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Dirac: Front Form

Measurements of hadron LF |
wavefunction are at fixed LF time Fixed 7 =1+ z/c

k+
:ﬁ

Inwauwriant under boosty! Independent of P

Like a flash photograph Tpj = T



Dirac s Ama ZANG Tdeo P.A.M Dirac, Rev. Mod. Phys. 21,
» » 392 (1949)
The “Front Formv
Evolve in A Evolve in
ordinary time light-front time!
ct o= cl — =z Act T:t—l—z/c

Front Form

Instant Form
® No dependence on observer’s frame

® Boosts are kinematical



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

Fixed T=t+4 z/c

Eigevutate of LF Hamiltonian HQCD|\IJ}L >= M2|¥), >
p,J. >= an i ki Ny i, kg, A >
n—

Inwawriant under boosts! Independent of P

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



Wavefunction at fixed LF time: Off-Shell in Invariant Mass
tigenstote of LF Hamilfoniow : all Fock states contribute

‘pa JZ > = an(QjZ)EJ_Za)\ZHnaxZ?EJ_’M)\Z >
n=3
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Higher Fock States of the Proton '
Fixed LF time

Physics on the Light-Front The Mexican School
4 g of Particles and Fields

Quark Confinement and Novel QCD 2018 Sonora School
Phenomena of High Energy Physics




Advantages of the Dirac’s Front Form for Hadron Physics

Poincare’ Invariant

Physics Independent of Observer’s Motion

® Measurements are made at fixed t

ﬁ

® LFWFs are frame-independent: no boosts, no pancakes!

® Causality is automatic
® Structure Functions are squares of LFWF's

® Form Factors are overlap of LFWF's

Penrose, Terrell, Weisskopf

® Same structure function measured at an e p collider and the proton
rest frame

® No dependence of hadron structure on observer’s frame
® Jz Conservation, bounds on ALz Chiu, sjb
® LF Holography: Dual to AdS space

® LF Vacuum trivial -- no vacuum condensates!
Roberts, Shrock, Tandy, sjb



- Hadron Physics without LFWFs is like Biology without DNA!

e




P,S.>="Y Walxi, ki Ai) sk, i >
n=3

suu over stattes witihv n=3, 4, ...covutituenty

The Light Front Fock State Wavefunctions . > E
Y, (Xi, %J_ia 7%') E
are boost invariant; they are independent of the hadron’s energy _ |
and momentum P¥. P -
The light-cone momentum fraction b

k7 kK :
xi p— p— : 1
pt PO+ pz P—, ( - !
. . 1
are boost invariant. !
C 4t pt X _ ARl A :_E
Zki_P,Zx,_l,Zki—O. ] =
l l l ) ﬁ
Intrinsic heawvy guowrks s(x s(x :

q (z) # 5(x) N

s(x), c(x), b(x) athighx! || u(x) # d(x) T=t+z/c
Deuterow: Hidderv Color




d(z)/u(z) for 0.015 < z < 0.35
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Measure strangeness distyribution
inv Semi-Inclusive DIS at JLalb-

Is s(x) = 5(x)7

¢ Non-symmetric strange and antistrange sea?

* Non-perturbative physics

luudss >~ |[A(uds) KT (5u) > B. Q. Ma, sjb

.
P - | g u S
\/ - u
> d

Tag struck quark flavor in semi-inclusive DIS ep — e’ K T X



Fixed LF time

Proton 5 -quawk Fock State :
Intrinsic Heovy Quouks

— T QCD predicty

: - = Intrinvsic Heavy
‘1 = Quawrks al highv x
CQ Minimal off-
shellness

Use AdS/QCD LFWF
\ 4
TQ X (mé + ki)l/z

Probability (QED) o« Probability (QCD) o Mlé
12

Collins, Ellis, Gunion, Mueller, sjb
Polyakov, et al.



Meosurement of Chowm Structuwre
Functlion!

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

First Evidence for Intrinsic Charm
Hoyer, Peterson, Sakali, sjb
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- 7 ] factor of 30!
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| PRV |
DGLAP / Photon-Gluon Fusion: factor of 30 too small
Two-Componenty (separate evolution):

C(CB, QQ) — C($, Qz)extrinsic _I_ C(ajj Q2)intrinsic



week ending

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

Measurement of ¥y + b + X and v + ¢ + X Production Cross Sections
in pp Collisions at \/s = 1.96 TeV

Data/Theory

51.8 -DQ, L, =10 |yf:“| <0.8 3 yy* <0 AO_ (pp VCX)
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Covuistent with EMC meoasuwrement of chawrm

structure functionw at high v



Goldhaber, Kopeliovich, Schmidt, Soffer sjb

Intrinsic Chawrm Mechounism for Inclusive
High-Xr Higgs Production

P+ ; pp — HX
. .—> H
C <8

< 1%

Also: intrinsic strangeness, bottom, top

Higgs can have > 80% of Proton Momentum!

New production mechanism for Higgs



do/dx_ [fb]

50 —

40

w
o
]

N
o
]

10 -

Intrinvic Heovy Quowk Contribution to-
Inclusive Higgs Production

dcfc—"F(pp — HX)[fb]
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F Goldhaber, Kopeliovich, Schmidt, sjb

Measure H — ZZ* — utu putu™.



Do beavy quarks exist in the proton at high x?

Q
Conventional wisdom: 8
gluon splitting JORIY
Heavy quarks generated only at low x 5
via DGLAP evolution
from gluon splitting

Maximally off-shell - requires low x, high W2
2\ 2\ 2\ —
S($,/LF) - C('CEMMF) o b(ajnuF) = (

at starting scale Qf = pu%

( Conventional wisdom is wrong even in QED! )




HERMES: Two components to s(x,(2)!

—_—
&
+
N
X
Sensilive To-
Fragmentoliovw Functiovw

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

ar X1v:1104.23381

0.2
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Comparison of the HERMES z(s(z) + 5(z)) data with the

BHPS: Hoyer, Sakai,

+ + Oe HERMES Peterson, sjb
- —— BHPS (u=0.5 GeV)
+ + + + """ BHPS (11=0.3 GeV)
Extrinsic (DGLAP)
B 0 4 strangeness!
4 / Intrinsic
strangeness!

- -
-
————
R
- ==
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10

X

Consistent with
intrinsic charm
data

CD: -L- i
Q Az scalin

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

S($, Q2> — S(ZU, QQ)extrinSiC =+ 5(337 QQ)intrinsiC



JLAB-THY-18-2803
SLAC-PUB-17327

Nonperturbative strange-quark sea from lattice QCD, light-front holography,
and meson-baryon fluctuation models

Raza Sabbir Sufian ! Tianbo Liu,»2:* Guy F. de Téramond ® Hans Giinter Dosch *
Stanley J. Brodsky,” Alexandre Deur,' Mohammad T. Islam.® and Bo-Qiang Ma™%?

(HLFHS Collsboration)

0.010
—— LFHQCD(massless)

0.008 —— LFHQCD(massive)

/QO.OOG

q(

= 0.004

0.002




Some Key QCD Issues inv Electroproduction

® Intrinsic Heavy Quarks

* Role of Color Confinement in DIS

* Hadronization at the Amplitude Level

* Leading-Twist Lensing: Sivers Effect

* Diffractive DIS

¢ Static versus Dynamic Structure Functions

® Origin of Shadowing and Anti-Shadowing

® Is Anti-Shadowing Non-Universal: Flavor Specific?
® Nuclear Correlations and Effects: Hidden Color

¢ Are Sum Rules valid for Nucler?



Novel QCD Phenomena
at o Electrovn-Iovw Collider

510 GeV' static electron 1ng recurlatng knar myector




Novel Effects Derived from Light-Front

Wavefunctions

® Color Transparency

® Intrinsic heavy quarks at high x

® Asymmetries s(z) # 5(z), u(z) # d(x)

® Spin correlations, counting rules at x to |

® Diffractive deep inelastic scattering ep — epX

® Nuclear Effects: Hidden Color

The Mexican School

of Particles and Fields
Quark Confinement and Novel QCD 2018 Sonora School
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Fundamental Question: Quawk Confinement!!

m What is the mechanism that confines quarks and
gluons?

m What sets the mass of the proton when mq=0 ?

®m QCD: No knowledge of MeV units:
Only ratios of masses can be predicted!

® Novel proposal by de Alfaro, Fubini, and Furlan
(DAFF): Mass scale k can appear in Hamiltonian
leaving the action conformal!

m Unique Color-Confinement Potential



Profound Questions for Hadvrow Physics

® Origin of the QCD Mass Scale
® Color Confinement

® Spectroscopy: Tetraquarks, Pentaquarks, Gluonium, Exotic
States

® Universal Regge Slopes: n, L, both Mesons and Baryons
® Massless Pion: Bound State

® Dynamics and Spectroscopy

® QCD Coupling at all Scales

® QCD Vacuum —Do QCD Condensates Exist?



s M? (GeVz)

0 — A superpartner trajectories
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Dosch, de Teramond, sjb L (Orbital Angular Momentum)



Supersymmetry in QCD

® A hidden symmetry of Color SU(3)c in hadron
physics

® QCD: No squarks or gluinos!

® Emerges from Light-Front Holography and
Super-Conformal Algebra

® Color Confinement

® Massless Pion in Chiral Limit
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Bound States in Relativistic Quantum Field Theory:

Light-Front Wawvefunctions

Dirac’s Front Form: Fixedt=1t+2z/c

Fixed T=t+ z/c

w(zﬁ EJ_iv )\Z) L+ 0 4 3

: ~ p+  po p3
Invariant under boosts. Independent of P"

HY:P |y >= M2 |y >

Direct connection to QCD Lagrangian

Off-shell in invariant mass

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



LW’FVOM QLD Physical gauge: AT =0

Exact frame-independent formulation of
nonperturbative QCD!

QCD QCD .
L = L |
CD m- -+ Xe) Pe P®
Hip' = Z[ T =i + Hiy @
H"E: Matrix in Fock Space - ] A

Hl?FqD|\Ijh > M%L‘\Ijh > ()
P, J. >= an(xz‘aEM,N)W;%,EM,& > %
n=3

ko k.o

Eigerwalues and Eigensolutions give Hadronic ©
Spectrum and Light-Front wawefunctions

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

int
HLF



Lorce,

Light-Front Wavefunctions P . .
asquini

underly hadronic observables

W ) - Momentum space KL <> Z1 position space
n(x’lJ J_'ZJ 'L) KJ_HZ;)J_

Z, k_L, bi

Transverse density in position
space

Transverse density in
momentum space

Weak transition

form factors

Transverse

P

Longitudinal




Light-Front QCD | HOCD 1y = A2 [y} | ary auark moss end fiomors
Helsenberg Equation Hornbostel, Pauli, sjb
K. 1 2 3 4 | 5 6 7 8 9 10 11 12 13
?/ n Sector | 99 | o9 | 9@ | 999 | G99 | 9G9Fg | 99993 | 9999 | 94999 | GGGGO9 |9d a3 qd g |qaoTadad
5o g oo 1 q }: >< . >E .
(a 2w | ~ BB |
oo " 3 @y | = | o ~ ’g : . TE :
ki D el S I I I S I
o o ww | | ST - ~ 1<
7 didg 3 = : I S
al i 8 q3qdaa : : S S TR
§ 9 9999 3 o I : U :
E,o'= =k,0 10 qdggg | - S A R R = I £
(c) 1 daodgg | - . : g’ R D
12 qdqgqag| - . . . . ;F’
mm{ :Z@:: 13 4949 46 43

Mmkmuﬂwspm frame- mdepe/nde/vw mfermmd,oulw mgﬂf\oyfy

trivial vaocuuwmy



LIGHT -FRONT MATRIX EQUATION

72 2
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Yare | [ {48V lgq)
tbﬁm = | {gqg] V |¢q)
— o[z
B N

G.P. Lepage, sjb
Rigorous Method for Solving Nown-Perturbative QCD!

{q7| V |qgg)

{gqg| V |99}

-3

-

Il

Il

h

AT =

ﬁ’qﬁf 3

Vezg/n

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

Causal, Frame-Independent




DLCQ: QCD(1+1)

1.0

0.5

o by,)
o

1.0

0.5

— SU(3) Baryon

rn/g =1.6

Hornbostel, Pauli, sjb

i

(a)

I i | | I 1 T
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(c)
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e aa4q s
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<dI dk) : 2

0
0.2 03 04 05 06

EOBSAS

a-c) First three states in NV =3 baryon spectrum, 2K=21. d) First B = 2 state.



LW‘FV: 1tQCD Fixed T=t—|-Z/C

£QC’D - x
H%Y L
l [C (1l — x) b ]
(Hip + Hpp)|¥ >= M?|U > Coupled: Fock states
Eliminate higher Fock states
l oand retowded interactions
[/214—_7;? + Vi) Yor(a, kL) = M2 Yppp(a, kL) Effective two-particle equation
d? 1 — 4.2 , AWMBWC,¢
[ dCQ ' 4§2 ' U(C)]w(o =M ?’b(o Single variable Equation
AdS/QCD: mq =0

L as/
[ QO =KCral@rs-1) ) TR

Sums an infinite # diagrams

Semiclassical furst approximation to-QCD



de Teramond, Dosch, sjb

AdS/QCD
Soft-Wall Model

Light-Front Holography

2 _2
e¥(?) = v 2" (T

[~ L 147 L U(0)]w(C) = MPY(C)

Light-Front Schrodinger Equation
U(¢) = k*C* +2x*(L+ S —1)
Single variable ¢

Confinement scale: k~005GeV

Confinement Potential!

e de Alfaro, Fubini, Furlan: Scale can appear in Hamiltonian and EQM
@ Fubini, Rabinovici: without affecting conformal invariance of action!

GeV unity externad to- QCD: O



Maldacena

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

R2 wwawriont measure
ds* = — (ndatde” — dz?),———

T2
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.
2 — N, 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.

AdS/CFT



® Soft-wall dilaton profile breaks
conformal invariance ¢(z) — +r°2"

® Color Confinement in z
® Introduces confinement scale K

® Uses AdS;s as template for conformal
theory

The Mexican School
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https://indico.cern.ch/event/628450/
https://indico.cern.ch/event/628450/

[690(2) _ e-l-ﬁlzzj Positive-sign dilaton e de Teramond, sjb

AdS Soft-Wall Schwédinger Equation for
bound state of two- scalow constituenty:

A oe) = MPa()

dz? 42

U(z) = k*2* +2:*(L+ S — 1)

Devived from vowiatiovw of Action for Didlaton-Modified AdSs

Identical to Single-Variable Light-Front Bound State Equation in (!

2 iy (= \/a;(l—a:')l;i



LF(3+1) D A M5 de Teramond, sjb
Light-Front Holographic Dictionary

Fixed T=t+4 z/c

P(2,¢) = Va1l — )¢ 9(C)

(uR)? = L% — (J — 2)°

Light-Front Holography: Unique mapping derived from equality of LF
and AdS fornmuda for TM and grovitational cuwrrent mativix elementy
ond identical equations of motiovw




. Massless pion!
Meson Spectrum in Soft Wall Model

—0if — 0 Piov Negative term for J=0 cancels
— V1 Tg = positive terms fromv LFKE and potential

e

o Effective potential:  [J((?) = x*(? + 2k*(J — 1)
o LFWE

d? — 4L%
( a2 1 ez TRC (T - 1)) 65() = M*¢5(¢)

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

¢n,L(C) — K‘,1+L \/(nzf}/)' <1/2+L6—52C2/2L7I{(K/2<2)

e Eigenvalues

M2 L—4n (m J+L)

2

C 2 bi T ( 1 — x) G. de Teramond, H. G. Dosch, sjb



Quauks seporation ©
increases with L

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

2-2007
8721A21

Soft Wall
Model

S=0

(a)

7, (1670)

Same slope in n and L!

(b)

S =0

7 (1300)

|Pion mass
automatically zero!

mg = 0

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

4 0
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De Teramond, Dosch, $b my = mg = 46 MeV, mg = 357 MeV

M? =M+ <x

X> from LF Higgs mechanism




Prediction fromAdS/QCD: Meson LFWF

2
e??) = th7z 0.8'(:)660'40'2 de Teramond,
0.2 > Cao, sjb
0.15 o
vz, k%) | “Soft Wall”
. model

0

Note coupling
2
kY, x

4
wM (33, kJ_) — e
ky/o(1 — )
fr = \/pqq-gﬁ = 92.4 MeV Same as DSE! c.Dp.Robertsetal.
Provides Conmnmection of Confinement to- Hadrow Structure




o Light Front Wawefunctions: W (x4, k|5, As)

off-shell in P~ and invariant mass /\/lgg

Fixed T=t+4 z/c

“Hadronization at the Amplitude Level”

Boost-invariant LFWF connects confined quarks and gluons to hadrons



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
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Light-Front Perturbation Theory for pQCD

1
T=H;+H — H7 + cdots
' ' Mzznitial o M?ntermediate + 1€ '

® “History”: Compute any subgraph only once since the LFPth
numerator does not depend on the process — only the
denominator changes!

® Wick Theorem applies, but few amplitudes since all k* > 0.
® |, Conservation at every vertex

® Unitarity is explicit EChl b

1
® | oop Integrals are 3-dimensional /O dx / A’k

® hadronization: coalesce comoving quarks and gluons to
hadrons using light-front wavefunctions W, (x5, k | ;, \;)



Cornnectiow to-the Lineawr Ivstont-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



Piow Form Factor from AdS/QCD and Light-Front Holography

log | F(s)]

spacelike timelike

) i} /Frascati
S
it ||
f JLab \ ’

BaBar ISR |
10 -5 5 10

B
¢*(GeV?)




Remawrkalble 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*C*+2:*(L+ S —1)

The Mexican School

of Particles and Fields
Quark Confinement and Novel QCD 2018 Sonora School
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QCD Lagrangiowv

1
»CQCD = —ZTT(G’LWGW/ + ZZ\I/fDM’y’u\Iff —+ y\lff\lff
F=1

— 0" — gA*  GMY = 0FAF — GV AF — g[AF, AY]

Classical Chiral Lagrangian is Conformally Invariant

Where does the QCD Mass Scale come from?

QCD does not know what MeV units mean!
Only Ratios of Masses Determined

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

@ de Alfaro, Fubini, Furlan:

Unique confinement potential!



@ de Alfaro, Fubini, Furlan ( dA FF)

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

New term

G=uH+vD +wK /

1 d? g  duw —v? $2)

G=H,=—( | |

2 dr? = x? 4
Retaing conformal iwnwariance of actiow despite mass scale!
duw — v* = k* = [M]?
Identical to- LF Hamiltonion withv unique potentiod and dilaton!
> 1—4L7

et T TV = MU ()

U(¢) =r*C? +2:%(L+ S —1)

® Dosch, de Teramond, sjb




AdAFF: New Time Variable

2 X ( 2tw + v )
T = arctan ,
VAuw — v? VAuw — v?

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

e Finite range

¢ Measure in Double-Parton Processes

Retaing conformal inwariance of action despite mass scale!



Haag, Lopuszanski, Sohnius (1974)

Superconformal Quantum Mechanics

(ot =1 B= "y =0

1 1

¢=§(01—i02)» ¢+=§(01+i02)
Q=vt-0:+ 1] QT =00+ 1) §—ure §* =y

(Q,QT}y=2H, {5,587} =2K

Q.Y = f—B+2D, {Q",S}=f—B—2iD

generates conformal algebra

HD|=iH, [H,K =2iD, [K,D]=-iK

‘Q:\/ﬁ, E’tzm



Superconformal Quantum Mechanics

R D] Q~VH, S~VK
Consider R, = Q +wS:| w: dimensions of mass squared

G ={Ry,, R} =2H + 2w*K + 2wfl — 2wB 2B = 04
Retains Conformal Invariance of Action Fubini and Rabinovici
New Extended Hamiltoniawnw G iy diagonal

4(f + %)2 o 1)

Gi=(—0.4+wa”+2wf —w- 2
A4(f — 3)2 -1
Goo = (—c‘ﬁ +w2x2 —|—2wf—|—w | (f 4;3 )

lIdentifyf—%:LB, w = K? \ = g2

Eigenvalue of G: M?(n,L) = 4k*(n+ L + 1)




Superconformal

LF Holography

AL2 — 1

Quantum Mechanics

(024w 4o 1)+ LB s — ey
AMLg+1)°%—1, _ -
(— 33 + k** +2k*Lg A (L5 4<2) )wj _ Mzwj
MZ(na Lp) = 4/12(71 + L+ 1) S=1/2, P=+
Meson Equation \ = k2
412, — 1
(—§g+/{4<‘2_|_2/{2(€]_1)! ;1\22 )¢J:M2¢J
$=0, P=+
M?(n, L) = 45 (n + L) Soume k|

$=0, I=1 Meson is superpartner of S=1/2, I=1 Baryon
Meson-Baryon Degeneracy for Ly=Lp+1



N(940)

N(1720)
N(1680)

S=1/2, P=+

L

N(1875)

N(1535)
N(1520)

S=1/2, P=-

‘4“

I 1 I I I

I 2 I I I

I 3 I I I I

i Mz(GeVz) N(2600)
v=L+1
(D)
N(2250)
$=3/2, P=- N2I%)
N(1700) l

I N(1675) N(2220)

N(1650)

N(1720)
N(1680)

> S=1/2,P=+ [

- N(940) AK
T B S T T T 6
Mz(GeVz) § 0

A(2420)

A(1950)

, A(1920)

- A(1600) A(1910)

: A(1905)

A(1232) ]

| s=1/2,3/2 L. |
T T S N R



S M/P?/VC(TVWCOVVVLOLZ/ Quantuum Mechawnics de Teramond, Dosch, Lorce, sjb
Light-Front Holography |

Meson-Baryon
Mass Degeneracy
for Ly=Ls+1

M2 :n—|—LB—|—1

nucleon




s M? (GeVz)

0 — A superpartner trajectories

4

g P3, W3

] 5+ 7+

3 A2 A2 A2 A2 -

! 3-

2| , A2 il
qqq]

I p,w i
. LM — LB + 1
0_. S T (T S (N S S S A S SO S N N N
0 1 2 3 4 5

Dosch, de Teramond, sjb L (Orbital Angular Momentum)



= /{2 de Téramond, Dosch, Lorce’, sjb

M, = Mg = 46 MeV, my, = 357 MeV

0.3¢

0.1t

=
>
>
™
™
(1]
(1]
=
N
he!
>
A
ASS
oisa

Fit to the slope of Regge trajectories,

including radial excitations

Same Regge Slope for Meson, Baryons:
Subersymmetric feature of hadron bhyvsics



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]

Nucleon LF modes

¢+(C)n,L

w— (C)n,L

Normalization

[ dC [y da? ((2a) = [°dC [y day? (C ) = &

Eigenvalues

“Chiral partners”

From Nick Evans

2n! 2 -2
_ 2+ L 3/24+L _—k“C*/2 7 L+1 (, .22
= K \/(n+L)!g e Ly (k°¢C%)

1 2n! 2 2
L 3+ L 5/2—|—L —k“( /QLL—|—2 2 ~2
— K e K

\/n—|—L—|—2\/(n+L)!C n ()

1 Quawk Chivad
Symwmetry of
tigenstate/!

M%,L,S:1/2 =4r° (n+ L+ 1)

M N (1535) NG,

M N (940)

Nucleon: Equal Probability for L=0, |



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

FI(Q?) = R / e

~4

V(Q,2)¥% (2)

e Nucleon AdS wave function

T _ RAHE 2n/! T/2+L L+l (,.2,2) ,—r%2%/2
+(2) = e (n+L)!Z S (k727 e

e Normalization (F1P(0)=1, V(Q=0,2)=1)

dz
4 2
e Bulk-to-boundary propagator [Grigoryan and Radyushkin (2007)]
1 . . .
V(Q Z) _ /{222/ dx x%e—mQ,zQx/(l—x) 1ol |
| o (1—x)° T
> i
(O]
e Find | S
HQ)= v @ e
= _ LL
(1+%) (1+ 3%) g

with M2 — 4k2%(n + 1/2)

Q? (GeV?)



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.



Spacelike Paudis 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




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

2-2012 2 2 2-2012 2 2
8820A18 Q= (GeV?) 8820A17 Q= (GeV?)

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




Superconformal Algebra
2X2 Hadronic Multiplets
Bosons, Fermions withv !

Meson Baryon

R}
¢ OO R G — [qq]
O O 30 — 30

oy, Lp+1 Yp+, Lp

Baryon Tetraquark

0O A OO
Rl ¢ — [q] ® A\, e @

30 — 3¢

wB—7 LB _I_l ¢T7 LB
Proton: lu[ud]> Quark + Scalar Diquark

Equal Weight: L=0. L=1



Tetraquark
JPC _ 1—|—‘|—

a,(1260)

(W®N g—
— [“] L=0

Rl ¢ — [4q
3c — 3¢

Meson Baryon



Meson Baryon Tetraquark
g-cont JPE) Name goont JP Name gcont JPE  Name
qq 0 w(140)

g 1 mm) | wde (120 NEw) |udad o0 o(zoo)
o 20 m(i6ss) | fude (32 Ny-(1520) | fudfad 1
22 1 - A(770), w(780)

(T o T o), LI20) BT AU | T o (1%60)
99 3 Ps - 2 n T
g9 4" a,(2040), f,(2050) | (g9g)q (7/2)" Ag.(1950) [ud]

75 0 K (495)

qs 14 K,(1270) udls  (1/2)  A(1115) | |ud][zg)] 0* K3(1430)

gs 2 Ka(1770) ud)s_ (3/2)~  A(1520) | [udllsa] 1-

sg 0 K (495)

sg 17 K,(1270) lsalg  (1/2)*  X(1190) | [sqllsq] 0**  ag(980)
fo(980)

5g I K+ (890)

T 2 K (1430) (sq)g (3/2)" %(1385) |(sq)fud 1* K,(1400)
5g 3 K:(1780) (sa)a (3/2)° (1670) | (sq)ud 2~  Kao(1820)
sg & Ki(2045) (sq)g_ (7/2)* X(2030) | (sq)|ud]
as 01 17 (958)

( as 1+~ h,(1380) lsgla  (1/2)* =(1320) lsqllsg] 0**  fo(1370)

ag| 140
s 2 2( 1870) lsgls  (3/2) Z=(1620) | |sqllsq] 1-°
s 1 $(1020)
&8s v f2(1525) (sq)s (3/2)* =*(1530) | (sq)lsg] 1**  f1(1420)
a,(1420)
s 3-- $a(1850) (sq)s (3/2) Z=(1820) | (sq)|7q|
5 20 72(1640) (3s)s  (3/2)" (1672) | (ss)}za] 1+  K:(1650)
Meson Baryon Tetraquark




Dosch, de Teramond, sjb

Supersymmetry across the light and heavy-light spectrum

M? (GeV?)
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(@)

A:(2625)
A-(2880)
D1(2420)
i & Ac(2595)
A¢
D
0 1 2 3
Ly=Lg+1
| (¢) =-(2815) .
D, 1(2536) Z.(2790)
i * D, 1(2460)
D;
0 1 2 3
Ly=Lg+1

Dosch, de Teramond, sjb

Supersymmetry across the light and heavy-light spectrum

| (D)

8
.(2520)
~ Of
= D3(2460)
4l
D*(2010)
2L . .
0 1 2
Ly=Lg+1
81 (@) = (2645)
g8 6f D?,(2573)
4 Dr2112)
2‘ 1 1 1
0 1 2
Ly=Lg+1

Heavy charm quark mass does not break supersymmetry



ra

Superpartners for states with one ¢ quark |

e

Meson Baryon Tetraquark
g-cont JF©) Name g-cont JF Name g-cont JF©) Name
ge 0 D(1870) — — — — — —
ge 1t D;(2420) | [udle (1/2)t  A.(2290) | [ud][cg] Ot  Dg(2400)
go 2" D;(2600) | [udle (3/2)~  A.(2625) | [ud]feg] 1 .
cq 0~ D(1870) — — — —_— —
&g 1t 2420) | [cqlg (1/2)t  S.(2455) | [cqllad] Ot  Dg(24000)
gc 1~ D*(2010) — — — — — —
ge 27 D3(2460) | (gq)c (3/2)7 22(2520\ (gg)leg] 17 D(2550)
ge 3 D3(2750) | (gq)c  (3/2)~  X.(2800) \ | (gq)[cq) — —
sc 0- D,(1968) — — — N — — —
Sc 1+ Ds1(2460) | [gsle  (1/2)F  =.(2470) \%{;3] gl 0t D%(2317)
Sc 2” s2(~ 2860)73 [gslc  (3/2)” =(2815) qlleg) 17 —
sc 1- D*(2110) — — — — — —
sc 27" Mc (3/2)F =5 (2645) (sq\leg] 17 Ds1(2536)
és 1t ) [es]s\ (1/2)"  Q.(2695) cs][§g]  0F 77
sc 2t ) Bs)e \3/2)" Q.(2770) | (ss)[ey 17T ??
\
\predictions beautiful agreement!




Dosch, de Teramond, sjb

Supersymmetry across the light and heavy-light spectrum

38} 381 (D)
L 34t Bi5T2D) L 34!
= = B1(5747)
30¢ A (5620) 30¢ B}
261 B 261 B
0 ] 2 3 0 ] 2 3
Ly=Lg+1 Ly=Lg+1
38] (©) 38} (@)
B, 1(5830) =p(395))
L34 L34 £
= Zp = B7,(5840)
30| 30!
B;
r6| Bs 26|
0 ] 2 3 0 ] 2 3

Heavy bottom quark mass does not break supersymmetry



KR(GGV)

1.0}
0.8}
0.6}
0.4
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121
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A A A !
A
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Channel

Regge slope for heavy-light mesons, baryons:
increases with heavy quark mass




Predict Tetraquark T.z,g
MT ~ 3520 M@V



SELEX (3520 +1 MeV) J¥ =< |[ed]e >
Two decay channels: =, — AT K7+, pDT K~

SELEX Collaboration | Physics Letters B 628 (2005) 18-24

- - + .
IS b D' K Y | A, K " and D' pK
_ , , © gL
§ 4 peak mass: 4-bin Poisson Prob ﬁ 81
g‘ 35 3516 MeV || - <64 x 107 g 7t fitted masses: 3518(3) and 33]9(2)
S ] : Lic>1.0 s | g
w 3 w 6
25 5F
2 4 : * .
1.5 3F - -
1 - | AT
0.5 ﬂ ’_F - -
N I o B § U | L) PR N | B S | RN | 2 I N Il P
%46 348 35 352 354 356 3.58 .46 348 35 352 354 356 358
M(p D" K) M(ccd)
&4 — pD*K~ mass distribution from Fig. 2(a) with . Gaussian fits for £ - A7K 7+ and 5 — pDYK—
high-statistics measurement of random combinatone background (shaded data) on same plot.

computed from event-mixing



Underlying Principles

Poincaré Invariance: Independent of the observer’s Lorentz frame
Fixed T =t+ z/c

Quantization at Fixed Light-Front Time T

Causality: Information within causal horizon

Light-Front Holography: AdSs = LF (3+1)

z <> ¢ where (% = b2 z(1 — x)

Single fundamental hadronic mass scale K: but retains the
Conformal Invariance of the Action (dAFF)!

Unique color-confining LF Potential! U ((?) = x*(?

Superconformal Algebra: Mass Degenerate 4-Plet:

(Meson qq > Baryon qlqq] <> Tetraquark [qq][gq] )

The Mexican School

of Particles and Fields
Quark Confinement and Novel QCD 2018 Sonora School

Phenomena of High Energy Physics

Physics on the Light-Front




Universal Hadronic Decomposition

2
H—(1+2n+L)+(1+2n+L)+ (2L +4S + 2B — 2)

2

® Universal quark light-front kinetic energy

Virial
LI @ Universal quark light-front potential energy

BAM? oy = K2(1+ 2n+ L)
® Uhniversal Constant Contribution from AdS
and Superconformal Quantum Mechanics

AM?Z ., =2k°(L+2S+ B —1)
1

hyperfine spin-spin



Use counting rules to- identify composite structure
Lebed, sjb



Ruwnwning Coupling from Modifted AdS/QCD

Deur, de Teramond, sjb

e Consider five-dim gauge fields propagating in AdS5 space in dilaton background ¢(z) = k222
6¢(2) — 64—/46222 S = i/d4x dz \/§69"(z) 95 G2
e Flow equation

20 = g o B = B0

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

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

e Coupling measured at momentum scale ()

a5 / CACT(CQ) @S (¢)

e Solution

AdS

where the coupling o, ™ incorporates the non-conformal dynamics of confinement



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 Q2

® Computable at large Q2 in any pQCD
scheme

® Universal Bo, Bi



Analytic, defined at all scales, IR Fixed Point

0N AdS( )/7‘(‘ _ G_Q /4K
g (Q) - T [
T 0.6 — .{ X‘
[ Modified AdS ¢ ] * ||I|
- — AdS Rl k= 0.54 GeV
o 0t/ (pQCD) N
i o, /7 world data " ‘
------- GDH limit X o./n \ i
0217 ¢ o /nOPAL { ‘?
A o, /mJLab CLAS ClReee
W o, /nHall A/CLAS I r IR
o | @ Lattice QCD (2004) (2007) -
| | | R N | N
10" ] 10
Q (GeV)

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

2 _2
e¥ = eTh 2

Deur, de Teramond, sjb



T
0.6
0.4
0.2
I<J2 0

Deur, de Teramond, sjb

All-Scale QCD Coupling

(Quark Confinement)

Use Qo for starting

Transition scale Qo

Experiment:
AM—S — 0.332 £ 0.017 GeV

DGLAP and ERBL Perturbative QCD
Evolution (Asymptotic Freedom)

Qo = 0.87 + 0.08 GeV

Fit to Bj + DHG Sum Rules:

Nonperturbative QCD

k= 0.513 £ 0.007 GeV

Prediction:
AM—S = 0.339 £ 0.019 GeV

10 1

Reverse Dimensional Trovusmudtation!

10
Q (GeV)

MS scheme
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E 06 i
= | A4 CERNO
04l > SLACE

AdAQY D -

PAL

DESY HERMES

CERN COMPASS -

CERN SMC

Holographic §

o
% A’x-
142/E143 " "',‘;; -

Model 1

Hall AICLAS
JLab CLAS (2008)-
JLab CLAS (2014)

SLAC E154/[E155 ,*
! JLab RSS o’ ("
0.2 B> Fermilab Process ‘ -
A Independent n
- api Model > D> =
0.0 == QHwm _
0 0.050.1 1 10
k [GeV]

Process-independent strong running coupling

Daniele Binosi,! Cédric Mezrag,? Joannis Papavassiliou,® Craig D. Roberts,? and Jose Rodriguez-Quintero

4



== NNPDF3.0
0.0 [ mmmmm® MMHT2014
SeeE CT14

= LFHQCD (NNLO)

0.4 1
u? =10 GeV?

rq(x)

0.2

OO 1l Ll L1111l
10~ 10~ 10~ 107! 10°

X

Universality of Generalized Parton Distributions in Light-Front Holographic QCD

Guy F. de Téramond,1 Tianbo Liu,z’3 Raza Sabbir Suﬁan,2 Hans Giinter Dosch,4 Stanley J. Blrodsky,5 and Alexandre Deur”



0.010
—— LFHQCD(massless)

0.008 1 —— LFHQCD(massive)

/%30006-

q(

= 0.004 |

0.002 |

30 0.2 04 06 0.8 1.0

JLAB-THY-18-2803
SLAC-PUB-17327

Nonperturbative strange-quark sea from lattice QCD, light-front holography,

and meson-baryon fluctuation models

Raza Sabbir Sufian,! Tianbo Liu,"?* Guy F. de Téramond,?> Hans Giinter Dosch,*
Stanley J. Brodsky,” Alexandre Deur,! Mohammad T. Islam,® and Bo-Qiang Ma">&?



Raju Venugopalan

Two particle correlations: CMS results

“Discovery”™

—________\

N\

CMS Min. Bias (1 GeV < pr < 3 GeV)

s’

d) N>110, 1.OGeVIc<pT<3.OGeVIc

—_
eI 0 EEEE N BN S S

B g —

7’

€ Ridge: Distinct long range correlation in n collimated around A®= 0
for two hadrons in the intermediate 1 < p, gr <3 GeV



Possible origin of same-side CMS ridge invp p Collisions

Bjorken, Goldhaber, sjb

/ \ / Emitted
Quark-Gluon Hadrons
Plasma
— - "~ HighPt
Highest dgl\:l b
D
\ / N

V = Z[COS 20;% + sin 2¢;7]

1=1 85



Possible mudtipawticle ridge-like
correlations inv very highv muldtiplicity
pbrotovw-protovnw collisions

Bjorken, Goldhaber, sjb

We suggest that this “ridge”-like correlation may be a
reflection of the rare events generated by the collision of
aligned flux tubes connecting the valence quarks in the wave

functions of the colliding protons.

The “spray” of particles resulting from the approximate line
source produced in such inelastic collisions then gives rise to
events with a strong correlation between particles produced

over a large range of both positive and negative rapidity.

86



Collisions of Aligned Flux Tubes produce high multiplicity events

Brown, Glazek, Goldhaber, sjb

Ridges correlate with scattering plane of proton!




asymumelvies
o
>—
current
. quark jet
Y
L Sp- g X Py C

final state
Interaction

Pseudo- T-0dd ™

“Lensing”
involves soft S0 spectator
scales system

proton
Light-Front Wavefunction

S and P- Waves!

Sigw reversal tn DY!

Leading Twist
Sivers Effect

Hwang,

Schmidt, sjb

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

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

“Lensing Effect”

Leading-Twist
Rescattering

Violates pQCD

factorization!



Example of Leading-Twist Lensing Correction

Boer, Hwang, sjb

DYcos 2¢  correlation at leading twist from double ISI

POdAA/CtO‘]CB - 1 2 —_
M:ldwyfww(;eugwy hl(xlaPL)Xhﬂxz,ki)

Violates Lam-Tung relation!



Double Initial-State Interactions
generate anomalous cos 2¢ | Boer, Hiwang, sib

Drell-Yan planar correlations

1d
- Yo X (1 _|_)\(3052¢9—|—,usiI1219 COS @ + zSiI12t9(3082¢)
o df) 2

PQCD Factorization (Lam Tung): 1 — A — 2v = 0

P . b 7TN—>,u+,u_X NA1O

I 5 LN

1l 0.35+ |
T 0.3 |
U | ]
A VAV (QT)O.25 i L |
0.2+ yard """~~y.;,x'Hdrd glhon radiation

B Rod
Q o
o X3 .
- N —
.Q " .0
. R o 3
O 0

.
d
] ..' 'o’ ‘o,
T [ A o .
1 . Ol * ‘e —_—
- = . . —]
1 K o . pr—
.
1 . K3 .
o * .
] o .’ ‘e,
1 Of . ‘.
B o .
1 R o .
.
1 . - ‘e
—_— I G4 * . —
_— 1 " 0 »* ta,
M > * e,
| » ‘.
& - "~
1 . . oty o,
H -

Pl Pl (P = | ! | e,
. oc1'1 2 3 4 5 6 7. 8
Violates Lam-Tung relation! Qr

Model: Boer,



See also: Collins and Qiu

ttovv whewn botihv ISI ond FSI occuwr




FFe/F,D

Q? =5 GeV*

1.3-""|'"'|""|'"'|""|""|""|""|""’!""
17 [ Scheinbein, Yu, Keppel, Morfin, Olness, Owens '

1.1]

L

0.9 :
0.8 | No-anti-shadowing in deep inelastic neutrino- scattering ! |
07 :. - Non-Universal -- Quark Specific? ”:
0 O.l ()2 03 ()4 ()5 0.6 0.7 08 09 |

X



’7* : q2_
Q* g1 =" =—q
>

Nfront —face

Nz’ntefr‘ior

Front-Face Nucleon remains intact

A
A-1

Two-Step Processy inthe g+=0 Parton Model Frame

lllustrates the LF time sequence



DVCS: C | h
omplex phase lllustrates the

¢" =0 Cﬁ =Q*=—¢° LF time sequence

. 2 :
@ 1% No OPE!!

A

A A-1
Front-Face Nucleon N; struck Front-Face Nucleon N1 not struck
One-Step / Two-Step Interference

Study Double Virtual Compton Scattering v*A — ~v* A
Carmot reduce to- real phase matrix element of local

operator! No-Swm Rules!

OPE matrix elements & LFWFs are real for stable hadrons. nuclei



Shadowing ond Antishadowing irv Leptorn-Nuclews Scattering

e Shadowing: Destructive Interference
of Two-Step and One-Step Processes
Pomeron Exchange

e Antishadowing: Constructive Interference
of Two-Step and One-Step Processes!
Reggeon and Odderon Exchange

Artichadowing is Not Uni ' Jian-Jun Yang
e Antishadowing is Not Universall! Ivan Schmidt

Electromagnetic and weak currents: Hung Jung Lu
different nuclear effects | sjib
Potentially significant for NuTeV Anomaly}

Cruciols JLAB & EIC Tests
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Schmidt, Yang; sjb

Reggeon

Contribution to
DDIS

Constructive
Interference!

Phase from

signature factor

Nuclear Antishadowing not universal !



Nuclear physics in soft-wall AdS/QCD: Deuteron
electromagnetic form factors

Thomas Gutsche, Valery E. Lyubovitskij, Ivan Schmidt, Alfredo Vega

Ve present a high-quality description of the deuteron electromagnetic
form factors in a soft-wall AdS/QCD approach.VVe first propose an
effective action describing the dynamics of the deuteron in the presence
of an external vector field. Based on this action the deuteron
electromagnetic form factors are calculated, displaying the correct 1/Q!0
power scaling for large Q2 values. This finding is consistent with quark
counting rules and the earlier observation that this result holds in
confining gauge/gravity duals. The Q? dependence of the deuteron form
factors is defined by a single and universal scale parameter K, which is
fixed from data.

arXiv:1501.02738 [hep-ph]




Underlying Principles

® Poincaré Invariance: Independent of the observer’s Lorentz
frame: Quantization at Fixed Light-Front Time T

® Causality: Information within causal horizon: Light-Front

® Light-Front Holography: AdSs = LF (3+1)

z <> ¢ where (? = b (1 — x)

® Introduce Mass Scale K while retaining the Conformal
Invariance of the Action (dAFF)

® Unique Dilaton in AdSs: 6+"32Z2
® Unique color-confining LF Potential U((?) = k*(?

® Superconformal Algebra: Mass Degenerate 4-Plet:
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Features of LF Holographic QCD

® Color Confinement, Analytic form of confinement potential

® Massless pion bound state in chiral limit

® QCD coupling at all scales

® Connection of perturbative and nonperturbative mass scales

® Poincare’ Invariant

® Hadron Spectroscopy-Regge Trajectories with universal slopes inn, L
® Supersymmetric 4-Plet: Meson-Baryon Tetraquark Symmetry

® Light-Front Wavefunctions

® Form Factors, Structure Functions, Hadronic Observables

® OPE: Constituent Counting Rules

® Hadronization at the Amplitude Level Mauny PZ’LP/V\O‘WLO{OWOJ/ tests

® Analytic First Approximation to QCD

® Systematically improvable: Basis LF Quantization (BLFQ)
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Irnwawiance Principles of Quantum Field Theovy

Polncaré Invariance: Physical predictions must be
independent of the observer’s Lorentz frame: Front Form

® Causality: Information within causal horizon: Front Form

® Gauge Invariance: Physical predictions of gauge theories
must be independent of the choice of gauge

Scheme-Independence: Physical predictions of
renormalizable theories must be independent of the
choice of the renormalization scheme —

Principle of Maximum Conformality (PMC)

Physics on the Light-Front The Mexican School
y & of Particles and Fields

Quark Confinement and Novel QCD 2018 Sonora School
Phenomena of High Energy Physics


https://indico.cern.ch/event/628450/
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The

Renormalization Scale Ambiguity for Top-Pair Production

Eliminated Using the ‘Principle of Maximum Conformality’ (PMC)
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D Xing-Gang Wu

Ay (M: > 450 GeV) SJB

Measured
asymmetry

PMC Prediction

- Conventional Prediction

Conventional guess for renormalization scale and range

BLM/PMC: Scheme-Independent, same as Gell-Mann-Low in pQED

Top quark forward-backward asymmetry predicted by pQCD NNLO

within | 0 of CDF/D0 measurements using PMC/BLM scale setting



Exti ng the Predictive Power ofBCAD

Extending the Predictive Power of Perturbative QC

Bo-Lun Du.* Xineg-Gang Wu,” and Jian-Ming Shen*
Department of Physi BL-Dun, X-G.WU,J.M, Shen, S]b 401381, P.R. China

Stanley J. Brodsky?
SLAC National Accelerator Laboratory, Stanford University, Stanford, California 94039, USA

The predictive power of perturbative QCD (pQCD) depends on two important issues: (1) how
to eliminate the renormalization scheme-and-scale ambiguities at fixed order, and (2) how to reli-
ably estimate the contributions of unknown higher-order terms using information from the known
pQCD series. The Principle of Maximum Conformality (PMC) satisfies all of the principles of the
renormalization group and eliminates the scheme-and-scale ambiguities by the recursive use of the
renormalization group equation to determine the scale of the QCD running coupling o at each or-
der. Moreover, the resulting PMC predictions are independent of the choice of the renormalization
scheme, satisfying the key principle of renormalization group invariance. In this letter, we show that
by using the conformal series derived using the PMC single-scale procedure, in combination with
the Padé Approximation Approach (PAA), one can achieve quantitatively useful estimates for the
unknown higher-order terms from the known perturbative series. We illustrate this procedure for
three hadronic observables R _+ .-, R., and I'(H — bb) which are each known to 4 loops in pQCD.
We show that if the PMC prediction for the conformal series for an observable (of leading order of)
has been determined at order ay, then the [N/M| = [0/n — p|] Padé series provides quantitatively
useful predictions for the higher-order terms. We also show that the PMC + PAA predictions agree
at all orders with the fundamental, scheme-independent Generalized Crewther relations which con-
nect observables, such as deep inelastic neutrino-nucleon scattering, to hadronic e e~ annihilation.
Thus, by using the combination of the PMC series and the Padé method, the predictive power of
pQCD theory can be greatly improved.



@

Hoang, Kuhn, Teubner, sjb

Fy 4+ Fy = [1 2048(867?;/4/4)] - 770454(502)}

Angular distributions of massive quarks close to threshold.

Exaumple of Multiple BLM/PMC Scales

QCD coupling at small scales at low relative
velocity v
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y & of Particles and Fields

Quark Confinement and Novel QCD 2018 Sonora School
Phenomena of High Energy Physics




Electron-Electrow Scaltering inv QED

8ms 8mrs
Meeﬁee(++;++) — "'"t’“"' O!(t) | a(u)

e

a(t) = 1-np
Gell-Mann--Low Effective Charge

® Dressed Photon Propagator sums all § (vacuum polarization) contributions,
proper and improper
Oé(t()) H(t t ) _ (t) B ----(t0>
QY (t) — y L0
T — TI(¢, o)

¢ Initial Scale Choice t, is Arbitrary!

3}

® Any renormalization scheme canbeused & (t) — aM—S(e 3 t)



Principle of Maximuwm Conformality (PMC)

week endin
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

Matin Mojaza™

CP3-Origins, Danish Institute for Advanced Studies, University of Southern Denmark, DK-5230 Odense, Denmark
and SLAC National Accelerator Laboratory, Stanford University, Stanford, California 94039, USA

Stanley J. Brodsky'
SLAC National Accelerator Laboratory, Stanford University, Stanford, California 94039, USA

Xing-Gang Wu*

Department of Physics, Chongging University, Chongqing 401331, People’s Republic of China
(Received 13 January 2013; published 10 May 2013)

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 {f3;} 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.




NNLO QCD predictions for fully-differential top-quark

pair production at the Tevatron arXiv:1601.05375
Michat Czakon,” Paul Fiedler,” David Heymes®’ and Alexander Mitov®

O . 5 | | | | | | | |
IBIPI/"% _ «— | Wang,etal
NLO ™

— o | Czakon, et al
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NLO , NNLO: Czakon, Fiedler, Heymes, Mitov
PMC and Conv NLO : Wang, Wu, Si, sjb
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Xing-Gang Wu, Matin Mojaza
Leonardo di Giustino, SJB

Predictions for the cumulative front-back asymmetry.



http://arxiv.org/abs/arXiv:1601.05375

S-Q Wang, X-G Wu, sjb o(pp — HX — vy X)

110
100 LHC-XS -
90 F PMC T -
g —Aa—T'TeV
£ 80r
~ 0 —— 8T€V
70+ |
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| 13Tev |8

Comparison of the PMC predictions for the fiducial cross section ogq(pp —
H — ~~) with the ATLAS measurements at various collision energies. The
LHC-XS predictions are presented as a comparison.

ocra(pp = H —~y) T7TeV 8 TeV 13 TeV
ATLAS data [48] 49418 4257105 52130

LHC-XS [3]  24.7+2.6 31.0£3.2 66.17¢

PMC prediction  30.1753 384752 858121




QED Ruwnwning Coupling

a0
a(t) = 1255

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

H(t, tO) — H(t)—l_l(to)

1—-M(tg)

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



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(¢?).




Electron-Electrow Scallering inv QED

81s 81S

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

No renormalization scale ambiguity!

_E_) :
Gauge Invariant. Dressed photon propagator t ‘ u ‘ \
— :

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

¢ Two separate physical scales: t, u = photon virtuality

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!



Electron-Electrow Scaltering inv QED

New renormalization scale at each order of pQED

™ ™ P
———> —
[ ] [ ] *
[] [] ‘, "
[ ] [ ] * ’Q
[ ] [ ] * *
* *
&
. ‘
. . * o
*e
*»
[ [ * 0
* *
n [ ] * *
n n g .
[ ] [ ] * *
™ ™ ‘0 “
[ ) [ ) * ) Py

Each “skeleton™ graph has its own renormalization scale

>

>

Renormalization scheme independent at each order

Independent of initial scale Yo

Abelian theory is the analytic limit QCD at Nc =0



No renormalization scale ambiguity in QED
No guessing of renormalization scale or range!

Physical predictions cannot depend on renormalization scheme

Gell Mann-Low QED Coupling defined from physical observable

Running Coupling sums all Vacuum Polarization Contributions, all f5
terms

Recover conformal series
Renormalization Scale in QED scheme: Identical to Photon Virtuality

Analytic: Reproduces lepton-pair thresholds -- number of active leptons
set

Examples: muonic atoms, g-2, Lamb Shift
Time-like and Space-like QED Coupling related by analyticity

Dressed Skeleton Expansion



BLM Scale Setting

Bo =11 — 3n;

| p=Coazps(Q) 1+a j:Q)(—%BOAVP+-§21AVP+B)
Lo \ ng dependent
. coefficient identifies
by qu/lOO'P VP
| ars(Q*) contributiovw
p=Coays(Q%) |1+ T+,
AN

where

Q* zQ exp(3AVP) ’
Ci=2A4yp+B .

Conformal coefficient - independent of (3

The term 33A4yp /2 in C7 serves to remove that part of the
constant B which renormalizes the leading-order coupling.
The ratio of these gluonic correctlons to the light-quark
corrections is fixed by Bp=11—+n -

Use skeletor expansion
Gardi, Grunberg, Rathsman, sjb



BLM/PMC: Set Scales a(Q) =

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 b terms?

BLM: Use nr dependence of Bo and B+



Principle of Maximuwm Conformality (PMC)

- Subtract extra constant 6 in dimensional regularization.

Defines nhew scheme R;

logdnr —vg — 0 MS:0=0 (0:Arbitrary constant!)

- |Coefficients of 0 identify B terms !

- Shift B terms to argument of running coupling «(Q.) at
each order n (analogous to all-orders vacuum polarization
summation in QED)

* Resulting PQCD series matches = 0 conformal series
- scheme-independent predictions at each computed order

- almost independent of initial scale Mo
M. Mojaza, L. di Giustino, Xing-Gang Wu, sjb



Since p is a physical observable, it must be independent
of the arbitrary renormalization scheme and scale. That

is, iy
initral

Generalization: use 9,, at n-loops.

ps(Q?) =ro +r101(Q) + (r2 — Bor101)a2(Q)”
+ [rg — 517“121 — 250"“25{2 + 53T1§i]a3(Q)3
+ |74 — 527“13’1 — 2011202 — 350T3ii+ 353T2§

— 58T1£i + gﬂlﬁOrlﬁ]a(Q)4 + O(a”) (20)

Shows the general way nonconformal terms
enter awv observable ond the scheme dependence
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Set multiple renormalization scales --

Lensing, DGLAP, ERBL Evolution ...

Choose renormalization scheme; e.g. aff(pBt) ?M C/ B LM
l No renormalization scale ambiguity!
Choose '™ arbitrary initial renormalization scale Result iy independent of
Renormaligatiov scheme
l and initial scale!

Identify {BE} — terms using 6— terms
QED Scale Setting at Nc=0

through the PMC — BLM correspondence principle

l order by order Eliminates unnecessary

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

} Scale fixed at each order

Conformal Series

0-Scheme automatically

nit

Result vs independent of pg" and scheme at fized order Identlﬁ (SR B-te I"mS!

e : : Xengo-Gang Wu, Matin Mojasa
Principle of Maximum Conformality [ asiyasips s

A robot can compute the PMC scales



0.260

SR SN )N PMC + Padé o
0256 | y

0.250 - g
! o
0.245 |
i O
0.240 - ¢ N
0935 ! Scale Ambiguity, Scheme Dependence, Ot;’ ﬁg , 1!
s Renormalons Eliminated
0.230 | | | '

2 3 4 5

N
Extending the Predictive Power of pQCD

B-L Dun, X-G.Wu, J.M, Shen, sjb



Features of BLM/PMC

e Predictions are scheme-independent at every order

e Matches conformal series
e No n! Renormalon growth of pQCD series

e New scale appears at each order; nr determined at each order - matches virtuality of
quark loops

e Multiple Physical Scales Incorporated (Hoang, Kuhn, Tuebner, sjb)
e Rigorous: Satisfies all Renormalization Group Principles

e Realistic Estimate of Higher-Order Terms

e Reduces to standard QED scale N — (

e GUT: Must use the same scale setting procedure for QED, QCD

e Eliminates unnecessary theory error

e Maximal sensitivity to new physics

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

e PMC Reduces to BLM at NLO: Example: BFKL intercept (Fadin, Kim, Lipatov, Pivovaroy, sjb)



“One of the gravest pusgzles of
theoretical 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 Quawntigation. causald, frame-independent vacuuwmw
(B) New understanding of QCD “Condensates”
(C) Higgs Light-Front Zevo-Mode



Two- Definitions of Vacuuwm State

Instant Form: Lowest Energy Eigenstate of Instant-
Form Hamiltonian

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

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

Front Form: Lowest Invariant Mass Eigenstate of Light-Front
Hamiltonian
Hrrlbo >r= Mg |o >, My =

Frame-independent eigenstate at fixed LF time t = t+3/c
within causal borizon

Frame-independent descriptiovw of the causal physical universe/



Front-Form Vacuuwm
All LF propagators have positive k*

kT = kO + k® > 0 since |k| < k°

P+ Momentum Conserved

]
]
&
P =0 zero!! zero !!

< 0|T™ |0 >= 0

Graviton does not couple to LF vacuum!




Light-Front vacuumnm cowv simudate empty universe
Shrock, Tandy, Roberts, sjb

® Independent of observer frame

® Causal

® Lowest 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, EW
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Light-Front Pion Valence Wavefunctions

SE 485 =41/2-1/2=0
Couples to
L7 =0,5 =0 < 7w|3"qvsq|0 > ~ [

_ / Rurwming constituent mass al vertexr Couples to
- LF=+41,8=-1 < 7|qy5q|0 > ~ Px

SZ48%=-1/2-1/2=—1

Angular n n—1
Momentum J” = Z Si + Z L;
Conservation i i
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Maris, Roberts, Shrock, Tandy, sjb

Wowd-Takahashi Identity for axial cuwrrent
GMOR satisfied, no VEV

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

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

21y,
.- plus non-pole

2

T

Identify pion pole at P? =m

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

fﬂ'm72r — _(mu T md)pw



Revised Gell Mowvun-Oakes-Revrwner Fornmuda inv QCD

m2 — (M + mq) < 0gq|0 > current algebra:
" I l effective pion field
m?r — (1M + Ma) < 0ligysq|m > QCD: composite pion
Jr Bethe-Salpeter Eq.
No-VEV!

vacuunm condensate actually iy o “in-hadronw condensate”




RAPID COMMUNIC

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

New perspectives on the quark condensate

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

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

@ quark mass. Thus, whereas it might sometimes be convenient to imagine otherwise, neither is essentially a constant R
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.

\_ /
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Quawk and Gluovw condensates reside
withinw hadrons, not vacuuwm

Casher and Susskind Maris, Roberts, Tandy Shrock and sjb

¢ Bound-State Dyson Schwinger Equations
o AdS/QCD

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



“One of the gravest pusgzles of
theoretical 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 Quawntigation. causald, frame-independent vacuuwmw
(B) New understanding of QCD “Condensates”
(C) Higgs Light-Front Zevo-Mode



“One of the grawvest puszszles of
theoretical physics”

DARK ENERGY AND
THE COSMOLOGICAL CONSTANT PARADOX

A. ZEE

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

(Q)oep ~ 107
(QA?EW ~ 10°° Qp = 0.76(expt)

(QA)QCD = () (QA)EW = (
Central Question: What is the souwrce of Dark Energy?
Qp = 0.76(expt) Higgs Zevo-Mode Curvature?



Some References for Light-Front Holography

Light-Front Holography: A First Approximation to QCD
Guy F. de Teramond (Costa Rica U.), Stanley ). Brodsky (SLAC). Sep
2008. 4 pp.
Published in Phys.Rev.Lett. 102 (2009) 081601
e-Print: arXiv:0809.4899 [hep-ph] | PDF

Light-Front Holographic QCD and Emerging Confinement
Stanley ). Brodsky (SLAC), Guy F. de Teramond (Costa Rica U.), Hans Gunter
Dosch (U. Heidelberg, ITP), Joshua Erlich (William-Mary Coll.)..
Published in Phys.Rept. 584 (2015) 1-105
e-Print: arXiv:1407.8131 [hep-ph] | PDF

Superconformal Baryon-Meson Symmetry and Light-Front Holographic QCD
Hans Gunter Dosch (U. Heidelberg, ITP), Guy F. de Teramond (Costa Rica U.), Stanley ).
Brodsky (SLAC).

Published in Phys.Rev. D91 (2015) no.8, 085016
e-Print: arXiv:1501.00959 [hep-th] | PDF

Hadronic superpartners from a superconformal and supersymmetric algebra
Marina Nielsen (Sao Paulo U. & SLAC), Stanley ]. Brodsky (SLAC). Published in Phys.Rev. D97
(2018) no.l 1, 114001
e-Print: arXiv:1802.09652 [hep-ph] | PDF

Connecting the Hadron Mass Scale to the Fundamental Mass Scale of Quantum Chromodynamics
Alexandre Deur (Jefferson Lab), Stanley ). Brodsky (SLAC), Guy F. de Teramond (Costa Rica U.).
Published in Phys.Lett. B750 (2015) 528-532
e-Print: arXiv:1409.5488 [hep-ph] | PDF

Nonperturbative strange-quark sea from lattice QCD, light-front holography,
and meson-baryon fluctuation models
Raza Sabbir Sufian, Tianbo Liu, Guy F. de Téramond, Hans Giinter Dosch, Stanley ).
Brodsky, Alexandre Deur, Mohammad T. Islam, Bo-Qiang Ma.
JLAB-THY-18-2803, SLAC-PUB-17327
e-Print: arXiv:1809.04975 [hep-ph] | PDF



Physics on the Light Front:
A Novel Approach to Quark Confinement and QCD Phenomena

Fixed T=t+4 z/c
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Some Key QCD Issues inv Electroproduction

¢ Intrinsic Heavy Quarks at high x; s (Q?) # 3 ($)
* Role of Color Confinement in DIS

¢ Hadronization at the Amplitude Level

* Leading-Twist Lensing: Sivers Effect

e Diffractive DIS

¢ Static versus Dynamic Structure Functions

® Origin of Shadowing and Anti- Shadowing

* Is Anti-Shadowing Non-Universal: Flavor Specific?

®* Nuclear Correlations and Effects

1T <x < A

¢ Is Momentum Sum Rule Correct?



