Supersymmetric Features of Hadron Physics and other Novel

Properties of Quantum Chromodynamics from Light-Front
Holography and Superconformal Algebra
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Mesons and Baryons: Same Regge Slope M? o J !
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The leading Regge trajectory: A resonances with maximal | in a given mass range.

Also shown is the Regge trajectory for mesons with | = L+S.

E. Klempt and B. Ch. Metsch
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Profound Questions for Hadrow Physics

® Color Confinement
® Origin of QCD Mass Scale

® Spectroscopy: Tetraquarks, Pentaquarks, Gluonium,
Exotic States

® Universal Regge Slopes: n, L, Mesons and Baryons
® Massless Pion: Quark-Antiquark Bound State

® Dynamics and Spectroscopy

® QCD Coupling at all Scales

® QCD Vacuum —Do Condensates Exist?



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

AdS/QCD
Light-Front Holography

Superconformal Algebra




k =1/4 = 0.523 £ 0.024

Symmetry for VM first noticed by E. Klempt

e Quadratic mass correction for light quark masses
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e How universal is the semiclassical approximation based on superconformal LFHQCD ?
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Best fit for hadronic scale \/X from different light hadron sectors including radial and orbital excitations




= /{2 de Téramond, Dosch, Lorce’, sjb

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

K (e it e i R ek oo -t e
k=11 = 0,523 + 0,024 /

™ From a4 (Q?)

Deur
0.1} 3 :
Single Universal Mass Scale

Fit to the slope of Regge trajectories,
including radial excitations

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



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

LF Wavefunction: off-shell in invariant mass

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



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



<p+ali*(0)lp >= 2p* F(¢*)

% Interactiovw
Qi — QQ — —q2 ‘\ﬂ/ , Fixed 7 =t+4 z/c picture
qgm =0 cjl* form fFactors are
4 Overlapsy of LFWFs
E L, 'EJ_ T CTJ_

(===

(i, kig)

struck k' =k ;+ (1 — ;)L

Drell &Yan, West A
Exact LF formula! ‘&beCtdtom kJ_’L' — kJ—Z Liq 1

Drell, sjb



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




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



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

Light-Front Holography

d? 1 —4L7
Light-Front Schrodinger Equation Unique
Confinement Potential!
U(¢) = k*C* +2x*(L+ S —1) \JJ
k>~ 0.5 GeV
Confinement scale:
1/k~1/3 fm
e de Alfaro, Fubini, Furlan: Scale can appear in Hamiltonian and EQM

e Fubini, Rabinovici: without affecting conformal invariance of action!
9 °



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 #(?) — otr"2

® Color Confinement in z
® Introduces confinement scale K

® Uses AdS;s as template for conformal
theory

GHP-APS Supersymmetric Features of Hadron Physics Sglll Bl;)d’sl{y ;:‘*
Denver Apri 10, 2019 @ from Superconformal Algebra and Light-Front Holography i F\'\" o=



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




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



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
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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

GHP-APS Supersymmetric Features of Hadron Physics Sglll BIRd,S.l:y
Denver Apri 10, 2019 g from Superconformal Algebra and Light-Front Holography D e ™R o \ =

ERATOR LABORATORY




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

M? =M+ <x

X> from LF Higgs mechanism
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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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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




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

log | F(s)]
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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



Light-Front Holography: First Approximation to- QCD

® Color Confinement, Analytic form of confinement potential

® 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, 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: Many Phenomenological Tests

GHP-APS Supersymmetric Features of Hadron Physics Sgu.l BIRd,S.l:y S0
Denver Apri 10, 2019 @ from Superconformal Algebra and Light-Front Holography D F\'\"

NATIONAL ACCELERATOR LABORATORY




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 ( 2tw + v )
T = arctan ,
VAauw — 02 VAuw — v?

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

e Finite range

¢ Measure in Double-Parton Processes

Retaing conformaold inwawiance of action

despite mass scale




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)

GHP-APS Supersymmetric Features of Hadron Physics Sgu.l BIRd,S.l:y )
Denver Apri 10, 2019 @ from Superconformal Algebra and Light-Front Holography D F\'\" -

NATIONAL ACCELERATOR LABORATORY




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
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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
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Superconformal

LF Holography Baryon LFWFs Quantum Mechanics

e Nucleon LF modes

¢+(C)n’L — K2+L\/(n2—:2’!l/)'€'3/2+146/{2C2/2L?€j+1 (52C2)

1 2n! 2 -2
_3+L 5/24L —k2(2/2 7 L+2 (.2 2
Y= (Onr . \/nJrLJrQ\/(n—l—L)!C c Lo (K ; )

e Normalization
/dcwi«) _ /dcw%@) 1

e Eigenvalues

- 1 o 1 o _1QW7</CW0L1/
[22de [V dey? (¢2yx) = [°dC [ dap? (C2x) = L Symumetiy of
tigerstate/

Nucleon: Equal Probability for L=0, |

1
Jo=+172: —[|S;=+1/2, L*=0>+ |5 =—-1/2, L*=+1>]
2




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 ! _




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




Dosch, de Teramond, sjb

Supersymmetry across the light and heavy-light spectrum
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A:(2625)
A-(2880)
D1(2420)
i & Ac(2595)
A¢
D
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| (¢) =-(2815) .
D, 1(2536) Z.(2790)
i * D, 1(2460)
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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
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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



Heavy-light and heavy-heavy hadronic sectors

e Extension to the heavy-light hadronic sector

[H. G. Dosch, GdT, S. J. Brodsky, PRD 92, 074010 (2015), PRD 95, 034016 (2017)]

e Extension to the double-heavy hadronic sector
[M. Nielsen and S. J. Brodsky, PRD, 114001 (2018)]

[M. Nielsen, S. J. Brodsky, GdT, H. G. Dosch, F. S. Navarra, L. Zou, PRD 98, 034002 (2018)]

e Extension to the isoscalar hadronic sector

[L. Zou, H. G. Dosch, GdT,S. J. Brodsky, arXiv:1901.11205 [hep-ph]]
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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 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)
( 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) [ fsale (3/2)°  3(13%5) [[sallagl 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)

58 1+ hi1(1170) lsqlsa  (1/2)* Z=(1320) | |sq|lzq] 0** fo(1370)
ag(1450)

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

s ®(1020)

ss 2% f4(1525) [sqls  (3/2)* =(1530) | [sq(sq] 1** f1(1420)

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

2+ J2(1950) sz (3/2)F Q1672) | [ss|[zg] 177 Ka(~ 1700)?

Meson Baryon Tetraquark




de Teramond, Dosch, Lorce, sjb

New World of Tetraquarks

30 X 30 =30+ 6¢

Bound/!

Diquark-Antidiquark bound states

Complete Regge
spectrum in n, L

Diquark Color-Confined Constituents: Color 30

Confinement Force Similar to quark-antiquark 3¢ % 3¢ = 1¢

mesons
Isospin [ =0,
uudd

2 Charge ) =0, +

uusd UUSS

+2

-2
7(4430)

&0




Use counting rules to- identify composite structure
Lebed, sjb



Double-Strange Baryon




4

Superpartners for states with one ¢ quark |

e

_esesee—— —
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!

95




Double-Charm Baryon (SELEX)

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



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 a7 (QZ)

[ delgi? e, — g1 (e @) = 1 - 2D

® 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 ChRee
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



(1-T)/o,do/d(1-T)

T. Gehrmann, N. H afliger, P. F. Monni

S.-Q. Wang, L. Di Giustino, X.-G. Wu, sjb

0.6_ —r r 1 [ r r r Tt [ Tt T T T ] | | |
: --—- Conv.,LO - ALEPH

0.5 _7\ fg --—- Conv.,NLO - DELPH -
R > S Conv.,NNLO > OPAL

04F —— PMC . L3 h
‘ * SLD

0.3} -
l PMC scale

0.2} .

0.1F / .
- E -
[ Guessed scale N o -

00= e

0.00 0.05 0.10

0.15

0.20 0.25 0.30
1-T

0.35

Principle of Maximum Conformality (PMC)



Renormalization scale depends on the thrust

Not constant

PMC scale (GeV)

I
I
— — :
' max ) |p; - 7| !
20 o ! ]
: T — — ) II
: Z ‘pz| K
15 [/ ,l _
= //
- eTe” > Z > qqg e
10 -7
: _ ,”’ S.-Q. Wang, L. Di Giustino, X.-G. Wu, sjb
5 PPt "
e
, //
0 A N TR B R S S
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

1-T



(0%

0.28 —
0.26 f
0.24

022

0.20

0.18

0.16

0.14L—

Determine QCD running coupling from

measurement of the
-\ thrust distribution at one energy!

S.-Q.Wang, L. Di Giustino, X.-G.Wu, S|B




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: e"‘“QZQ
e Unique color-confining LF Potential U(¢*) = k*(*

® Superconformal Algebra: Mass Degenerate 4-Plet:

GHP-APS
Denver Apri 10, 2019

Supersymmetric Features of Hadron Physics Sglll Bl;)d’sl{y ;’éf?“
from Superconformal Algebra and Light-Front Holography D e N o K

ERATOR LABORATORY




Light-Front Holography: First Approximation to- QCD

® Color Confinement, Analytic form of confinement potential

® 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 in n, LL
® Supersymmetric 4-Plet: -T y

® 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)

GHP-APS Supersymmetric Features of Hadron Physics Sgu.l BIRd,S.l:y S0
Denver Apri 10, 2019 @ from Superconformal Algebra and Light-Front Holography D F\'\;

NATIONAL ACCELERATOR LABORATORY




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)

GHP-APS Supersymmetric Features of Hadron Physics Sgl.l BIRd’Sl{y
Denver Apri 10, 2019 |l from Superconformal Algebra and Light-Front Holography [T Hl —\ CAERN

ERATOR LABORATORY



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

Manifestation of QCD symmetries

QCD symmetries

LFHQ

Lagrangian QCD conformal invariant

Action conformal QM invariant under conf transf

— LF potential is harmonic oscillator

SU(3)¢ local invariance — 3 ~ 3 x 3

Connection between mesons, baryons and tetraquarks
Emerging hadronic SUSY

(Hadronic SUSY introduced by Miyazawa 1967)

SU (3)¢ and conformal invariant Lagrangian.

SUSY + Conformal = Superconformal

Fixes uniquely the interaction and modification of AdS

SU (2) 4 spontaneously broken

— I = 1 pseudoscalar Goldstone boson = pion

Goldstone boson not required: zero mass bound state

protected by superconformal algebra

U (1) 4 not spontaneosuly broken

(no massless | = 0 particle)

Nonperturbative hard breaking encoded by additional

term in LF Hamiltonian ~ \ for isoscalar sector




Supersymmetric Features of Hadron Physics and other Novel

Properties of Quantum Chromodynamics from Light-Front
Holography and Superconformal Algebra

Fixed T=t+4 z/c
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