Introductiow to- Light-Front Quantization

Lectuwe II1

Fixed T=t+4 z/c
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Light-Front Wavefunctions: rigorous representation of

composite systems in quantum field theory
tigerustate of LF Hamilfonian

Fixed T=t+4 z/c

p,J. >= an(fﬁi,EM,M)W;%,EM,M >
n=3

Inwawiant under boosts! Independent of P

Causal, Frame-independent. Creation Operators on Simple Vacuum,
Current Matrix Elements are Overlaps of LFWFS



Bound States in Relativistic Quantum Field Theory:

Light-Front Wawvefunctions

Dirac’s Front Form: Fixed t=1+z/c

w<xi7ELi7Ai) xi:zlii:

Invariant under boosts. Independent of o
QCD

1
v

Wy >= M|y >

Direct connection to QCD Lagrangian

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

Stan Brodsky
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Advantages of the Dirac's Front Form for Hadronw Physics

® Measurements are made at fixed t

® Causality is automatic

® Structure Functions are squares of LFWF's
® Form Factors are overlap of LFWF's

® LFWTFs are frame-independent -- no boosts!
® No dependence on observer’s frame

® LF Holography: Dual to AdS space

® LF Vacuum trivial -- no condensates!

® Profound implications for Cosmological
Constant

Stan Brodsky
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QCD Lagrangiownv

Fundamental Theory of Hadron and Nuclear Physics

gluon dynamics GUALK Kinatio Sy quark mass term

\‘ quark-gluon dynamics /

1 (A
F=1

iDF = i0F — gA* GM = 9FAF — 9¥ AF — g[AM, A]

Classically Conformal if m,=o

Yang Mills Gauge Principle: Color Scale-Invar ianf: Coupling
Rotation and Phase Invariance at Renor n}allzable
Every Point of Space and Time Asymptotic Freedom
Color Confinement

QCD Mass Scale from Confinement not Explicit

Crete Juneli, 2014 x
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Goal: anw analytic first approximation to-QCD

® As Simple as Schrédinger Theory in Atomic Physics

® Relativistic, Frame-Independent, Color-Confining
® Confinement in QCD -- What sets the QCD mass scale?

® QCD Coupling at all scales

® Hadron Spectroscopy

® Light-Front Wavefunctions

® Form Factors, Structure Functions, Hadronic Observables
® Constituent Counting Rules

® Hadronization at the Amplitude Level

® Insights into QCD Condensates

® Chiral Symmetry

® Systematically improvable
Stan Brodsky
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de Téramond, Dosch, sjb

Light-Front Holography

Light-Front Schrodinger Equation Unique
Confinement Potential!
U(¢) = k*C* +2x*(L+ S —1) =

Confinement scale:

@ de Alfaro, Fubini, Furlan:

Conformal Symwumetry.

b

of the action
k~ 0.6 GeV

1/k~1/3 fm

Scale can appear in Hamiltonian and EQM
without affecting conformal invariance of action!



LF(3+]) —mm— A d/55 de Teramond, sjb

V(x, b)) — d(2)

P(z,¢) = Va(l —2)¢2¢(()

(uR)? = L? — (] — 2)*

Light-Front Holography: Unique mabping derived from equality of LF
and AdS formuda for TM and grovitational current matrix elementy
ond identical equations of motiovw




Meson Spectrum in Soft Wall Model

Pion: Negative termv for J=0 cancels
positive terms fromv LFKE and potential

d

Effective potential:  {J((#) = K% + 262 (J — 1)

LF WE

(

d? —4L%
s~ L + R 2R 1)) 9a(Q) = M265(0

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

Eigenvalues

d)n,L(C) — 1L \/(nzf;;)' <1/2+LQ_RQC2/2LTI{(;§2<-2)

J+ L
M gL = 4K’ (n | ; )

G. de Teramond, H. G. Dosch, sjb



2 .
o J =L+ S5, 1= 1meson families M LS = =4k? (n+ L+ S/2) k" for An =1

42 for AL =1

mq:O 2k for AS =1
Massless pion in Chiral Limit! Same slope in n and L!
T I T I T T T T
n=2 n=1 n=0
4l . i
5
& ~(1800)
C\lz 2 - -
~ (1300) ]
(140
0 i 1 | 1 0 9(7170) 1 1
0 2 2
2-2012 2-2012
8820A20 L B8820A24 L

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

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

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

Mass ratio of the p and the a1 mesons: coincides with Weinberg sum rules

G. de Teramond, H. G. Dosch, sjb



Remawkable Features of
Light-Front Schwédinger Equation

® Relativistic, frame-independent
® QCD scale appears - unique LF potential

® Reproduces spectroscopy and dynamics of light-quark hadrons with
one parameter

® Zero-mass pion for zero mass quarks!
® Regge slope same for n and L -- not usual HO

@ Splitting in L persists to high mass -- contradicts conventional
wisdom based on breakdown of chiral symmetry

® Phenomenology: LFWFs, Form factors, electroproduction

® Extension to heavy quarks

U(C) =k*'CC+2:°(L+ S —1)

Stan Brodsky
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QCD Lagrangiownv

nf

1 A _
LQCD — _ZTT(GWG/W) + Z i\ijDMVMI’f + Mf\pf

f=1 F=1

iDF = iOF — gAM QR = QRAM — QU AR — g[AR, A]

Classical Chiral Lagrangian is Conformally Invariant

Where does the QCD Mass Scale Agcp come from?
How does color confinement arise?

Scale can appear in Hamiltonian and EQM

e de Alfaro, Fubini, Furlan: ..o affecting conformal invariance of action!

Unique confinement potential!



IL NUOVO CIMENTO VoL. 34 A, N. 4 21 Agosto 1976

Conformal Invariance in Quantum Mechanics.

V. DE ALFARO

Istituto di Fisica Teorica dell’ Universita - Torino
Istituto Nazionale di Fisica Nucleare - Sezione di Torino

S. FuBiNt and G. FURLAN (%)
CERN - Geneva

(ricevuto il 3 Maggio 1976)

Summary. — The properties of a field theory in one over-all time dimen-
sion, invariant under the full econformal group, are studied in detfail. A
compact operator, which is not the Hamiltonian, is diagonalized and
used to solve the problem of motion, providing a discrete spectrum and
normalizable eigenstates. The role of the physical parameters present
in the model is discussed, mainly in connection with a semi-classical
approximation.




@ de Alfaro, Fubini, Furlan

Cho(r) >= i~ fo(r) >

. 4 oD + wk New term
— U v W /
O 1( d* g  duw —v? 2)
—H. = - | | x
2 dx? 2 4

Retaing conformal inwariance of actiow despite mass scale!
duw — v* = k* = [M]?
Identical to- LF Hamiltoniauwn withv unique potentiol and dilaton/

d? 1 — 472 ® Dosch, de Teramond, sjb
| iz Tac U(Q)](¢) = M*(C)
U(C) = “4C2 —+ 2/12([, +5—1)
Stan Brodsky
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What determines the QCD massy scole A oo ?

® Mass scale does not appear in the QCD Lagrangian
(massless quarks)

® Dimensional Transmutation? Requires external constraint
suchas a,(My)

® dAFF: Confinement Scale K appears spontaneously via the

Hamiltonian: (G = uH + oD +wk Auw — 1)2 /14 — [M]4

® The confinement scale regulates infrared divergences,

connects /\ ocp to the confinement scale K

® Only dimensionless mass ratios (and M times R ) predicted

® Mass and time units [GeV] and [sec] from physics external
to QCD

® New feature: bounded frame-independent relative time
between constituents

Stan Brodsky

Crete June1, 2014 x Light-Front QCD III ~1 A



dAFF: New Time Variable

2 2tw + v
arctan ,

B VAuw — v? VAuw — v?

T

® Identify with difference of LF time Ax:/P+
between constituents

® Finite range

® Measure in Double Parton Processes

) Stan Brodsk
Crete June11, 2014 x Light-Front QCD III gll g)f; Y
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Interpretatiov of Mass Scale K

* Does not affect conformal symmetry of QCD action

* Self-consistent regularization of IR divergences

* Determines all mass and length scales for zero quark mass

* Compute scheme-dependent A+ determined in terms of Y

* Value of [{ itself not determined — place holder

* Need external constraint such as f;



Uniqueness “rmrsbend
2 _2
UC) =k +2:2(L+S—1)  eP?) = th 2

© 2;2 confinement potential and dilaton profile unique!
@ Linear Regge trajectories in n and L: same slope!
® Massless pion in chiral limit! No vacuum condensate!

® Conformally invariant action for massless quarks retained

despite mass scale

® Same principle, equation of motion as de Alfaro, Furlan, Fubini,

Conformal Invariance in Quantum Mechanics Nuovo Cim. A34 (1976)
569



http://inspirehep.net/record/108211

pion is massless in chiral limit iff

Ll p=2!

o (z) __ e k2 2”
® Dosch, de Teramond, sjb
Stan Brodsky
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Fermionic Modes and Baryon Spectrum Yukowao interactiovw

GdT and sjb, PRL 94, 201601 (2005) | v S

From Nick Evans

e Action for Dirac field in AdS;.1 in presence of dilaton background ¢ (z)\ [Abidin and Carlson (2009)]

S = /dd“\/geso(z) ((Wel T4Dp U + hc+ (2) VT — T )

e Factor out plane waves along 3+1:  Up(z#, 2) = e 20 (2

i (=0 ™00 + 202 ) + pR + K z

e Solution (v=puR— 3, v=L+1
U (2) ~ 22" ZQ/ZL”( 2,2), W_(2) ~ 22 TVe WE 2L (2,2
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 CIDM...M_UQ, J > % with all indices along 3+1 from W by shifting dimensions

e Large No: M?* =4k*(Ne +n+L—-2) = M ~ /N¢Agcp



Dirac Equation for Nucleons in Soft-Wall AdS/QCD

e We write the Dirac equation
(aII(¢) — M) (¢) = 0,

in terms of the matrix-valued operator 11

1
HV(C) = —1 (i T v 2’75 _ K2C75> )

dg s

and its adjoint IIT, with commutation relations

@, 10)] = (25— -2

e Solutions to the Dirac equation

Vr(Q) ~ z3temERLY (522, v=1+1
Y (C) ~ z2tre W2l (g2e?),

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

) Stan Brodsk
Crete Juneil, 2014 x Light-Front QCD III :nn :Off 7



Baryon Spectrum in Soft-Wall Model

e Upon substitution z — ¢ and

Crete Juneli, 2014 x

Ui(x,z) = e_ip'xzzw‘](z)u(P),

find LFWE ford = 4
a
dg G
1
_i¢£+ VT 5
dg G

v+ 1
¥y + —2

where U (() = % V(<)
Choose linear potential U = k2(

Eigenfunctions
1 v —Rr2(2 1%
WL(Q) ~ (e LY (2P,

Eigenvalues

M? =4r*(n+v+1),

v+ Uyl =

Pl +UQu] = My,

My,

P2 (C) ~ 2 TVe HERLE (52¢2)

v=L+1 (7=3)

Full J — L degeneracy (different J for same L) for baryons along given trajectory !

Light-Front QCD III

Stan Brodsky

ol AL



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

1 2n! 2 ~2
_ 3+L 5/2+L ,—K2C2/2 [ L+2 (.22
Y= (Onr " \/nJrLJrZ\/(nJrL)!C c " (/{ ; )

e Normalization

/ AC Y2 () = / A2 () = 1 CZWWW

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

e “Chiral partners”

M (1535) NG,
M N (940)



N(2220) -

- N(1710) N(1720)
i N(1680) .
N(1440)
N(940) L
0 1 N 3 R
M?*(GeV?)
(¢) ]
n=2 n=1 n=20
N(1875) i
N(1535) -
N(1520) L |

 M?(GeV?)

N(2600)
v=L+1
(b)
| N(2250)
N(2190)
, N(1700)
I N(1675) N(2220)
N(1650) \
yv=1L

] N(1720)

N(1680)

N(940) 4/4;2 L
o T 2 3 4 5
M?*(GeV _

i ( 2 n—1 "0
- (d)

A(2420)

A(1950)

I 1 I I I I

NA

A(1920)
A(1600) A(1910)

A(1905) ]
A(1232) 7
0 1 2 3 '




Crete Juneli, 2014

SU6) S L n Baryon State
56 1 0 0 N1 (940)
5 0 1 N17(1440)
1o 2 N1T(710)
50 0 A37(1232)
3.0 1 A27(1600
70 1 1 0 N17(1535) N3 (1520)
51 0 N17(1650) N3 (1700) N2 (1675)
3101 Ni~ N3 (1875) N2~
10 AZ7(1620) A2 (1700)
56 1 2 0 N3T(1720) N2T(1680)
12 1 N3T(1900) N3T
3 2 0 ALT(1910) A3T(1920) AZT(1905) AIT(1950)
70 1 3 0 N2~ NI~
23 0 N3 N3 N27(2190) N3 (2250)
$ 30 AT AL
56 3 4 0 NIT N9 (2220)
34 0 AL ALT AT AL (2420)
70 1 5 0 N$~ NL~
55 0 NZ~ N3~ NY7(2600) N
Light-Front QCD III

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 A27(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.

PDG 2012

Stan Brodsky
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—d—glb—— c w——V(CW— = My,
d v+ 1
e = ?m—wom — My,

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

Orbital assignment for baryon trajectories according to parity and internal spin.

U
Il

1 _3
2 S_2

L
+

P=+ 14

v=|uR| —1/2 P

— DN

v=L+
yv=L+

I
h

1
v 2

2(+) _ as2(=)
Mn,L,S:g _ Mn,L,S:%

No spin-orbit coupling

J=1/2 “Chiral partners”, e.g. N(1535) and N(1400), with different L, non-degenerate



Identify L. with v

e Phenomenological identification to describe the full baryon spectrum: plus and negative sectors have

internal spin S = % and S = %

+ + _
| ! [ T I | ' I T
n=3 n=2 n=1 n=0
6 |- — 6l |
n=3 n=2 n=1 n=0
! ) - / A(2420) -
- / N(2220) —
N> 4 °> = —
G o
P - o L A(1950) |
s N(1710) s A(1920)
A(1910)
- N(1680 -
2 N(1330) (1680) o |-A(1600) A(1905) |
a - A(1232)
N(940)
0| A ] A | - 0 | | . |
2.2012 0 2 4 2.2012 0 2 4
8820A12 L 8820A3 L

Example: Orbital and radial excitations for positive parity N and A baryon families (\/X ~ (.5 GeV)

Crete Juneli, 2014 x

Stan Brodsky
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Chirval Features of Soft-Wall
AdS/QCD Model

¢ Boost Invariant

® Trivial LF vacuum! No condensate, but consistent with GMOR

® Massless Pion

e Hadron Eigenstates (even the pion) have LF Fock components of different L*

¢ Proton: equalprobabxhty SZ — _|_1/2 LZ — () SZ — _1/2 L7 = +1
|7 = +1/2 < [F >= 1/2 < SZ — 0}

* Self- Dual Mass1ve Elgenstates Proton is its own ch1ra1 partner

® Label State by minimum L as in Atomic Physics

* Minimum L dominates at short distances

* AdS/QCD Dictionary: Match to Interpolating Operator Twist at z=o.
No- mass -degenerate parity partners!



Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

Fi Q) = g4 / 4¢ J(Q, Ol (O],
F QY = g / 4¢ J(Q, - (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 % = +1/2. The two AdS solutions ?1 ({) and 1_ () correspond
to nucleons with J? = 4+1/2 and —1/2.

e For SU(6) spin-flavor symmetry
FQ) = [dCIQ.O+ ()

Q@) = —3 [ dCIQ0) [l6+(O)F = [o-(0)F],

where F7'(0) = 1, F7*(0) = 0.

) Stan Brodsk
Crete June1, 2014 x Light-Front QCD III g P



e Compute Dirac proton form factor using SU(6) flavor symmetry

FI(Q?) = R* / (@) (2)

~4

e Nucleon AdS wave function

T _ R 2n! /24 L7 L+1 (,.2,2) ,—K%2%/2
+(2) = e (n+L)!Z S (k727 e

e Normalization (F1P(0)=1, V(Q=0,2)=1)
R / dz T2 (2) =1

~4

e Bulk-to-boundary propagator [Grigoryan and Radyushkin (2007)]

1 2 | | |
V(Q,z) = ’4&222/ = xf?e_,i%%/(l_x) 1.2 -
o (1—a)° '
o
e Find ! g
FI(Q®) = e
(1 %) 1+ 5
with M2 — 4k2%(n + 1/2)

0 10 20 30
9-2007

8757A2 Q? (GeV?)
) Stan Brodsk
Crete June11, 2014 x Light-Front QCD III an Brodsky



Predict hadrow spectroscopy and dynamics

Excited Baryons in Holographic QCD G. de Teramond & sjb
12 Q4 Ff(Qz) FfN%N*(Qz)

0.10

0.05

]
—

n=3 n=2 n n=0

T 2 3 4 o 1 2z s 4
L L
) Stan Brodsk
Crete June11, 2014 Light-Front QCD II1 gl! g)f; Y




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

S B
Q2 (GeV?)

) Stan Brodsk
Crete Juneil, 2014 x Light-Front QCD III :nn :Off 7



Using SU (6) flavor symmetry and normalization to static quantities

SE20A1S Se20A17 Q? (GeV?)
2 | | O _| | | | l | |
& &
O — O
~— 1 N—" _1 | ]
[@RNa\| Cc QN
LL LL
0 1 * | A -2 I | I | I |
4 6 0 2 4 6
S620AB Sao0AY Q? (GeV?)
) Stan Brodsk
Crete June11, 2014 Light-Front QCD III o1 A Y
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Nucleon and flavor form factors in a light front quark model in

AdS/QCD

Dipankar Chakrabarti, Chandan Mondal 05t
!Department of Physics, Indian Institute of Technology Kanpur, Kanpur-208016, India.

14
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%

04

02r

0 1 2 3 7 8 e

« 5 6
0 Gev]

Light-Front QCD III St;,_“:‘! Brodsky
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GHQY)

Q*FI(QY)

Baryon structure in AdS/QCD

0.12

Y/ Eden ot al.(1954) - Colak ot al.(2001)

@ Herberg et al.(1999) O Schievilia & Skk(2001)
O Omrick ot 21(1999) 3¢ Zhu et al(2001)

0.10 } A\ Puechler et al.(1999) O Madcy o al.(2003)

B Rohe ot &1.{1999)

0.08

0.06

0.04

0.02

Q? (GeV?)

)

Il(

1
1

Q' F

o 5 10 15 2 2 %
Q? (CeV?)

A njedn)
® TH(¢ o'f): PWBA
B H(¢en): FSILMECHICHRC

1

i

0
-0.05¢
g» -0.101
——
™~
N
—_—
— <015}
-
N
-0.20}
0.25
0

03 i 1.5
Q* (GeV?)

35 o

10 15 2 2% %0 8
Q* (GeV?)

Lyubovitskij, Gutsche, Schmidt, Vega



Flavor Decomposition of Elastic Nucleon Form Factors
G. D. Cates et al. Phys. Rev. Lett. 106, 252003 (2011)

e Proton SU(6) WF: FP'i=3G+3G_, Fj =3G.+3G_
e Neutron SU(6) WF: = %G_|_ + %G_, = %G+ + %G_

0.6

0.5

04

0.3

0.2

0.1

0.10

0.0

G (Q%) = (1+f4—22)1(1+ 0 )

P

) = Y ) (o)

P

Crete Juneil, 2014 x Light-Front QCD III o1 A 7



Nucleon Transition Form Factors
e Compute spin non-flip EM transition NV (940) — N*(1440): \IJZZO’L:O — \IﬂffLL:O

e Transition form factor
P (@) = B [ S0 0 0v(@. 2w

e Orthonormality of Laguerre functions ~ (Fihy_ x+(0) =0, V(Q =0,z2) =1)

dz n.L
R4/ \If_|_ (Z)\IJ_I_’ (Z) = Op.n/

24
e Find ;
Q°
Flp (QQ) _ 2\/§ M123
N—N* 3 2 Q2 Q2
(1 &) (1 ) (1 )
P p

with M2 — 4k%(n + 1/2)

de Teramond, sjb

Consistent withv counting rule, twist 3



Nucleon Transition Form Factors

&
S o1t
Z
}
prd
o
L
O ] | ] |
0 2 4
SEabA1G Q2 (GeV?)

Proton transition form factor to the first radial excited state. Data from JLab

Stan Brodsky

Crete Junel1, 2014 x Light-Front QCD III o1 A



Ruwwning Coupling from Modified AdS/QCD

Consider five-dim gauge fields propagating in AdSy space in dilaton background gp( )

Flow equation

9¢(z)  g2(0)

Deur, de Teramond, sjb

S = —1/d4a:dz\/§egp(z) ! G?
4 g5

1 1 2 — K222 92

or gi(z)=e g5(0)

_ o9(2)

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

_ IQQZQ

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

Coupling measured at momentum scale ()

Solution

where the coupling o

AdS

025 / CACT(CQ) a5 (¢)

N2 K,2
0J95(Q?) = a5 (0) e @/

incorporates the non-conformal dynamics of confinement



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

f R ~Q?/4k?
| AdS( Q)/m=e Q* /44
g (Q) - T %
- 06 - {
~-.--- Modified AdS { ~ Ii|
04 | ] L
a,/m (pQCD) )
i ocgl/:rc world data '

------- GDH limit ¥ oyy/m {

02 7¢ a/nOPAL ‘?
A o, /nJLab CLAS e
M o, /nHall AICLAS I r R
o @ Lattice QCD (2004) (2007) 1 |
‘ \ \ \ \ o \ \ R
10" ] 10

Q (GeV)
AdS/QCD dilaton captures the higher twist corrections to effective charges for Q < 1 GeV

P — 6-|—1<3222 Deur, de Teramond, sjb



AdS/QCD ond Light-Front Holography

J+ L
M%,J,L:4/<;2(n | : )

® Zero mass pion for mg=0 (n=J=L=0)
® Regge trajectories: equal slope inn and LL

® Form Factors at high Q2: Dimensional
counting Q"' F(Q?*) — const

® Space-like and Time-like Meson and Baryon

Form Factors
Q 2

® Running Coupling for NPQCD Qg (QZ) X € 4r?

® Meson Distribution Amplitude ¢ (z) o fr\/z(1 — )

) Stan Brodsk
Crete June11, 2014 x LLW'FVOMQCD II1 g g)_’.“s Y

-
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Prediction from AdS/CFT: Mesow LFWF

ft Wall Model

de Teramond, sjb

dr(z, Qo) o /(1 — z)

1.5

Increases PQCD prediction for F(Q?) by 16/9
Stan Brodsky

Crete Juneil, 2014 x Light-Front QCD III 1 A



de Teramond, Dosch, sjb

Light-Front Holography

Light-Front Schrodinger Equation Unique
Confinement Potential!
U(¢) = k*C* +2x*(L+ S —1) =

Confinement scale:

@ de Alfaro, Fubini, Furlan:

Conformal Symwumetry.

b

of the action
k~ 0.6 GeV

1/k~1/3 fm

Scale can appear in Hamiltonian and EQM
without affecting conformal invariance of action!



Remawkable Features of
Light-Front Schwodinger Eqguation
Dynamics + Spectroscopy!

® QCD scale appears - unique LF potential

® Relativistic, frame-independent

® Reproduces spectroscopy and dynamics of light-quark hadrons with
one parameter

® Zero-mass pion for zero mass quarks!
® Regge slope same for n and L -- not usual HO

@ Splitting in L persists to high mass -- contradicts conventional
wisdom based on breakdown of chiral symmetry

® Phenomenology: LFWFs, Form factors, electroproduction

® Extension to heavy quarks

U(C) =k*'CC+2:°(L+ S —1)

Stan Brodsky

Crete June1, 2014 x Light-Front QCD III ~1 A
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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 C conjugate to invariant mass squared
¢ Relativistic, Frame-Independent, Color-Confining
¢ Unique confining potential!

¢ QCD Coupling at all scales: Essential for Gauge Link

phenomena
¢ Hadron Spectroscopy and Dynamics from one parameter

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

¢ Insight into QCD Condensates: Zero cosmological constant!

¢ Systematically improvable with DLCQ-BLFQ Methods
Stan Brodsky

Crete June11, 2014 x Light-Front QCD III c1 AAS
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® Conformal template:

String Theory

® Useisometries of AdS;
Goal: First Approximant to- QCD +

Mapping of Poincare and
AdS/CFT Conformal SO (4,2) symumetiries of

3+1 space
Couwnting rules for Hard Exclusive to- AdS5 space
Scattering
Regge Trajectories Conformal behawior at short
AdS/QCD Astances
QCD at the Amplitude Level Confinement at lawrge distance
Unique!
Semi-Classical QCD '/ Wave Equations
l Holography
Boost Inwariant 3+1 Light-Front Wave Equaltions
J=0,1,1/2,3/2 plus L + Integrable!

Hadrow Spectra, Wawvefunctions, Dynawmics

) Stan Brodsk
Crete June11, 2014 x Light-Front QCD III 23: Z’,f Y
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Cornwnectiov to-the Lineawr Ivstoant-Form Potentic

e Compare invariant mass in the instant-form in the hadron center-of-mass system P = 0,
2 _ 2 2
Mgz =4my+4p
with the invariant mass in the front-form in the constituent rest frame, kq + kg =0

9 9
, K| +myg

q r(l —x)

obtain

U:V2—|—2\/p2—|—mgV—|—2V\/p2—|—mg

o _ K _ mg(z—1/2)

e For small quark masses a linear instant-form potential V' implies a harmonic front-form potential U/

, and V is the effective potential in the instant-form

and thus linear Regge trajectories

A.P. Trawinski, S.D. Glazek, H. D. Dosch, G. de Teramond, sjb

Light-Front QCD III Stan Brodsky

Crete Juneli, 2014 x




Light-Front Partition Functiov

J. Raufeisen and sjb
Strauss and Byers

J ="Tr exp ﬁ%([hL + P_) Elser and Kalloniatis

Compute using P-spectrum from DLCQ

Example: QED(1+1).
Results are frame-dependent
depend on K and L

Proposal: Define frame-independent “LF temperature”

— _ (sum over discrete
2 =1 exp( 6LFHLF) plus continuum)
1 . . 9
Trr = 5 (dimension M?)

) Stan Brodsk
Crete June11, 2014 x Light-Front QCD III gll g)f; Y
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“One of the grawvest pusgszles 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

(Qa)@ep ~ 107
QO = 0.76(expt)

(Qa) Ew ~ 10°°

Extraordinary conflict between the conventional definition of the vacuum in
quantum field theory and cosmology

tlementy of the solution:
(A) Light-Front Quauntigalion. casal, frame-independent vacuunnmy
(B) New understanding of QCD “Condensates”

(C) Higgs Light-Front Zero-Mode .



Instant-Form Vacuumm ivv QED

® [oop diagrams of all orders contribute

QED __ 120 Observed
® Huge vacuum energy: PA  — 107" pp

E_ d’k \/ L2 2 T
® v~/ 3@np V¥ ™™ Cut off the quadratic divergence at Mpianck
® rame-Dependence, Causality issues.
® Divide S-matrix by disconnected vacuum diagrams

® In Contrast: Light-Front Vacuum trivial since plus momenta
are positive and conserved: kT =k"+k° >0

) Stan Brodsk
Crete June11, 2014 Light-Front QCD III o1 AS Y



“ Most embarrassing observation in physics — that’s the
only quick thing I can say about dark energy that’s also

true.” -- Edward Witten

Two general problems:

«  Why 1s the cosmological constant so small,
A < 10129 in Planck density units ?

© Why /N~ PO iier !
Coincidence problem.

addressed by anthropic principle, Weinberg 1987

Renata Kallosh »



Strmg Theory Landscape

l"l'-r-u'n.n !ﬁ—

SAM"FRANCIS

MICHEL WALDBERG METAPHYSIQUE DU VIDE

__.‘,‘\

Renata Kallosh Metaphysics of the Vacuuum

53



FrontC-Formv Vacuumnm ivv QED

kF >0 Sk #£PT =0

® Light-Front Vacuum is trivial since all plus momenta are
positive and conserved. k; > 0

® All QED vacuum graphs vanish!

, Stan Brodsk
Crete June11, 2014 x Light-Front QCD III g‘! 2’ ’; Yy



Wowrd-Takahashic Identity for axiad cuwvrent

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

B(¢?)
A(02)

STHE) =iy - LA(L?) + B(e2)  m(l?) =

21y,
- plus non-pole

2

T

Identify pion pole at P? =m

P* < 0|gysyHq|lm >= 2m < 0|qiysq|m >

fﬂ'm721' — _(mu T md)pw



Revised Gell Mowwv-Oakes-Revuner Formudor ivv QCD

s (Mg +mg) ) current al.gebra:
My = 2 < 0]qq|0 > effective pion field
2 (my + ma) l QCD: composite pion
— <0 > P P
o I i@sq|m Bethe-Salpeter Eq.

vacuuun condensate actually s o “ inv-hadronw condensate’




Generad Form of Bethe-Salpeler Wavefunctiow

' (k; P) =1vsEr(k, P) 4+ ~v5v - PF.(k; P)
+v57y - kG (k; P) — vs0,,k" PP H (k; P)

P/2+ k

Lr(k;P)  n P/2_k

d

Imaging dynamical chiral symmetry breaking: pion wave function on the light front
Lei Chang, |.C. Cloet, J.J. Cobos-Martinez, C.D. Roberts, S.M. Schmidt, P.C. Tandy

Allows bothv < 0|qy57,q|m > and < 0|qysqlm > LFWFy

SZ:()?LZ:O Sz:—l,LZ:+1

57


http://inspirehep.net/author/Chang%2C%20Lei?recid=1209281&ln=en
http://inspirehep.net/author/Cloet%2C%20I.C.?recid=1209281&ln=en
http://inspirehep.net/author/Cobos-Martinez%2C%20J.J.?recid=1209281&ln=en
http://inspirehep.net/author/Roberts%2C%20C.D.?recid=1209281&ln=en
http://inspirehep.net/author/Schmidt%2C%20S.M.?recid=1209281&ln=en
http://inspirehep.net/author/Tandy%2C%20P.C.?recid=1209281&ln=en

Light-Front Piow Valence Wavefunctions

SZ 4 8i=11/2-1/2=0
Couples to
L7 =0,5"=0 <7[3"q754|0 > ~ fx

: >

?wmrwmg/ conutituent mass at vertexr Couples to

4._._‘_'_’ = +1,8°=—-1 < 7|qv5q|0 > ~ Px

SZ48%=-1/2-1/2=—1

Angular n n—1
Momentum J* = E ST+ E Lf
Conservation ; i
) Stan Brodsk
Crete June11, 2014 x Light-Front QCD III 23; 2’,3 Y
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Is there empirical evidence for o gluonw vacuunw condensate?

Shifman, Vainshtein, Zakharov

"
X X

ete™ — X, 7 decay, QQ phenomenology

A4

g CD

Rete-(8) = Ned ep(l+ =57 +--)
q

82
) Stan Brodsk
Crete June11, 2014 Light-Front QCD III c1 AN Y



Determinations of the vacuwwm Gluon 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

1+0.009 4+ 0.007 from charmonium sum rules
Iofte, Zyablyuk

132 [
1 f Consistent with zero-
128 | vacuuum condensate
1.26 —
1.24 —
' -0.03 -0.02 -0.01 0 0.01 0.02 0.03 S B d k
, t
Crete June11, 2014 Light-Front QCD III gll g)f; Y
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Effective Confinement potentiol from soft-wall AdS/QCD gives Regge
Spectroscopy plus higher-twist corvrection to- current propagator

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

g k~ 0.5 GeV
e | Pars
2 K
Rete(8) = NCZeq(l +O05+)

WWMWWWWCO‘WW&< ()|—GW( )G, (0)|0 > v

ete”™ — X, 7 decay, QQ phenomenology

) Stan Brodsk
Crete Juneil, 2014 x Light-Front QCD III £a~n| :Off Y
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“One of the grawvest puszszles 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

(Qa)@ep ~ 107
QO = 0.76(expt)

(Qa) Ew ~ 10°°

() 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”
62



Quawk and Gluovw condensates reside
withinw hadrons, not vacuuwm

Casher and Susskind Maris, Roberts, Tandy Shrock and sjb

¢ Bound-State Dyson Schwinger Equations
e AdS/QCD

¢ Implications for cosmological constant --
Eliminates 45 orders of magnitude

conflict
) Stan Brodsk
Crete Juneil, 2014 x Light-Front QCD III :nn :Off 7



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
3Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
*Department of Physics, Peking University, Beijing 100871, China
>C.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 1s 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

functions.
) Stan Brodsk
Crete June11, 2014 Light-Front QCD III o1 AS Y



P. Srivastava, sjb

Standard Model on the Light-Front

® Same phenomenological predictions
® Higgs field has three components
® Real part creates Higgs particle

® Imaginary part (Goldstone) become longitudinal
components of W, Z

®|Higgs VEYV of instant form becomes k=0 LF zero mode!

® Analogous to a background static classical Zeeman
or Stark Fields

® Zero contribution to T", ; zero coupling to gravity

Stan Brodsky

Crete June11, 2014 x Light-Front QCD III c1 AAS
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PHYSICAL REVIEW D 66, 045019 (2002)

Light-front formulation of the standard model

Prem P. Srivastava®
Instituto de Fisica, Universidade do Estado de Rio de Janeiro, RJ 20550, Brazil,

Theoretical Physics Department, Fermilab, Batavia, Illinois 60510,
and Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309

Stanley J. Brodsky'
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309

(Received 20 February 2002; published 20 August 2002)

Light-front (LF) quantization in the light-cone (LC) gauge is used to construct a renormalizable theory of the
standard model. The framework derived earlier for QCD is extended to the Glashow-Weinberg-Salam (GWS)
model of electroweak interaction theory. The Lorentz condition 1s automatically satisfied in LF-quantized QCD
in the LC gauge for the free massless gauge field. In the GWS model, with the spontaneous symmetry breaking
present, we find that the 't Hooft condition accompanies the LC gauge condition corresponding to the massive
vector boson. The two transverse polarization vectors for the massive vector boson may be chosen to be the
same as found in QCD. The nontransverse and linearly independent third polarization vector is found to be
parallel to the gauge direction. The corresponding sum over polarizations in the standard model, indicated by
K, ,(k), has several simplifying properties similar to the polarization sum D (k) in QCD. The framework is
unitary and ghost free (except for the ghosts at k™ =0 associated with the light-cone gauge prescription). The
massive gauge field propagator has well-behaved asymptotic behavior. The interaction Hamiltonian of elec-
troweak theory can be expressed in a form resembling that of covariant theory, plus additional instantaneous
interactions which can be treated systematically. The LF formulation also provides a transparent discussion of
the Goldstone boson (or electroweak) equivalence theorem, as the illustrations show.



P. Srivastava, sjb

Abeliowv U (1) LF Model witiv Spontaneous Symmelry Breaking
L=0,0"0_¢p+0_-¢'0,0—010"0.0—V(¢'9)

where V(¢1¢) = u2¢ted + A(6T¢)2  with A > 0, p2 < 0

Constraint equation: fd2$de_ [@L({?Lgb g;{r} =3\
o(T, 2, 1) =w(T,x1) + (T, 27,21 )

w(T,21) is a kT = 0 zero mode

w =v/v2 where v = \/—pu2/\
Thus a c-number in LF replaces conventional Higgs VEV

No-coupling to-gravity!
Possibility: 0w # 0




Two-Definitions of Vacuuuwnw State

Instant Form: Lowest Energy Eigenstate of Instant-
Form Hamiltonian

H g >= Eplvg >, Eg = min{E;}

Ezigenstate defined at one time t over all space;
Acausal! Frame-Dependent

Front Form: Lowest Invariant Mass Eigenstate of Light-Front
Hamiltonian
Hrrlo >rr= Mglbo >rr, Mg =

Frame-independent eigenstate at fixed LF time T = t+z/c
within causal horizon

Frame-independent descriptiovw of the causal physical universe/



We view the universe

Front Form Vacuuwm Describes the Empty, Causal Universe



Light-Front vacuumn cawv simudate empty universe
Shrock, Tandy, Roberts, sjb

® Independent of observer frame

® Causal

® L.owest invariant mass state M= o.

® Trivial 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) -- GMOR satisfied.

® QED vacuum; no loops

® Zero cosmological constant from QED, QCD

Stan Brodsky

Crete Juneil, 2014 x Light-Front QCD III 1 A



“One of the grawvest pusgszles 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

(Qa)@ep ~ 107
QO = 0.76(expt)

(Qa) Ew ~ 10°°

Extraordinary conflict between the conventional definition of the vacuum in
quantum field theory and cosmology

tlementy of the solution:
(A) Light-Front Quantigzation. causald, frame-independent vacuuwmw
(B) New understanding of QCD “Condensates”
(C) Higgs Light-Front Zevo-Mode



Off -Shell T-Matrix

Event amplitude generator

® Quarks and Gluons Off-Shell

* LFPth: Minimal Time-Ordering Diagrams-Only positive k+

¢ Jz Conservation at every vertex

¢ Frame-Independent

1 1
.
! ’0.

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

¢ Renormalization- alternate denominators

e LEFWF takes Off-shell to On-shell
Roskies, Suaya, sjb
® Tested in QED: g-2 to three loops
Stan Brodsky

Crete June1, 2014 x Light-Front QCD III ~1 A



Confinement Interaction and Higher Fock States

e Is the AdS/QCD confinement interaction responsible for quark pair creation?
e Only interaction in AdS/QCD is the confinement potential

e In QFT the resulting LF interaction is a 4-point effective interaction wich leads to qq¢ — qq, ¢ — qqq,

qq — qqand g — qqq

>y -
L U(CH) : ‘7

R et e

e Create Fock states with extra quark-antiquark pairs.

e No mixing with gqg Fock states (no dynamical gluons)

e Explain the dominance of quark interchange in large angle elastic scattering
[C. White et al. Phys. Rev D 49, 58 (1994)

e Effective confining potential can be considered as an instantaneous four-point interaction in LF time,

similar to the instantaneous gluon exchange in LC gauge AT = 0. For example
_ ~ /14 / dﬂf_dzfj_ @/y—FTaw 1 @7+Ta¢
fi t — 4
coniinemern P_|_ (8/8J_) P_|_
Stan Brodsky

Crete June1, 2014 x Light-Front QCD III ~1 A




Applications to- Collider Physics

® Non-Perturbative Structure Functions

* Fundamental understanding of angular momentum

* Higher Fock States: Intrinsic Heavy Quarks

* Higgs at High xr

e Hadronization at the Amplitude Level

* Direct Higher-Twist Processes: Violation of leading twist scaling
® Collisions of Flux-Tubes: Ridge effect in p-p scattering

¢ Multiparton amplitudes: Cluster decomposition, Jz conservation, Parke-
Taylor

® Multi-gluon initiated processes: Novel nuclear effects
® Non-Universal Anti-shadowing
e Hadronization from first principles -- at the Amplitude Level

¢ Princivle of Maximum Conformality



Featwres of AdS/QCD LF Holography

® Based on Conformal Scaling of Infrared QCD Fixed Point

® Conformal template: Use isometries of AdS;5

® 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 (Travinski,
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)

D AN

AAAAAAAAAAAAAAAAAAAAAAAAAAAAA

) Stan Brodsk
Crete June1, 2014 x Light-Front QCD III g P



Advantages of the Front Form
® Light-Front Time-Ordered Perturbation Theory: Elegant,
Physical
® Frame-Independent
® Few LF Time-QOrdered Diagrams (not n!) -- all k* must be positive
® J- conserved at each vertex
® Cluster Decomposition -- only proof for relativistic theory

® Automatically normal-ordered; LF Vacuum trivial up to zero
modes

® Renormalization: Alternate Denominator Subtractions: Tested to
three loops in QED

® Reproduces Parke-Taylor Rules and Amplitudes (Stasto-Cruz)

® Hadronization at the Amplitude Level with Confinement

Stan Brodsky

Crete June1, 2014 x Light-Front QCD III ~1 A



Basis LF Quantizatiorn

Use AdS/CFT orthonormal Light Front Wavefunctions
as o basis for diagonaliging the QCD LF Hamiltoniawv

® Good initial approximation
® Better than plane wave basis
® DLCQ discretization -- highly successful |+

® Use independent HO LFWFs, remove CM
motion

® Similar to Shell Model calculations

e 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, X. Zhao, E.G. Ng, C. Yang,sjb

Stan Brodsky

Crete June11, 2014 x Light-Front QCD III 1 A
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[ Basis functions ]

®» HO basis for transverse momentum states:

(I)n m(pJ_) :(bn,m(p,¢) — 271—_\/(|m|_|_n)'€ ¢P| |€ P /ZLLL |(p2)7

Y

with

p= ——), b:\/M()ﬂ

® Discretize longitudinal momentum:

via”) = o= Bre
(| = 1,2,3,...(periodic boundary condition for bosons),
k=
k= %, %, ... (antiperiodic boundary condition for fermions)
$® Full 3-D:

\Ijk,n,m(a:_ y P Qb) — %Dk; (CU_)(I)n,m(,O, ¢)
® 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)

Guy de Teramond (Universidad de Costa Rica, San José, Costa Rica)



Light-Front Holographic QCD

and Emerging Confinement

Stanley J. Brodsky
SLAC" National Accelerator Laboratory, Stanford University, Stanford, CA 94309, USA

Guy F. de Téramond

Universidad de Costa Rica, San José, Costa Rica

Hans Giunter Dosch
Institut fiir Theoretische Physik, Philosophenweg 16, D-6900 Heidelberg, Germany

Joshua Erlich
College of William and Mary, Williamsburg, VA 23187, USA

sjbth@slac.stanford.edu, gdt@asterix.crnet.cr,

h.g.dosch@thphys.uni-heidelberg.de, jxerliQwm.edu

(Submitted to Physics Reports)



QCD

® 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

) Stan Brodsk
Crete June11, 2014 x LW'FVOMQCD II1 i:'nl g)_’.“s Y
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Principle of Maximum Conformality (PMC)

* Sets pQCD renormalization scale correctly at every finite order

® Predictions are scheme-independent

¢ Satisfies all principles of the renormalization group

* Agrees with Gell Mann-Low procedure for pQED in Abelian limit
* Shifts all  terms into o, leaving conformal series

® Automatic procedure: R; scheme Xing-Gang Wu, Matin Mojaza
Leonardo di Giustino, SJB

* Number of flavors ns set

* Eliminates n! renormalon growth

e Choice of initial scale irrelevant

* Eliminates unnecessary systematic error -- conventional guess is scheme-
dependent, disagrees with QED

* Reduces disagreement with pQCD for top/anti-top asymmetry at Tevatron
from 30 to 10



S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
Pawticle ratio- changes witiv centrality!

Protons less absorbed

o 1.8 : proton/pion : in nuclear collisions than pions
= - - because of dominant
i 1.6 : { color transparent bigher twist process
1.4F .
: I «— Central
1.2 [] »
3 - L - 0w  Au+Au 0-10%
: " A o  Au+Au 20-30%
0.8 B b o e Au+Au 60-92%
I A A A *x  pP+p, \E =53 GeV, ISR
- h ---- e'e, gluon jets, DELPHI
0.6 D = i R | L e*e’, quark jets, DELPHI
0.4F o |- :
: ¥ o | *- <«— Peripheral
0.2- -
i i | T
0 Toavwnenbouun;
0 1 2 3 4 BaryonwAnomaly:

p; (GeV/c)
Arleo,Hwang, Sickles, sjb
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Bjorken, Kogut, Soper; Blankenbecler, Gunion, sjb;
Blankenbecler, Schmidt

Crucial Test of Leading -Twist QCD:
Scaling at fixed xr

dO’ F(ZBT, ecm)  2pr
dgp p%eff V'S

Parton model: nes = 4

As fundamental as Bjorken scaling in DIS

scaling law: neg = 2 Nactive - 4



Dimensional analysis

Scattering amplitude 1 2--- — ... n has dimension

M ~ [length]"™*

Consequence

In a conformal theory (no intrinsic scale), scaling of inclusive particle
production

2
do ‘./\/l| F(x, ,9™)
E dTp (A B — C X) ~ 52 p— pinactive_[]_

where n,ctive 1S the number of fields participating to the hard process

X, =2p, /+/s and ¥°™: ratios of invariants

Nactive — 4 — Neff — 1



Nactive = 4

Neff= 2Nactive - 4

‘u Neff = 4



QCD prediction: Modification of power fall-off due to-
DGLAP evolution and the Running Coupling

do F(ry,y)
s SRR
T>;<j - — photon INCLNLO
7 — pion )
; / pp — X
5
/ pp — yX
a b CTEQ6.6 PDF
DSS/BFG FF
3 scales=p, .
y=0
2 -2 | | S -1 | | |
Arleo, 10 10 b<pL <20 GeV
Hwang, Sickles, sjb Key test of PQCD: bpower - X,

Pirner, Raufeisen, sjb low fall-off at fixed xr 70 GeV < /s <4 TeV



F(xT,Hcm = 7T/2)

E— HX) =
24 — I r z
e p elastic

20 op ,//)

6 F e o .

Cleowr evidence for
n le y | higher-twist

8 ] contributions

4 rr =2pr/V/'S i

O | | ] |

O 0.2 04 0.6 0.8 1.O
J. W. Cronin, SSI 1974

|6 I I |

2+ o7 ¢ =

Chicago-Princeton FNA
n 8 - —
aq - _
rr = 2pr/V's
0 | |
0,2 C4 0.6 0.8
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\/EnE%;(pp — ~vX) at fixed xp

p+p collisions \'s=20-1800GeV

® DO p+p \s=1800GeV
[1 CDF p+p \s=1800GeV
B UA2 p+p \s=630GeV
O UA1 p+p s=630GeV
A UA1 p+p \s=546GeV
A UA6 p+p \s=24.3GeV

p+p collisions Ns=20-200GeV

¥ PHENIX-Run3 p+p \s=200GeV
¢ R806 p+p \s=63GeV

* R110 p+p \s=63GeV

& E706 p+p \s=38.7GeV
¥¢ E706 p+p \s=31.5GeV
+ UAG6 p+p \s=24.3GeV

X NA24 p+p \s=23.75GeV
- WA70 p+p \s=22.96GeV

-t
o

1
N
—

Tannenbaum

xT-scaling of direct
photon production:
consistent with

PQCD



E%(pp . HX) — E(zp,0cm)

)
cf7
P
T T T T T T T 1 1 T [ ¢ T 1771 T 17 1 1 v [ T T 1
— J— — — N ‘ J—
x X + - ',’ p
12 "B LK L. T - ::!‘ xx T — Q,' _
. 8 ? FNAL
8 - gl T ENAL 4 4‘ i FNAL 4 L 1 -~
4 I ISR 4 + ISR 4 L ISR ]
0 S S NN NS WS N O A R S N W R D A U N A T S
0 02 04 06 08 100 02 04 06 08 100 02|04 06 08 |0
TT TT TT
10 i ! ! ! ! ] ! ! ! ! ] ! ! ! ! ] ! ! ! T ] ! ! ! ! |
T T F(zp,0
A P 1 1y B —px) = Hergan
' RHIC | to— 7
6 _ q “ _-\

Nefp

4 - ih%};gﬁf}}% B _4 Ej%p(pp — pX) — F(CCCI;O’;CM)

> L ; Trend consistent withh RHIC
060?9-§ZZ|1_6_|||33T| a/t x}T

0 0.01 0.02 0.03 0.04 0.05



Protons produced in AuAu collistons at RHIC do not exhibit clear scaling properties in the

available pr range. Shown are data for central (0 — 5% ) and for peripheral (60 — 90% ) collisions.

10_""|"--|----|---|

Leading twist: [ 0-5% —e—
0 . 60-929% +—e—

0 0.01 0.02 0.03 0.04 0.05

XT

F v,
E42 (pN — pX) = Flerbea)

Pt
Stan Brodsky
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(pp — 7°X) at fixed zp =

2pr

/3

~10"F

10ME

/s/GeV)'Edc/dp3(mb/GeV

— —

o o
—_ —_—
N w
| |

n=0.38

O

PHENIX 7° [s=62.4GeV

PHENIX 7° [s=200GeV
PHENIX 7° [s=200GeV (fit)

m f +
i

PH-<ENIX

O-b

1
No

M. J.
Tarwmenboum

PHENIX
62.4 and 200
GeV dato



Bawryow canv be made divectly within hawd subbrocess

Bjorken
Coalescence | Blankenbecler, Gunion, sjb
. < _ Berger, s]b .
Wlthln hal'd Uy — p d Hoyer, et al: Semi-Exclusive
subprocess . .
> Sickles; syb
Pp(x1,22,23) X Njop
Small colov-singlet
Color Travnsparent
Minimal saume-side energy
u . < U Explaing
g[8
4 Bawyov
Collisiovw comv produce 3 Dactive = 6 anomaly
collineowr Neff= 2Nactive - _
q uwowks eff active -~ 4 qq — B q
\/
(—1 Neff= 8

Stan Brodsky
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Scaling violations

> I
‘:-' e NLO
L K'+K y=0 p,=10 GeV -
S p + pbar pH=M=M.=p, -

@ Slight increase of n" with x, from n" ~5 to 6

@ Smaller exponent in the photon sector: n? ~ n" —1
o lesser scaling violations due to (almost) no fragmentation component

@ Almost no difference between hadron species



d F _
E——(pp — HX) = o, em = 7/2)
d>p D

10

nexP

_ ® s=200/62.4 GeV PHENIX
g9 | ® Vs=900/500 GeV UAT

o Y oates aov SO 2 Lol } Photons and]ets
ommaE L. .
8 . vz;woweso va cmZ jets HE% l agree Wlth PQCD
| | xT scaling
Hadrons do not!

e Vs=38.8/31.6 GeVE706 |
- ® Vs=62.4/22.4 GeV PHENIX/FNAL

~ 4 \s=1800/630 GeV DO jets

XJ_
L _ _ Arleo, Hwang, Sickles, sjb
@ Significant increase of the hadron n®*® with x,

o n**P ~ 3 at large x,
@ Huge contrast with photons and jets |
@ n®*P constant and slight above 4 at all x,



:% @ vs=38.8/31.6 GeV E706

@ /s=62.4/22.4 GeV PHENIX/FNAL/

- ® Vs=62.8/52.7 GeV R806
10~ +vs=52.7/30.6 GeV R806 -

o Vs=200/62.4 GeV PHENIX

- ® Vs=500/200 GeV UA1 Leading-twist
s  ® Vs=900/200 GeV UAT nrediction fails aa

* CDF!

6
4

~, jets L Leading-Twist PQCD |
o | m Vs=1800/630 GeVCDFy A CDF jets :

- m Vs=1800/630 GeV DOy 4 DO jets f

-2 -1
10 10~ a7 = 2pr/\/s

Arleo,Hwang, Sickles, sjb



RHIC/LHC predictions

PHENIX results

Scaling exponents from /s = 500 GeV preliminary data
[ A. Bezilevsky, APS Meeting

1— L TTTTTN
= [ LRHC
< o8 —
- LHC | e
0 6 —k — | L~ | n\\r\
i =9 NI
. e \ _
0.4 S I [
_.-———\\ \\ \\
== \\ \\ 9\
- S S | \
0.2 _— \\\ : \\‘x_ [ J
=, S ®
0 = \\\\ ' \-«__
-0.2 [ 1 | | [ 1 | 1 I 1 | ] 1 1 | | [ 1“ ?
102 10"

@ Magnitude of A and its x, -dependence consistent with predictions

A = Nexpt — NPQCD
Arleo, Hwang, Sickles, sjb



Direct Subprocesses

* Explains Drell Yan polarization at high xr

* Hadrons produced without jet hadronization
* Explains power-laws at fixed x

* Energy efficient; minimal x,,x,; large rate

* Color Transparent; Explains Baryon-Anomaly in Heavy-
Ion collisions; change of power with centrality; depletion
of same-side yield



S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
Pawticle ratio- changes witiv centrality!

Protons less absorbed

o 1.8 : proton/pion : in nuclear collisions than pions
= - - because of dominant
i 1.6 : { color transparent bigher twist process
1.4F .
: I «— Central
1.2 [] »
3 - L - 0w  Au+Au 0-10%
: " A o  Au+Au 20-30%
0.8 B b o e Au+Au 60-92%
I A A A *x  pP+p, \E =53 GeV, ISR
- h ---- e'e, gluon jets, DELPHI
0.6 D = i R | L e*e’, quark jets, DELPHI
0.4F o |- :
: ¥ o | *- <«— Peripheral
0.2- -
i i | T
0 Toavwnenbouun;
0 1 2 3 4 BaryonwAnomaly:

p; (GeV/c)
Arleo,Hwang, Sickles, sjb
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Higher Twist at the LHC

* Fixed x1: powerful analysis of PQCD
* Insensitive to modeling

* Higher twist terms energy efficient since no wasted fragmentation
energy

¢ Evaluate at minimal x, and x, where structure functions are maximal
e Higher Twist competitive despite faster fall-off in pt

* Direct processes can confuse new physics searches

¢ Di-Gluon initiated Quarkonium Processes

* Bound-state production: Light-Front Wavefunctions, Distribution
amplitudes, ERBL evolution.



Diffractive Dissociation of Piovw into-
Quawk Jety

E791 Ashery et al.

b; ~0 (1/ky)
¢ X15 Ky 1

Xo, Kio

M o an, wﬂ'(x kJ_)

Measwre Light-Front Wawvefunctiow of Piow

Minimad momentum tronsfer to- nuclews
Nuclews left Intact!

—
Yy




Key Ingredienty ivv €791 Experiment

b, ~0 (1/ky)
> Brodsky Mueller
" Frankfurt Miller Strikman
Xo, K
2, K19
A A

Small colov-dipole moment piovw not absorbed;
interacty witihveach nucleovw coherently
QCD COLOR Trawvsparency

My=A My

99 (1A — qgA") = A? Y (7N — qgN') F3(t)

Target left intact

Diffraction, Rapidity gap



E~791 Diffractive Di-Jet transverse momentum distribution

s T C?TO- Two Components
& -|-.|. T
% 3 High' T moment
o . ronsverse VY 14%
10* — Gaussian 1 endence consistent with PQCD,
TRBL Evolution
107
Gaussio component similowr
o2 }‘ | * to-AdS/CFT HO LFWF

= | [ ‘ I ‘ I ‘ | [ ‘ [ [ ‘ I ‘ | ‘ I ‘ [ |
1T 12 1.4 16 1.8 2 22 24 26 28 3
kT ( GeV)



events

e Fully coherent interactions between pion and nucleons.

e Emerging Di-Jets do not interact with nucleus.
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Mueller, sjb; Bertsch et al;
Frankfurt, Miller, Strikman

Measwre piow LFWF i diffractive dijet production
Confurmatiow of color transparency

A-Dependence results: oo A®
k; range (GeV /c) - a (CT)
1.25 < k< 1.5 1.64 +0.06 -0.12 1.25
1.5 < k< 2.0 1.52 £ 0.12 1.45
Ashery E791

2.0 < k< 2.5 1.55 &+ 0.16 1.60

« (Incoh.) = 0.70 + 0.1

Covwentional Glauber Theory Ruled Out ! Factor of 7

) Stan Brodsk
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pA — J/wX LHC

(99)80 _I_QSC — J/¢

Higher-Twist but can dominate at forward rapidity, small pr



rapidityy -4 pA — J/YX LHC

(gg)Sc + 98¢ — J/w

Strong shadowing of color-
octet di-gluon <

Front Surface
dominated!

Crossing: Diffractive
& pomeron exchange

Double-gluor subbrocess



Electron-Iow Colliders:
Virtuad Photon-Iow Collider
Perspective from the e-p collider frame

proton or
c g .
< 10NS
N\* » <.
x 2\ O AR p
Y (q7) N\ >

w’y* (CE 9 kJ_a >‘) q
variable space-like photon virtuality, -
various primary flavors Up,al@, ki, A)

'q q plane aligned with lepton scattering plane ~ cos*¢

Front-surface dynamics: shadowing/antishadowing



P? + M~
P

PZ:(Pzzll_aPXaﬁJ_A) P =

“Fools ISR Frame’

Allows exact kinematics

¥(z, k1) independent of P, P,

P = P, —P

+ _ p+
P =P}
2
wo -+ — - S:4P
P _(PB7PB7PJ_B) +
2 2 2 2
s = (Pa+ Pg)* = M35 + Mg Tl MAPE | iy MBPX—QﬁLA'ﬁLB
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LHeC: Virtuad Photov-Proton Collider

Inclusive Top Electroproduction at the LHeC

t — ¢t asymmetry from ~* and Z* or v*~* interference

Ambiguous: Top quark in photon vs. beavy sea quark in proton?

t

/

%ZO

/L

t t Plane correlated with Electron Scattering Plane
Stan Brodsky
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Novel' QCD Phenomena and 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

e 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

e 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, Roberts

Stan Brodsky
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Introductiow to- Light-Front Quantization

Lectuwe II1

Fixed T=t+4 z/c
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