43065

Relatvistic LF single-variable  Frame Independent!
4 azd/i:al/ eq uwaliovw ]CC)‘V' QCD (ST QED Related LF approaches:

Pauli, Hiller, Chabysheva, Glazek

2 2
[ ddcz i 4L4g2 - U(C%, J, L, M?) |5 1,(¢%) = M* 5 ,(¢?)

(2 =2(1—z)b?.

|5
(1- )

where the potential U((?, J, L, M?) represents the contributions from higher Fock states. It is also the kernel
for the forward scattering amplitude g — ¢q at s = M?2. It has only ”proper” contributions; i.e. it has no
gq intermediate state. The potential can be constructed systematically using LF time-ordered perturbation
theory. Thus the exact QCD theory has the identical form as the AdS theory, but with the quantum field-
theoretic corrections due to the higher Fock states giving a general form for the potential. This provides a
novel way to solve nonperturbative QCD. Complex eigenvalues for excited states n>0

Warsaw

July 3, 2012 QCD at the Lig8h7t Front Stan Brodsky :—;:_,%\G



(

LIGHT-FRONT SCHRODINGER TQUATION

Direct cormnection to-QCD Lagrangiar

:

]

AT =

-0
Ei

Iy

ME—ZEE{W?)

i d’qﬁff -

”Dﬁm’ v

0

0

&+ = =

" {qql V |g)
(439| V |qq)

| M

{99 V |¢T9)
(gqg| V |agg)

-

-

Il

17 ﬁ?qﬁfﬁ |

Vosg/n

G.P. Lepage, sjb
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Eigensolutions of the LF Ham:iltonian:
‘Pa 5, >= Z ‘Pn(xi, KLi, 7%‘) \n;kii, Ai >
n=3

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

The Light Front Fock State Wavetunctions
(i, zJ_ia Ai)

ﬂ
Yvy

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

kM KK
-xi = — —
19+ }X)*'[K P——+—<::
are boost invariant.
Sit=P* V=1, Vi =04

i Intrinsic heavy quarks 1( s(x) # s(x) : SR I
$(x), c(x), b(x) athigh x! || u(z) # d() | Coupled. infinite set

Mueller: gluonic Fock states, >> BFKL ~ Nucles Hidden Color

YYYYY

U
(J\,
VIVVVVV




d(x)/u(x) for 0.015 < x < 0.35

2.25
/ B ER6O
2 —A— A NA51

® E866/NuSea (Drell-Yan) s E — MRSI2
CTEQ4m
1.5 | CTEQG
d(z) # u(x) BEN:
R -
1 /
0.75 | \/
05 F
025 F E866 Systematic Error
I MVW W m O :l:ml :\ 1 )I< L1 1 1 I L1 1 1 I L1 1 N ! [ | i | - .H-
my qu/é/ 0 0.1 0.2 0.3 0.4 0.5 0.6
X
Warsaw .
July 3, 2012 QCD at the Light Front Stan Brodsky SL ’é\s
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HERMES: Two components to s(x,(Q>2)!

W. C.Chang and 9
J.-C. Peng

ar X1v:1104.2381 0

Oe HERMES

- s ==
- -
I I
-
- = =

— BHPS (u=0.5 GeV)
BHPS (1=0.3 GeV)

Extrinsic (DGILAP)

strangeness!

Intrinsic
strangeness!

A/Consistent with

IIIIII +I

L lns intrinsic charm

-1
10

Comparison of the HERMES z(s(x) 4+ 5(x)) data W%W the QCD
calculations based on the BHPS model. The solid and dashed curves

data

1 .
— scaling
Mg

are obtained by evolving the BHPS result to Q2 = 2.5 GeV? using
p = 0.5 GeV and p = 0.3 GeV, respectively. The normalizations of
the calculations are adjusted to fit the data at x > 0.1 with statistical
errors only, denoted by solid circles.

8(37, QQ) — S(CE, QQ)eXtrinsiC _I_ S(xj QQ)iIltI'iIlSiC 91



QCD (1/me?) scaling: predict IC

| Q 0.1
0.08
0.06 |
W. C. Chang and "_
-~C. P :
JoG-Feng 4 04
0.02
ar X1v:1104.2381

—  BHPS
~~~" BHPS (u=3.0 GeV)
....... BHPS (u=0.5 GeV)

-
.
.
S
Y
", .
*
®

Intrinsac

0.6 0.8

1
X

. isusv = Calculations of the ¢(x) distributions based on the BHPS
model. The solid curve corresponds to the calculation using Eq. 1
and the dashed and dotted curves are obtained by evolving the BHPS
result to Q? = 75 GeV? using = 3.0 GeV, and g = 0.5 GeV,

respectively. The normalization is set at PiCE = 0.01.

Consistent with E

Charm,

092



10~

s B R

o~
o~
-+

75
15

T"

Jactorof3o!

1R 7S -. |
+ s 7 -
i ~y / \\ -
!
/A, \ e ]
e/ / N
A N\ 4 3UICICR ]
-1y \ ’
i !
| _
i I PGF \
W | Iy
i gluow splitting \
! (DGLAP)
107+L! 1 I | !
00 01 02 03 0.4

Measuwrement of Chawrmw
Structuwre Functiow

J.J. Aubert et al. [European Muon Collaboration], “Pro-
1 duction Of Charmed Particles In 250-Gev Mu+ - Iron In-
teractions,” Nucl. Phys. B 213, 31 (1983).

First Evidence for Intrinsic

Charm

P’k/

YYVYVYY

| 7y o !
DGLAP / Photon-Gluon Fusion: factor of 30 too small
Two- Componenty (separate evolution):

C(CB, QQ) — C(Q?, Qz)extrin%ig _I_ C(xy QQ)thriDSiC



Do beavy quarks exist in the proton at bigh x?
Conventional wisdom: impossible!

Heavy quarks generated only at low x
~via DGLAP evolution.
from gluon splitting

s(z, pf) = c(x, pf) = b(w, pz) =0

at starting scale 4,

Corwenlional wisdom is wrong evesw inv QED!

Warsaw

July 3, 2012 QCD at the Light Front Stan Brodsky ol AR>S
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Protows 5 -quawk Fock State from gluow splitting
“Extrinsic” Heowvy Quarks

3(377 QQ)extrinSiC ™ (1 — Zl?)g(ZE, Q2) ~ (1 - 27)5 95



Proton Self Energy from gluon-gluon scattering

QCD predicty Intrinsic Heovy Quarks!

T X (mé k‘i)l/2

*

L Q
I
;@
Probability (QED) « Migl Probability (QCD) M
3 2
o . (9= 2)y o = log —
Collins, Ellis, Gunion, Mueller, sjb T me

M. Polyakov, etal. from light-by-light scattering



Fixed .LF time
Protow 5 -quawk Fock State :

Intrinsic Heavy Quawrks
] E QCD predicty
= Intrinsic Heavy
Ii.— Quawks at highv !
S QT
— Minimal off-shellness
\/
T X (mé + k)12
Probability (QED) & Probability (QCD) Mlé

Collins, Ellis, Gunion, Mueller, sjb
M. Polyakov 97



BHPS: Hoyer, Peterson, Sakai, sjb

U o luudcc > Fluctuation in Proton
. > 2
R = . i ~DNocp
[\ e P QCD: Probability 52
B‘ — R _|_ _ _|_ - ° ° ° °
P, C, leTe ¢7¢~ > Fluctuation in Positroniun
~ 4
2 C QED: Probability ="«

Vi )
B g G

OPE derivation - M.Polyakov et al.

Q)

G3, F}, .
< p| m% p>vs. <plyzlp> cc in Color Octet

T mq

C . . Li —
Distribution peaks at equal rapidity (velocity) 2 R
Therefore heavy particles carry the largest mo- , ,

mentum fractions L@ X (mQ + k7 )

Highv x chauwm!  JLal: Chawrmwv at Thweshold

Action Principle: Minimum KE, maximal potential

1/2
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week ending

PHYSICAL REVIEW LETTERS 15 MAY 2009

PRL 102, 192002 (2009)

DO

Measurement of ¥ + b + X and y + ¢ + X Production Cross Sections

in pp Collisions at \/s = 1.96 TeV —
pp— 7y +Q+X

£1.8-DO, L =1.0fb" |y 1<0.8 - vy <0
QL = .
E16F yiy* "5 0 y|<1.0 . T+D+X
~ >15GeV | —
- y+b+ X of > 3 ( )
grep vibx o p : Ao(pp — yeX
12F @ | peseeeg 3
: 0 E bt _
1= ?—tw *--.-:# AN Y .':.:.”.."-“-'..“ E'Fiﬁ,§§=ﬁ~-=' AO'(pp I /be)
0.8 - Ratio 1s insensitive
0.6 - —e— data/ theory 3
°F CTEQ6.6M PDF uncertainty | to gluon PDF,
04 -.=.s= |C BHPS / CTEQ6.6M -
0.2 === IC sea-like / CTEQ6.6M - scales
E‘ ............... Scale uncena"'ny E S ) ) : )
sk Y’y >0 Yy <0
“F y+cCc+ X : f + C + X |
3F | - ’
2.5 F ! ] |
2F 3 *
1.5 ;_'__ "”_...-...-...-.+.;.‘;..-:.--‘~ ------ ;,.,,-.v,‘:.'.-- ;__ e #U-”‘"'--..“::.—':‘:;—‘:.‘:""""".'
(205 S . S .
0.5 3
40 60 80 100 120 140 40 60 80 100 120 140
p, (GeV)
Warsaw . ~ A~
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week ending

PRL 102, 192002 (2009) PHYSICAL REVIEW LETTERS 15 MAY 2009

DO Measurement of ¥ + b + X and y + ¢ + X Production Cross Sections

in pp Collisions at \/s = 1.96 TeV —
pp— 7y +Q+X

gm —DO, L, =1.0f" |y <0.8 -y <0
=16 yy* >0 ly]<1.0 E Y+b+ X
S14fF Y+b+X Py >15GeV ¢ Acg(D
S,ab L ............... s + * 1{ ................................. . o(pp — veX)
el TR, S e )t N I S ~
N “* mEETRAT "{—’*"""“ 1 Ao (pp — vbX)
0.8 e —— E. R ol .
oF data / theory ] Ratio 1s insensitive
Il = CTEQ6.6M PDF uncentainty [
0.4 -.-.v= |CBHPS/CTEQ6.6M - to gluon PDF,
L. mevmen - IC sea-like / CTEQ6.6M =
P2 e Scale uncertaimy TP SO scales
asb VY >0 Yy <0
. E Y +C+ X H
25F : "1 .
oF Signal for
E [ J [ J [ J [ J ([ J
15} significant intrinsic
1E charm
0.5F -
: | atx>o0.1?
40 60 80 100 120 140 40 60 80 100 120r (1G4 V)
p' (Ge
Two- Componenty (separate evolulbton).  (Needto evolve IC with
2\ 2 2 nonzero quark mass)
C(CE, Q ) — C(ij Q )extrinsic T C(ZIZ‘, Q )intrinsic
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Hoyer, Peterson, Sakai, sijb
Intrinsic Heavy-Quawk FOOk/Snybt%/ |

* Rigorous prediction of QCD, OPE

u B,
R LL{‘B )
¢ Color-Octet Color-Octet Fock State! - -
P c
4539 E
* Probability Fog o< iz Fogea ™~ iFaq  Pap=1% \ J&——
G

2-2005
8711A82

® Large Effect at bigh x and at threshold!

* Greatly increases kinematics of colliders such as Higgs production

(Kopeliovich, Schmidt, Soffer, Goldhaber, sjb)

* Severely underestimated in conventional parameterizations of heavy quark
distributions (Except CTEQ)

* Important corrections to penguin contributions to B-meson weak decays

(Gardner, sjb)
* Slow evolution compared to extrinsic quarks from gluon splitting]

* Many empirical tests at JLAB 12, COMPASS

I0X
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Barger, Halzen, Keung

Move evidence for chawrm at large x



0.5

W. C. Chang and
J.-C. Peng

ar X1v:1104.2381 0

Warsaw

July 3, 2012

'. T e E866 H HERMES

= BHPS (1=0.5 GeV, Q°=54 GeV?)
= = BHPS (u=0.3 GeV, Q’*=54 GeV?)
= = = = BHPS (u=0.5 GeV, Q*’=2.5 GeV?)
=+ =+ BHPS (u=0.3 GeV, Q*’=2.5 GeV?)

- ¢ N
~
~ . ~ o
TN NG
L4 \~
ﬁ. \\
%n.' \. ‘-
' :'““M“N ~~~-
~

I
0 0.1 0.2 0.3

Figure 1: Comparison of the d(x)—u(z) data from Fermilab E866 and

HERMES with the calculations based on the BHPS model. Eq. 1 x

and Eq. 3 were used to calculate the d(z) — @(z) distribution at
the initial scale. The distribution was then evolved to the Q? of
the experiments and shown as various curves. Two different initial
scales, u = 0.5 and 0.3 GeV, were used for the E866 calculations in
order to illustrate the dependence on the choice of the initial scale.

QCD at the Light Front
103

Stan Brodsky
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() +d(z) — s(x) — 5(x)]

=
=g

® HERMES+CTEQ
— BHPS (u=0.5 GeV)
""" BHPS (1=0.3 GeV)

x(d+u-s-s)
o
W
|

=
N

0.1
W. C. Chang and
J.-C. Peng
0 | Coy il | |I I| Craa
10 10" 1

Comparison of the z(d(z)+%(x)—s(x)—5(x)) data with the
calculations based on the BHPS model. The values of x(s(x)+ 5(x))
are from the HERMES experiment [6], and those of z(d(x) + @(x))
are obtained from the PDF set CTEQ6.6 [11]. The solid and dashed
curves are obtained by evolving the BHPS result to Q2 = 2.5 GeV?
using u = 0.5 GeV and pu = 0.3 GeV, respectively. The normalization

of the calculations are adjusted to fit the data.
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L+ V(O] 6(0) = M26(0)

de Teramond, sjb

I

(1—=)

¢ =/z(1—2)52  HolographicVariable

d ki LF Kinetlic Energy inv
d¢? — z(1—x) momentum space

Assume LFWF iy av dynamical functionw of the quark-
anliquark lowawriant mass squared

d d m? | ms k% +m3 | k2 + ms3
> | | — |
d(? d(? x 1 —x x 1 —=x
Warsaw .
July 3, 2012 QCD at the Light Front Stan Brodsky :‘::L ’é\s
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Resudt: Soft-Wall LFWF for massive constituenty

dme —Lz(x(lzix) | Wﬁ | 1m%>
’k _ 2K
viz, k) ky/z(1 — ) )

LF WF inv impact space: soft-wall model

withv massive guarks
2 2
CK sk2z(l-2)b2% — =5 {”;1 +%]
Yz, b)) = — :1;(1—:1:)62 = = !
/T
z— (=X
1 m? ma
2 2 1 2
X" =bx(l—x)+ —| | ]
i 1l —x
Warsaw .
July 3, 2012 QCD at the Light Front Stan Brodsky SL [ ’é\s
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k = 0.375 GeV

Warsaw

July 3, 2012

Mg =— My

QCD at the Light Front
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Why the Cosmological Constant Is
Small and Positive

Paul ). Steinhardt'* and Neil Turok?®

ne of the greatest challenges in physics
today 1s to explain the small positive
value of the cosmological constant or,
equivalently, the energy density of the vacuum. The
observed value, 7 x 107 glem®, is over 120
orders of magnitude smaller than the Planck
density, 10% g/cm’, as the universe emerges from
the big bang, yet its value is thought to be set at
that time. Even more puzzling, the vacuum density

receives a series of contributions from lower en-
ergy physical effects, including the electroweak
and quantum chromodynamics (QCD) transitions,
that only become mmportant at a later stage.
Explaming today’s tiny value requires a mecha-
nism capable of canceling many very different
contributions with near-perfect precision.

QCD at the Light Front Stan Brodsky
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“One of the grawvest pugszles of
theovetical physics”

DARK ENERGY AND
THE COSMOLOGICAL CONSTANT PARADOX

A. ZEE

Department of Physics, University of California, Santa Barbara, CA 93106, USA
Kawil Institute for Theoretical Physics, University of California,
Santa Barbara, CA 93106, USA
zee@kitp.ucsb.edu

(Q2)qop ~ 107
Qp = 0.76(expt)

(Qp) Ew ~ 10°°

(Q)gcp x< 0lqq|0 >*

QCD Problem Solved if quark and gluon condensates reside within hadrons, not vacuum!

R. Shrock, sjb Proc.Nat.Acad.Sci. 108 (2011) 45-50 “Condensates in Quantum Chromodynamics and the Cosmological Constant”

C. Roberts, R. Shrock, P. Tandy, sjb Phys.Rev. C82 (2010) 022201 “New Perspectives on the Quark Condensate”
109
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withvthe Empty Universe?

* Instant-Form Vacuum defined at fixed time t @

Vacuum loops - huge cosmological constant 1oz !!!!

* Acausal, Frame-dependent! Not measureable.

* Vacuum: Eigenstate of minimum energy - frame

dependent H|VU >= FE|V > F = E,

e Non-Irivial even in QED - filled with bubbles- must

normal order!!

* Form Factors are not overlaps of boosted WFs --add
vacuum-induced currents!!! Cannot calculate any
observable.

* Vacuum loops - huge cosmological constant 1020 !!!!

I10

. - - - o - - - - - .



Causald LF Vacuumwm

® Front-Form Vacuum defined at fixed light-front time t
® 7=t +z/c reduces to ordinary time in NR limit
® (ausal, Frame-independent

® State of minimum invariant mass
Hip|¥ >= M?*|¥ >, M? = M?

min

=0
® (Can Describe Empty Universe!

® 'Irivial in QED since k* > o
® Form Factors are overlaps of LEWF's

® Dual to AdS/QCD using LF Holography

® In-Hadron Condensates: Zero Cosmological Constant

from QCD, QED!

Warsaw

July 3, 2012 QCD at the Light Front Stan Brodsky C! Af’



Instont Form Vacuummm ivv QED

* Loop diagrams of all orders contribute; Frame-Dependent

e Huge vacuum energy? ), ~ 104V

o g — / Qég :)3 \/ k2 + m2 Cutoft quad divergent at Planck scale?

* Why not use :Normal order: prescription?

* Divide S-matrix by disconnected vacuum diagrams

* Contrast: Light-Front Vacuum empty since plus momenta are
positive and conserved: LT — Y 4 k3 > ()

OQA=ZERO!
Warsaw . ~ A~
J uly 3, 2012 QCD at the Light Front Stan Brodsky oL
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What is the evidence for a nongero vacuum quark condensate?

N Gell-Mann - Oakes - Renner
€ Relation (1968)

G
- —, ' @771% — —9m (C ) TNl

\ ~ ~
N\ ~
J Pion’s leptonic decay constant, mass-dimensioned observable h
which describes rate of process m*>u*v_ _ _ o c e m=== " -
3 Vacuum quark condensaté ¢: renormalization scale
Derived inv curvent algebra using ouwv effective piow field
How s this modified inv QCD for av composite pion?
Warsaw .
July 3, 2012 QCD at the Light Front Stan Brodsky S AL
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Gell-Mawruwv Oakes Revwner Fornmuda inv QCD

s (Mg +mg) ) current al.gebra:
My = [z < 0[gq|0 > effective pion field
m2 = (M + ma) < 0igysq|m > QCD: composite pion

I Bethe-Salpeter Eq.

vacuuwm condensate actually iy o “in-hadron condensate”




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

115



Wowd-Takahashi Identity for axial curvent

PFTs,(k, P) + 2imDs(k, P) = S~ (k + P/2)iys + iv5S~ ' (k — P/2)

B(¢?)
A(02)

STHE) =iy - LA(L?) + B(2)  m(l?) =

21y,
plus non-pole

2

T

Identify pion pole at P? =m

P* < 0|gysyHqlm >= 2m < 0|qiysq|m >

fﬂ'm72r — _(mu T md)pw

110



Gell-Mawrwv Oakes Revwner Fornmuda inv QCD

, (Mmy + mg) ) current algebra:
My = [Z < 0[gq|0 > effective pion field
2 (M + ma) l QCD: composite pion
= <0 >
M fr 1q5q|m Bethe-Salpeter Eq.

vacuuwm condensate actually is o “inv-hadrovw condensate”

< O‘Q”Y5Q|7T > Maris, Roberts, Tandy
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Bethe-Salpeter Analysis

A 4
fuP* = Zz/ (;ZWC)I ; [TH%’YMS( P+q)Tu(g; P)S(;P —q))]

frr Meson Decay Constant
T’y flavor projection operator,
H Z5(N), Z4(A) renormalization constants
_____ 5 5 2 y L4
> 75,715 S(p) dressed quark propagator
Lh(q; P) = FT.(H[th(xa)(x1)]|0)
Bethe-Salpeter bound-state vertex amplitude.

_{aayH A g4
z‘pfz <;Z>C =Z4/ (;173 ;[TH%S( P+Q))FH(Q7P)5(%P—Q))]
renormalization scale ¢
p = — < 0lgy°q|H >

famiy = —pd My Mg =) ,egm

107-(- N (04 GGV)2 at C — 1 G6V2 Maris, Roberts, Tandy
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Light-Front Pionw Valence Wavefunctions

SE 4 8% =41/2-1/2=0
Couples to
L*=0,5"=0 <7]3"q759|0 > ~ fr

—>

S Ruwnwning conutituent mass at vertex

e
f’_.+_‘ T LF=41,5"=-1 <7[qy5q/0> ~ Pr
T dr _b:_)

SZ48%=-1/2-1/2=—1

Angular n n—1
Z %) Z
Momentumn, J” = E S@ - E Lz
Conservation i i
Warsaw .
July 3, 2012 QCD at the Light Front Stan Brodsky :_:,L ’é\ 3
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Running mass enihanced within Hadron Wavefunction

S~ (p) =iy -p A(p*) + B(p?)

2
2 b (p ) ) =Q==—=+—33
m(p ) — A( 5 iS : P T
p?)
* QCD gluon loop corrections increase running mass
0.4 ::lapid acquisition Iof mass is | ]
’ ~ - ,effect of gluon cloud
* Dyson-Schwinger model predictions Alkofer, Roberts et al.
'_0'3 — m =0 (Chiral limit)
* Effects of higher Fock states: Casher & Susskind 502
spontaneous chiral symmetry breaking -
0.1
* All effects within confinement domain | ,
0 1 1 |
Shrock, sjb " L e ’
* IR cutoff from confinement/bound state .
Lei Chang, et al.
Warsaw
July 3, 2012 QCD at the Light Front Stan Brodsky :‘::L ’é\ 3
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Ruwnwning guark mass irnv QCD

S~ p) =iy-p A(p*) + B(p®)  m(p®) =

I | ! | I !
04 Rapid acquisition of mass is _
. L ,effect of gluon cloud Dyson- Schwinger
0.3 — m=0 (Chiral limit)| | Chang, Cloet
';' — m =30 MeV ’ o ’
3 — m =70 MeV El-Bennich
= o Klahn, Roberts
=
Consistent with EW input
0.1 R Y at high p’
TR TTTTERR b Survives even at m=0!

Spontaneous Chiral
Symmetry Breaking!

Warsaw S ~ A
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PHYSICAL REVIEW D VOLUME 9, NUMBER 2 15 JANUARY 1974

Chiral magnetism (or magnetohadrochironics)
Aharon Casher and Leonard Susskind

The spontaneous breakdown of chiral symmetry
in hadron dynamics is generally studied as a vac-
uum phenomenon. Because of an instability of the
chirally invariant vacuum, the real vacuum is
“aligned” into a chirally asymmetric configuration.

On the other hand an approach to quantum field
theory exists in which the properties of the vacu-

um state are not relevant. This is the parton or y
constituent approach formulated in the infinite- LW' Front
momentum frame. A number of investigations FOVM,O(JAM

have indicated that in this frame the vacuum may
be regarded as the structureless Fock-space vac-
uum. Hadrons may be described as nonrelativistic
collections of constituents (partons). In this frame-
work the spontaneous symmetry breakdown must be
attributed to the properties of the hadron’s wave
function and not to the vacuum.’

Warsaw
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Suwmmawy onv QCD " Condensates’
* Condensates do not exist as space-time-independent

phenomena

* Property of hadron wavefunctions: Bethe-Salpeter or Light-
Front: “In-Hadron Condensates”

e Find: < 0|gq|0 >
fr

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

= — < 0]igysq|m >= pr

e Zero contribution to cosmological constant! Included in
hadron mass

® Qx is proportional to mq —- enhanced running mass from
gluon loops / multiparton Fock states

Warsaw

July 3, 2012 QCD at the Light Front Stan Brodsky C! Af;’
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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.

J
 Eliminates 45 orders of magnitude conflict
Warsaw .
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Chivad Symumetry Breaking inwAdS/QCD

We consider the action of the X field which encodes the effects of CSB in
AdS/QCD:

Sx :/d4xdz\/§ (gemagXé’mX — u§X2>, (1)

Erlich, Katz, Son, Stephanov
Babington, Erdmenger, Evans,
Kirsch, Guralnik, Thelfall

1 R\’
230, (z—gazx) — 9,0/ X — (”X ) X =0. 2)

zZ

with equations of motion

The zero mode has no variation along Minkowski coordinates
0, X (x,2) =0,

thus the equation of motion reduces to

2707 — 320, + 3] X(2) = 0. (3)
for (ux R)?* = —3, which corresponds to scaling dimension Ax = 3. The solution
1S

X(z) = (X) = Az + B2°, (4)

where A and B are determined by the boundary conditions.
A x m, b o< >

Expectation value with z3 taken inside hadron - not VEV!

Warsaw
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Chirald Symumetiry Breaking inAdS/QCD
® Chiral symmetry breaking effectin AdS/QCD

depends on weighted z> distribution, not

constant condensate Erlicl:h et

SM?* = —2m, < 1) > X /dz 0 (2)2°

o 72 weighting consistent with higher Fock states
at periphery of hadron wavefunction

e mass shift depends on hadron size, etc.
e AdS/QCD: confined condensate

e Consistent with “In-Hadron” Condensates

Shrock, Roberts, Tandy, sjb
Warsaw
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Confuinement: Maxinmuunw wawvelengtiv of

bound quarks and gluons
A< AQCD
k> 1Y
Aqep
B-Meson
d Shrock, sjb

Use Dyson-Schwinger Equatiow for bound-state quark propagator:
find confined condensate

< blggq|b > not < 0]gq|0 >

Warsaw

July 3, 2012 QCD at the Light Front Stan Brodsky ol AR>S
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Quawk aond Gluon condensates reside withiv
hadvons, not LF vacuuwmn

° Bound-State Dyson-Schwinger Equations

Maris, Roberts, Tandy
* Spontaneous Chiral Symmetry Breaking within infinite-component

LFWFs
Casher Susskind

* Finite size phase transition - infinite # Fock constituents
e AdS/QCD Description -- CSB is in-hadron Effect
e Analogous to finite-size superconductor!

* Phase change observed at RHIC within a single-nucleus-nucleus
collisions-- quark gluon plasma!

e Implications for cosmological constant

“Confined QCD Condensates”

Warsaw

July 3, 2012 QCD at the Light Front Stan Brodsky SL o O
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Pion mass and decay constant.

Pieter Maris, Craig D. Roberts (Argonne, PHY) , Peter C. Tandy (Kent State U.) . ANL-PHY-8753-TH-97,
KSUCNR-103-97, Jul 1997. 12pp.

Published in Phys.Lett.B420:267-273,1998.

e-Print: nucl-th/9707003

Pi- and K meson Bethe-Salpeter amplitudes.

Pieter Maris, Craig D. Roberts (Argonne, PHY) . ANL-PHY-8788-TH-97, Aug 1997. 34pp.
Published in Phys.Rev.C56:3369-3383,1997.

e-Print: nucl-th/9708029

Concerning the quark condensate.
K. Langfeld (Tubingen U.) , H. Markum (Vienna, Tech. U.) , R. Pullirsch (Regensburg U.), C.D. Roberts (Argonne,

PHY & Rostock U.) , S.M. Schmidt (Tubingen U. & HGF, Bonn) . ANL-PHY-10460-TH-2002, MPG-VT-UR-239-02,
Jan 2003. 7pp.

Published in Phys.Rev.C67:065206,2003.

e-Print: nucl-th/0301024

« 9
In-Meson Condensate |
Valid even for m,; — 0
—_ 7"' L —_—
(q9)¢ = J=(O0lqysaqlm) - fr nonzero
Warsaw .
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Is there evidence for aw gluow vacuumm condensate?
< O| GW( )G, (0)]0 >

Look for higher-twist correction to current propagator

Shifman, Vainshtein, Zakharov

X X

ete”™ — X, 7 decay, QQ) phenomenology

A2
g CD
R€+€_(3) = N, E 63(1 | - Q | )

Warsaw
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Determinations of the vacuuwum Glwonw Condensate
< 0/2=G?|0 > [GeV"]

—0.005 £ 0.003 from 7 decay. Davier et al
0.006 = 0.012 from 7 decay. Geshkenbein, loffe, Zyablyuk

+0.009 £+ 0.007 trom charmonium sum rules
Iofte, Zyablyuk

1.32
1.3 [ v s
- Consistent with zero-
108 |
i vacuuuwn condevsate
1.6 —
1.04 —
. 003 -002 -001 O 001 002 003
Warsaw . ~ A
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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

Rete-(s)=Ne Y er(14+ 0= +---)

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

ete”™ — X, 7 decay, QQ phenomenology

Warsaw
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Quawk and Gluon condensates reside
within hadrons, not vacuuum

Casher and Susskind Maris, Roberts, Tandy Shrock and sjb

* Bound-State Dyson Schwinger Equations
* AdS/QCD

* Implications for cosmological constant --
Eliminates 45 orders of magnitude conflict

Warsaw

QCD at the Light Front Stan Brodsk
July 3, 2012 A y
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Goal: Aw analytic furst 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

¢ Insight into QCD Condensates

¢ Systematically improvable

Warsaw

July 3, 2012 QCD at the Light Front Stan Brodsky ol ALD
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String Theory

Goal: First Approximant to-QCD +
Mapping of Poincawre and Conformal

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

Counting rules for Hard Exclusive

Scatteving Conformal behavior at shovt distances
Regge Trajectories + Confinement at lawrge 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, Wawvefunctions, Dynamics

Warsaw
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Features of AdS/QCD LF Holography

Based on Conformal Scaling of Infrared QCD Fixed Point

Conformal template: Use isometries of AdS5

Interpolating operator of hadrons based on twist, superfield dimensions
Finite Nc = 3: Baryons built on 3 quarks -- Large Nc limit not required

Break Conformal symmetry with dilaton

Dilaton introduces confinement -- positive exponent for spacelike observables

Origin of Linear and HO potentials: Stochastic arguments (Glazek); General
‘classical’ potential for Dirac Equation (Hoyer)

Effective Charge from AdS/QCD at all scales
Conformal Dimensional Counting Rules for Hard Exclusive Processes

Use CRF (LF Constituent Rest Frame) to reconstruct 3D Image of Hadrons
(Glazek, de Teramond, sjb)

Warsaw . Pl
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Use AdS/CFT orthonormal Light Front Wavefunctions
as o basis for diagonalizing the QCD LF Hamiltoniawn

* Good initial approximation

* Better than plane wave basis

* DLCQ discretization —- highly successful 1+1

* Use independent HO LFWFs, remove CM motion

e Similar to Shell Model calculations

* Hamiltonian light-front field theory within an AdS/QCD basis.
J.P. Vary, H. Honkanen, Jun Li, P. Maris, A. Harindranath,

G.F. de Teramond, P. Sternberg, E.G. Ng, C. Yang, sjb

Warsaw
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AdS/QCD and Light-Front Holography

e Hadrons are composites of quark and anti-quark
constituents

* Explicit gluons absent!

* Higher Fock states with extra quark/anti-quark pairs
created by confining potential

* Dominance of Quark Interchange in Hard Exclusive
Reactions

* Short-distance behavior matches twist of
interpolating operator at short distance —- guarantees
dimensional counting rules —-

Warsaw
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[ Basis functions ]

® HO basis for transverse momentum states:

1 2n! : 2 m
q)n,m(pJ_) — (I)n,m(pa ¢) = V2T ezm¢p|m|e p /QLLL |(p2)7
b\ (lm|+n)

with

p:%, b:\/MOQ

® Discretize longitudinal momentum:

1

— 1 Tkx
€T o e’ L ,
(| = 1,2,3,...(periodic boundary condition for bosons),
k=<
k= %, %, ... (antiperiodic boundary condition for fermions)
® Full 3-D:
\Ijk,n,m(x_apa qb) — wk(x_)q)n,m(pa ¢) (1)

® 2D harmonic trap with the basis function scale

Heli Honkanen, Jun Li, Pieter Maris, James Vary (Iowa State University)
Stan Brodsky (SLAC National Accelerator Laboratory, Stanford University)
Avaroth Harindranath (Saha Institute of Nuclear Physics, 1/AF, Bidhannagar,
Kolkata, India) 139



[ Set of transverse 2D HO modes for n =1 ]

P. Sternberg, E.G. Ng, C. Yang, PRC

b

, G.F. de Teramond

Jun Li, P. Maris, S.J. Brodsky, A. Harindranath

J.P. Vary, H. Honkanen,
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Featwres of AdS/QCD LF Holography

® Based on Conformal Scaling of Infrared QCD Fixed Point
® C(Conformal template: Use isometries of AdS35

® Interpolating operator of hadrons based on twist, superfield
dimensions

® Finite Nc =3: Baryons built on 3 quarks -- Large Nc limit not
required

® Break Conformal symmetry with dilaton
® Dilaton introduces confinement -- positive exponent

® Origin of Linear and HO potentials: Stochastic arguments
(Glazek); General ‘classical’ potential for Dirac Equation (Hoyer)

® Effective Charge from AdS/QCD at all scales

® Conformal Dimensional Counting Rules for Hard Exclusive

Processes
Warsaw . el A
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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.

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

LF Holography: LFWFs; broad distribution amplitude

Large Nc limit not required

Add quark masses to LF kinetic energy

Systematically improvable -- diagonalize Hyr on AdS basis

142



Chiral Features of Soft-Wall
AdS/QCD Model

Boost Invariant
TP T Protov spinv
i vacuum. cawried by quark angular momentum/

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

Relativistic LF radial equatiov Frame Independent
d* 4L -1

(2 =2(1—z)b?.

(1—-=x)
U(C) = k*C* +2k*(L+ S — 1)
soft walls
G. de Teramond, sjb confining potential;
Warsaw ] ~
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Light-Front Schwédinger Equalion

G. de Teramond, sjb

Relativistic LF single-vawiable  Frame Independent!
radial equatiow for QCD & QED

2 2
[ ddcz i 4L4g2 - U(C%, J, L, M?) |5 1,(¢%) = M* 5 ,(¢?)

(2 =2(1—z)b?.

|5
(1- )

where the potential U((?, J, L, M?) represents the contributions from higher Fock states. It is also the kernel
for the forward scattering amplitude g — ¢q at s = M?2. It has only ”proper” contributions; i.e. it has no
gq intermediate state. The potential can be constructed systematically using LF time-ordered perturbation
theory. Thus the exact QCD theory has the identical form as the AdS theory, but with the quantum field-
theoretic corrections due to the higher Fock states giving a general form for the potential. This provides a
novel way to solve nonperturbative QCD. Complex eigenvalues for excited states n>0

Warsaw ]
July 3, 2012 QCD at the Light Front Stan Brodsky :_:?
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LIGHT -FRONT SCHRODINGER TQUATION

Direct cormnection to-QCD Lagrangiar

(Mf -y kfi;m?)

:

]

-0
Ei

AT =0

Systematically eliminate novw-valence Fock states;
project to-av single radial varialle

i d’qﬁf x|
”Dﬁm’ v

0

0

" {qql V |g)
(439| V |qq)

&+ = =

| M

{q7| V |qgg)

(gqg| V |agg)

-

-

Il

Il

17 ﬁ?qﬁfﬁ |

Vosg/n

G.P. Lepage, sjb




® Fock vacuum |0) eigenstate of the full Hamiltonian

_ 1 — . m?+ (iV,)? , .
P = §/d:p+d2:11<\1/fy+ z'a(+ ) \If—l—Ag(zVL)QAM) free

+ g/da:_FdeLJg’Az vertex interaction

2

+ gI /daj_|_d2$J_BgVB'La“/ 4 — point gluon

2

4+ % d:E_Fd?a:LJj ('8“‘)2 Jj instantaneous gluon interaction
7
g° = ol
+ 5 /dm+d2$J_ \Iny“TaAZGT (’y'/TbA,b/\IJ) , Instantaneous fermion interaction
1

where
JH = UyHTITyH 4 fa0CR AV A,
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Gooly

* Test QCD to maximum precision
* High precision determination of os(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
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Need to set multiple renormalization scales --
Lensing, DGLAP, ERBL Evolution ...

; ; . R, init
C'hoose renormalization scheme; e.qg. o (up")

inat.

C'hoose p'i5'"; arbitrary initial renormalization scale

'

Identify {8} — terms using ny — terms

through the PMC' — BLM correspondence principle

:

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

}

Con formal Series

init

Result is independent of pp

and scheme at fixed order

PMC/BLM

No renormalization scale ambiguity

Result is independent of
Renormalization scheme
and initial scale

Apply to Evolution kernels,
hard subprocesses

Eliminates unnecessary systematic
uncertainty

Principle of Maximum Conformality

Warsaw
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QCD at the Light Front

Xing-Gang Wu
Leonardo di Giustino, S¥B

1 A/
Stan Brodsky Si ~ie
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Xing-Gang Wu
Leonardo di Giustino, S¥B

Ay (M- > 450 GeV)

- - - - Experimental asymmetry

PMC Prediction

Conventional: guess
renormalization scale and range

tt asymmetry predicted by pQCD NNLO within
1 o0 of CDF/D0 measurements using PMC/BLM scale setting

Eliminating the Renormalization Scale Ambiguity for Top-Pair Production. Xing-Gang Wu
Using the Principle of Maximum Conformality SYB
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LF uantization
Bjorken, Kogut, Soper, Susskind, Srivastava, SJB

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.ero-Modes: Standard Modlel
Srivastava, sjb o
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Hadrons, AdS/QCD Duality, and the Physics of the Vacuum

University of Warsaw Workshop, Fuly 3-6, 2012
Novel Features of Hadron Dynamics and Light-Front Holography

Fixed T =t+ z/c
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