Supersymmetric Features of Hadron Physics
and other Novel Features of QCD
from Light-Front Holography and Superconformal Quantum Mechanics
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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.



s M? (GeVz)

:

4

44| P3, W3

i ! 3 5t 7t

3 A2 (A2 A2 Az -

! 3-

2| C A2 i
qqq]

1" p,w i
. LM — LB + 1
0_| S T T (T T S S T S S S A R R S A B
0 1 2 3 4 5

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



Guy de Téramond, Hans Glinter Dosch, sjb
Superconformal Algebra
2X2 Hadronic Multiplets: 4-Plet
Bosons, Fermions withv

Meson Baryon

R)
° "0 C R G — [qq]
= O 30— 30

¢M7 LB‘|_1 wB—I—v LB

Baryon Tetraquark

Proton: lu[ud]> Quark + Scalar Diquark
Equal Weight: L=0, L=1




" A
Fundamental Question: Origin of the QCD Mass Scale

® Pjon massless for mq=0
m What sets the mass of the proton when mq=0 ?

B 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 /<J4C ’

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

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

® Running QCD Coupling at all scales: Predict A
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Measurements of hadron LF Fixed 7 =t 4+ 2/c
wavefunction are at fixed LF time
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Like a flash pbotograph Toj =T = 57



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

Fixed T=t+4 z/c
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Darac: Front Form 5
v

\Un(fl?i, EJ_Z'? )‘Z)

Inwawriont under boosts! Independent of P

Causal, Frame-independent, Simple Vacuum,
Current Matrix Elements are overlap of LFWF'S




<p+qli*(0)|p >= 2p" F(¢?)

>k Interactiovw
Qi — QQ — —q2 ‘\ﬂ/ , Fixed 7=t+4 z/c picture
g™ =0 cjl* form Factorsy ave
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E £, EJ_ q_)J_

(===
=
53

\’??‘

g

(s, kig)

struck K =k ; + (1 —2)qL

Drell &Yan, West > n
Exact LF formula! ‘&beCtdtom kJ_i — kJ—’L Lid 1

Drell, sjb



Bound States in Relativistic Quantum Field Theory:

Light-Front Wawvefunctions

Dirac’s Front Form: Fixed t =1 +2z/c

Fixed T=t+4 z/c

w(x% EJ_iv )\Z) Lt 10 4 13

1T — —— —

i P PO 1 P3
Invariant under boosts. Independent of P"

HY:P |y >= M?|y >

Direct connection to QCD Lagrangian

Off-shell in invariant mass

Remawkalble new insighty from AdS/CFT, the duality
between conformal field theory and Anti-de Sitter Space
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Light-Front Wavefunctions Porce . .
, asquini

\ underly hadronic observables

() E A - Momentum space KL ¢ ZI  Position space
n(xi, k15 A) R, @

Z, k_]_, bl

Transverse density in position
space

Transverse density in
momentum space

Transverse

xPT

Z, kJ_
k1

Longitudinal

Sivers, T-odd from lensing
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current
. quark jet
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final state
Interaction

“Lensing”
involves soft S@ spectator
scales system

proton
Light-Front Wavefunction

S and P- Waves!

Sigw reversal tn DY!

Leading Twist
Sivers Effect

Hwang,

Schmidt, sjb

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

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

“Lensing Effect”

Leading-Twist
Rescattering

Violates pQCD

factorization!



QCD Lagrangiowv

1
ﬁQC’D = _ZTT(GW/GW/ -+ E Z\IffDM"}/'u\Iff —+ y\lff\lff
F=1

1DV =10t — gAY GM = 0" AF — 9V 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!



LW’FVOM QLD Physical gauge: AT =0

Exact frame-independent formulation of
nonperturbative QCD!

QCD QCD o
L = L |
CD m- -+ Xe) Pe -
HEP =) : L, + Hint
Hin: Matrix in Fock Space ; ] }

HZC?FC;D‘\I/}L > M%‘\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 m{ Z@z

int
HLF



W’n(mia EJ.?L: Ai)

gq@q(az‘)wq(az)h(x) < h > ‘ Higgs Zero Mode

Yukowa Higgs coubling of confined quowk to-Higgs zero- mode gives

2
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Light-Front QCD CD DLCQ: Solve QCD(1+1) for
et HIEPIW ) = M2 [W3) | aomy ook moss anct fevvars
Heisenberg tq Hornbostel, Pauli, sjb
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QCD‘\I/}L >=

./\/l ’\Ifh>

‘Py 5, >= 2 \Pn(xi,zu, 7%) |n;7cll., Ai >
=3

suun over states withv n=3, 4,

The Light Front Fock State Wavetunctions
¥, (xi, zJ_ia Ai)

are boost invariant; they are independent of the hadron’s energy

and momentum P,
The light-cone momentum fractions

ki _ Ktk
pT - PO pz

X; —

are boost invariant.

ik; =P, ix,- =1, Z%L =0*
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H Q E D QD atoms: positroniamm

l and, muoniam
(HO _I_Hznt) ‘\Ij >= E |\Ij > Coupled Fock states
A? S l
— o T Vet (5,7)] th(7) = £ 9(r) Effective two-pawticle equation
red
l Includes Lamb Shift, quantum corrections

Sphervical Basis 7, 6” ¢

Couloml- potential
Bohr Spectrum

Schwodinger Eq.




LW‘FV: 1tQCD Fixed T=t—|-Z/C

l (¢ =a2(1— )b ]
(Hip + Hpp)|V >= M?|¥ > Coupled: Fock states
l Eliminate higher Fock states
oand retowded interactions
[i%tii +VE Yrp(a, ki) = M? Yrp(z, ko) Effective two-pouticle equation
d2 1 - 4lL2 , AWOJ/ Basis
[~ gt e H U = M) C, ¢
AdS/QCD: mq =0

i ds/
[ U =rC 2L s-1 | R

Semiclassical first approximation to- QCD Sums an infinite # diagrams




de Teramond, Dosch, sjb

Light-Front Holography

_ k%27
690(2) — K™z (:2 — [L‘(]_ ~ x)bi

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

Light-Front Schrodinger Equation Unique
[7 ( C) _ C 19k ( L 1§ _ 1 ng'}ﬂijw Potential!
Confinement scale: k~005GeV

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



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

R2 wwowrtown measure
ds* = — (ndatde” — dz*),—~—-—

T2
x? — 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, 2z — Az
2

x° = x,x": invariant separation between quarks

e The AdS boundary at z — ( correspond to the () — o0, UV zero separation limit.

AdS/CFT



Dilaton-Modified AdS/QCD

ds® = e?*) —(n, ata” — dz?)

® Soft-wall dilaton profile breaks

. o 22
conformal invariance ¥(z) — otr7%

® Color Confinement in z

® Introduces confinement scale K

® Uses AdS;s as template for conformal
theory

The Galileo- Galilei Institute Supersymmetric Features of Hadron

fmf Theoveticol Phym Physics from Light-Front Holography

and Superconformal Algebra


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 poe) = MPa()

dz? 42

U(z) = rk*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 (= \/x(l—az)gi



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

Fixed T=t+4 z/c (1—2x)

(2, ¢) = Va1l — )¢ ?¢(C)

(uR)? = L% — (J — 2)°

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




_ Massless pion!
Meson Spectrum in Soft Wall Model

—0if —0 Pion Negative termv for J=0 cancels
— Vg = positive terms fromv LFKE and potential

e

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

d> 1-—4L?
(_d_gz_ i FEAC 267 (T — ))¢J(<) M*$;(¢)

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

<>\/()<>

e Eigenvalues

C 2 bi T ( ] — Qj) G. de Teramond, H. G. Dosch, sjb



4k2 for An = 1

_ _ - 2 A2
e J=L+S,1=1mesonfamiies M7 ; ¢ =4x*(n+ L + S/2) 462 for AL — 1
mq:O 2k for AS =1
Massless pion in Chiral Limit! Same slope inn and L!
T [ T I I | ! |
n=2 n=1 n=0 n=2 n=1 n=0
4t - at :
> S
& x(1800) S
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NE 2 C\IE 2
p(1450)
~ (1300) ]
(140
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|=1 orbital and radial excitations for the  (k = 0.59 GeV) and the p-meson families (x = 0.54 GeV)

e Triplet splitting forthe I = 1, L = 1, J = 0, 1, 2, vector meson a-states

M, 1320) > Ma, (1260) > M (980)

Mass ratio of the p and the a1 mesons: coincides with Weinberg sum rules

G. de Teramond, H. G. Dosch, sjb



pion is massless in chiral limit iff

p=2!

pP(2) — o TrTZ

® Dosch, de Teramond, sjb



Quauk seporation ©
increases with L

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

2-2007
8721A21

Soft Wall
Model

(a)

Same slope in n and L!

S=0

, (1670)

(b)

S =0

7 (1300)

|Pion mass
automatically zero!

mg = 0

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

4 0
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De Teramond, Doschy, b my, = mg = 46 MeV, mg; = 357 MeV
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M? = M:+ <X

X> from LF Higgs mechanism

Tandy, Roberts, et al



Prediction fromAdS/QCD: Meson LFWF

2
690(2) — e—l-ﬁ: z

0.2

var(z, k2)

Note coupling
2
k9,

47
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"
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4 \\QQQQ ®
AN IXXRSTS
PN\ TS

wM(:Cv kJ_) —

/43\/:1:(1 —

)

f7r —V Pq(j@/ﬁ = 92.4 MeV

8

6_ 2k2x(l—x)

de Teramond,
Cao, sjb

“Soft Wall”

model

Same as DSE! C. D. Roberts et al.
Provides Coruwnection of Confinement to- Hadrown Structure



¢ Light Front Wawefunctions: W, (x5, EJ_z'a Ai)

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

Fixed T=1t+4 z/c

“Hadronization at the Amplitude Level”

Boost-invariant LFWF connects confined quarks and gluons to hadrons



week ending

PRL 109, 081601 (2012) PHYSICAL REVIEW LETTERS 24 AUGUST 2012

AdS/QCD Holographic Wave Function for the p Meson
and Diffractive p Meson Electroproduction

\.‘L, AL L
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QCD Lagrangiowv

1
ﬁQC’D = _ZTT(GW/GW/ -+ E Z\IffDM"}/'u\Iff —+ y\lff\lff
F=1

1DV =10t — gAY GM = 0" AF — 9V 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 U0 = MU ()

U(¢) = k*¢? +2r°(L+ S — 1)

® Dosch, de Teramond, sjb




AdAFF: New Time Variable

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

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

e Finite range

¢ Measure in Double-Parton Processes

Retaing conformal inwariance of action despite mass scale!



Haag, Lopuszanski, Sohnius (1974)

Superconformal Quantum Mechanics

(0t} =1 B=_ "] = jos

1 1

¢:§(01—i02), ¢+:§(01—|—7Z02)
Q=vt-0:+ 2], @ =+ 1) S—yte, 5t —yo

{Q,Q")}=2H, {S,ST} =2K

(Q,S"Y = f— B+2iD, {QT,S}=f—B—2iD

generates conformal algebra

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

(Q~VH, 5~VK)



Supersymmetric Superconformal QM

: (Fubini & Rabinovici, NPB245 (84) 17)
T — et

graded algebra of two fermionic operators (super charges) @, Q'

{Q,Q} =0, {Q",Q"} =0 with H={Q.Q"} = [Q H]=0, [Q",H]=0

minimu ealizaTion -> particle with 2 degrees of freedom with:

Q=1 (_3 ) CQf = 9 f) Y, W spinor operators with

& ) Ll o) = 1[0, ] = o
in matrix (0 —o,+1 ) - 0 0
notation < ( 0 0 Q= O +£ 0 -»>
2 H operates on .
_ 92, *+f D,
H = ( O J(: S o j: 2_; ) two component |9} = ( _” )
o states PB

with same eigenvalue



Superconformal Quantum Mechanics

LI N e o] Q~VH, S~VK
Consider R, = Q +wS;| w: dimensions of mass squared

G={R,, R’} =2H + 2w*K + 2wfl — 2wB 2B = o3

Retains Conformal Invariance of Action Fubini and Rabinovici
New Extended Hamilloniawn G iy diagonal:
1\2
4(f+5)° — 1)
A2

A4(f — 32 -1
GQQZ(—({9£+IU2ZE2—|—2UJ]E‘|‘UJ| (f 4;3 )

lIdentifyf—%:LB, w = K? \ = K2

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

Gllz(—5’§+w2$2+2wf—w |




Superconformal
Quantum Mechanics

LF Holography

( — 0% + K*C? + 2/{2([/3 + 1) A 4LZB _
G 4C2
AMLg+1)°%2—-1. _ -
(_ag _I_K/4<2 +2/€2LB | ( B 4<2) )wj _ M2¢J
MZ(”v Lp) = 4/‘02(71 + Lp+1) S=1/2, P=+
Meson Equation \ = k2
412, — 1
(=07 + K¢ +267(J — 1) A fcz ) = M3,
$=0, P=+
M?(n, Lar) = 4x*(n + Lar) Same K|

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



o M?(GeV?) bosovs JM fermaons
- p— A superpartner trajectories R
5_— » A7 i
4r MISNJOLN )
| 94 s 7
3[ Az Az _AZ Az :
Sm=1 :
_ I _
5[ a, h / Az A2 .
- BARYONS :
2 = 994 ‘
' pw So=1 ]
_ Ly=Lg+1 ]
0_. A T T T T T T S S S S (S S S S RS S S S S o
0 1 2 3 4 5
Dosch, de Teramond, sjb L (Orbital Angular Momentum)
2 Sm .
My = 4N (n+ Lar + =~ mesons with Lm=0 have no superpartners

M2 = 4 <n L+ %D 4 1> 1 (Lm=Sm=0) = M=0 in the chiral limit



S M/P?/VC(TVWCOVVVLOLZ/ Quantuum Mechawnics de Téramond, Dosch, Lorce, sjb

Light-Front Holography

M2 . n+Ly ‘ Meson-Baryon
M? - n+Lg+1

] nucleon

Mass Degeneracy
for Ly=Ls+1
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for J=L+S= M), g=4\|n+L+

5 | | | | | | |

o
2

o poor agreement!

I
- (D) n=2 n= n=0 %
Tetraquark candidates

i (5=0)
- /X =0.59 GeV
i quark mass

R R R correction was
7-2014 0 1 . 3 0 1 2 0

o] L L included!

| K*(1680)

(S=1)
V) = 0.54 GeV.

Ki(2045)

K3(1780)

| K*(1410) 1430) |

| K*(892) -
| 1 | ] |

0 2 B

7-2014
8851A9 L L



\ = K2 de Téramond, Dosch, Lorce’, sjb

M, = mg = 46 MeV, my, = 357 MeV
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oS

Fit to the slope of Regge trajectories,

including radial excitations

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



M? (GeVz)

p — A superpartner trajectories

Ly=Lg+1

3

4 5
de Téramond, Dosch, Lorce’, sjb



Solid line: n = 0.53 GeV

Superconformal meson-nucleon partners

de Téramond, Dosch, Lorce’, sjb



Universed Hadronic Features

® Universal quark light-front kinetic energy

ks A‘/\/l%FKE — /{2(1 + 2n + L)
Equal: "

LLIBR® Universal quark light-front potential energy
Theorem! i

N M%FP o= /4;2(1 +2n + L)

® Universal Constant Term
M? = 21{2(5 +L -1+ Qndiquark)

sSpPIN

M? = AMF pgp + AMT ppp + AMipm

+<ZT§>

7)




Fermionic Modes and Baryon Spectrum
[Hard wall model: GdT and S. J. Brodsky, PRL 94, 201601 (2005)]
[Soft wall model: GdT and S. J. Brodsky, (2005), arXiv:1001.5193]

Nucleon LF modes

¢+(C)n,L

¢— (C)n,L

Normalization

J2de [ dep? (¢ a) = [ dC [ dey? (¢%a) =

Eigenvalues

“Chiral partners”

From Nick Evans

2n! 2 -2
_ 2+ L 3/2+L —r=C /2LL+1 2,2
’ \/<n+L>!C LT )

1 2n! 22
. 3+ L 5/2—|—L —K C /QLL—I—Z 2 -2
= K e K

\/77,—|—L—|—2\/(n#—L)!C n ()

1 Quawrk Chirad
Symwmetry of
tigenstate/!

Nucleon: Equal Probability for L=0, |



Chival Features of Soft-Wall
AdS/QCD Model

* Boost Invariant

¢ Trivial LF vacuum! No vacuum condensate, but consistent with GMOR

® Massless Pion

* Hadron Eigenstates (even the pion) have LF Fock components of different 1.2

¢ Proton: equalprobablhty SZ — _|_1/2 LZ — () SZ — _1/2 L7 = +1
\;' = +1/2 < [F >= 1/2 < SZ O

¢ Self- Dal Mass1ve Elgenstates Prbton is its own ch1ra1 partner

¢ Label State by minimum L as in Atomic Physics

¢® Minimum L dominates at short distances

¢ AdS/QCD Dictionary: Match to Interpolating Operator Twist at z=o.
No- mass -degenerate parity partners!



Features of Supersymmetric Equations

e J =L+S baryon simultaneously satisfies both
equations of G with L, L+1 with same mass
eigenvalue

o Jz=1z+12=(Lz+1)-1/2 S =+1/2

e Proton spin carried by quark Lz

e Mass-degenerate meson “superpartner” with

LM:LB+1. “SZ,\/{/fted/ WVV"W)/OWDW)/”

Mesons and baryons have same & !

The Galileo- Galilei Institute Supersymmetric Features of Hadron

fmf Theoveticol PZ’WM Physics from Light-Front Holography

and Superconformal Algebra



Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

Fi Q) = gs / 4¢ J(Q, Ol (O
F QY = g / 4¢ J(Q, - (O

where the effective charges g4+ and g_ are determined from the spin-flavor structure of the theory.

e Choose the struck quark to have S* = +1/2. The two AdS solutions ¥4 ({) and 1_ ({) correspond
to nucleons with J? = +1/2 and —1/2.

e For SU(6) spin-flavor symmetry

FY(Q7)

[ ¢ 7Q. 0w+
Q@) = —5 [ dCIQ0) [l6+(O)F ~ [o-(0)F].

where F7(0) = 1, F*(0) = 0.



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

FP(Q?) = R / e

~4

V(Q,2)¥% (2)

e Nucleon AdS wave function

T _ R2HE 2n/! T/2+L L+l (,.2,2) ,—r°2%/2
1 (z) = E (n+L)!Z ST (k727 e

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

dz
4 2
e Bulk-to-boundary propagator [Grigoryan and Radyushkin (2007)]
1 . . .
V(Q,Z) = /{222/ o x%e_“%%/(lﬁ) 1.2+ 7
o (1—x)? <
% B

e Find | S
R@) =y o e
= _ LL
(1+%) (1+3%) =

with M2 — 4k2%(n + 1/2)

9-200
8757A72 Q? (GeV?)



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

2-2012
8820A18

2

2-2012
8820A17

0

(Q?)

n
F2

2-2012
8820A7




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




Nucleon Transition Form Factors

&
S o1t
=
}
P
[eX
L
O ] | ] |
0 2 4
SEa0A6 Q? (GeV?)

Proton transition form factor to the first radial excited state. Data from JLab



Nucleon Transition Form Factors
e Compute spin non-flip EM transition IV (940) — N*(1440): \IJZZO’LZO R \I,?:L:l,LZO

e Transition form factor
P (@) = R [ S0 001(Q w0
e Orthonormality of Laguerre functions (Fllfv_)N*(O) =0, V(Q=0,z2)= 1)
R* / gqfi’L(z)\pz’L(z) =

e Find

Fl?\f—ﬂ\f* (Q2) —
3 (1 + 9 ) (1 i f}é) (1 n —Afff)
P

with M2 — 4k%(n + 1/2)

de Teramond, sjb

Consistent withv counting rule; twist 3



(Q%) (GeV*)

N
1

Q*F

Q° Fy (Q%) (GeV®)

Sufian, de Teramond, Deur, Dosch, sjb

—__ LFHQCD, Q* F? (Q?)
— LFHQCD, Q* F? (Q*), r=2.08 _|
LFHQCD, Q* F} (Q*), r=1.0

$ Polarization Data, Q* F} Q%) |
¢ Polarization Data, Q* F] Q%)

—— LFHQCD, Q° F® (Q?)
—— LFHQCD, Q° F? (Q?)
$ Polarization Data, Q° F (Q*)
¢ Polarization Data, Q° F5 (Q* 1

QI (Q°)

Q' (Q?)
Includes

5-quawrks
Fock states

QI3 (Q7)

Q" F3(Q7)



xqg Q° F3 (Q%) (GeV”)

—— LFHQCD, ! Q° F! (Q?)

—— LFHQCD, ) Q° F¥ (Q?)
¢ Qattan & Arrington, ¥, Q° F (Q*)
I Qattan & Arrington, y3 Q° F5 (Q*)

4 o)
Q* (GeV*)

Flavor Dependence of Q¢ F2(Q?)

Sufian, de Teramond, Deur, Dosch, sjb

10



mmm WRH2005 Fit
LFHQCD Q2% = 0.75 GeV?

e LFHQCD, Q% = 27 GeV?
0.6 ¢ Conway et al.

T. Liu,
G. de Teramond,
G. Dosch, A. Deur,
R.S. Sufian, sjb

Q° = Q; = 0.75GeV?

“No parameters”

Start DGLAP evolution at transition scale Q2

Includes AdS “dressed current” (Radyushkin) — VM poles in timelike form factor



Guy de Téramond, Hans Glinter Dosch, sjb
Superconformal Algebra
2X2 Hadronic Multiplets
Bosons, Fermions withv

Meson Baryon

R)
° "0 C R G — [qq]
= O 30— 30

¢M7 LB_|_1 wB—I—v LB

Baryon Tetraquark

Proton: lu[ud]> Quark + Scalar Diquark
Equal Weight: L=0, L=1




olete” — MT) SN1—1 N =

fh
e—l-
---.)-*
B Y
e
_—

Use counting rules to- identify composite structure




de Téramond, Dosch, Lorce, sjb

S wpercomformaJ/Algdwax

= Lp+1) LB+1)>

2X2 Hadronic Multiplets ( ol wB+< L) ¢T< Ly = Lp)

quark-antiquark meson (La = Lp+1))

quark-diquark baryon (Lp) Q Q

om, Lp+1 Yy, Lp

quark-diquark baryon (Lg+1) Q
diquark-antidiquark tetraquark (Lt = LB)wg y . =

Universal Regge slopes )\ = 2

~
contribution from 2-dim contribution from AdS and
light-front harmonic oscillator superconformal algebra m2
A\ 7\ ,I/
Mé/A:&2n+LH+12+£2n+LH+1Z +  2(Lyg+s)+2x 1 < Z T >
k:i?:ertic pot;gtial : D

x(mesons) = —1 x (baryons, tetraquarks) = +1



Meson Baryon Tetraquark
g-cont JPE) Name gcont JP Name g-cont JPE) Name
aa 0 x(140)
qq@ 1% b1 (1235) [udlg (1/2)*  N(940) | [ud|[ud] 0** fo(380)
2 m(ew) | fude (12 N,-(535) |fudfed 1 m(1400)

(3/2) N,-(1520) x:(1600)
PR R T
(] a2 a(1320), £0200) | feade  (3/2) A01232) |lwallad] 1+ ay(1260) | )
a3 ps(1690), wo(1670) [ Tagle (1/2)" A,-(1620) [feqllud] 2 po(~ TT00)7
(3/2 A,-(1700)
gg  4*" a,(2040), f4(2050) | [galg (7/2)* A;.(1950) | [qql[ud] 3**  as(~ 2070)?
3 00 R (49%5)
gs 14 K,(1270) dls  (1/2)*  A(1115) | [ud|sg) 049  K2(1430)
gs 24 Ka(1770) udls  (1/2)-  A(1405) | [ud|sg 1~ Ki(~ 1700)?
(3/2)-  A(1520)
5g 00 K (495)
g 1O K(120) | [sde (1/2)*  $(1190) | [salisdl 0% ae(980)
15(980)
g 1O K (590)

([Tsa 20 kpaan) [ sae (3/2)0  3(1385) [[sallagl 1) Ky1400) | )
T R (T750) ala (3/2)  S(1670) | [=allaa, 2 ' Ka(~ 1700)7
g 4 kems) | [sle (772 $030) | [sqllg 349 Ks(~2070)7
s 0 n(550)

55 1+ hi1(1170) lsqls (1/2)* Z=(1320) | |sq|lzq] 0** fo(1370)
ag(1450)
s 2 m2(1645) sgs  (7)7  =(1690) | [sqllsgl 1+  #(1750)?
s 1— ®(1020)
s 2 (1s) | [safs (3/2) =(1530) | [sqlfs 1t fy(1420)
53— &4(1850) sls  (3/2) =(1820) | [sqllsg 2  @o(~ 1800)?
55 2+ 72(1950) msls  (3/2)" (1672) | [ss|[3g] 177 Ku(~ 1700)7
Meson Baryon Tetraquark

New Organization of the Hadron Spectrum g2,




Meson Baryon Tetraquark
g-cont JF©) Name g-cont JP Name g-cont JFP©) Name

qq 0—* m(140) — — - - - -
qq 1+ hy(1170) udlg (1/2)*  N(940) | [ud][ud] OF* a(500) X
qq 2-T n2(1645) ludlq (3/2) Ng—(1520) [ud|[ud] 177 (g) — I
— — n=2 n=1 n=0
qq 1 p(770), w(780) — — — — — i
gg 2" an(1320), fo(1270) | (qq)g (3/2)" A(1232) | (qq)fud] 17| |
qq 3 ps(1690), ws(1670) | (qq)q (3/2)" Ag-(1700) | (gq)fud] 177 -
gq 47T aa(2040), £1(2050) | (qq)g (7/2)" A;+(1950) | (qq)[u -
gs 0 K (495) R — — — }
qs 1t K;(1270) «———Furdts A(1115) | [ud][sq] O [ )
qgs 2" Ko(1770) «—T [ud|s (3/2)"  A(1520) | [ud][sq] 17 | 1
sq 0 K (495) [ — - - )
5q 1* K,(1270) [sqlg (1/2)" X(1190) | [sq][sq] OFF L -
5g 1 K*(890) - — = — / [ -
5q 2" K3(1430) (sq)g (3/2)" 2(1385) | (sq)[ud] 1T 1(1400)
5q 3 K3(1780) (sq)g (3/2)~ X(1670) | (sq)[ad] 2=  K»2(1820)
s 4 K005) | (s9q (72" 32030) | (sQlad —  —
§s 0~* n(550), 1'(958) — - - - - -
Ss h1(1380) [sqls (1/2)"  Z=(1320) | [sql[sq] O ~fo(137

ag(1450) A I-0 1
Ss 2-+ n2(1870) [sqls (3/2)~ Z=(1620) | [sql[sq] 17 — B
ss 17~ $(1020) — — — — — — states
2t pass) | (s (327 =(530) | (sgfsg) 1+ @»

a1(1420)
Ss 37~ d4(1850) (sq)s (3/2)~ Z=(1820) | (sq)[sq] 27~ —
Ss 27 fo(1640) (ss)s  (3/2)" Q(1672) | (ss)[sq] 17  K;{(1650)




Dosch, de Teramond, sjb

Supersymmetry across the light and heavy-light spectrum

— 4 /;55 (7/2)- . 4 3 R Lz
> K, ,,zt . % K> 277 son
3 3 Lo ¥ 3
g /5/ A(3/2)+'(S/2)+ g 1
Q PP a4 . K2t 277 sl5i2)-
=2 Ky 277 = 21 z”

1 R ARGR- 52602 e s

oAz §

- ”
- - ///
i P
~ -~ -
S i /’/, 5 /,//
”~ - -
Pl Pt
L” e
” -
s Pl

4 i P 4 ¢3 /,///
o ////,/ ~ 7
- 1 P - e
v 3 2 (3] 3 p ot
O = O il .
~—~ Py ~—~ 2 7.7 ':(S/-)_
3 8 3 ®

~
» -
5 - 5,0 A&
- - :3/-4‘
! ” ¢ - )
P Pt
¥ PRl = -
1 -/,’ - 1t
-




(@)

Ao(2625)
A.(2880)
| D1(2420)

Dosch, de Teramond, sjb

Supersymmetry across the light and heavy-light spectrum

| (D)

%.(2520)

D3(2460)

D*(2010)

Ao(2595)
A¢
D
0 I > 3
Ly=Lz+1
| (¢) =-(2815)

D, 1(2536) 2.(2790)

0 i 2
Ly=Lg+1

) =,(2645)
D,(2573)

'D*(2112)

0 1 2
Ly=Lg+1

Heavy charm quark mass does not break supersymmetry




Extension to Heavy-Light sector
DdTB, arXiv:1611.02370

e ety
it was shown that the LF po’ren’rlal in the heavy-light sector, even for

strongly broken conformal invariance, has the same quadratic form as the
one dictated by the conformal algebra:  ¢(¢) = —AA,CA arbitrary constant

\

1
Gsusy = {Rx, RL} + p21, 1% = 2)S + MQ[ml,..@ A= A = SMA

19 _: quark mass

- f N 5 correction
1.0' A -
* ]

| B B, B* B:
I;o.sg . . :
I A
0.6}
4—+—=— D D D*D;
047 K p K
02|

Channel



ra

Superpartners for states with one ¢ quark |

——

Meson Baryon Tetraquark
g-cont JF©) Name g-cont J¥ Name g-cont JF©) Name
ge 0" D(1870) — — — — — —
ge 1t D1(2420) | [udlc (1/2)*  A.(2290) | [udl[eg] Ot  Dg(2400)
ge 27 Ds(2600) | [udle (3/2)" = Ac(2625) | [ud][cg] 1 —
&g 0 D(1870) | — —
oq 1t 2420) | [cqlg (1/2)F  X.(2455) | [cqllud] 0t  Dz(24000
ge 1- D*(2010) — — — = — —
qc 2% D5(2460) (gg)c  (3/2)7 2e (2520\ (gg)legl 17 D(2550)
ge 3 D3(2750) | (gq)c  (3/2)~  X.(2800) \ | (gq)[cq) — —
sc 0- D,(1968) — — — N — — —
sc 1+ D« (2460) | [gsle  (1/2)F  =.(2470) \ES] [@g] 0f  D%(2317)
Sc 2= D~ 2860)2) [gs]c  (3/2) =(2815) qllegl 17 —
sc 1- D*(2110) — — — - — —
sc 27 : (sy)e  (3/2)* =r(2645) (sq\leg] 17 Ds1(2536)
és 1+ les]\_ (1/2)"7  Q.(2695) cs][§g]  0F 77
sc 2+ ] Ts)e \(3/2)* Q.(2770) (ss)[e 17 ??
\
\predictions beautiful agreement!



Supersymmetry across the light and heavy-light spectrum

Heavy bottom quark mass does not break supersymmetry

Ap(5620)

B
0 1 2
Ly=Lg+1
- (c)
B;1(5830)

Dosch, de Teramond, sjb

(D)

B

B3(5747)

Ly=Lg+1

(@)

E5(5955)




s

Superpartners for states with one b quark |

B )

D e -
Meson Baryon Tetraquark
g-cont JF©) Name g-cont JP Name g-cont JF©) Name
gb 0~ B(5280) — — — — — —
gb 1t B,(5720) udlb  (1/2)* Ap(5620) [ud][bg]  0F B;(5732)
gb 2 B;(5970) udlb  (3/2) Ap(5920) [ud][bg] 1~ —
bq 0~ B(5280) — — — — — —
bg 1t By(5720) | [bqlg (1/2)f  X4(5815) | [bqllud]  OF B, (5732)
gb 1~ B*(5325) — — — — — —
B 2t B5™n) | (a@b (3/2)  T3(835) | (albal 1T Bs(5840)
sb 0~ B,(5365) — — — — — —
sb 1t B1(5830) lgs]b  (1/2)* =p(5790) [gs][bg]  OF
sb 1~ BZ*(5415) — — — —
sb 2° B2, (5840) (sq)b (3/2)7 =;(5950) (sq)[bg Bgi(~ 5900
bs 1™ s1(~ 6000)? D [bs]s (1/2)7 (2,(6045) 7

predictions




The LF confinement potential for systems containing t
be modified. Therefore the extension of su

States with two heavy quarks

Trawinski, Stanislaw, Glazek, Brodsky, De Te'ramond, Dosch, PRD90(2104)

quadratic potential in FF

for light quarks

<

e ———————

linear poTe?Tial in IF

>

\

R

Cornell potential for heavy quarks

I=0, I=1?

eavy quakks will

onformal algebra to

such states is somewhat specutative. However...
Meson )/Ba/ryon Tetraquarl:{
g-cont J¥©) Name g-co J¥ Name g-cont JF©) Name
ce 0t [(2084) | — — — — —
ce 1= h.(3525) legle  (1/2)t ZSELEX(3520) | [cqlleg] OFF X(~O(3415)
=LHC(3620)
ce 1 J/¥(3006) — — — — — v —
G 2 xa(3556) | (cq)e  (3/2)  ELAON(3620) | (cq)fcdl 1T'¢C xer (35100




Meson Baryon Tetraquark

g-cont JF©) Name g-cont JF Name g-cont JF©) Name

ce | J /4(3096) — — — — — —

e 2t xa(35%6) | (cq)c (3/2)r ELHC®(3620) | (cq)legd 1t xa(3510)

n=1

ce 1= '(3686) — — — — — —

cc 2 xa(3927) | (c)e (3/2)t  En(~3900)? | (cq)leq] 1> CX(3872D)
17— CZ (3909)!1'

X(3872) = @ KEK (PRL91(2003))

- LHCb
1400:_ s=7TeV

Events / 2 MeV/c?

—
(o2}
o
o

—
)
S
S
|

k 600}

500

3900

M(JAp = wt) [MeV/c?]

cc spec. for JPC = 17+ Bames & Godfrey, PRD69 (2004))

Mx = (3872.20 * 0.39) MeV
[ <1.2 MeV

/2 3P (3990)

3 3P; (4290)



SUSY-LFHQCD =» linear Regge trajectories for
mesons, baryons, tetraquarks

meson baryon baryon tetraquark

O O O O
.I.
O i)

wB—a LB + 1 ¢T7 LB
S=0
12 S M 2
M3z = 4)\g(n+ Lp —|—+ 1) + AM?[mq, ma, ms),

ZV% = 4)\g(n + Lr ++ 1) + AZ\-'*IQ[ml, My, M3, My|



Predictions

R.T: constituent into cluster(2) =» pentaquarks are

molecular states

all JPC= O++,1++,1-+ states =» tetraquark states
0 - . =» no baryonic bound states
with 3 heavy quarks
SUSY in superconformal QM =» symmetry
properties of hadrons, not to quantum fields

no need fo introduce new supersymmetric fields
or particles such as squarks or gluinos




Ruwnwning Coupling from Modifted AdS/QCD

Deur, de Teramond, sjb

e Consider five-dim gauge fields propagating in AdS5 space in dilaton background gp(z) = K?2?

1 1
eﬁb(z) — e—l-/<3222 S = —7 /d4:13 dz \/§e¢(z) — G?
95

e Flow equation
1

9z (2)

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

> 1 —/ﬁ}222
= s o g(2) = e 0)
5

® YM coupling a5(¢) = g&,,(¢)/4m is the five dim coupling up to a factor: g5(2) — gy ar(¢)

e Coupling measured at momentum scale ()

o 295(Q) ~ / CACTo(CQ) a4 (¢)

0

e Solution

AdS ;

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



Bjorken sum rule defines effective charge [e%s| (QQ)

[ delgi?(,Q%) — i, Q7)) = Loy - 21D

® 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

AdS( )/7‘(‘ _ 6—@ /4
as(Q) f LY
T 06 .{"[‘
[ Modified AdS ¢ |4 ] " IIIl
— AdS Lok ||;\ k= 0.54 GeV
o 0, /7 (pQCD) N
i o gl/n world data '
------- GDH limit X o./n \[ o
0217 ¢ o /nOPAL { ‘?
A o gl/n JLab CLAS ..
W o, /mnHall A/CLAS I r IR
o | @ Lattice QCD (2004) (2007) Y -
| | | L L | L
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



[ Agrs = 0.5983% = 0.598322 = 0.4231m,, = 0.328 GeV ]

o (Q)/m

04

Otgl/Jt world data

------- GDH limit XK oag,/n
02 -¢ a/m OPAL
- agl/n JLab CLAS (2008)

Deur,
de Teramond, sjb

A
-V 01/ JLab CLAS (2014)
" a /7 Hall A/CLAS
o
1

Lattlce QCD (7004) V (7007)

10~ I 10
Q (GeV)



........ | -
1_0_____5__ A Hall A/ICLAS _
, g > JLab CLAS (2008) -
: l v JLab CLAS (2014)]
0.8} i <4 DESY HERMES -
i ! v CERN COMPASS 1
: | d | < CERNSMC '
E 0.6} | | _
| | R, Holographic §
041 B SLAC E142/E143 < N -
- < SLAC E154/E155 .7 A : :

. A JLab RSS of o
0.2+ >  Fermilab Process ‘ i}

i A Independent

T Qpl Model s ==
0.0F = = QHm _
0 0.050.1 1 10

k [GeV]

Process-independent strong running coupling

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



0.6

0.4

0.2

Deur, de Teramond, sjb

All-Scale QCD Coupling

_ Fitto Bj + DHG Sum Rules:
WLl EiRelo il 1« — ().513 + 0.007 GeV

(Quark Confinement)

Prediction:
AM—S = 0.339 +0.019 GeV

Experiment:
Arre = 0.332 4+ 0.017 GeV
Use Qo for starting

DGLAP and ERBL Perturbative QCD
Evolution (Asymptotic Freedom)

Qo = 0.87 4 0.08 GeV

| | ‘
107! i 10

Q (GeV)

Reverse Dimensionad Troansmutation! MS scheme



de Teramond, Dosch, sjb

Light-Front Holography

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

Light-Front Schrodinger Equation Unique
Confinement Potential!
U(¢) = k*C* +2x*(L+ S —1) ‘

Conformal Symwmetry

Single vawialble ( f the action
Confinement scale: Kk~ 0.5 GeV

Scale can appear in Hamiltonian and EQM

o de Alfaro, Fubini, Furlan: ...t affecting conformal invariance of action!

® Fubini, Rabinovici



Underlying Principles

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

® Quantization at Fixed Light-Front Time T

® Causality: Information within causal horizon

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

z <+ ¢ where ¢* = b7 z(1 — x)

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

® Unique color-confining LF Potential! U (( 2) = Rr*(?

® Superconformal Algebra: Mass Degenerate 4-Plet:

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

The Galileo- Galilei Institute Supersymmetric Features of Hadron

fmf Theoveticol Phym Physics from Light-Front Holography

and Superconformal Algebra



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

Cornwnectiow 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



Dressed soft-wall cuwrrent brings inv higher
Fock states and more vector mesov poles

7.‘.-|—
e—l-
S .)-*-
B Y
€
—_—




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

log [ (s)

spacelike timelike

) i} /Frascati
S
T
f JLab \ ’

BaBar ISR |
10 -5 5 10

-
¢*(GeV?)




Superconformal Algebra
2X2 Hadronic Multiplets
Bosons, Fermions withv !

Meson Baryon

R)
¢ OO R G — [qq]
O O 3 — 30

on, Lp +1 Ypy, Lp

Baryon Tetraquark

0O B 0O
R! ¢ — [qq] e AN VPP

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

Equal Weight: L=0. L=1



SUSY-LFHQCD =» linear Regge trajectories for
mesons, baryons, tetraquarks

meson baryon baryon tetraquark

O O O O

5=0
12 S M 2
M3z = 4)\g(n+ Lp —|—+ 1) + AM?[mq, ma, ms),

ZV% = 4)\g(n + Lr ++ 1) + AZ\-'*IQ[ml, My, M3, My|



Features of LF Holographic QCD

® Color Confinement, Analytic form of confinement potential

® Massless pion bound state in chiral limit

® QCD coupling at all scales

® Connection of perturbative and nonperturbative mass scales

® Poincare Invariant

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

® Form Factors, Structure Functions, Hadronic Observables

® Constituent Counting Rules

® Hadronization at the Amplitude Level

® Analytic First Approximation to QCD

® Systematically improvable BLFQ

The Galileo- Galilei Institute Supersymmetric Features of Hadron

fmf Theoveticol Phym Physics from Light-Front Holography
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Irnwawiance Principles of Quantum Field Theovy

® Polncareé 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 —

Mass-Scale Invariance:
Conformal Invariance of the Action (DAFF)
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Supersymmetric Features of Hadron Physics
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