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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




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
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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

M2 f2 = —L(mutmg)(Gutdd)+O((my+ ma)?)

® QCD Coupling at all Scales aS(Qz)

® Eliminate Scale Uncertainties and Scheme Dependence

_)
A OCD — l//,Il_I (Xl-, k 1Ljs /11) Valence and Higher Fock States



Need av First Approximation to- QCD
Comparable in simplicity to
Schrodinger Theory in Atomic Physics

Relativistic, Frame-Independent, Color-Confining

Origin of hadronic mass scale

AdS/QCD
Light-Front Holography

Superconformal Algebr




Analytic, defined at all scales, IR Fixed Point
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AdS/QCD dilaton predicts the nonperturbative corrections to the QCD running coupling
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P.A.M Dirac, Rev. Mod. Phys. 21,
392 (1949)

Dirac s Amaging Idea:
The “Front Form’

Evolve in light-front time!

\C[ o= cl — =z ACt T:t_I_Z/C

Evolve in ordinary time

<\

Instant Form Front Form

Comparing light-front quantization with instant-time quantization CW“J/, BO'Oé’t I rwowv” ba/Vlt ’

Philip D. Mannheim(Connecticut U.),
Peter Lowdon(Ecole Polytechnique, CPHT),

Stanley.J. BrodskySLAL) Trivial LF Vacuum (up to zero m
. e-Print: 2005.00109 [hep-ph] o (up to zero modes)
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Bound States in Relativistic Quantum Field Theory:

Light-Front Wavefunctions

Dirac’s Front Form: Fixedt=t+z/c

Fixed T=t+ z/c

w(zﬁ EJ_iv )\Z) L+ 0 4 3

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

HZP [y >= M2y >

Direct connection to QCD Lagrangian

LF Wavefunction: off-shell in invariant mass

Remarkable 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

Irwawriont under boosts! Independent of P

Like a flash photograph Ty = T



Lorce,

Light-Front VWavefunctions P . .
asquini

underly hadronic observables

W ki A - Momentum space K1 <> ZL Position space
n(x’IJ J_'Z,) 'L) KJ_HZ;)J_

Z, k_L, bi

Transverse density in position
space

Transverse density in
momentum space

Weak transition

form factors

Transverse

Longitudinal

o Diffractive DIS from FSI
> | Charges |
Svers; T-odd from lensing
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P+, P, E
kT kY + k3 :
YT pr T POy ps :
v
Dirac: Front Form .
Qe Lrone Fixed T=t+4 z/c
1912.08911 [hep-ph] kT

Lp; — &L

:ﬁ

loffe Time: Z Third spatial LF coordinate.
Fourier Transform of x in LFWFs

G. A. Miller, sjb:


https://arxiv.org/abs/1912.08911

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

Fixed T=t+4 z/c

tigevutate of LF Hamiltonioawn HQCD|\IJh >= M2|¥), >
p,J. >= an i ki Ny i, kg, A >
n—

Inwawriant under boosty! Imde/pe/nole/ntof?‘u

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



<p+ali*(0)|p >= 2p" F(¢?)

Interactiorv
Fixed T=t+4 z/c picture

Form Facltory arve

Overlaps of LFWFs

xa'ng_ _|_CTJ_

X4
- -_— ---‘---

(-—-

w(:piv EJ_Z)

struck k', =k + (1 —z)qL

Drell &Yan, West =, — .
Exact LF formula! spectators kJ_Z‘ =FKk1; —xiqL

Drell, sjb



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




Dae Sung Hwang, Bo-Qiang Ma, lvan Schmidet, sjb

2M
1
+C(¢°) 37 (d"d" - 9" ) | u(P)
(P41 [yrpep| PT) = A6
T(0) B(q?)




Dae Sung Hwang, Bo-Qiang Ma, lvan Schmidt, sjb

Terayev, Okun: B (0) Must vanishv because of

Eguivalence Theovemw
growviLovv
q, sum over constituents
LF Proo ~ (+) Pl
] Xjo Kyej Xjrkpjtay
- - >
P, S,= - 1/2 p+q, S,=1/2

B(O) =0 Each Fock State

Vanishing Anomalous grovitomagnetic moment B(0)



Must include vacuum-induced currents to compute form factors and
other current matrix elements in instant form

Boost are dynamical in instant form



LW'FVW QLD Physical gauge: AT =0

Exact frame-independent formulation of
nonperturbative QCD!

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

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

int
HLF



Light-Front QCD
Heisenberg Tquatiow

M2 W)

DLCQ: Solve QCD(1+1) for

any quark mass and flavors

Hornbostel, Pauli, sjb

p,s’ p,S

(a)
p,s’ K,A
KA DS
(b)
p.s o
Ko K,o

Sector
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Light-Front Perturbation Theory for pQCD

1
T—H,+H CHy -
' ' 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! Cluster Decomposition

® Wick Theorem applies, but few amplitudes since all k* > 0.

® |, Conservation at every vertex | | Z S”

wnitial

® Unitarity is explicit K. Chiu, Lorcé, sjb
1

® |oop Integrals are 3-dimensional / dx / A’k
0

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



Light-by-Light Contribution
to the Pauli form factor and anomalous magnetic moment a,
of electron eigenstate of H ég D

~y by _
...... @ Y
€. e—— TN /f>§‘ e
4 W———p— e ﬁ V
P = pP+q
€0

Overlap of |eg ({3 4y )o=s > and |eg (b5 4y )o=— >
Fock state LEWFs of the electron eigenstate HGp|We- >=mZ| ¥, - >



LW’FV: 1tQCD Fixed T=t+4 z/c

£QC’D - x
HEE g
l [C (1l — x) b ]
(Hpp + Hpp)|¥ >= M?|0 > coupled Tockstates
tliminate higher Fock stotes
l and retowrded interactions
[i%trrg + Vg | ¢Li($, ki) =M ¢pp(z,ky) Effective two-pawticle equation
d? 1 — 4,2 , AWWLBWC,¢
[ d¢? ] 4(2 ' U(C)]w(o =M w(g) Single variable Equation
AdS/QCD: mq =0
[ U(C) = kA 4+ 2k3(L + 5 — 1) ] Confining AdS/QCD
potential/

Semiclassical furst approsimation to-QCD Sums an infinite # diagrams



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 variable ¢
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!




Maldacena

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

R2 wwowton 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



Applications of AdS/CFT to-QCD

5-Dimensional Confinement
Anti-de Sitter Radius
Spacetime

AdS
Boundary
Changes in
physical
length scale
mapped to

evolution in the
5th dimension z

4-Dimensional
Flat Spacetime
(hologram)

in collaboration with Guy de Teramond and H. Guenter Dosch



® Soft-wall dilaton profile breaks

0 0 2 _2
conformal invariance o¥(z) — ctr"7

® Color Confinement in z

® Introduces confinement scale K

® Uses AdS;s as template for conformal

theory
Stan Brodsky Supersymmetric Features of Hadron Physics |
fr om Super Confor mal A’gebra NATIONAL ACCELERATOR LABORATORY \.‘:(:fi;;%'*’it":
Bled Worksh 0]) and Light-Front Holography 7 July 2021
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[egp(z) _ e—l-ﬁ:QzQJ 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



LF( 3+ 1) g A d/S 5 de Teramond, sjb
Light-Front Holographbic Dictionary

P(z,¢) = Va(l —2)¢2¢(()

(uR)? = L? — (] — 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




Holographic Mapping of AdS Modes to QCD LFWFs

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

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

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

e T[ransversality variable

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

1 1l —=x
/Od:cJo(CQ . )—CQKl(CQ),

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

Identical to-Polchinski-Strassler Covwolution of AdS Amplitudes



. 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



Quawk sepawvation © ' ' . .
increases withv L

2-2007
8721A21

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.
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De Teramond, Doschy, b my, = mg =46 MeV, mg = 357 MeV

' 2 'a . .
M?* = Mg + <X ] _ from LF Higgs mechanism

T

Eﬁ%ﬁt{/\/@ WU ﬁ/O‘VVl/ VVV( PZ) Roberts, et al.



The Piowys Valence Light-Front Wavefunctt

Relativistic Quantum-Mechanical Wavefunction of the
pion eigenstate fyQCD 7> = m2 |z >
LF 7T

W (x, k) =<gqx k )Gl —x,— k )| 7>

Independent of the observer’s or pion’s motion
No Lorentz contraction; causal

Confined quark-antiquark bound state




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




o Light Front Wawvefunctions: \lfn(a:i, EJJ;, )\7;)

off-shell in P~ and invariant mass ./\/lgq
Fixed T=t+4 z/c

0.15;¢

W, (25, EM;, i) Kk1GeV *

“Hadronization at the Amplitude Level”

Boost-invariant LFWF connects confined quarks and gluons to hadrons

Proceeds in LF time T within casual horizon

Instant time violates causality



06—+

Q° F( Q")

0.5 -




Pion EM Form Factor

Pion form factor compared with data

Fr(t) =) P.F.(t) » Po=1

T

Truncated at twist-z = 4

Fw(t) — CQFTZQ(t) + (1 — CQ)FT:4(t)

s (GeV?)

G.F. de Téramond and S.J. Brodsky, Proc. Sci. LC2010 (2010) 029.
S.J. Brodsky, G.F. de Téramond, H.G. Dosch, J. Erlich, Phys. Rep. 584, 1 (2015). [Sec. 6.1.5]



Timelike Pion Form Factor from AdS/QCD

and Light-Front Holography

S

~—~
V)

~—
|

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



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

‘.ll:'l AL L
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(a) H1 ? ‘ ' »  HI(2000) T ‘ T g (b) ZEUS
8- O L : gélgzsp(lzo(;m) T
J. R. Forshaw, S :
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Es LFHQCD (NLO) == WRH2005
----- LFHQCD (NNLO) —=== ASV2010
0.4 § Conway et al.

©? = 27 GeV?

rq(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 1nitial scale py =
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)



Tianbo Liu, Raza Sabbir Sufian, Guy F de T eramond,

Hans Gunter Dosch, Alexandre Deur, sjb
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el ) 1 s >
m, =2 MeV “ A 0 me = 95 MeV
mqg =5 MeV A .

DT >=|cd >

me = 1.25 GeV &

Bt >= |ub >
mb=4.2 GeV




Cornnectiow to-the Linear Instant-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



QCD Lagrangion

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!

o 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 inwariance of actiow despite mass scale!
duw —v* = k* = [M]*
Identical to- LF Hamilfonion withv unique potential and dilaton!
d? 1—4L7

et T TV = MU ()

U(¢) =r*C? +2:%(L+ S —1)

® Dosch, de Teramond, sjb




dAFF: New Time Variable

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

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

* Finite range

® Measure in Double-Parton Processes

Retaing conformal inwawriance of actiovw

despite mass scale!




Remowrkable Features of
Light-Front Schwédinger Equation
® Relativistic, frame-independent nvnamiﬂs + snectmscﬂnv!

® QCD scale appears - unique LF potential

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

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

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

® Phenomenology: LFWFs, Form factors, electroproduction

® Extension to heavy quarks

U(C) = k*C*+2:*(L+ S —1)

2
Y SO\
i )
A

° ° ——— -. :‘<£,“3;1:%";é~1

Stan Brodsky Supersymmetric Features of Hadron Physics P NS [ )]

Bled ‘Vorkaop from S."’perconforma’ A’gEbra NATIONAL ACCELERATOR LABORATORY  \\* oy 4
and Light-Front Holography 6 July 2021




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 (? = 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:

Stan Brodsky Supersymmetric Features of Hadron Physics - b ™V ".| 5 :
romsS uper Confor mal Al g ebra NATIONAL ACCELERATOR LABORATORY N\ 2;;{*-'
Bled Workshop f :
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Haag, Lopuszanski, Sohnius (1974)

Superconformal Quantum Mechanics

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, tSrzﬁ



Superconformal Quantum Mechanics

R e N e ey 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 Hamilfonioww 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 )

'Identifyf—%:LB, w = K? \ = g2

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



Superconformal

LF Holography Baryon LFWFs Quantum Mechanics

e Nucleon LF modes

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

1 2n! 2 -2
_3+L 5/24L ,—K2C2 /27 L2 (22
Y= (Onr . \/nJrLJrQ\/(n—l—L)!C c " (K ; )

e Normalization
/dcwi«) _ /dcw%@) 1

e Eigenvalues

- 1 o 1 o _1QW7</CW0LL
o2 d¢ f} a2 (¢2ow) = [ dc [ day? (CPx) = & Symumetry of
tigerstate/

Nucleon: Equal Probability for L=0, |

1
Jo=+1712: —[|S;=+1/2, L*=0>+ |5, =—-1/2, L*=+1>]
2

Nucleow spinw cavried by quark ovbital angular momentum




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

(D)

 M?(GeV?)

I N(1700)
| N(1675)
N(1650)

§=3/2, P=- NCI1%)

l

N(1720)
N(1680)

N(2600)
v=L+1

N(2250)

N(2220)

NOI0) 4/432 $=1/2, P=+ |
B S T S S R ]
Mz(GeV) H—0

A(2420)

A(1950)

A(1920)

A(1600) A(1910)

, A(1905)
A(1232) ]
| s=1/2,3/2 L. |
0 1 I R S S



S M.P?/V’OOV\fOVWW(J/ Quantum Mechoanics L Téramond, Dosch, Lorcé, sjb
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)

0 — A superpartner trajectories

4

t P3, W3

i 1 3 s+ 7
3 A2 (A2 A2 Az -
! 3-
2| , A2 il
_ qqq] -
1" p,w -
f Ly=Lg+1]
0_. S R T S T N S T S T H S R S R S S S T B S S|
0 1 2 3 4 5

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



A = /{2 de Téramond, Dosch, Lorce, sjb

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

K R R R D SRR N Y
=/ = 0.523 + 0,024 /

>l From « (Q?)

Deur
0.1t
Universal Mass Scale

Fit to the slope of Regge trajectories,
including radial excitations

Same Regge Slope for Meson, Baryons:
Supersymmetric feature of hadron physics



Superconformal Algebrav
2X2 Hadronic Multiplets
Bosons, Fermions withEqual Mauss!

Meson Baryon

RT
0O O
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



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
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New World of Tetraquarks

30 X 30 =30+ 6¢
Bound/!

Diquark Color-Confined Constituents: Color 3c

Diquark-Antidiquark bound states

Complete Regge
spectrum in n, L

Confinement Force Similar to quark-antiquark 3¢ X 3¢ = l¢

mesons
Isospin [ =0,
uudd

2 Charge Q=0,+

uusd UUSS

+2

-2
7(4430)

&0




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



e Superconformal spin-dependent Hamiltonian to describe mesons and baryons (chiral limit)
[S. J. Brodsky, GdT, H. G. Dosch, C. Lorcé, PLB 759, 171 (2016)]

G={R\,R\} +2)\S S =0,1

Mesons : M? = 4\ (n+ Ly;) +2AS, Baryons: M? =4\ (n+ Lg + 1) +2\S

6 | | | | | |
6_
4 |- _
& T4
S S |
(qV|
S 2 1°s
2_
O_ ]
| ! | l | l 0 | ! | ! | !
0 2 4 0 2 4
oA Ly =Lg + 1 LA Ly=Lg + 1

Superconformal meson-nucleon partners: solid line corresponds to VA = 0.53 GeV



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?)



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




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




=== NNPDF3.0
0.0 [ pemmm® MMHT2014
Sess CTUI4

=, LrHQCD (NNLO)

1? =10GeV?

zq(z)

0.2

00 7 L R N S Ll L1
10~ 10~3 1072 1071 10V

X

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)



Originw of Regge Behawior of
D ee/b%/?/ nelastic Structure Functions

Fo, () — Fop(x) X r1/2

Antiquark interacts with target nucleus at

= 1
ener S X —/——

Regge contribution: ozy ~ sarp—1

Nonsinglet Kuti-Weisskoff Fo, — Fb,, o< v/Tp,

at small ;. Landshoff,
Polkinghorne, Short

Shadowing of o), produces shadowing of Close, Gunion, sjb

nuclear structure function. .
Schmidt, Yang, Lu, sjb
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- 0.08 [
0.06 |
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-2
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UNIVERSITY OF and Light-Front Holography

28 May 2020
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Supersymmetry across the light and heavy-light spectrum

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

M? (GeV?)
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o
\
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Double-Strange Baryon
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(@)

Ae(2625)
A+(2880)
| D1(2420)

Supersymmetry across the light and heavy-light spectrum

| (D)

%.(2520)

D3(2460)

D*(2010)

0 1 2
Ly=Lg+1

(@) 2, (2645)
D?,(2573)

'D*(2112)

A(2595)
A¢
D
0 1 2 3
Ly=Lg+1
| (¢) =-(2815) .
D, 1(2536) Z.(2790)
- *” D, 1(2460)
D;
0 1 > 3
Ly=Lg+1

0 1 2
Ly=Lg+1

Heavy charm quark mass does not break supersymmetry




Superpartners for states with one c quark |

P —]

_ eesese— —
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!

75
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Supersymmetry across the light and heavy-light spectrum

38} 38} (D)
o 34 BiST21) L34
= = B3(5747)
30¢ A (5620) 30; i
26| B 261 B°
0 1 P 3 0 1 > 3
Ly=Lg+1 Ly=Lg+1
38] (©) 38] (@)
B, 1(5830) =(59))
L34t L34 A
< =, < B*,(5840)
30t 301
B;
26 55 26!
0 1 P 3 0 1 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]]

20

18

10

Z.(3900)
X(3872)

120

115




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

de Teéramond, Dosch, Lorcé, sjb
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Color Confinement and Supersymmetric Features
of Hadron Physics from Light-Front Holography

Fixed T=t+4 z/c

with Guy de Teramond, Hans Giinter Dosch, Alexandre Deur, Marina Nielsen, Ivan Schmidt,
F. Navarra, Jennifer Rittenhouse West, G. Miller, Keh-Fei Liu, Tianbo Llu, Liping Zou, S. Groote,
Joshua Erlich, S. Koshkarev, Xing-Gang Wu, Sheng-Quan Wang, Cedric Lorce, R. S. Sufian,
R. Vogt, G. Lykasov, S. Gardner, S. Liuti
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