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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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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



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




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

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



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



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

(U E A - Momentum space K1 <> Z|  Position space
n(Xi, K15 A) R, o

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




<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



Advantages of the Dirac’s Front Form for Hadron Physics

Poincare’ Invariant

Physics Independent of Observer’s Motion

® Measurements are made at fixed 1

ﬂ

® LF'WFs 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
® LF Holography: Dual to AdS space
® LF Vacuum trivial up to zero modes

® Implications for Cosmological Constant

Roberts, Shrock, Tandy, sjb



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
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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|, \;)



LW’FV: 1tQCD Fixed T=t+4 z/c

ﬁQCD - g
HEE .
l [C 1—xb]
(Hip + Hpp)|¥ >= M?|¥ > coupled Focktates
tliminate higher Fock stotes
l and retowrded interactions
[i%ltn;j + Vgt | 2PLif(ZE, ki) =M ¢rp(z,ky) Effective two-pawticle equation
d? 1 — 4,2 , AWWLBWC,¢
[ d(? B 4(2 | U(C)]w(o =M w(o 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

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

® Color Confinement in z

® Introduces confinement scale K

® Uses AdS;s as template for conformal
theory

Supersymmetric Features of Hadron Physics

from Superconformal Algebra
and Light-Front Holography



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

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



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)
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<
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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

Eﬁce(‘/t/l/\/@ 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
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Q° F( Q")
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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
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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




@ 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




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



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)

Ssup tric Feat f Hadron Physi I Vod oy
upersymmetric Features of Hadron Physics e, A
Stan Br OdSky from Superconformal Algebra ﬁmﬁs@%

University of i > -.
E}%Kentuc ky and Light-Front Holography 19 April 2021



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!



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:

(Meson qq <> Baryon ¢lqq] < Tetraquark |qq]|gq] )

Stan Brodsky Supersymmetric Features of Hadron Physics —,L ﬁ-\ ® % N

L

from Superconformal Algebra NATIONAL ACCELERATOR LABORATORY N\

University Of and Light-Front Holography _
Kentuckv 19 April 2021




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

RN 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)




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



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,~r2C2/27 L42 (,.2 2
Y= (Onr . \/nJrLJrQ\/(n—l—L)!C c " (K ; )

e Normalization
/dcwi«) _ /dcw%@) 1

e Eigenvalues

- 1 o 1 o _1QW7</CWOLL
[22de [V day? (¢2,2) = [ dC [ da? (C2a) =L Symumetiy of
tigerstate/

Nucleon: Equal Probability for L=0, |

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

Nucleow spivw carried by quark ovbital angular momentum
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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
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4

44} P3, W3

0

0 — A superpartner trajectories

qqq]

with Guenter Dosch and Guy de Teramond

3 4 5
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 Scole

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




Universol 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



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)
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Supersymmetry across the light and heavy-light spectrum
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de Téramond, Dosch, Lorcé, sjb

(@)

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!

62



de Téramond, Dosch, Lorcé, sjb

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
= Zp = 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)
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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



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



QCD Hidden-Color Hexadiquark in the Core of Nuclei

J. Rittenhouse West, G. de Teramond, A.S. Goldhaber, |. Schmidt, sjb

Urpo >; ud] [ud]|ud]|ud]|ud]|ud] >
mixes wit
He|lnpnp >

Increases alpha binding energy, EMC effects

Diquarks Can Dominate Five-Quark Fock State of Proton

p >= alludju > +||ud||ud|d >
J. Rittenhouse West, sjb (to be published)

Natural explanation why d(x) >> @(x) in proton



Underlying Principles

® Polincaré 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 (? = b2 z(1 — x)

® Introduce mass scale K while retaining the Conformal Invariance

of the Action (dAFF) G gent Mouss”

® Unique Dilaton in AdSs: 6+’f222
® Unique color-confining LF Potential U ((?) = x*(?

® Superconformal Algebra: Mass Degenerate 4-Plet:

(Meson qq <> Baryon qlqq| <+ Tetraquark [qq|[qq] )

1 AFZy/ FA
; NS \
:‘a’ 5, fa 3 2\ /I;ﬁ 'H

Stan Brodsky Supersymmetric Features of Hadron Physics " | l-\_-\'l 2
from Superconformal Algebra NATIONAL ACCELERATOR LABORATORY N e

University of ;
s Kentucky LA AL AL 1) 19 April 2021

Sssseas


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

0.5
g#&== Lattice QCD: Fit 1
&= Lattice QCD: Fit 2

Unpolarized GPDs and PDFs (HLFHS Collaboration, 2018)
® E615

—— DSE

B NNPDF3.0 Uy
0.6
CT14 0.44
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\3?3/ 0.4 #==8 This work (II) 3
-~ —-—  This work (III) kbﬁ
S S 0.2
0.27 u? =10 GeV?
0.1
00_4 |||||||_3| | |||||||_2| | |||||||_1| L 111 O O.O | I I I I I I I I :
10 10 10 10 10 0 0.1 02 0.3 04 05 0.6 0.7 0.8 0.9 1.
€T 0%

e Transverse impact parameter quark distribution

quJ— —iaL-qL u 2
u(xan_): (27_‘_)26 H (xaqj_)




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

including the correct normalization, once the coefficients ¢ are fixed for the vector current

e Helicity retention between quark and parent hadron (pQCD prediction): lim,_1 AQ(Q;) =1

q(z
: : : . A
e No spin correlation with parent hadron: lim,_,q % =
0.8 mmm This work (1) 1.0 —
B This work (1I) 1? = 5GeV? ;
— C_ 1 This work (Ill) 0.5 Aug /us Z3" A
= 0.61 NNPDFpol1.1 = ;
< 4 E06-014/EGT =
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- —~ 0.0 ' N T
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S 0.2r | —0.51 Ad,/d; " E99-117/EG1
9 5 * EG1b
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Transverse and Longitudinal LF Confinement

Longitudinal contribution for nonzero quark mass
S.S. Chabysheva and J.R.Hiller,

Constraint: Rotational symmetry in

non-relativistic heavy-quark limit.



Transverse Confinement

( f 147 UL<<>) 6(C) = M2 6(0).

d¢? 4(7
Ul(/g) = N+ 20(J - 1). | (¢ =b72(1 — )
M3 (n,J, L) = 4X <n | ‘];L> ,
and eigenfunctions de Teramond, Dosch, sjb

¢n,L(C) _ )\(l—I—L)/Q\/ 277/' <1/2—|—L6—)\C2/2L£()\<—2)

(n+L)!




Longitudinal Confinement

m?2

v 1—qa: -Uj (@) | x(@) :]\4H2 X ()

U” (Q?) — —0'2855 (CE(l — Q?) 6’:,3) Li, Maris, Zhao,Vary

Uy =o°z(1 —x)z°
LT

lofte length z: conjugate to LF x = &=+ G.A. Miller, sjb

+ o+
- LF interaction in A" = 0 gauge

de Teramond, sjb

Same potential: t” Hooft Equation QCD(141) x5, oo



Longitudinal dynamics and chiral symmetry breaking in holographic light-front QCD

Guy F. de Téramond' * and Stanley J. Brodsky?: |

! Laboratorio de Fisica Tedrica y Computacional, Universidad de Costa Rica, 11501 San José, Costa Rica
2SLAC National Accelerator Laboratory, Stanford University, Stanford, CA 94309, USA
(Dated: April 18, 2021)

The breaking of chiral symmetry in holographic light-front QCD is encoded in its longitudinal
dynamics with its chiral limit protected by the superconformal algebraic structure which governs its
transverse dynamics. The scale in the longitudinal light-front Hamiltonian determines the confine-
ment strength in this direction: It is also responsible for most of the light meson ground state mass
consistent with the Gell-Mann-Oakes-Renner constraint. Longitudinal confinement and the break-
ing of chiral symmetry are found to be different manifestations of the same underlying dynamics
like in 't Hooft large No QCD(1 + 1) model.



Longitudinal Confinement

Uy =o°z(1 —x)z°

(mq , 1%33) V(@) 4 gchP/O dx,x((a;)_—;g’)

0 = g\/TNc/3 = const,

2mq Qm(j

x(x) ~z77 (1—x)

Mg — g\/ﬂ'NC/3 (My +mg) + O((mu_l_ md)2)

GMOR relation de Teramond, sjb




Expand in complete orthonormal basis
Xz"ﬁ(a:) = Nmo‘/Z(l — 33)5/2P,§O"5)(1 — 2x).

M||2 = o° /01 dx X(ZE)( — Oz (x(1 — 2)0,)

F L @) = 03 €2k 0 ),

T 1l —x

where v4(k, a, 3) = i(oz + 684+ 2k)(24+ a+ B+ 2k), with
o =2m,/o and B =2m;/o.

Mode expansion
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Convergence of ground state meson masses with increasing s
The horizontal grey lines in the figure are the observed masses.



Mg = U(mu‘|— md) + O((mu_l_ md)Q) 9

in the limit m,,,mq — 0. It has the same linear depen-
dence in the quark mass as the Gell-Mann-Oakes-Renner

(GMOR) relation

Mgfg — _%(mu‘|‘md)<ﬂu+czd> _I_O((mu‘l' md)Q)

where the “vacuum condensate” (Y1) = % (au+dd) plays
the role of a chiral order parameter. The same linear de-
pendence arises for the (3 4 1) effective LF Hamiltonian,
since the constraints from the superconformal algebra re-
quire that the contribution to the pion mass from the
transverse LF dynamics is identically zero.

Interpret < i) > as an in-hadron condensate

Roberts, Shrock, Tandy, sjb Roberts, Richards, Horn, Chang



X(x)

FIG. 3. Light-front distribution amplitudes X (x) for the T,
K, D and J/W¥ mesons: the red curve is the invariant mass
result, dot dashed black curves are individual modes in the
expansion (16), dashed blue curve represent the sum of modes
in the figure. Notice that the J/W result is well described by
the zero mode alone.



Ruwnwning Coupling from Modified 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



T
0.6
0.4
0.2
HJ2 0

Deur, de Teramond, sjb

All-Scale QCD Coupling

_ Fitto Bj + DHG Sum Rules:
Nonperturbative QCD k= 0.513+0.007 GeV

(Quark Confinement)

Prediction:
AM—S = 0.339 £ 0.019 GeV

Experiment:
AM—S = 0.332 £ 0.017 GeV
Use Qo for starting

DGLAP and ERBL Perturbative QCD
Evolution (Asymptotic Freedom)

Qo = 0.87 4 0.08 GeV

| | ‘
10 1 10

Q (GeV)

Reverse Dimevsitonal Trovsmutation! MS scheme



Bjorken sum rule defines effective charge Qg1 (QQ)

/0 drlg (2, Q) — gi" (2, Q%)) = 2211

® Can be used as standard QCD coupling

® Well measured
® Asymptotic freedom at large Q2

® Computable at large Q2 in any pQCD
scheme

® Universal o, Bi
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Bjorken sum I' ;P2 measurements
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Runwning Coupling from AdS/QCD

=
5 ! F A o, /m DESY HERMES
) ~NU ¢ a,,/m CERN COMPASS B _] orken sum rule:
S NN O o/m SLAC E142/E143
b ¥ a_/m SLAC E154/E155 .
0.8 - \.\ o oczlht JLab RSS agl (Q2) —1_ E d p—n( QQ)
N | O o,/nCERN SMC = 9a /o g T
i \ Q : : .
- ¢ i Effective coupling in LFHQCD
I IEXy .
| <) (valid at low-02)
- Holographic QCD + Al
04 |- pQCD matching (201 .‘ 0
i Uy AdS 2 ( 2 2)
. )\ — P
—— This work ii“!ki e o, (Q°) = mexp (—Q°/4k
I * %3/75 i \!\!v» Vi !» Lil\
02| 0ty OPAL Hl | .
A oy /milabCLAS @008) TN | Imposing continuity for o
¥ /mILabCLAS Q0L - L \K and its first derivative
(@ o /nHall A/ICLAS | 17 |
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0" I 10
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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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Novel Effects Derived from Light-Front

Wavefunctions

® Color Transparency

® Intrinsic heavy quarks at high x c(x), b(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



z|c(z) — c(x)]

0.003

LFHQCD
0.002 4 (LGTH+ Exclusive-Cornmection)
0.001 -
0.000 -
—0.001 -
—0.002 —r —————m —
102 101 100
XL

The distribution function x[c(x) — ¢(x)] obtained from the
LFHQCD formalism using the lattice QCD input of charm electro-
magnetic form factors GCE, M(Qz). The outer cyan band indicates an
estimate of systematic uncertainty in the x[c(x) — ¢(x)] distribution
obtained from a variation of the hadron scale . by 5%.



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"‘“222
® Unique color-confining LF Potential U ((*) = k*(?

® Superconformal Algebra: Mass Degenerate 4-Plet:

(Meson qq <> Baryon ¢lqq] < Tetraquark |qq]|gq] )

ZORD JUNZS \
Supersymmetric Features of Hadron Physics -3 ,i ﬁ-\'l e

Stan BrOdSky f" om Super Confor mal Algebra NATIONAL ACCELERATOR LABORATORY “‘(‘é ;:‘*

Sssseas

University of i S
LIi‘?EKentuc ky and Light-Front Holography 19 April 2021




Compute Hadrow Structure, Spectroscopy, and

Dynaumics from Light-Front Holography

® 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)

® FEliminate Scale Uncertainties and Scheme Dependence: PMC

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



Meson Baryon Tetraquark
g-cont JPE) Name geont JP Name g-cont JPE) Name
qq 0+ w(140)
gqg 1*° b1 (1235) (udlg (1/2)* N(940) | [ud|fud] 0% fo(980)
g9 2°° w2(1670) udlg  (1/2) Ny-(1535) [ [ud)fud] 1-*  m,(1400)
(3/2) N,-(1520) 1 (1600)
qq 1-- p(T70). w(780)
([ a0 2 a(1320), (1270) [ [agle  (3/2)"  A(1232) |[lgallud] 1% a(1260) | )
qq 3 pa(TO00), Ws(T670) [ aglg — (172) &, (1620 | 1aq — P~
(3/2)7 A, (1700)
g 4**" a,(2040), f4(2050) | [eqlg (7/2)* A;.(1950) | [qqlfud] 3**  as(~ 2070)7
gs 0 K (495)
gs 1) K,(1270) udls  (1/2)Y  A(1115) | [ud|[zg] 0+  K3(1430)
gs 279 Ka(1770) ud)s  (1/2)-  A(1405) | [ud][zg) 179 Ki(~ 1700)?
(3/2)-  A(1520)
g 0 K (495)
sg 1*) K1(1270) lsalg  (1/2)*  X(1190) | [sq]lsq] 0** a(980)
fo(980)
sg__ 1) K (890)
sq 2+%) K3(1430) [salg  (3/2)"  X(1385) | [sqllga] 1 Ky(1400) | )
3G F_’_K'(WSU) [5qlqg (3/2)  E(I670) [ 1%9]1q9 T R~
sg 4+ K3 (2045) lsglg  (7/2)" X(2030) | [sqllgg] 3**") Ks(~ "070)"
58 0+ n{550)
ss 1+ h1(1170) lsqls  (1/2)* =(1320) | [sql(zg] 0**  fo(1370)
G(Ias0) _)
55 2-4 m2( 1645) [sgla (7)° =(1690) | |=ql[zq] 1-° ®'(1750)?
58 1— $(1020)
§s 2% f3(1525) lsals  (3/2)* E=°(1530) | [sqllzq] 1**  fi(1420)
55 3-- &4 (1850) lsqls  (3/2)- Z=(1820) | [sqllzq] 2— @,(~ 1800)7
is 2+ f2(1950) lss]ls  (3/2)" 0(1672) | [ss][zg] 179 Ki(~ 1700)7
Meson Baryon Tetraquark

M. Nielsen




de 1eramond, Dosch, Lorce, $)b

New World of Tetraquarks

30 X 30 = gc + 0¢
Bound/!

* Diquark: Color-Confined Constituents: Color 3¢

* Diquark-Antidiquark bound states 30 X 30 =1¢

o(T'N) ~20(pN)—o(nN)

2|0([{gq}N) + o (gN)| = [0(gN) + a(gN)] = [0({gg}N) + o ({gq} N)]

Candidates fy(980)I = 0,JF = 07, partner of proton

a1(1260)1 = 0, J% = 1T, partner of A(1233)

Test twist=4, power-law fall-off of form factors



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: 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
Stan Brodsky from Superconformal Algebra

University of d Licht-F t Hol h —
% Kentuck ky el Bl A/ 19 April 2021




Irnwawiance Principles of Quantum Field Theovy

® Poincareé 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)

® Mass-Scale Invariance:
Conformal Invariance of the Action (DAFF)

Stan Brodsky Supersymmetric Features of Hadron Physics Do NS | 7

from Superconformal Algebra NATIONAL ACCELERATOR LABORATORY NSy

Sssseas

University of ;
s Kentucky LA AL AL 1) 19 April 2021



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

Light-Front Holography —
A Novel Approach to QCD Color Confinement and Hadron Spectroscopy

Fixed T=t+4 z/c

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

MITP Virtual Workshop Sta/w B V'O'd/é(kﬁ/

“Hadron Spectroscopy: The Next Big Steps" €1 A #F> NATIONAL

—= @ ACCELERATOR

&P b ™A\ | A5ORATORY

March 14, 2022






MITP Virtual Workshop
“Hadron Spectroscopy: The Next Big Steps”

Fixed T=t+4 z/c

Stan Brodsky

el ‘ h NATIONAL

ACCELERATOR

—= =2
March 14, 2022 F b NN | ABORATORY




MITP Virtual Workshop
“Hadron Spectroscopy: The Next Big Steps”

v
Tetraquark: diquark-antidiquark cluster



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)

(1o T a(E0), 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)

R 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)

C 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




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



MITP Virtual Workshop
“Hadron Spectroscopy: The Next Big Steps”

Quark and Gluon Color confinement

Derive color-confining potential from QCD itself

Study effects of confinement in dynamical observables,
such as QCD jets




MITP Virtual Workshop

“Hadron Spectroscopy: The Next Big Steps”

* Study Non-perturbative dynamical effects
* Physics of QCD running coupling at all scales

* Precision QCD: Eliminate renormalization scale and
scheme ambiguities, as in QED

* Use diffractive events to study heavy quark, production,
heavy hadron spectroscopy

* QED / QCD Interference eftects, e.g., in diffraction
events. QED photon mimics C=- odderon



Runwning Coupling from AdS/QCD

=
5 ! F A o, /m DESY HERMES
) ~NU ¢ a,,/m CERN COMPASS B _] orken sum rule:
S NN O o/m SLAC E142/E143
b ¥ a_/m SLAC E154/E155 .
0.8 - \.\ o oczlht JLab RSS agl (Q2) —1_ E d p—n( QQ)
N | O o,/nCERN SMC = 9a /o g T
i \ Q : : .
- ¢ i Effective coupling in LFHQCD
I IEXy .
| <) (valid at low-02)
- Holographic QCD + Al
04 |- pQCD matching (201 .‘ 0
i Uy AdS 2 ( 2 2)
. )\ — P
—— This work ii“!ki e o, (Q°) = mexp (—Q°/4k
I * %3/75 i \!\!v» Vi !» Lil\
02| 0ty OPAL Hl | .
A oy /milabCLAS @008) TN | Imposing continuity for o
¥ /mILabCLAS Q0L - L \K and its first derivative
(@ o /nHall A/ICLAS | 17 |
0 1 1 1 1 1 L1 1 1 1 1 1 1 1 11
0" I 10
Q (GeV)

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



" A
Fundamental Question: Origin of the QCD Mass Scale

B Pjon massless for mq=0
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

®m 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 %4C ’

m Ejgenstates of Light-Front Hamiltonian determine hadronic
mass spectrum and LF wavefunctions ., (., i . )

m Superconformal algebra: Degenerate meson, baryon,
and tetraquark mass spectrum

® Running QCD Coupling at all scales: Predict -

M S
mp




MITP Virtual Workshop

“Hadron Spectroscopy: The Next Big Steps”

Intrinsic Heavy Quarks

Rigorous QCD Phenomena

Not included in DGLAP
High x

Strong heavy quark/antiquark asymmetries



Proton 5 -quawk Fock State :
Intrinsic Heavy Quarks

7

Use AdS/QCD LFWF

Probability (Q:

D) & = Probability (QCD)

g — QQ at low z: High M?

QCD predicty
Intrinvsic

Minimal off-
shellness!

1
2
MQ

Collins, Ellis, Gunion, Mueller, sjb

Polyakov, et al.



Hoyer, Peterson, Sakai, sjb

Proton Self Energy | e L time
Intrinsic Heavy Quawks

Probability (QED) M% . Probability (QCD) o Mlé
v
Rigorous OPE Analysis ~ “ I beon b "



z|c(z) — c(x)]

0.003

LFHQCD
0.002 4 (LGTH+ Exclusive-Cornmection)
0.001 -
0.000 -
—0.001 -
—0.002 —r —————m —
102 101 100
XL

The distribution function x[c(x) — ¢(x)] obtained from the
LFHQCD formalism using the lattice QCD input of charm electro-
magnetic form factors GCE, M(Qz). The outer cyan band indicates an
estimate of systematic uncertainty in the x[c(x) — ¢(x)] distribution
obtained from a variation of the hadron scale . by 5%.



MITP Virtual Workshop
“Hadron Spectroscopy: The Next Big Steps”

Nuclear QCD

Novel Nuclear Spectroscopy

Effects of Diquarks
Antishadowing
Hidden Color

Explanation of Strong Nuclear Binding



Novel Light-Front Physics

- LFWFs defined at fixed LF time 1— Off-shell in invariant mass
- Violation of sum rules for nuclear pdfs: Glauber processes

- Color Transparency

- Hidden Color

- Anomalous Nuclear Dependence quarkonium

- Flavor-Dependent Anti-shadowing

- Wigner Function: Product of LF Wavefunctions

* LF Temperature — Frame Independent

- Hidden Supersymmetry

- LF Temperature: Frame-Independent

- Collisions of Flux-Tubes at the EIC produce ridges correlated with electron scattering plane

- Chiral Symmetry not broken at high mass



Anti-Shadowing

1.2
| © EMC 2 E136

LT NMC « E665 ®

D

w
o) ‘_\
1\

1 f=-§- .
] a R

Ca/F

&

b N
‘?[

a1 (.9

K

0.3 Q2= S GGVZ

I —
0'001 O'Ol 0'1 M. Hirai, S. Kumano and T. H. Nagai,
. “Nuclear parton distribution functions
Shadowmg x and their uncertainties,”
Phys. Rev. C 70, 044905 (2004)
[arXiv:hep-ph/0404093].



| The one-step and two-step processes in DIS
on a nucleus.

Coherence at small Bjorken zp :
1/ Mzg =2v/Q? > L.

If the scattering on nucleon Ny is via pomeron
exchange, the one-step and two-step ampli-
tudes are opposite in phase, thus diminishing
the g flux reaching No.

Diffraction via Reggeon Exchange gives constructive
interference!

Antl-shadowing



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!9
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]




MITP Virtual Workshop

“Hadron Spectroscopy: The Next Big Steps”

® Color Transparency phenomena, pointlike

configurations, dynamical structure of
hadrons LFWFs



Transverse Confinement

( f 147 UL<<>) 6(C) = M2 6(0).

d¢? 4(7
Ul(/g) = N+ 20(J - 1). | (¢ =b72(1 — )
M3 (n,J, L) = 4X <n | ‘];L> ,
and eigenfunctions de Teramond, Dosch, sjb

¢n,L(C) _ )\(l—I—L)/Q\/ 277/' <1/2—|—L6—)\C2/2L£()\<—2)

(n+L)!




A1 — 1) p=p+gq

<32L(Q2)>T ’

travnsverse sige decreases witiv Q,
increases withvtwist T



F(q*) = G. de Teramond, sjb

_d_[(Q?)
dQ
LA (2

Proton radius squared at Q% =0

. . . —9
Color Transparency is controlled by the transverse-spatial size a*

and its dependence on the momentum transfer Q? = —t :
The scale Q2 required for Color Transparency grows with twist 7

Light-Front Holography: For large Q2 ;




<p+ali*(0)|p >= 2p" F(¢?)

* Fixed T=t+4 z/c

Interactiorv
picture

4t — 1)
Q*

<3-2L(Q2)>T ’

|

wang_ _I_Q_)J_

p+q

T

struck K\, =k + (1 —x;)qL

<--=-=-=Fk-de---- -

w(:piv EJ_Z)

Drell &Yan, West

Exact LF formula! ypectdtors kj_z — k 14 — xch 1

Drell, sjb
Form Factory are Overlapys of LFWFs



Color transparency:fundamental prediction of QCD

o | |
e _|_ A S e _|_ D _|_ X * Not pre.dlc’.ced oY stror.lgyl.nteractmg
hadronic picture = arises in picture of
e' quark-gluon interactions

e  QCD: color field of singlet objects vanishes
as size is reduced

~
\\

Sol TN * Signature is a rise in nuclear transparency,
2N S p'
\\‘ T,, as a function of the momentum

transfer, Q2

1.0F--------Complete trapsparency .
T 04 (nuclear cross section)
T sA A —
Al @™ Glauber A ON (free nucleon
cross section)
with Guy de Teramond

Holly Suzmila-Vance Two-Stage Color Transparency for Proton



f d’a  a% q(z,a])
f d2aJ_ Q(wan_)

< af(z) >=

At large light-front momentum fraction x, and equivalently at large values of Q2, the transverse size of a
hadron behaves as a point-like color-singlet object. This behavior is the origin of color transparency in
nuclei.

Although the dependence of the transverse impact area as a function of x is universal, the behavior in Q2
depends on properties of the hadron, such as its twist.

Mean transverse size
as a function of Q and Iwist




CLAS E02-110 rho electro-production

Hall C E01-107 pion electro-production A ) 0
e,ep
) -+
A(e,e’'rt*)
0.75 5
A °C
1.2 B Fe ‘I‘
_ZH - E 0.8 —27A| -/',\' “,’
10 =& - ] ® + $_ T 1
0.65 * ; ‘_#____._ ..........................
0.5 [ T 2 S
0.8 _12c i ,,.—,.-.-’v"""—""; ......... i i E’ - 4
cengrenm T s 2
*,—.::..‘.r ----- + """"" ; =
E‘0.6 - swmmmm————————— 0.4 2
g ' : : 1 L § 0551 FMS Model —  GKM Model
5 63 = - FMS Model (CT) --- GKM Model (CT)
£ 0.6 *°Cu 0.4 §
B
S I .
**i _________ 0.3 )
0.4 | T )
e
0.2
0.3 [ . . _
4 2
Q“ (GeV/c)

B.Clasie et al. PRL 99:242502 (2007)
X. Qian et al. PRC81:055209 (2010)

5% increase for Ty in 1?C at Q% = 4 GeV? implies 5% increase for T}, at Q* = 18 GeV?




Tf’“”spare”cy. Scalef C Light-Front Holography

increases with twist

Transparency controlled by transverse size -

2 2\\ __ 4 2
(@ (@) = ~ 5o szF(Q )

01 o et
| ' | | | | | ' | | | | | | | | | |
0 o ¥ %% 30 (8,

2 2
O GeV
Proton has equal probability for 7 =3 and 7 =4 with Guy de Teramond



Longitudinal Confinement

m?2

v 1—qa: -Uj (@) | x(@) :]\4H2 X ()

U” (Q?) — —0'2855 (CE(l — Q?) 6’:,3) Li, Maris, Zhao,Vary

Uy =o°z(1 —x)z°
LT

lofte length z: conjugate to LF x = &=+ G.A. Miller, sjb

+ o+
- LF interaction in A" = 0 gauge

de Teramond, sjb

Same potential: t” Hooft Equation QCD(141) x5, oo



Light Front Holography, Intrinsic Charm,

and Tetraquarks

Fixed T=t+4 z/c

|p >= Cvalence‘u[Ud] > +Ointrin8ic‘5[cu] [Ud] >

c(x) # ¢(x)
Double-charm tetraquawks

oand other exotics




Novel Effects Derived from Light-Front

Wavefunctions

® Color Transparency

® Intrinsic heavy quarks at high x c(x), b(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



