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Goal: awvv 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
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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
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Measurements of hadron LF

wavefunction are at fixed LF time €47 =1t+2z/c

Like a flash photograph



tach element of

Aash photograph
duwminated

along the light front
at a fixed

T=1t+2/cC
tvolve inv LF time

QCD‘\I/}L >= ./\/l ‘\Ifh >




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
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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
QC D ‘

1
v

VY >= M|y >

Direct connection to QCD Lagrangian

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

Fundamental Theory of Hadron and Nuclear Physics

gluon dynamics SUATE Kiniio Enegy * 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 “}allzable
Every Point of Space and Time Asymptotic Freedom
Color Confinement

QCD Mass Scale from Confinement not Explicit
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LW~FVW QLD Physical gauge: AT = 0

Exact frame-independent formulation of
nonperturbative QCD!

QCD QCD -
L U
QCD m2 —|_ ki int 5,5—' ] p.s
HLF — Z[ 7 ]Z _|_HLF (a)
) Z p,s’ K,A
H'"t: Matrix in Fock Space w
QCD L 2 KA b p,S
Hi g 7|y >= Mjp | ¥y, > H
p, J. >= an(xia]‘CM,N)W;%JCM,)\Z' >| — %
n=3 - k
Eigerwalues and Eigensolutions give Hadronic | o |
Spectrum and Light-Front wawvefunctions

LEFWPFs: Off-shell in P- and invariant mass “""{ z@i

int
HLF
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’ . DLCQ: Solve QCD(1+1) for
Light-Front QCD QCD|W}L> ;QL |Wh> any quawrk mass and flavory

Hedsenberg Equation Hornbostel, Pauli, sjb
K. 1 2 3 4 | 5 6 7 8 9 10 11 12 13
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DLCQ: Solve QCD(1+1) for any quark Wa/nd/ﬂaxvory
4 T T T

B (a) Meson Mass

(b) Baryon Mass
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Extrapolated masses for N = 2,3 and 4 meson and baryon.
m/g = 1.6 mig = 1.b
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L -3 q- 1 o - a
N °q Eq q (x 0 ) q- q q- q‘ Jos 1.0 e gqq = 06'q q-i(x5x102)_ 3
e q-q ® gq-g (x10% | a6qqq(x10%) |
2 !
0 406 <dkdk> 2
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0.4
: i 1
- 0.2
J - n L) 0 0
= . o 0 02 04 06 08 0 01 02 03 04 05 o6
0.2 0.4 0.6 0.8 0.8 1.0 X = k/K 60853
X = k/K Scamal

a-c) ['irst three states in N = 3 baryon spectrum, 2K=21. d) First B = 2 state.
a-c) First three states in N = 3 meson spectrum for m/g = 1.6, 2K=24. d) Eleventh ) srare

state. Hornbostel, Pauli, sjb



|P> 5, >= Z ‘Pn(xi,]_éu, 7%) \n;lzg, A >
n=3

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

The Light Front Fock State Wavetunctions

¥, (x;, ki, Ai)

are boost invariant; they are independent of the hadron’s energy

and momentum P¥,
The light-cone momentum fraction

K _ Ktk
_p—i— _p0_|_Pz

Xi

are boost 1invariant.

[ Intrinsic heavy quarks

\s(x), c(x), b(x) at bigh x !)

Mueller: gluon Fock states

[ 5(z) # s(z)

@) # d(x),

P

P

Yvy

YYVYYY

-0
~0

Fixed LF time

BFKL Pomeron [HWWVCOLOVJ




W (24, ki Aj)

Transverse density in
momentum space

Transverse

P

Z, kL
ki

Longitudinal

o Light Front Wawefunctions:

Momentum space ki < Z| Position space

—

AJ_<—>5J_

r, ki, by Transverse density in position
space
Lorce,
Pasquini




QCD and the LF Hadvon Wavefunctions

AdS/QCD Initial and Final State Barvon Excitations
Light-Front Holography Rescattering y
LF Schrodinger Eqn DDIS, DDIS, T-Odd
Non-Universal Antishadowing
Heavy Quark Fock States
Intrinsic Charm

P

Yyvy

—
\Un(a:z-, k 14 >"i) Orbital Angular Momentum

Spin, Chiral Properties
Coordinate space H P
representation

YVYY

Crewther Relation

T
YYYVYY

<::___{__\:>
YYYYYYY

Distribution amplitude
ERBL Evolution

J-o Fixed Pole ¢ ( Q2)
p\L1, L2,
DVCS, GPDs. TMDs

Nuclear Modifications
Baryon Anomaly
Color Transparency Baryon Decay

LF Overlap, incl ERBL

I5



<P Q\j+(0)|p >= 2p+F(q2) Interaction

picture

@ =Q%=—¢ Y Fixed 7=t + z/c
gt =0 ¢ J_*\\ Formv Factors awe
\ Overlapy of LFWFy

—

xakJ_ _|_CTJ_

( kJ_z)

struck 'lﬂ =k + (1 —z)71L
Drell &Yan, West

Exact LF formula! spectators kj_z — ka_i — x@-q_l
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txact LT Formuda for Paudi Form Factor

F2 Z/ dx koJ_ Z 63 T v DI‘CH, S]b
Loy L Kk L1 (e k
[ — q—L% (:E?h iK% )¢ (xza lw)‘) q_Rwa (x’iv L )w (xza J-’w)‘ )}
=k —mial ,J_j =ky;+ (1 —=j)qL
9 qr., = q* L iqY
—~  (+) - -
Xjs K1) XjrKpj+ay
| g 4 ~a
e ‘ (=
P, S,="1/2 p+aq, S,=1/2
Must have AZ, = +1 to have nonzero F5>(q?)
Nongero-Protonw Anomalous Moment -->
Nongero-orbital quark angular momentunmy
Bad Honnef Light-Front Schrodinger Equation Stan Brodsky
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Vonishing Anomalous grovitomagnetic moment B(0)

Terayev, Okun, etal: B(0) Muwst vanishv because of

Equivalence Theovesm
groviLovv
q, sum over constituents
—~  (+) - -
Xjo Ky XjoKyj+a;
el NO

' —>

~__ - >

P, S,=~1/2 p+q, S,=1/2

Hwang, Schmidt, sjb;

Holstein et al B ( O) =0 tach FO‘(‘J(/ Stale

Bad Honnef Light-Front Schrodinger Equation Stan Brodsky
November 2014 n D Confinemen ol AL
and QCD Co ement Jl—l‘\\‘o




asynwunelvies
o
>—
current
i} quark jet
)

final state
Interaction

Pseudo- T-odd, ™™

“Lensing”
involves soft S0 spectator
scales system

proton

Light-Front Wawefunction
S and P- Wawves!

Sigw reversal tn DY

Leading Twist

Sivers Effect

Hwang, Schmidt,
sjb

Collins, Burkardt, Ji,
Yuan. Pasquini, ...

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

“Lensing Effect”

Leading-Twist
Rescatlering

Violates pQCD

Factorigaliov!



Static DXnamic

® Square of Target LFWFs Modified by Rescattering: IS| & FSI Hwang,

Schmidt, sjb,
® No Wilson Line Contains Wilson Line, Phases

Mulders, Boer
® Probability Distributions | No Probabilistic Interpretation i

Q1u, Sterman
® Process-Independent Process-Dependent - From Collision Collins, Qiu
® T-even Observables T-Odd (Sivers, Boer-Mulders, etc.) Pasquini, Xiao,

I Y jb
® No Shadowing, Anti-Shadowing | Shadowing, Anti-Shadowing, Saturation wan S
® 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
2 ' ) e
_fir][al st?_te
W (T4, ki) Ai) §5§g§°r>
proton
Bad Honnef Light-Front Schrodinger Equation Sﬁ Bl;)(liky
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Atomzic Physics from First Principles

H Q ED QED atoms: positronivwm ands
l MO VAN
(H() -+ Hznt) ‘\If >=F ‘\If > Coupled Fock states
tliminate higher Fock stotes
ond retowded interactions
2
— 22 + %ﬁ,(@ 7)) V(7)) = E (7 Effective two-particle equation
red
l Includes Lamb Shift, quantum corrections
1 d? 1 40+ 1 ) )
- 2Myred A2 2Myed ( 7:|2— ) + Vet (1,5, 0)] ¥(r) = E ¥(r) Spherical Basis r, (97 ¢
8 )
[ Vs — Vel(r) = -2 J Coulomb- potential

Semiclassical first approximationto-QED --> Bohr Spectrum



LW’FV: 1tQCD Fixed T=t+4 z/c

ﬁQCD - g
b1
l [C 1—xb]
(H?,F +H£F)|qf ~— M2|\If ~ Coupled Fock states
tliminate higher Fock stotes
and retowrded interactions
[]21_'__7;? + V'] brp(x, k) = M? pp(a, ko) Effective two-particle equation
Azimuthal Basis
d? m? —1+4L%
[_d—C2+ (1—33) T 4C2 +U(C757L)] 2»bLF(C):]\lz wLF(C) C’¢

AdS/QCD:
[ U =r'C 2L+ 5-1) O

Semiclassical frst approximation to-QCD Sums an infinite # diagrams




( Light-Front Schwodinger Equation )

G. de Teramond, sjb

Relatvistic LF single-voariable radial
equatiowfor QCD & QED Frame Independent!

d? m? —1+4L%

| e | +(1— 2) | 402 FUC,S, L) ¢rr(C) = M? ¢rp(€)

(2 =2(1 —z)b?.

U is the confining QCD potential
Conjecture: ‘H’-diagrams generate

[ U(C) = k*C* +2-*(L+ S — 1) ]

Bad Honnef Light-Front Schrodinger Equation Stan Brodsky
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Heavy Quawrk Potenlial iy IR Divergent inv QCD

(4m)*Cr
02

+ (ca,0 + a1 Ny + ca2N7 + s 3N?)a(Q?)’ +87°C3 In g—ia(Qz)

V(@) = -

a(Q?) [1 + (c2,0 + c21Np)a(Q?) + (3,0 + 31Ny + C3,2N?)&(Q2)2

Smirnov, Smirnov, Steinhauser;, 2010
>

log k2 (*

<

Summation of H graphs: confining potential

Confinement eliminates IR divergences
Self-consistent mass scale



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!



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



Prediction from AdS/QCD: Meson LFWF

de Teramond,

> Cao, sjb

“Soft Wall”

model

%DM(Q% ki) 0 1l

0.05]

0

Note coupling L=
2
kY, x
4 _
drr(ky) = —— ¢ mEt
ky/o(1 — )

fﬂ- = 1/ qugli = 92.4 MeV
Provides Covuwnection of Confinement to- Hadrow Structure



De Teramond, Doschy b

e Results easily extended to light quarks masses (Ex: /X -mesons)

e First order perturbation in the quark masses
AM? = (] Y mg/zaly)
a

e Holographic LFWF with quark masses

>

il

X
\V)

15(337@ ™~ \/55(1 — ZC) 6_21>\(W::; +1_x)€—§)\g2

e Ex: Description of diffractive vector meson production at HERA
[J. R. Forshaw and R. Sandapen, PRL 109, 081601 (2012)]

e Forthe K*

J+ L
My 15 = M + 42 (n + %)

e Effective quark masses from reduction of higher Fock states as functionals of the valence state:

m, = mg = 46 MeV, ms = 357 MeV



De Teramond, Doschy, sb; My =mg =46 MeV, m, = 357 MeV

o 9 m?2
M2=ME+ (X X

K*(1410) %-1430)

EK‘(892) L
Bad Honnef Light-Front Schrédinger Equation Stan Brodsky
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week ending

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

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

J.R. Forshaw™

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

R. Sandapen’

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

We show that anti—-de Sitter/quantum chromodynamics generates predictions for the rate of diffractive
p-meson electroproduction that are in agreement with data collected at the Hadron Electron Ring
Accelerator electron—proton collider.

4 k]
Y (x, k1) = - e 2rte(l-a)

ky/o(1 — )




Prediction from AdS/CFT: Mesow LFWF

1.5
Increases PQCD prediction for F(Q?) by 16/9

See: Roberts et al.

ft Wall Model

de Teramond, sjb

drr(x, Qo) o Jz(1 — )



Hadvronw Distribution Amplitudes

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

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

Ba ryons Lepage, sjb
Efremov, Radyushkin

R . .
Evolution Equations from PQCD, OPE Sachrajda, Frishman Lepage, sjb

® Conformal Expansions Braun, Gardi

® Compute from valence light-front wavefunction in light-cone

gauge
Bad Honnef Light-Front Schrédinger Equation Stan Brodsky
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o |nb]

PRL 109, 081601 (2012)

PHYSICAL REVIEW LETTERS

week ending
24 AUGUST 2012

AdS/QCD Holographic Wave Function for the p Meson

and Diffractive p Meson Electroproduction

20000 T T I 2000
15000+ ‘+’ — 1500 -
10000 =& 2% —

J: R. Forshaw,
R. Sandapen

V'p— PP

5000
4000

! «  HI(2000)
o HI(2010)

8- ZEUS (2007)
Oj, :

25

b (x, k)

W [GeV]
(b) ZEUS

Jx(1 — x)

=
exp| —



5-Dimensional Confinement

Anti-de Sitter Radius
Spacetime ]
Changes in
Boﬁggary thS’Ca/
length scale
mapped to

evolution in the
5th dimension z

4-Dimensional

Flat Spacetime
(hologram)

e Truncated AdS/CFT (Hard-Wall) model: cut-off at zg = 1/AQCD breaks conformal invariance and
allows the introduction of the QCD scale (Hard-Wall Model) Polchinski and Strassler (2001).

e Smooth cutoff: introduction of a background @ilaton field gp(z))— usual linear Regge dependence can

be obtained (Soft-Wall Model) Karch, Katz, Son and Stephanov (2006).
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AdS/CFT

e Isomorphism of SO(4,2) of(conformal QCD) with the group of (isometries) of AdS space

R2 wwowton measure
d82 _ g(nuydaz“dajy . dZQ),I__—
xt — Axt, z — Az, maps scale transformations into the holographic coordinate z.

e AdS mode in z is the extension of the hadron wf into the fifth dimension.
e Different values of z correspond to different scales at which the hadron is examined.
¥ — N2? 2 — Az
2

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

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

Bad Honnef Light-Front Schrédinger Equation Stan Brodsky
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Didatorn-Modifted AdS/QCD

dQ_SO(Z)R_Z BV ]2
s“=ce ZQ(nMVa?x z°)

® Soft-wall dilaton profile breaks
conformal invariance ¥ =¢™*°

® Color Confinement
® Introduces confinement scale ~

® Uses AdS; as template for conformal
theory

Bad Honnef Light-Front Schrodinger Equation Stan Brodsky
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Introduce “Didlatow’ to sinudate confinement analytically

e Nonconformal metric dual to a confining gauge theory
)

R2 V(z)
ds® = = ¥ (%) (N datdx” — sz) ) \ I
where ©(z) — 0 at small z for geometries which are
asymptotically AdSs
e Gravitational potential energy for object of mass m /

) OV |
V' =mc\/goo = mc" R | /
Z . B_H’EEQ
e Consider warp factor exp(dx22?) \ ,/;/
e Plus solution: V' (z) increases exponentially confining \/

any object in modified AdS metrics to distances <z> ~ 1//{ K lebanov and Maldacena

2
Z) _ _t+Kz o i i :
(690( ) =e J Positive-sign dilaton * de Teramond, sjb

Bad Honnef Light-Front Schrédinger Equation Stan Brodsky
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(690(2) — e-l-fiQZQJ Positive-sign dilaton * Dosch, de Teramond, sjb

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

A oe) = MPa()

dz? 42

U(z) = k*2* +2:*(L+ S — 1)

Derived fromv vawriatiow of Actiov for Didlaton-Modified
AdSs

Identical to Light-Front Bound State Equation!

2 iy (= \/aﬁ(l—at)l_ﬁ



Quawk separationw g
increases witiv L

2-2007 0
8721A20

Fig: Orbital and radial AdS modes in the soft wall model for kK = 0.6 GeV .
Same slope inn and L!

2-2007
8721A21 z

Soft Wall
Model

| .
@ S

—~~ 4_

S

o

g |
P:k)-m/hou(y§ 2;(140)
zero- mass! L

e

‘l(b) S =0

7t (1800)
o

1 Pion mass
automatically zero!

I mg =0

8-2007
8694A19

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




pion is massless in chiral limit iff

..4: p=2!

o (z) __ e k2 2”
- ® Dosch, de Teramond, sjb
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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




de Teramond, Dosch, sjb

General-Spinv Hadrons

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

D,(z) = (%)_J%) {‘3@(2) ~ QMQZQJ

e Substituting in the AdS scalar wave equation for ®

[2283 — (3-2J — 2/4:2,22) 20, + 2° M* — (,LLR)Q} ;=0

e Upon substitution z—(
65()~ (P2 B(()

we find the LF wave equation

d? 1 —4L>?

(—d—C2 - e + R+ 28 (L + S — 1)> Pur-py = M2¢u1-~w

X

with (uR)? = —(2 — J)* + L?

Bad Honnef Light-Front Schrodinger Equation Stan Brodsky
November 2014 and QCD Confinement o1 A>




Hadron Form Factors from AdS/QCD

Propagation of external perturbation suppressed inside AdS.

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

F(Q?)—p = [%Pp(2)J(Q,2)P(2)

J(Qz) d(2)

Polchinski, Strassler
de Teramond, sjb

High Q°
from 0.6l
small z ~1/Q 0.4

highQQ/ Lt

Consider a specific AdS mode ®(™ dual to an n partonic Fock state |n). At small z, (™)

scales as ®(™ ~ 22~ Thus:

9 1171 Dimensional Quark Counting Rules:
F(Q7) — 5 ; General result from
Q AdS/CFT and Conformal Invariance
n - .
where 7 = A, —op, 0n =) ., ;. Twist T=n+ L
Bad Honnef Light-Front Schrédinger Equation S:::rll Bl;)iiky
N ber 2014 I =~ = 2Af
ovember and QCD Confinement oI YO




< p—+ q\j+(0)|p > = 2P+F(CI2) Interaction

picture
%
2 =0Q?= ¢ ’}/ Fixed 7 =t + 2/c
gt =0 QKL**si Form Factors ave
\ Overlapy of LFWFy

ks
=l
|_
_|_
S
2

<___
=
3

>
N

w(miv ];J_Z)

struck K\, =k, +(1—12;)qL

Drell &Yan, West . 5
Exact LF formula! spectators kj_z — ka_i — x@-q_l

Soper: DYW: Product of LFWF's in transverse space



Holographic Mapping of AdS Modes to QCD LFWFs

Drell-Yon-West: Form Factorsy awe
e Integrate Soper formula over angles: Covwolutio 076 LFWFs

F(q*) = 27?/01 P /CdCJo (CQ\/E> p(z,¢),

with ,5(:13, C ) QCD effective transverse charge density.

e T[ransversality variable

¢ = \/ r(1l — :U)bi
e Compare AdS and QCD expressions of FFs for arbitrary () using identity:

1 1l —=x
/Od:cJo(CQ . )—CQKl(CQ),

the solution for J(Q, () = (QK1(CQ) ! de Teramond, sjb

Identical to-Polchinski-Strassler Covwolution of AdS Amplitudes



LF(3+]) —mm— A d/55 de Teramond, sjb

V(x, b)) — d(2)

(= Jo(l-2)p2 ——~—
Fixed T:t—l—z/c

(1 —x)

Wz, $) = Va(l —x)¢2(C)

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



06—+

Q° F( Q")

0.5 -




Q?F,,(Q?)(GeV)

Photow—t&-pé&wtmxméﬁ,cfw form factor

0.30
" Lepage, sjb Q*F, (Q? — o0) = 2f;, "
0.25 ; n 1
- - . —
0.20 | ’ { |
o bes !iu“’ ! * Belle
£ II B BaBar
0.10 f * CLEO
' A CELLO
F.-G.Cao, | ...... Free current; Twist 2
0.05 | G. de Te.‘ii‘mond’ — = Dressed current; Twist 2
> — Dressed current; Twist 2+4
0.00 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1
0 10 20 30 40

Q?(GeV?)



Current Matrix Elements in AdS Space (SW) sjb and GAT
Grigoryan and Radyushkin

e Propagation of external current inside AdS space described by the AdS wave equation

2207 — 2 (1 +26°2%) 0, — Q*2°] J4(Q,2) = 0.

e Solution bulk-to-boundary propagator Dr%éed/
9 2
J+(Q, 2) =F<1+%) U<ﬁ,0,%2z2>» Cuwrrent
K K
inv Soft-Wall
Model

where U(a, b, c) IS the confluent hypergeometric function

['(a)U(a,b, z) = / e Fo (1 + )bt
0

e Form factor in presence of the dilaton background ¢ = K2 2°
dz
F(Q*) =R’ 3 e_’iQZQCI)(z)J,{(Q, 2)®(z).

e Forlarge Q% > 4k?
JR(Q,Z) — ZQKl(zQ) — J(Q,Z),

the external current decouples from the dilaton field.

Bad Honnef Light-Front Schrodinger Equation Stan Brodsky
November 2014 n D Confinemen ol AL
and QCD Co ement ql_r\’




Dressed soft-wall cuwrrent brings inv higher
Fock states and move vector mesovw poles

e
---.).*.
_ i
€

T
Bad Honnef x Light-Front Schrodinger Equation Stan Brodsky
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Timelike Pion Form Factor from AdS/QCD

and Light-Front Holography

S

~—~
V)

~—
|

_ 1 1 |
1 =N P
: 0 0 o’ 0!
I 2 4 2
w 5 3 =4k (1/2+n
log | Fy(s)]. M., (1/2 4 n)
- F v =0.17
1- i |
i ; T Prescription for
< W:;;i'l::‘ i Tawist 2+ 4 ) Timelike poles :
\\ IS Yt ]_
/ \\\ ‘!. | S—M2+i\/§F
Twist 2 $
1 1 _
: . § four-quark
Frascatidata @ | = T I--__ 140;01,0(1);:{) lcll::;r
00 05 10 15 121 20 25 30
s(GeV ) G. de Teramond & sjb



PlowForm Factor fromAdS/QCD and Light-Front Holography

log [F(s)]
spacelike timelike
" Ko i} / Frascati
AL AN
f JLab '\ |
BaBar ISR |
10 _5 5 10

B
¢*(GeV?)




¢ ( Z) AdSj5: Conformal Template for QCD

. Light-Front Holography

Fixed T=t+ z/c

| Duality of AdS; with LF |}
{ HamiltonianTheory

v

0.1
—_
n(ajza 17 z) >

0

o Light Front Wawvefunctions:

Light-Front Schrodinger Equation
Spectroscopy and Dynamics 1.5



de Teramond, Dosch, sjb

AdS/QCD
Soft-Walll Model
ingle scheme- )
indepfndint fundamental ng}ll'- Fr MHOW@M
mass scale
h 2 = z(1 —a:)bi.
d*> 1—4L?
| -U —
et e (O)]%(¢)
Light-Front Schrodinger Equation Unique

U(() = kA2 4 2K2 (L+S—1) Confinement Potential!

Conformal Symwumetry.

of the action
k~ 0.6 GeV

Confinement scale:
(mg=0) 1/k~1/3 fm

Scale can appear in Hamiltonian and EQM

e de Alfaro, Fubini, Furlan: ,.p0 affecting conformal invariance of action!



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)

Bad Honnef * Light-Front Schrodinger Equation Stan Brodsky
November 2014 and QCD Confinement gL’é\-’?
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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!



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

@ de Alfaro, Fubini, Furlan

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

. ot oD + wk New term
=57 v W /
O 1 ( d? g  duw —v? 2)
— T — X I I L
2 dx?  x? 4
Retaing conformal iwnwariance of actiow despite mass scale!

duw — v* = k* = [M]?
Identical to- LF Hamiltoniauwn withv unique potentiol and dilaton/
® Dosch, de Teramond, sjb

d? 1 —4L? 5
et e TV = MU ()
U(¢) = k*C* +2x*(L+ S —1)
Bad Honnef Light-Front Schrédinger Equation Stan Brodsky
November 2014 and QCD Confinement gL’é\a




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 +vD + wK 4uw—f02:/{4: [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

Bad Honnef Light-Front Schrédinger Equation Stan Brodsky
November 2014 and QCD Confinement gL’é\-’?
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dAFF: New Time Variable

2 2tw + v
T = arctan ,
4 a2 4 a2
uw U uw (9,
® Identify with difference of LF time Ax:/P+
between constituents
® Finite range
® Measure in Double Parton Processes
Bad Honnef Light-Front Schrédinger Equation S:ﬁn Bl:‘jiky
November 2014 and QCD Confinement 5LH’\'¢




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

* Value of [{ itself not determined — place holder

* Need external constraint such as f;



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,
Y (C) ~ ztVemWCRLEL(2¢2)

e Eigenvalues

Bad Honnef
November 2014

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

Light-Front Schrodinger Equation
and QCD Confinement

v =L-+1

Stan Brodsky

1AL
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Baryon Spectrum in Soft-Wall Model

e Upon substitution z — (¢ and

find LFWE ford = 4

where U (() =

V()

Ui(x,z) = e_ip'xzzw‘](z)u(P),

1
Cm Pwi LUQv] = My,
CW g oAU = My,

e Choose linear potential U = k2(

e Eigenfunctions

1<)

e Eigenvalues

~ (3

M? =4k*(n+v+1), v=L+1 (r=3)

eHEPLURE), Wl(Q) ~ (e LI (2

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

Bad Honnef
November 2014

X
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and QCD Confinement

Stan Brodsky

~ Yo

ql—l‘\\'



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)



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!



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 '




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.

SU6) S L n Baryon State
56 1 0 0 N1 (940)
: 0 1 N17(1440)
Lo 2 NiT(1T10) PDG 2012
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 3 3 0 N5~ NI~
53 0 N3 N2 NZ7(2190) N2 (2250)
5 3 0 AT AL
56 3 4 0 NIT N9 (2220)
34 0 AL ALT AT AL (2420)
70 3 5 0 N§~ N~
55 0 NZ~ N3 N47(2600) N
Bad Honnef Light-Front Schrodinger Equation Stan Brodsky
November 2014 and QCD Confinement 1 AL
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BawyowvSpectroscopy fromAdS/QCD and Light-Front Holography

8 2 ] , g
M N(2600) 7 [ M2 . L9 n=1 n=0
6 ,
* N(2250) ?
6- i I
N(2190) Sr / AQ2420)
, N(1700) 4 -
4 N(1675) N(2220) |
N(1650) 3 A(1930) " A(1950) ,
i A(1920)
| | [ A(1910) |
5l N(1720) | 2 A(1600) AC1905) ]
N(1680) | f -
| hass £=049 GeV | i, k=051 GeV
- N(940) L L
0. i I |
| | | | | | | | | | | | | [ | | | | | | | | | | | | | | | | | | | 07‘ | | | | | | | | | | | | | | | | | | | | | | | | |
0 1 2 3 4 5 6 0 1 5 3 4
de Teramond, sjb
2(+) 5 S 3 ‘i ari All confirmed
— | |
Mn,L,S = 4~ n+ LA 9 | 4] positive p ty resonances
¢ = from PDG
2 - 2 ) )
/\/ln(Lg = 4K (n + L A 5 | Z) , mnegative parity 2012
See also Forkel, Beyer, Federico, Klempt
Bad Honnef Light-Front Schrodinger Equation Stan Brodsky
November 2014 and QCD Confinement o1 A>
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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



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

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

~4
e Nucleon AdS wave function

2+
Uy(z) =

2n! 7/24+L 7 L+1 (,.2_2\ —kr22%/2
2 \/(n+L)!Z L (IiZ)G
dz
R4/Z4 U2 (z) =1

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

e Normalization (F3}7(0)

5 o | | |
— x)Q panZ e FZ x/(l—x) ~ 1ol |
3
e Find ! %
FP(Q?) e
Q? Q? g
(1+ %) (1+ %) §
with M2 — 4k2%(n + 1/2)

0 10 20
9-2007

8757A2 Q? (GeV?)
Light-Front Schrodinger Equation

Stan Brodsky
and QCD Confinement

ol AL

30
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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 S = +1/2. The two AdS solutions ¥4 ({) and 1 ({) correspond
to nucleons with J? = 4+1/2 and —1/2.

e For SU(6) spin-flavor symmetry
FI(Q?) = / 4¢ J(Q. )l (O,
Q@) = —3 [ dCIQ0) [l6+(O)F = [o-(0)F],

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

Bad Honnef Light-Front Schrédinger Equation Stan Brodsky
November 2014 and QCD Confinement gL’é\-’?
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Using SU (6) flavor symmetry and normalization to static quantities

1.2F ' ' ' - 0
i i Fa
% S
+ O
. S
&
- S
__-02
LL
- <
C

30 0 10 20 30
520A18 Q? (GeV?) S820A17 Q? (GeV?)
2 [ I [ I [ I O_I I [ I 1 I _|
)
N 1 | _]
CLLC\I
* I A— _2 | I | I | I
6 0 2 4 6
B20A8 Q* (GeV?) 5320A7 Q* (GeV?)
Bad Honnef Light-Front Schrodinger Equation Stan Brodsky
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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
0 L - A
0 1 2 3 4 5 6
Q?(GeVv?)
Bad Honnef Light-Front Schrédinger Equation Stan Brodsky
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Predict hadrow spectroscopy and dynamics

Excited Baryons in Holographlc QCD G. de Teramond & sjb
| 0'Fi(0Y Fly ()

12+

015+

0.10 -

005 Ll

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

1 2 3 4 0 1 2 3 4
L L
Bad Honnef Light-Front Schrodinger Equation Stan Brodsky
November 2014 and QCD Confinement el AR
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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

Q?
P o V2 M2
1N—>N*(Q )_ 3 Q2 Q2 QQ
(1+58) (14 2) (14 2%)
P

&
S o1k
=
1
prd
(e
L
O | | | |
0 > 4
5520A16 Q2 (GeV?)

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

Light-Front Schrédinger Equation Stan Brodsky

and QCD Confinement o1 Ay
Q = T

ERATOR LABORATORY
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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_

06

05

04

031

02
0.1

0.0

0.1

Bad Honnef
November 2014
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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 L

® Form Factors at high Q2: Dimensional

counting Q2" F(Q?) — const

® Space-like and Time-like Meson and Baryon

Form Factors
Q2%

® Running Coupling for NPQCD s (Q%) x & 3

® Meson Distribution Amplitade ¢, (z) < fr/z(1 — z)

Bad Honnef * Light-Front Schrodinger Equation Stan Brodsky
November 2014 and QCD Confinement ol A
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Bjorken sum rule defines effective charge [a %8 (QZ)

[ delgi? e, — g1 (e @) = 2y - 2l D)

o
® Can be used as standard QCD coupling

|

® Well measured
® Asymptotic freedom at large Q?

® Computable at large Q? in any pQCD
scheme

® Universal Bo, Bi

October 16, 2014 Novel Testy of QCD at FAIR Stan Brodsky s:_ A C



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



Deur, de Teramond, sjb

Derive A7 = 0.33 GeV from k or hadron mass scale

o (Q)/x

AdS/QCD + pQCD to B,

—— ,0=3,A=0.328 and
B]orken SR.toa?

06 .}' i

i |
04 - . |

cxgl/n world data

------- GDH limit ¥ oy \l

02 ¢ a/m OPAL 4118
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[ Agrg = 0.5983k = 0.598372 = 0.4231m,, = 0.328 GeV’ ]
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Deur, de Teramond, sjb

See also A. Peters et al.

~12 0.7
< 065 B AL (AdS/QCD)
06 - | B A” (World data)
0.55 -
05
045 .
04— n
0.35 WWWWMWW
0.3
0 I 2 3 4 5 6

Bjorken Sum Rule order

< = 0.0983Kk = 0. 5983”\}" = 0.4231m, = 0.328 GeV

Connect A7/« = to hadron masses!

Bad Honnef x Light-Front Schrodlr_lger Equation S:z:rln Bx:(liky
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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!



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 i
Q

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

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

Bad Honnef Light-Front Schrodinger Equation Stan Brodsky
November 2014 n D Confinemen ol AL
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Cornwnectiov to-the Lineawr Ivnstoant-Form Potentic

Linear instant nonrelativistic form V (r) = Cr for heavy quarks

Harmonic Oscillator U(¢) = k*(? LF Potential for relativistic light quarks

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

Bad Honnef
November 2014

* Light-Front Schrodinger Equation Stan Brodsky
and QCD Confinement el ALy



Cornwnectiov to-the Lineawr Ivnstoant-Form Potentic

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

9 9
o kI +my

aq r(l —x)

obtain

U:V2—|—2\/p2—|—mgV—|—2V\/p2—|—mg

where p? = L _ me(z—1/2) and V is the effective potential in the instant-form
Pl = =)y P3— Ve(la) P

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

and thus linear Regge trajectories

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

Bad Honnef Light-Front Schrédinger Equation Stan Brodsky
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Extensions of AdS/QCD LF Holography

® Massive quarks
® Broken Chiral Symmetry
® Structure Functions

® Counting Rules at x -1, Duality
® Nucleon GPDs

Valery E. Lyubovitskij, Tanja Branz, Thomas Gutsche, Ivan Schmidt, Alfredo Vega
Ian Cloet, C. D. Roberts

Ruben Sandapen, Jeff Forshaw
Burkardt, Schmidt, Lepage, sjb



® 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 Trajectorvies Conformal behawior at short

AdS/QCD Aiatounces
QCD at the Amplitude Level Confinement at lawrge distance

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 Spectira, Wawvefunctions, Dynamics

X

Light-Front Schrédinger Equation Stan Brodsky

- e~ A
and QCD Confinement Jl—l:\_\.o
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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)

Bad Honnef 3 Light-Front Schrodinger Equation Stan Brodsky
November 2014 and QCD Confinement gL’é‘-’.’
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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

Bad Honnef Light-Front Schrodinger Equation Stan Brodsky
November 2014 n D Confinemen ol AL
and QCD Co ement ~’l_’_\\.'




Features of BLM/PMC

Predictions are scheme-independent
Matches conformal series

Commensurate Scale Relations between
observables: Generalized Crewther Relation
(Kataev, Lu, Rathsman, sjb)

No n! Renormalon growth
New scale at each order; nr determined at each order
Multiple Physical Scales Incorporated

Rigorous: Satisfies all Renormalization Group
Principles

Realistic Estimate of Higher-Order Terms

Eliminates unnecessary theory error



What i1s PMC ?

C hoose renormalization scheme; e.g. o (piBi) Xing-Gang Wu, Matin Mojaza
,l Leonardo di Giustino, S¥B

Choose p'f"; arbitrary initial renormalization scale

PMC-BLM - one
1 PMC-BLM - one _g

Identify {3} — terms using ny — terms
Phys. Rev. Lett. 109, 042002 (2012)

|
e
‘ -

Phys. Rev. Lett. 110, 192001 (2013)

|
Eliminate p-terms

Result is independent of ¥ and scheme at fized order

through the PMC — BLM correspondence principle

order-by-order l

Shift scale of as to upMC to eliminate {55} — terms

}

C'on formal Series

ns dependence of pQCD series does not
uniquely identify the B terms



Reanalysis of the Higher Order Perturbative QCD corrections to Hadronic Z Decays

using the Principle of Maximum Conformality

_ _ : P.A. Baikov, K.G. Chetyrkin, J.H. Kuhn, and J. Rittinger,
>-Q Wang, X-GWu, >) b Phys. Rev. Lett. 108, 222003 (2012).
1.046
1.044 | [ ¢ Conv.
x PMC
1.042 -
1.04 - ¢
= & »
1.038 -
1.036 -
1.034 -
(2) (3) (4)
NS NS NS

The values of rg's) =14+ " | CNSal and their errors

+|CN%a?|max. The diamonds and the crosses are for con-
ventional (Conv.) and PMC scale settings, respectively. The
central values assume the initial scale choice pu™* = Mz.



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



“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

100



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

Bad Honnef Light-Front Schrodinger Equation Stan Brodsky
November 2014 n D Confinemen ol AL
and QCD Co ement ql_r\\’o




The Light-Front Schwodinger Equation
A New Approacihv to-Color Confinement and Now-Perturbative QCD

/ Fixed T =t

- ’
L :
..
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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. 103



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

104



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’




P. Srivastava, sjb

Standard Model onwthe 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

Bad Honnef Light-Front Schrodinger Equation Stan Brodsky
November 2014 n D Confinemen ol AL
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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

108



Front Form Vacuuwm Describes the Empty, Causal Universe

e Pt =>"pF p > 0:LF vacuum is the state with P = ( and contains no particles: all other

states have P > (0 (usual vacuum bubbles are kinematically forbidden in the front form 1)

e Frame independent definition of the vacuum within the causal horizon

P?|0) =0

(LF vacuum also has zero quantum numbers and P = 0)

e LF vacuum is defined at fixed LF time 7 = 29 + 2°

0

overallz~ = 2% — 23 and X | , the expanse of space

that can be observed within the speed of light Derk Energy

Afterglow Light
Pattern  Dark Ages Development of
400,000 yrs. | Galaxies, Planets, etc.

Accelerated Expansion

e Causality is maintained since LF vacuum only

requires information within the causal horizon

e The front form is a natural basis for cosmology:

universe observed along the front of a light wave

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

Light-Front Schrédinger Equation Stan Brodsky
and QCD Confinement ol

NATIONAL ACCELERATOR LABORATORY
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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: f d?x | dx~ [@L({?Lgb g;{r} =3\

o(r,x”, 1) =w(mz1) +o(r,z, 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

IX0



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
¢ “History”-Numerator structure universal

¢ Renormalization- alternate denominators

o LEFWF takes Off-shell to On-shell

Roskies, Suaya, sjb
® Tested in QED: g-2 to three loops

Bad Honnef Light-Front Schrédinger Equation Stan Brodsky
November 2014 and QCD Confinement gL’é\-’?
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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)

Bad Honnef Light-Front Schrédinger Equation Stan Brodsky
November 2014 and QCD Confinement gL’é\-’?
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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

Bad Honnef * Light-Front Schrodinger Equation Stan Brodsky
November 2014 and QCD Confinement gL’é\-’?
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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

Bad Honnef Light-Front Schrodinger Equation Stan Brodsky
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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)



Applcations to- Collider Prysics

¢ Non-Perturbative Structure Functions

* Fundamental understanding of angular momentum

* Higher Fock States: Intrinsic Heavy Quarks

* Higgs at High xr

¢ 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

¢ Hadronization from first principles -- at the Amplitude Level

¢ Principle of Maximum Conformality

e Connection to Pomeron



Goals

¢ Test QCD to maximum precision at the LHC
* Maximize sensitivity to new physics

* High precision determination of fundamental
parameters

¢ Determine renormalizations scales without
ambiguity

¢ Eliminate scheme dependence

Predictions for physical observables cannot depend on theoretical

conventions such as the renormalization scheme
IX7



Myths concerning scale setting

* Renormalization scale “unphysical”: No optimal physical scale
* Can ignore possibility of multiple physical scales

* Accuracy of PQCD prediction can be judged by taking arbitrary
guess ;,p = () with an arbitrary range Q/2 < up < 2Q

* Factorization scale should be taken equal to renormalization
scale up = up

These assumptions are untrue in QED
and thus they cannot be true for QCD

Clearly heuristic. Wrong in QED. Scheme dependent!

) § £0)



Electron-Electrow Scaltering inv QED

8s 81s
Mee—-}ee(++;++) — T O!(t) | 1 a(u)

t‘ “‘\

 a(0
a(t) = 1_(r|()t)

Gell-Mann--Low Effective Charge



Electron-Electrow Scaltering inv QED

81s 81S

Mee——}ee("“‘i";"*“") — """"t"""' a(t) | Of(’LL)

Two separate physical scales: t, u = photon virtuality

Gauge Invariant. Dressed photon propagator t ‘ u ‘ \

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

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

Number of active leptons correctly set

Analytic: reproduces correct behavior at lepton mass thresholds

No renormalization scale ambiguity!

120



QED Ruvwming Coupling

a0
a(t) = 1255

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

H(t, tO) — H(t)—l_l(to)

1—-M(tg)

Initial scale t, 1s arbitrary -- Variation gives RGE Equations
Physical renormalization scale t not arbitrary!

12X



Example inv QED: Muonic Atoms

oy . Zagep(q®)
V(CI ) — Y G2
2 — 2
Hp =
o\ __ aorp(0)
aQrep(4®) = 752
Scale is unique: Tested to ppm
Gyulassy: Higher Order VP verified to
0.1% precision in u Pb
Bad Honnef Light-Front Schrodinger Equation Stan Brodsky
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Lessons from QED

In the (physical) Gell Mann-Low scheme, the momentum scale of the running
coupling is the virtuality of the exchanged photon; independent of initial scale.

___a(lo) TI(¢) — T(to)
O =Ty 0= g,

Example: ee-scattering

8 8
Mee—>ee — i80[(75) | ﬂ-Sa(u) e

L U

Two separate scales;
one for each skeleton graph.

e

For any other scale choice an infinite set of diagrams must be taken into
account to obtain the correct result!

In any other scheme, the correct scale displacement must be used
2 1 2 2 2
He— 1 — 2 5m2
MS:G/ dx:c(l—a:‘)logmeJer( ) ane logQ
0

lOg 5 2 9

1y Ty my

cagrs(e™¢%) = agm-1(¢?).




Q’ my Adep Abep mg
O = C(as(pud)) + B(Blog =) + D(=2) + E( - F + G(—L)
T O v< “ 2 g mg,
Coupling at Initial Scale R“““‘E‘;gc"“ph“g
ects Intrinsic Heavy
Higher Twist from Quarks . .
Hadron Dynamics Light by Light
BLM/PMC: Absorb 5 terms Loops
into running coupling
m? Aéc D AQQC D m?
O = C(as(Q")) + D(=3) + E( ) + £ ) +G(—)
8 e AT
Bad Honnef x Light-Front Schrodinger Equation Stan Brodsky
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New Scales Appear at Higher Order

125



Hoang, Kuhn, Teubner, sjb

863/4/4)} <14 W(XS(SUQ)}

I+ Fy = [1 — ZQS(
s 4v

Angular distributions of massive quarks close to threshold.

Example of Multiple BLM Scales

Need QCD coupling at small scales at low
relative velocity v

Angular distributions of massive quarks and leptons close to threshold.

Bad Honnef Light-Front Schrédinger Equation Stan Brodsky
November 2014 and QCD Confinement gL’é\-’?
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BLM/PMC: Set Scales

such to absorb all ‘renormalon-terms’, i.e. non-conformal terms

Q%) = ookt r10a(@) + (Ha(@) 1 Aal@) + Faa(@) +-rras
- (B3a(Q)° + %,ﬁlﬁna{gﬁ o )raa (B4 )ray
i+ ra0a(Q) +2a(Q)(Foa(Q) +Ara@) 4o sy
T
Enﬂa(ﬂ;‘l} =r100(Q) — Bla)ra1 + %,.-R(fgjg?H NI (—ﬂl'J” {di;ji .
{r200(Qo) = r20al Q)P = 20(@Qp@rog t

How do we identify the ) terms?
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week ending

PRL 110, 192001 (2013) PHYSICAL REVIEW LETTERS 10 MAY 2013

5%

Systematic All-Orders Method to Eliminate Renormalization-Scale and
Scheme Ambiguities in Perturbative QCD
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We introduce a generalization of the conventional renormalization schemes used in dimensional
regularization, which illuminates the renormalization scheme and scale ambiguities of perturbative
QCD predictions, exposes the general pattern of nonconformal {B;} terms, and reveals a special
degeneracy of the terms in the perturbative coefficients. It allows us to systematically determine the
argument of the running coupling order by order in perturbative QCD in a form which can be readily
automatized. The new method satisfies all of the principles of the renormalization group and eliminates an
unnecessary source of systematic error.
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0-Renormalization Scheme ( Rs scheme)

In dim.reg. 1 /¢ poles come in powers of [Bollini & Gambiagi,'t Hooft & Veltman, '72]

2

L 1
IHF—I—E—I—C

In the modified minimal subtraction scheme (MS-bar) one subtracts together
with the pole a constant [Bardeen, Buras, Duke, Muta (1978) on DIS results]:

In(4m) —vg
This corresponds to a shift in the scale:

pa = p” exp(lndm — yg)

A finite subtraction from infinity is arbitrary. Let’s make use of this!

Subtract an arbitrary constant and keep it in your calculation: R s-scheme

1I1(47T) — YE — 5,
pe = pasexp(—06) = p’ exp(Indmw — vg — 0)
Bad Honnef Light-Front Schrédinger Equation Stan Brodsky
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Exposing the Renormalization Scheme Dependence

Observable in the Rs-scheme:
ps(Q%) =1 + ria(p) + [ro + Bor16)a(p)? + [r3 + G171 + 2680726 + Bsr16°]a(p)® + - - -

Ro = MS . Rinan—~g = MS p = '“i/[—s exp(In4r — vg) , M§2 = M?l exp(d2 — d1)
Note the divergent ‘renormalon series’ n!5" o

Renormalization Scheme Equation

dp
%:_5( a)——

dp

=0 —s PMC
da

p5(Q2) =To + T1a1 (:ul) + (TZ + 50T151)a2(ﬂ2)2 + [7“3 + 811101 + 289r209 + 58r15%]a3(lu3)3 s

The §7a™-term indicates the term associated to a diagram with 1/e"~* di-
vergence for any p. Grouping the different d;-terms, one recovers in the N. — 0
Abelian limit the dressed skeleton expansion.

R ——— T —————i
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Special Degeneracy in PQCD

There is nothing special about a particular value for ¢, thus for any ¢

p(Q?%) =ro,0 + 11,00(Q) + |r2,0 + 507;2,_1]CL(Q)2 + [r3.0 + 5122;1 + 2507“_3_,1 —+ 53""3_,2]G(Q)3

5
+ [ra,0 + Bara + 2B81713,1 + 551507“3,2 +3B07a1 + 365742 + Borasla(@)

According to the principal of maximum conformality we must set the scales
such to absorb all ‘renormalon-terms’, i.e. non-conformal terms

SRR SRR
F1200(Q) 1 2a(Q)(Boa(@)” 1 Hra(Q) 1 Jran
_|_ .
5 L, 08 (-)" ' E
57“1,0@(@1) =r1,00(Q) — Bla)rz 55(61)8—7“3 2Tt ] (dln,uz)”—lrnﬂ no
57“2 06(Q2)" =12 OG(Q)2 —2a(Q)B(a)r3,1 + :
Bad Honnef Light-Front Schrodinger Equation Stan Brodsky
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2
as _ Ys

4s = Ar 1672
das 2 S 2 S 3
Tz = Os(a) =’ + ra+ Ba® + BFa® -
11 2
Bo = ch— gnp QED: Nc=0

Relating different renormalization scales:

Taylor expanding a(u) around In(uo):

12

] ) -
v

a(,u) — a(,uo) — 5()&(#0)2 In — — b1 — 53 In ’LL—Q a(,u())?’ In — 4
Ho i Ho | Ho
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M. Mojaza, Xing-Gang Wu, sjb

General result for an observable in any Rs renormalization scheme:

p(Q%) =r0,0 + 11,00(Q) + 2,0 + 507“2,1]61(Q)2
+ [r30 + Bira1 + 26031 + Bir3.2]a(Q)’

5,
+ [7“4,0 + Oar21 + 201731 + 551507‘3,2 + 30074,1

353721,2

/587“4,3]61(@)4

O(a®)

PMC scales thus satisfy
r1,0a(Q1) = r1,0a(Q) — Bla)ra
ra,0a(Q2)* = 12,0a(Q)° — 2a(Q)B(a)rs,1
r30a(Q3)” = 13,0a(Q)° — 3a(Q)*B(a)ra,

?“k,oa(Qk)k — "“k,oCL(Q)Z — k G(Q)k_lﬁ(a)’rkﬂ,l
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Important Example: Top-Quark FB Asymmetry

Brodsky, Wu, Phys.Rev.Lett. 109, [arXiv:1203.5312]

10000

oy’ >0) — oy’ <0) |
(yffj;f > O) —|_ O-(yff < O) 1000-;

AFB —

(9q)-channel

100 4

—— \ s L
Y ] v
\ 10 \/ —— LO PMC scale
—— — —-—--NLO PMC scale

---------- LO Coulomb PMC scale

PMC scales (GeV)

MT # //L f ( 200 400 600 800 \;%0(()(3;]\2/())0 1400 1600 1800 2000
csimation without PMC " ttorest frame AL, 08 Aly (M, > 450 GeV) §
T ATLAS amv1201.1886 "3 — o7r .
240 ==¢== ATLAS;arxiv:1202.4892 0.05 . PMG 06k PMC
—e—  CMS;arxiv:1105.5661 b
—o=— CMS;arxiv:1108.3773 5 o5k
N s = ozt BEEEEEEEE Tr-EEEEEEEaE s - - - -
160 l ‘ 0"— :z
160 165 1r7r<;t 175 180 ) 0 -
Conventional Scale Setting: a(u) = agrg(p) and p = [2Q, 2Q) HP: Hollik, Pagani, Phys.Rev. D84(201 1)
Conventional ‘uncertainty estimate’ can be misleading
(see also Blumlein & van Neerven, Phys.Lett. B450, 417[1999])
Improving pQCD precision important for exposing new physics correctly!
Bad Honnef Light-Front Schrodinger Equation Stan Brodsky
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Implications for the pp — X asymmetry at the Tevatron

........................ I/t
......................... \f

Interferes with Born term.

Small value of renormaligatiow scale increases

asymmelry, just as ivv QED
Xing-Gang W, sjb
Bad Honnef Light-Front Schradinger Equation S:f:rll Bl;)iiky
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The Renormaligation Scale Ambiguity for Top-Pair Productionw
tliminated Using the ‘Principle of Maximuunw Conformality’ (PMC)

Xing-Gang Wu

08t A, (M. >450 GeV) SJB

0.7

0.6

051 Experimental

¢ asymmetry
<= PMC Prediction

0.4

0.3

0.2}
== Conventional guess for

renormalization scale
o L and range

0.1

Top quark forwowd-backward asymmetry predicted by pQCD NNLO
withinwl o of CDF/DO measuwrementy using PMC/BLM scale setting



total differential cross-section versus s
(very small initial scale-dependence)

dﬁ'tf/d\/g 9.¢ (Qﬁﬁijé-ij)

0014
a[__L_i
‘F-!i-|

1E-89

doycis (pbiGeV)

1E-10 4

1E-12 o

'|=1:--i

- - --Q=20m

—Q=1s

Tevatron 1.96 TeV

qq

1E-14

i (1)

—T T T
Ll

J 5 (GaV)

T
1200

T
LLilEE 2000

a i-\__‘_-‘--‘-\'
i — T ag LHC 14 TeV
0.01 ""_*-.h,__‘
_ 1 aq - ~
::. 1.=-1-|
- 1
% 1 E-|
s 1
len  TEEY
=R
= 1E-10
B : ------ Q= m,
T |- - - Q=20m,
L
1 -1] —0Q= HIE
L
1E-16 T T
1071 10300
Js (GaV)

total cross-section almost unchanged !

PMC scale-setting

Conventional scale-setting

Q=m:/4 | Q=m:/2 | Q=m: | Q@=2m | Q=dmlfll tr = /2 | ptr =t | pr = 2111

Tevatron (1.96 TeV)| 7.620(5) 7.622(5) | T.626(3) | 7.622(6) | 7.623(6) T.742(5) | 7.489(3) | 7.199(5)

LHC (7 TeV) 171.6(1) | 17L7(1) [17es(n | rern | wrero il wessn) | weas(n) | 157.5(1)

LHC (14 TeV) 041.8(8) | 041.9(8) |941.3(5) | 941.4(8) | 041.4(8) f 923.8(7) | 907.4(4) | £70.9(6)
3%-4%

unchanged, within error 10-3

10m, (20m,) =>15%(19%),
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Set multiple renormalization scales --

Lensing, DGLAP, ERBL Evolution ...
PMC/BLM

No renormalization scale ambiguity!

; ' . R, init
C'hoose renormalization scheme; e.g. acs (Wp™)

nat.

Choose p%'"; arbitrary initial renormalization scale

'

Identify {87} — terms using ny — terms

through the PMC — BLM correspondence principle

'

Shift scale of ay to utMC to eliminate {81} — terms

{

Conformal Series

nit

Result vs independent of pg" and scheme at fized order

Principle of Maximum Conformality

Result iy independent of
Renormalization scheme
and, initial scale/

QED Scale Setting at Nc=0

Eliminates unnecessary
systematic uncertainty

Scale fixed at each order

0-Scheme automatically

identifies P-terms!

Xing-Gang Wu, Matin Mojaza
Leonardo di Giustino, S¥B
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1 —Ss+1¢€ D 2
Rete—(8) = 2—7”/ <)

_ d
2 2\ __ . el 2
g D(Q?) =(a) - B(a)7-T(Q?, a)
Initial expression
_ 7T2”)/1
Rete(s) =70 + ma(p) + [v2 + Soll]a(n)” + [ys + Billh + 2B0Mls — fj——la(n)”
D 2 2 |
+ [v4 + Bolly + 26115 + Bolls — 55051 371 — 365 372 — Bom I1]a(p)
Final expression / _
) f_lRe*e >hQ=+vs =31.6 GeV)
Re+o- (@) =70 + ma(Q1) +2a(Q2)* 100, . .
; A 1058, \‘ = === Conventional Scale-Setting
T 73&(@3) T 7467’(@4) 1056 ‘\‘ = PMC Scale-Setting
. | 054 ‘\‘ ------ Experiments
Final PMC Scales UL O —
1.052" \
1 =13Q, Q2=120, 1050 \\‘ %Rjﬁi_ = 1.0527 £ 0.0050
2 =530, Qs ~Q 1.048
1.046/ A

S . 3
100 150 p/Ge



X-G W, sjb

taking the experimental results for R(Q)

From the experimental value, r_+ - (31.6GelV) =

=Rt - (31.6GeV) = 1.0527 £ 0.0050 [26], we obtain

AL = 4121 M eV

M5 T-decays (N3LO) r:-cH
Gt 1 .’j 1 / T Quarkonia (lattice) p:lzq
——— whe ) ' f
‘.L MS E; B g—]-'iﬂh]:‘:i Y decays (NLO) I—'ID—F
|
DIS F, m3Lo) o |
DIS jets (NLO) —o—i

|
ete™ jets & shps (NNLO) ——C+—
|

— _I D[::]{] electroweak fits (N3LO) I—:D—|
._'.l-..!r ' . —+ | ete jets & shapes (NNLO) —o—
> ', ':ﬁﬂfE.’ | = ” 129 00101 i
Ulg (M 7)
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Thwee~jet productionw i electron-positron avwnihilatior

1.0 | | Jet Invariant mass
3t squared:
0.8 — -je ~—
M? = ys
g 0.6 —
T 0.4 BLM scale iy
0.2 gluon jet
L e virtuoldity
PMS & FAC hawve g 7 0.05 0.10 0.15
wrong physical BLM y Kramer & Lampe

dependence/

The scale u/y/s according to the BLM
(dashed-dotted), PMS (dashed), FAC (full), and ,/y (dot-
ted) procedures for the three-jet rate in e*e™ annihilation, as
computed by Kramer and Lampe = Notice the strikingly
different behavior of the BLM scale from the PMS and FAC
scales at low y. In particular, the latter two methods predict
increasing values of u as the jet invariant mass M < 4/(ys)
decreases.

Other Jet Observables using BLM: Rathsman
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PMS vs. PMC

* PMS/FAC - incorrectly sums conformal terms -- even minimizes
physical asymmetries! PMS violates transitivity

e PMC/BLM: exposes conformal series - no renormalons

* Conformal series has new physics -- not associated with
renormalization

e PMC: No need to analyze diagrams or codes -- simply identify non-
conformal logarithms -- then shift scale

e PMC: Applies to subprocesses with multiple final particles-
recursive procedure

* PMC/BLM: Agrees with QED in Abelian limit

e PMC/BLM: Result is independent of scheme and initial scale
choice
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Features of BLM/PMC Scale Setting

On The Elimination Of Scale Ambiguities In Perturbative Quantum Chromodynamics.
Lepage, Mackenzie, sjb
Phys.Rev.D28:228,1983

e All terms associated with nonzero beta function summed into running coupling
e PMC/BLM Scale Q* sets the number of active flavors

® Only nrdependence (associated with renormalization) required to determine
renormalization scale at NLO

* Result is scheme independent! Q* has exactly the correct dependence to
compensate for change of scheme

e Correct Abelian limit

* Resulting series identical to conformal series!

* Renormalon n! growth of PQCD coefficients from f} function eliminated!

¢ Ingeneral, PMC/BLM scale depends on all invariants
143



Binger,

General Structure of the
Three-Gluon Vertex

P

| i raana

Fie calcudaa

sjb

H. J. Lu

Clony

I — general masses, spivv
pz/ %1’3 Pinch Scheme

3 index tensor L
with p,+p,+p; =0

FHYSICAL REVIEW D 74, 054016 (2006)

Form factors of the gauge-invariant three-gluon vertex

Michael Binger* and Stanley I. Bmdsky':'

144

built out of &£,, and p.; P, P;

. > 14 basis tensors and form factors



P
] , g H.J. Lu
I = Binger, sjb

H oy Hs /
pM %p 3
Ky 22

2 2
2~ PrinPmed
Hp — 2

pmax

Scale also- determines effective number of flavory
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Grunberg

Effective Charges: analytic at quark mass thresholds, finite at small momenta

R+ . (s)= 3qug [1 + O‘RW(S)]

F(r — Xev)(m2) = Mo(r — udev) x [1 aT(;n’%)]

Commenysurate scole relations:

Relate observable to observable
at commensurate scales

Lu, Kataev, Gabadadze, Sjb
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Lu, Kataev, Gabadadze, Sjb

Relate Observalbles to-Each Other

Eliminate intermediate scheme

No scale ambiguity

‘Iransitive!

Commensurate Scale Relations
Conformal Template

Example: Generalized Crewther Relation
ag Q) |

T

R ., (QH)=3 3 e |1+

flavors

| ol (.0Y) g (@.QY) = 5 |
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r(Q) _ aws(@) (a—-s:(cz))z [ (ﬂ B 13_1_4) Ca-Lep+ (..1_1 N §§> f]

T T T 8 12
(ams(Q)\° | /90445 2737 55 121 127 143 55 23
+( - ) {(2592—108(3“1@(5—@’”)0.34-(—48“12C3+§‘C5)CACF—§§C§,
970 224 5) 11 , 29 19 10
+[(—§1‘— + ‘2—.{—(3 + 5(5 T ) Ca+ (—55 + -6—C3 - 3‘(5) CFJf
_ 2
abc Jabe Z Q
+(%—%C3—I(%W2)fz+(%—é-€3)édd ( d fz) }
rd(R) >, Q%
2
05, (Q) _ oms(Q) (as(cz)) [E}’:CA Top -k f]
78 T T 12 8 3
3
asrs(Q) 5437 55 5 D23 S U D I e
+( ™ ) (648 135 ) Cat | Ty T g ls) Calrt 550k
3535 1 5 133 5 115 ,,
i e LG e ' LN
+[( 1296 2% 9C5) Cat (864 i 18C3) F] URrYres }
Eliminate MS
Find Amazing Simplification
Bad Honnef ' Light-Front Schrodinger Equation Stan Brodsky
November 2014 and QCD Confinement gL’é\-’?

ERATOR LABORATORY



O!R(Q) |

T

flavors

R, (0H)=3 3 e |1+

[ o [g7(2,@%) - oi@,@%) = | 2| [1
o 1 ’ 1 Y 3 gv - T

T T T T

ag, (@) _ ar(Q) (aR(Q**))z N (QR(Q***))g

Geometiric Sevies inv Conformal QCD

Generaliged Crewther Relation

Lu, Kataev, Gabadadze, Sjb
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Lu, Kataev, Gabadadze, Sjb

Generalised Crewther Relation

1+ aR7(Ts*)][1 agl(qz)] — 1

T

Vv s* ~ 0.52Q

Conformal relation true to- all ovders in
perturbatiow theovy!
No- radiative corrections to- axiold anomaly

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

Both observables go through new quark thresholds
at commensurate scales!
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Essentiod Pointy

o Physical Results cannot depend on choice of scheme
® Different PMC scales at each order

® No scale ambiguity!

® Series identical to conformal theory

® Relation between observables scheme independent,
transitive

® Choice of initial scale irrelevant even at finite order

o Identify f terms using Rsmethod
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Scole Vowriations

¢ Initial scale variation tests accuracy of PMC
implementation

* Final scale variation away from PMC introduces
nonconformal and divergent n! renormalon terms

* Destroys scheme independence of PMC

* Does not expose true conformal higher order
effects

* Electronloop light-by-light scattering in muon
g-2: huge sixth order conformal term not exposed
by renormalization scale variation



® 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

® QCD gives 104> to the cosmological constant

® QCD Confinement and Mass Scale from \7;<
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The Light-Front Schwodinger Equation
A New Approacihv to-Color Confinement and Now-Perturbative QCD
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