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Light-Front Quantization

Evolve in ordinary time

CtL

Instant Form

Comparing light-front quantization with instant-time quantization
Philip D. Mannheim(Connecticut U.),
Peter Lowdon(Ecole Polytechnique, CPHT),
Stanley J. Brodsky(SLAC)
e-Print: 2005.00109 [hep-ph]

P.A.M Dirac, Rev. Mod. Phys. 21,
392 (1949)

Dirac s Amaging Idea:
The “Front Form’

Evolve in light-front time!

o=ct—z ACt T =1 Z/C
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analogous
to a flash
photograph

Front Form

Causal, Boost Irwawriant!
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Dirac’s 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 Ty = T
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Interactiorv
Fixed T =t+4 z/c picture

Formv Factory arve

Overlapys of LFWFy
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Exclusive processes in perturbative quantum chromodynamics

G. Peter Lepage
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We present a systematic anélysis in perturbative quantum chromodynamics (QCD) of large-momentum-transfer‘ ,
exclusive processes. Predictions are given for the scaling behavior, angular dependence, helicity structure, and
normalization of elastic and inelastic form factors and large-angle exclusive scattering amplitudes for hadrons and
photons. We prove that these reactions are dominated by quark and gluon subprocesses at short distances, and thus
that the dimensional-counting rules for the power-law falloff of these amplitudes with momentum transfer are
rigorous predictions of QCD, modulo calculable logarithmic corrections from the behavior of the hadronic wave
functions at short distances. These anomalous-dimension corrections are determined by evolution equations for
process-independent meson and baryon “distribution amplitudes” ¢(x;,Q) which control the valence-quark
distributions in high-momentum-transfer exclusive reactions. The analysis can be carried out systematically in
powers of , (Q?), the QCD running coupling constant. Although the calculations are most conveniently carried
out using light-cone perturbation theory and the light-cone gauge, we also present a gauge-independent analysis
and relate the distribution amplitude to a gauge-invariant Bethe-Salpeter amplitude.

Rigorous QCD analysis of exclusive reactions
Hadron Distribution amplitudes

ERBL Evolution
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Fixed T=t+4 z/c LW'FVW QCD Physical gauge: AT =0

Exact frame-independent formulation of
nonperturbative QCD!

CD o
[RCD HQ %
QCD m2 -+ k2 : s " ps
Hep” =) | =i + Hy .

- LF
/) B, kA
H"t: Matrix in Fock Space ]
D KA b p,S
QC |\Ifh >= ./\/l ‘\Ifh > i

p, J. >= an xz‘aku,)\i)|n§ﬂfiaku,>\i > %

n—
Eigerwalues and Eigensolutions give Hadronic
Spectrum and Light-Front wawefunctions
LFWFs: Off-shell in P- and invariant mass i :“%

Solve nPQCD by matrix diagonalization: Hornbostel, Pauli, sjb znt



Scaling: manifestation of asymptotically free hadronic interactions

From dimensional arguments at high

energies in binary reactions: A — _— C
CONSTITUENT COUNTING RULE g /Q\D
Brodsky and Farrar, Phys. Rev. Lett. 31 (1973) 1153 ..
Matveev et al., Lett. Nuovo Cimento, 7 (1973) 719 hellClty

Counting Rules: conservation

g(x) ~ (1 — z)2spect—1 for  — 1

F(Q?) ~ (g)" ! Farrar, Jackson;
Lepage, sjb;
d9(AB — CD) ~ S(npaf; (tz/j ;)m—% Burkardst,

Schmidt, Sjb

Nparticipants — A +np+nc+np

(1—zpR) (znspectators_ 1)
_2)

do_(AB — CX) ~ F(&/3)x

d3p /E (p%) (nparticipants



Light-Front QCD DLCQ: Solved QCD(1+1) for
‘ght < QCD|\U}L> ;QL |Wh> any quawrk mass and flavory

Heisenberg Equation Hornbostel, Pauli, sjb
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U

Discretized L antization LFQ (Vary et
Use LF Holographic Basis

DLCQ: Diagonalize QCD Hamiltonian, periodic LF BC



Solve QCD by Matrix Diagonalization

Diagonalize the LF Hamiltonian on an Orthonormal Basis
Lorentz Frame-Independent,
Minkowski Causal LF Time
Compute Hadron masses, LF Wavefunctions
Successful applications to QCD(I+1)
Use advanced computer resources
Competitive with LGTh?

H. C. Pauli, K. Hornbostel, sjb



Scaling of Hard Exclusive reactions: Fixed t/s

EXCLUSIVE PROCESSES IN PERTURBATIVE QUANTUM...
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Manifestation of Asymptotic Freedom



/

K+

u Analog of
(electron)
spin exchange
in atom-atom
scattering

/

p

Q uar k I n te e h an g e Blankenbecler, Gunion, sjb

Interactions between exchanged quarks suppressed at high momentum transfer



| | r
o2 A 710 Gewc Quark Interchange
O K10 Gevi 7 | Blankenbecler, Gunion, sjb
o K™ 5 Geve
=== Parton Model
a Quark Interchhange
o
S [o} |
b i 1
i M (%, w)interchange ut2
—
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© | do + +.\ — F(t/s)
(] y,
100 Lot T4 .
Non-linear Regge bebavior:
I
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CO5 EI'E-.m. F3agail
t/s .
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“Counting Rules” Farrar and sjb; Muradyan, Matveeyv, Tavkelidze



Challenge: Compute Hadrow Structure;

Sbectroscopy, and Dynamics from QCD!

Color Confinement

® Origin of the QCD Mass Scale

® Meson and Baryon Spectroscopy

® Exotic States: Tetraquarks, Pentaquarks, Gluonium,
® Universal Regge Slopes: n, L, Mesons and Baryons

® Almost Massless Pion: GMOR Chiral Symmetry Breaking
MZ [z = —2(myt+mg){tu+dd)+O((my,+ ma)?)

® QCD Coupling at all Scales a (Q?)

® Eliminate Scale Uncertainties and Scheme Dependence:
BLM/PMC (Principle of Maximum Conformality)



Need av First Approximation to- QCD

Comparable in stmplicity to
Schrodinger Theory in Atomic Physics

Relativistic, Frame-Independent, Color-Confining

Origin of hadronic mass scale if mg=0

Semi-Classical Approximation to QCD

de Teramond, Dosch, Lorcé, sjb

AdS/QCD
Light-Front Holography



LW’FV: 1tQCD Fixed T=t+4 z/c

ﬁQCD - g
HEE .
l [C (1l — x) b j
(Hip + Hpp)|¥ >= M?|¥ > coupled fock states
tliminate higher Fock stotes
l ond retowded interactions
[i%ltn;j + Vgt | ?PLif(ZB, ki) =M ¢rp(z,ky) Effective two-pawticle equation
d? 1 — 4,2 , AWMBWC,¢
[ d(? B 4(? | U(C)]w(o =M w(o Single variable Equation
=0
Bl L F Holograph Mg
AdS/QCD Comtnir Ads/oc
[ U(C) :/<;4C2—|—2/<;2(L—|—S—1) ] potential/!

Sums an infinite # diagrams

Semiclassical first approximation to-QCD de Téramond, Dosch, Lorcé, sjb



de Teramond, Dosch, sjb

Light-Front Holography

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

Light-Front Schrodinger Equation Unique
U(C) _ /{4<2 n 9.2 (L LS 1) Confinement Potential!
Single vawriable ¢
Confinement scale: k~ 0.5 GeV

onformal Synwunetry

e de Alfaro, Fubini, Furlan: Scale can appear in Hamiltonian and EQM
® Fubini, Rabinovici: without affecting conformal invariance of AdS action!
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Light-Front Holography

Q-+
N - (2200)
2

- M2 i n+ Ly Meson-Baryon
5 — Mass Degeneracy
MnUCleon n+tlp+l for Ly=Lp+1




s M? (GeVz)
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0 — A superpartner trajectories

qqq]

with Guenter Dosch and Guy de Teramond

3 4 5
L (Orbital Angular Momentum)



Heavy Quarkonium in a Light-Front

4.2

Holographic Basis
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Light-Front Holography

® Soft-wall dilaton profile breaks

p(2) — ,tk
® Color Confinement in z € — €

® Introduces confinement scale K

® Uses AdS;s as template for conformal
theory

AdS/CFT

D. Gross: duality of QCD with string theory



https://indico.cern.ch/event/628450/
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Introduce “Didlatow’ to sinudate confinement analytically

Nonconformal metric dual to a confining gauge theory

V(z)

RQ

ds? = — |e?l?) detdr” — dz* I NN 5 9
Z2 (77,“7/ ) J-_-ﬁ_ﬁ \ €+H" =

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

asymptotically AdSs /

Gravitational potential energy for object of mass m

) 5 P22 |
V =mc*\/goo = mc*R | /
© T . E_EEEQ

Consider warp factor exp(d=x-2?) \ ,,/:’z/
Plus solution: V' (z) increases exponentially confining
any object in modified AdS metrics to distances (z) ~ 1/k K lebonoy and Maldacena

r A

2 _2

e?(2) — oTK 27| positive-sign dilaton  * deTeramond,sjb




[egp(z) _ 6—|—1<:222J Positive-sign dilaton * de Teramond, sjb

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

A oe) = MPa()

dz? 42

U(z) = k*2* +2:*(L+ S — 1)

Derived from vawiatiow of Actiow for Dilaton-Modified AdSs
Identical to Single-Variable Light-Front Bound State Equation in (!

AR~ C:\/x(l—m)gi

Light-Front Holography



<p+ali*(0)|p >= 2p" F(¢?)

Interactiorv
Fixed T =t+4 z/c picture

Formv Factory arve

Overlapys of LFWFy
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w(%» kJ-Z) lb(%a kJ_z)
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Exact LF formula! spectators kJ_i =FKk1; —xiqL
Drell, sjb

Transverse size oc +
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Holographic Mapping of AdS Modes to QCD LFWFs
Drell-Yownv-West: Form Factors arve
e Integrate Soper formula over angles: Corwolutiov 076 LFWFs

Fi) =2 [ a2 <d<JO<<q 1‘”[")/3(:1:,0,

X

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

e T[ransversality variable

¢ = \/ r(1l — Cl?)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 Te’'ramond, sjb

Identical to- Polchinski-Strassler Corwolution of AdS Amplitudes
LF(3+1) i AdS:5




LF( 3+1 ) g 0‘055 de Te’ramond, sjb
Light-Front Holographic Dictionary

Fixed T=t+ z/c

P(z,¢) = Va(l —2)("?¢(C)

(uR)* = L7 — (] —2)?

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




de Teramond, Dosch, sjb

Light-Front Holography

_ o t+r?27
690(2) — K™z <2 — ;13(1 ~ x)bi

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

Light-Front Schrodinger Equation Unique
U(C)—NC —|—2li (L—I—S—l Confinement Potential!
Single vawriable ¢
Confinement scale: k~ 0.5 GeV

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




de Téramond, Dosch, Lorce, sjb

LF Holography

Superconformal

Quantum Mechanics

4%, — 1
(— 0+ i+ 2020+ 1)+ Sy arig
AMLg+1)°%2—1. _ -
(_0§+/£4C2+2/12LB | ( B4<2) )wj :Mzwj
MZ(n7LB) — 4“2(n+LB + 1) S=1/2, P=+
Meson Equation \ = k2
412, — 1
(—8g+/<;4<2_|_2/-12(J—1)} f@ )QbJ:MngJ
2 2 $=0, P=+
M=(n, Ly) = 46(n + L) Some K

$=0, I=1 Meson is superpartner of S=1/2, I=1 Baryon

Meson-Baryon Degeneracy for Ly=Lg+1
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Light-Front Holography

Q-+
N - (2200)
2

- M2 i n+ Ly Meson-Baryon
5 — Mass Degeneracy
MnUCleon n+tlp+l for Ly=Lp+1




. Massless pion!
Meson Spectrum in Soft Wall Model

—0if —0 Piov Negative term for J=0 cancels
Mz = 1L'mg = positive terms fromv LFKE and potential

e

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

d? — 417
(~ia — “qa + R+ 2T 1)) 650 = M2s(0)

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 Te’ramond, H. G. Dosch, sjb



Superconformal Algebra

Four-Plet Representations

Bosons, Fermionsy withvEqual Mass!

Meson Baryon

RT
OO R\ q — [qq]
30 — 30
¢M ; Lp+1 ¢B+; Lp Tetraquark:
Baryon diquark + antidiquark

0O P 0O
Rl ¢ — [q] ® A\, e @

30%30

wB—7 LB + 1 ¢T7 LB
Proton: lu[ud]> Quark + Scalar Diquark

Equal Weight: L=0, L=1
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Light-Front Holography

Q-+
N - (2200)
2

- M2 i n+ Ly Meson-Baryon
5 — Mass Degeneracy
MnUCleon n+tlp+l for Ly=Lp+1




. Massless pion!
Meson Spectrum in Soft Wall Model

—0if —0 Piov Negative term for J=0 cancels
Mz = 1L'mg = positive terms fromv LFKE and potential

e

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

d? — 417
(~ia — “qa + R+ 2T 1)) 650 = M2s(0)

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
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with Guenter Dosch and Guy de Teramond

3 4 5
L (Orbital Angular Momentum)



Superconformal Algebra

Four-Plet Representations

Bosons, Fermionsy withvEqual Mass!

Meson Baryon

RT
OO R\ q — [qq]
30 — 30
¢M ; Lp+1 ¢B+; Lp Tetraquark:
Baryon diquark + antidiquark

0O P 0O
Rl ¢ — [q] ® A\, e @

30%30

wB—7 LB + 1 ¢T7 LB
Proton: lu[ud]> Quark + Scalar Diquark

Equal Weight: L=0, L=1



Universal Hadronic Decomposition

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

2

® Universal quark light-front kinetic energy

Virial
LG M ® 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



Supersymmetry in QCD

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

® Relates meson and baryon spectroscopy
® QCD: No squarks or gluinos!

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

® Color Confinement

de Teramond, Dosch, Lorce, sjb

Input: one fundamental mass scale
Kk =1/4 =0.523 £0.024 GeV




s M? (GeVz)
o p superpartner trajectories i+
: ay, fa g S b
: upersymmertric
4L
: MENS o QCD Spec‘l'roscopy
] 3, W3 1+ 3+ 5+
3:— A2 A2 A2 Az —_
2:_ a, f A%_,A%_ il
: BARYONS
N qqq]
1" p,w N
| Ly=Lg+1|
0- I T T S R B R R k| T R R S S N |J_.
0 1 2 3 4 5

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



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*C* +2x*(L+ S — 1)



LFHQCD: 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 (? = 0% 2(1 — x)

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

® Unique Dilaton in AdSs: e""“?QZQ
e Unique color-confining LF Potential U ((?) = k*(?

® Superconformal Algebra: Mass Degenerate 4-Plet:

( Meson ¢ < Baryon ¢[qq] <+ Tetraquark [¢q][7q] )

P_ D e S A A S Wb Yw A a Y



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

K;(2045)

K5(1780)

M?(n,L,S) = 4r*(n+ L+ S/2) il 2 le; LA AA. . 48



Quawk sepawvation © ' ' . .
increases withv L

8721A21

0 4 C 8 22007 0

Soft Wall
Model

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

@ 0 =0 - 0 =0 ‘

7, (1670)

7 (1300)

<
Piow hay 7 (140) ’T?ﬂL(Z —

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



Universal Regge Slope in L and n -

k =+/4 =0.523 £0.024

1t 3t gt 7t
A2 A2 A2 A2

L|\/|=LB+1

e How universal is the semiclassical approximation based on superconformal LFHQCD ?

0.7

0.5¢

0.3;

‘\/xGeV

_—_ﬂ_—

N A A X X

s 0 T T

[1]

Best fit for hadronic scale \/X from different light hadron sectors including radial and orbital excitations




Prediction from AdS/QCD: Meson LFWF

2
e??) = th7z 0.8'(:)660'40'2 de Teramond,
0.2 > Cao, sjb
0.15 o
s k) Soft Wall”
model
0.05] :

0

Note coupling
2
kY, x

4
wM (33, kJ_) — e
ky/o(1 — )
fr= \ﬁpqqgﬁ = 92.4 MeV Same as DSE! c.p.Robertsetal.
Provides Connection of Confinement to- Hadron Structure
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PRL 109, 081601 (2012)

PHYSICAL REVIEW LETTERS

week ending
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AdS/QCD Holographic Wave Function for the p Meson
and Diffractive p Meson Electroproduction
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o Light Front Wawefunctions: W, (z;, EJ_@'? \;)

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




Light-Front Holography: First Approximation to-QCD

® Color Confinement, Analytic form of confinement potential
de Téramond, Dosch, Lorcé, sjb
® Retains underlying conformal properties of QCD despite mass scale (DeAlfaro-Fubini-
Furlan Principle)
® Massless quark-antiquark pion bound state in chiral limit, GMOR
® QCD coupling at all scales
® Connection of perturbative and nonperturbative mass scales
® Poincare Invariant
® Hadron Spectroscopy-Regge Trajectories with universal slopes inn, LL
® 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: Many Phenomenological Tests

® Systematically improvable: Basis LF Quantization (BLFQ)

Supersymmetric Features of Hadron Physics

from Superconformal Algebra
and Light-Front Holography




de Téramond, Dosch, Lorcé, sjb

Supersymmetry across the light and heavy-light spectrum

M? (GeV?)
('S
AAY
W\
A\ Y
N\
t-ol
N\
\\
N\
N\
>
W
s
¥
)
——
!:',
-
M? (GeV?)
LS
”
\\
W\
W
\\
ASY
M \
o)
1:
|

M? (GeV?)
\
\
M? (GeV?)
('S
o
\
\
\




de Téramond, Dosch, Lorcé, sjb

Supersymmetry across the light and heavy-light spectrum

(a) i ,/';/ (b) ,/’/
3 AL2625) _~ s P
D 3a20 v A:(2880) 2229
o Of 1(2420), T A(2595) O A
- /,,0" < //” DE 2460)
at " A 4«
D D*(2010)
2' 1 1 1 2' 1 1 1
0 1 2 3 0 1 2 3
Ly=Lg+1 Ly=Lg+1
Ep 2815 - //.
| () | ){ 3| @) 5,(2645),~
D.y 1(2536) //,/ Ec(2790) ,2/’/
L o 7D, 1(2460) o O D0573)
. S - ) pd
i Nk
e H pr2112)
2' 1 1 1 2' 1 1 1
0 1 2 3 0 1 2 3

I,M — LB ~ 1 I.M — I'B ~ 1

Heavy charm quark mass does not break supersymmetry



Superconformal Algebra

Four-Plet Representations

Bosons, Fermionsy withvEqual Mass!

Meson Baryon

RT
OO R\ q — [qq]
30 — 30
¢M ; Lp+1 ¢B+; Lp Tetraquark:
Baryon diquark + antidiquark

0O P 0O
Rl ¢ — [q] ® A\, e @

30%30

wB—7 LB + 1 ¢T7 LB
Proton: lu[ud]> Quark + Scalar Diquark

Equal Weight: L=0, L=1



Tetraquark
JPC _ 1—|—‘|—

a,(1260)

(WWN 5=
— [“] L=0

Rl ¢ — [4q
3c — 3¢

Meson Baryon



Superconformal meson-baryon-tetraquark symmetry

Upon the substitution in the superconformal equations
x— (¢, E— M
A= dAg=A\y, fF—Ly—%=Lg+
1 — dm, P2 @B

we find the LF meson/baryon bound-state equations

( 42 4l2, —1

—— +

+ A%, C2 4+ 22 (L — 1)) dnm = M? pp

d<2 4<2
d2 413 —1 ¢ = (W ¢5>
(—d—CQ Ty T ABC T sl + 1)) o5 = M* ¢p b T

Superconformal QM imposes the condition A = Ay, = A\g (equality of Regge slopes)
and the remarkable relation | Ly = Lg +1

Ly is the LF angular momentum between the quark and antiquark in the meson and
Lp between the active quark and spectator diquark cluster in the baryon

Full hadron 4-plet: meson-baryon-tetraquark

G d-Te'ramond, H. G. Dosch and C. Lorce, PLB 759, 171 (2016)




Meson Baryon Tetragquark

g-cont JPE) Name gecont JP Name g-cont JPE) Name

Ga 0 x(140)

g 1 w28 | fde (2% NOW) |[udfad 0+ fa(980)

G 2t m(6m) | fude (127 Ny-(1535) |fudfad] 1 m(1400)
(3/2)- N;__ (1520) x;(1600)

gg 1 o770 c(780)
C gg  2*%  ay(1320), fo(1270) | [qqlq (3/2)* A(1232) | [qqlud] 1% a, (1260) )
9 3 ps(1600), we(1670) [ [gqlg (1/2) A,},—(I@) lgq]lud] 2 pa(~ 1700)7
(3/2)" A,-(1700)
g 4*" a,(2040), f,(2050) | [galg (7/2)* A;.(1950) | [qql[ud] 3**  as(~ 2070)?

gs 0% K (49%)

gs 1) K,(1270) ludls  (1/2)*  A(1115) | [ud][sg] 0+  K3(1430)

gs 2719 K2(1770) ludls  (1/2)-  A(1405) | [ud|[sg] 17 Kj(~ 1700)?
(3/2)-  A(1520)

sg 0% K (495)

sg 1M K:(1270) lsale  (1/2)*  X(1190) | [sq|[sq] 0** ao(380)

fo(380)

5 1O K*(590)
([Tsa 220 kaas0) [ fsae (3/2)°  3(13%5) |[salladl 1) Ky(1400) | )
5g 30 K3(1780) [sqlg  (3/2)° E(1670) | [sqllagy 2 77 Ky(~T1700)7

sg_ 4+ K3 (2045) lsqlg  (7/2)" X(2030) | [sqllgg] 3*'*)  Ks(~ 2070)?

EX 0+ n(550)

s 1+~ h1(1170) lsqlsa  (1/2)* Z=(1320) | |sq|lzq] 0** Jo(1370)
ag(1450)

s 2 m(1645) [sgla  (7)"  Z(1690) | [sqllzgl 1+  ®(1750)?

s ®(1020)

ss 2% f4(1525) [sgls (3/2)* =(1530) | [sqllzg] 1+ f1(1420)

§s 3 $4(1850) [sgls  (3/2)- Z(1820) | [sqllzgl 2—  ®,(~ 1800)7

ss 2+ f2(1950) lssls  (3/2)t Q(1672) | [ss]lzg] 17D Ki(~ 1700)?

Meson Baryon Tetraquark




Superpartners for states with one c quark |

R —]

_ eese— —
Meson Baryon Tetraquark
g-cont JF©) Name g-cont JF Name g-cont JF©) Name
ge 0 D(1870) — — — — — —
ge 1% Di(2420) | [udle (1/2)*  A.(2290) | [ud][cg] O+t  Dg(2400)
ge 2= Dy(2600) | [udlc (3/2) = Ac(2625) | [ud][cq] 1 .
cq 0~ D(1870) — — — —_— —
&g 1t 2420) | [eqlg (1/2)F  T.(2455) | [cqllad] 0t  Dz(2400>
gc 1~ D*(2010) — — — — — —
ge 27 D3(2460) | (gq)c (3/2)7 22(2520\ (gg)leqg] 17 D(2550)
ge 3 D3(2750) | (gq)c  (3/2)~  X.(2800) \ | (gq)[cq) — —
sc 0- D,(1968) — — — N — — —
Sc 1t Dyg(2460) | [gsle (1/2)t  =.(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!

56
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Connection to-the Linear Ivnstoant-Form

Heavy Quawk Potentiod

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

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

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




Bound States in Relativistic Quantum Field Theory:

Light-Front Wavefunctions

Dirac’s Front Form: Fixedt=t+z/c

Fixed 7 — t+z/c Boost invariant, Lorentz frame independent, Causal

w(x% EJ_iv )\Z) L+ 0 4 3

o

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

HZP [y >= M2y >

Direct connection to QCD Lagrangian

LF Wavefunction: off-shell in invariant mass

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



<p+ali*(0)|p >= 2p" F(¢?)

Interactiorv
Fixed T =t+4 z/c picture

Formv Factory arve

Overlapys of LFWFy

xa'ng_ _|_CTJ_

X4
- -_— ---;--_-

===

— s
w(%» kJ-Z) lb(%a kJ_z)
struck K\, =k, +(1—12;)qL
Drell &Yan, West —, — .
Exact LF formula! spectators kJ_i =FKk1; —xiqL
Drell, sjb

Transverse size oc +

Q
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Timelike Pion Form Factor from AdS/QCD

and Light-Front Holography
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PlowForm Factor fromAdS/QCD and Light-Front Holography

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

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




txact LF Forwmla/far Poudi Form Factor
F o

=3 [ldz][a%k.] Zej = X Drell, sjb

1 / * /
[ — q_LwcTL*(CEz, k' ) (i kg, A) + q_chlb (@5, K5, Ag) thd (5, ks, )\z)]

k', =k —zq. K., =ki;+(1—z))q.

qr,, = q* T iq"

Must have A/, = +1 to have nonzero F5(q?)

Nongero- ProtonAnomalous Moment --
Nongero-orbital quark angular momentunmy




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




Deur, de Téeramond, sjb

Bjorken sum rule defines effective charge: Qg1 (QQ)

O‘gl(Qz)

- |

® Can be used as standard QCD coupling

/O dz[g(z, Q) — ¢t (2, Q)] = %211

® Well measured
® Asymptotic freedom at large Q2

® Computable at large Q2 in any pQCD
scheme

® Universal o, Bi

‘Analytic connection to other schemes:

Commensurate scale relations
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Runwning Coupling from AdS/QCD
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A. Deur, S.J. Brodsky, G.F. de Téramond,
Phys. Lett. B 750, 528 (2015); J. Phys. G 44, 105005 (2017).

Analytic, defined at all scales, IR Fixed Point
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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

_ Fitto Bj + DHG Sum Rules:

Nonperturbative QCD

k= 0.513 £ 0.007 GeV

Prediction:
AM—S = 0.339 £ 0.019 GeV

10 1

Reverse Dimensionald Transmutation!

10
Q (GeV)



A.Deur, G.d T eramond, sjb

Initial DGLAP evolution scale form IR-UV
matching of QCD coupling

IR behavior of strong coupling in LFHQCD
ol (@) = alf(0)e= /™

Aocp and transition scale Qp from matching
perturbative (5-loop) and nonperturbative

regimes for v\ = 0.534 4+ 0.05 GeV

Transition scale: Qg ~ 1 GeV?

Connection between proton mass, M,% = 4),

the p mass, Mg = 2, and the perturbative
QCD scale Agcp in any RS |

£
o ! —
3 g &
oLt
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IR QCD strong coupling from Bjorken
sum-rule vs HLFQCD prediction (red)

Similar behavior of the IR coupling was obtained from the DSE

D. Binosi et al. (2017) and Z. F. Cui, et al. Chin. Phys. C 44, 083102 (2020)



Es LFHQCD (NLO) == WRH2005
----- LFHQCD (NNLO) ——== ASV2010
0.4 § Conway et al.

©? = 27 GeV?

xq(z)

Comparison for xg(x) in the pion from LFHQCD (red
band) with the NLO fits [82,83] (gray band and green curve) and
the LO extraction [84]. NNLO results are also included (light blue
band). LFHQCD results are evolved from the initial scale yy =
1.1+0.2 GeV at NLO and the initial scale yy = 1.06+0.15 GeV
at NNLO.

Universality of Generalized Parton Distributions in Light-Front Holographic QCD

Guy F. de Te'ramond, Tianbo Liu, Raza Sabbir Sufian, Hans Giinter Dosch, Stanley J. Brodsky,
and Alexandre Deur PHYSICAL REVIEW LETTERS 120, 182001 (2018)
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Comparison for x¢g(x) in the proton from LFHQCD (red
bands) and global fits: MMHT2014 (blue bands) [5], CT14 [6]
(cyan bands), and NNPDF3.0 (gray bands) [77]. LFHQCD

results are evolved from the initial scale yy = 1.060.15 GeV.

Universality of Generalized Parton Distributions in Light-Front Holographic QCD

Guy F. de Te'ramond, Tianbo Liu,Raza Sabbir Sufian, Hans Giinter Dosch, Stanley J. Brodsky,and Alexandre Deur
PHYSICAL REVIEW LETTERS 120, 182001 (2018)



Tianbo Liu, Raza Sabbir Sufian, Guy F. de Te’ramond,

Hans Gunter Dosch, Alexandre Deur, sjb
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Polarized GPDs and PDFs (HLFHS Collaboration, 2019)

e Separation of chiralities in the AdS action allows computation of the matrix elements of the axial current

e Helicity retention between quark and parent hadron (pQCD prediction): lim,_,

e No spin correlation with parent hadron: lim,_,q

including the correct normalization, once the coefficients ¢ are fixed for the vector current
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Tianbo Liu,Raza Sabbir Sufian,Guy F de Te’ramond,Hans Gunter Dosch,

Alexandre Deur, sjb

B NNPDF3.0 Uy
0.6 CT14
MMHT14
—— This work (I)
N
& (0.4 =& This work (II)
SN—"
= —-— This work (III)
8
0.2 2 = 10Gev?
OO_ IIIIIII_ | IIIIIIII_ | IIIIIIII_ | |
104 1073 1072 101 10V
€T
0.5 ? E615
=== Lattice QCD: Fit 1
£ Lattice QCD: Fit 2
0.4 A ——DSE
#== .FHQCD
3 0.3
=
8 0.2
0.1
0.0

0 01 02 03 04 05 06 0.7 0.8 0.9 1.0
€T

1.0
1
~ 0.5 Au+/u+ * * +
S )
J
3 0.0 +
-y W * This work (1)
< 05k N T = E06-014/EG1
—VU. Ad, /dy I E99-117/EG1
) ) + EG1b
;. pe = 5GeV ¢ HERMES
o 02 04 06 08 1.0

Separation of chiralities from the axial current
Coefficients ¢, are fixed from the vector current

Regge trajectory from HLFQCD

aa(t) = =
im 29 o, 29D
=1 g(x) - x>0 g(x)

DGLAP NNLO evolution from initial scale © ~ 1 GeV from soft-hard matching in
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