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Dirac: Front Form

Measurements of hadron LF |
wavefunction are at fixed LF time Fixed 7 =1+ z/c

T
:ﬁ

Inwauwriant under boosty! Independent of P

Like a flash pbhotograph Tpj = T



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

Fixed T=t+4 z/c

tigenstate of LF Hamilfonian QCD\\I/h >— M2 210, >
p,J. >= an(xi,ku,)\7;)|n;5137;,ku,)\i >
—

Inwauriant under boosty! Independent of P ‘

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



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



] ; L ,

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



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
Eliminate higher Fock states
l oand retowded interactions
[i%tii + V'] @DLi?(ZU, EL) = M? ¢pp(z, EJ_) Effective two-particle equation
d? 1 — 4.2 , AWMBWC,¢
[ d(2 | 4¢2 | U(C)]w(o =M w(o Single variable Equation
AdS/QCD: mq =0

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

Sums an infinite # diagrams

Semiclassical first approximation to- QCD



de Teramond, Dosch, sjb

Light-Front Holography

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

Light-Front Schrodinger Equation Unique
U(C) _ /{4<2 n 9 12 (L L9 1) Confinement Potential!
Single vawrialble ¢
Confinement scale: k~005GeV

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



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_ia )\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

LF Wavefunction: off-shell in invariant mass

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



Maldacena

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
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Introduce “Didlatow’ to sinmudate confinement analytically

Nonconformal metric dual to a confining gauge theory

2 _ B o) 2 V(z)
ds® = — " |(ndxtdz” — dz I
2 ( HV ) f___f_,,ﬁ—f \ B-I-h:?zg
where (z) — 0 at small z for geometries which are \ N
asymptotically AdSs /
Gravitational potential energy for object of mass m

9 9 630(2)/2 ||
V =mc\/goo = mc°R '._ /
< . | E_ngg

Consider warp factor exp(dr222) \ /’/};/
Plus solution: V' (z) increases exponentially confining \/
any object in modified AdS metrics to distances (z) ~ 1/k xlel L Mald

r 8

(2) — ,+K2° itive-sian di .
e¥ — e Positive-sign dilaton * de Teramond, sjb




[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
- - - ¢ -
NE 2 C\IE 2
p(1450)
~ (1300) ]
(140
0 ’ 1 | 1 0 9(7170) | 1
2 2
2-2012 2-2012

8820A20

8820A24

|=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



K(2045)

K5(1780)




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



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

- 2
q -

2 m
X>+<X

Ir
5_- T

m

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

IS

"
IR
ARSI,
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



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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Cornnectiow to-the Lineawr Ivstont-Form Potentic

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

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

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



Remawrkalble Features of
Light-Front Schwodinger Eqguation
Dynamics + Spectroscopy!

® QCD scale appears - unique LF potential

® Relativistic, frame-independent

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

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

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

® Phenomenology: LFWFs, Form factors, electroproduction

® Extension to heavy quarks

U(C) = k*C* +2r*(L+ S — 1)

: ; Stan Brodsky 3
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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?)




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)



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



N(940)

N(1720)
N(1680)

S=1/2, P=+

L

N(1875)

N(1535)
N(1520)

S=1/2, P=-

‘4“

‘1“‘

‘2“‘

3

(b)

 M3(GeV?)

I N(1700)
| N(1675)
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§=3/2, P=- NCI%)

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

Light-Front Holography

M2 . n+Ly ‘ Meson-Baryon
M? - n+Lg+1

] nucleon

Mass Degeneracy
for Ly=Ls+1




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)



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 ={Rl,R\}+2\S S=0,1

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

6 | | | | | |
6_
4_ _
& —~ 1L
> | {2
0] (())
S G|
(q\|
S 21 1°s
2_
O_ _
| l | l | l 0 | ! | ! | !
0 2 4 0 2 4
ST Ly =Lg + 1 SeroAn Ly =Lg + 1

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



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

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

0.3}

0.1t

=
>
>
M
MM
(1]
(1]
{:? i
N
©
>
>
<
oS

Fit to the slope of Regge trajectories,

including radial excitations

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



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, |



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?)



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.



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




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



Meson Baryon Tetraquark

g-cont JPE) Name gcont J¥ Name g-cont JPE) Name

qq 0+ w(140)

g9 1% b (1235) (udlg (1/2)*  N(940) | [ud|[ud] 0% fo(980)

qq 27 m2(1670) udlg (1/2)~ Ny-(1535) | [ud)fad] 1 w1 (1400)
(3/2)~ N,-(1520) :(1600)

gg___1—  p(T70). w(780)

(| @ 2 a(1320), £(1270) | [adle  (3/2)" A(1232) |logllud] 1**  a,(1260) | )

97 3 Pa(T000); Oa(T670) [~ [galg  (172)  B,-(T620) [[qal[ad] 2 pa(~ T700)7 |
(3/2)7 A, (1700)

gg  4'" a,(2040), f4(2050) | [aqlg (7/2)" A;.(1950) | [gqlfud] 3**  as(~ 2070)7

gs 0 K (495)

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

gs 279 Ka(1770) ud)s  (1/2)-  A(1405) | [ud|[sg] 17  Ki(~ 1700)?
(3/2)-  A(1520)

ag 0 K (495)

sg 1*) K1(1270) lsqlg  (1/2)* X(1190) | [sq|[5q] 0** ao(980)

fo(980)

aq 1-{-) K*(890)

(| sa 20 K3(1430) salg  (3/2)"  %(1385) | [sqllga] 1) Ky(1400) [ )
3g 37 K3(1780) [Falg (3/2)°  X(1670) [ [5qllga] 2 v 7 Ka(~ I700)7
sg 4 K3 (2045) lsqlg  (7/2)*  X(2030) | [sqllgg] 3**)  Kj(~ 2070)?
58 0+ n{550)
is 1+ h1(1170) sqls  (1/2)* =(1320) | [sql(sq] 0% fa(1370)

( Go(Ia50) | _)
ss 2+ m2(1645) (sqls  (7)'  =(1690) | [sql[zg] 1-*  #(1750)7
s | $(1020)
ss 2% f2(1525) lsqls  (3/2)* E=°(1530) | [sq)[sq] 1%° f1(1420)

s 3 $,(1850) [sqls  (3/2) =(1820) | [sqllsg] 2—  @a(~ 1800)7
5s 2+ f2(1950) lssls  (3/2)% Q(1672) | [ss][zg] 17 Ki(~ 1700)?
Meson Baryon Tetraquark

M. Nielsen,




Superconformal Algebra 4 -Plet

Rl §— (q9) s =1 O A s

30 — 3¢
f2(1270) At (1232)
—
9\ — (G
@ 3+ JPC — 1‘|"|—
w’ JP — 5 A1(1260)




Double-Strange Baryon




Dosch, de Teramond, sjb

Supersymmetry across the light and heavy-light spectrum
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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!
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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




INieIsen, Navaﬂrm, Do;ch, de Téramqnd, Zou, sjb

< Blue: Double Chowrmv s Red: Tetragquowk
bowyons - predictions

12 — 12+ —
J/¥Y
1o e s 10+ s
8 | | | 8 | | |
0 1 2 3 0 1 2 3
LM:LB+1 LM:LB+1

FIG. 1. Double charm mesons (shown as green squares) baryons (shown as blue triangles) and tetraquarks (shown as red
circles). The solid lines are the trajectories fit from (13). Hadron masses are taken from PDG [27]. In the left hand side figure
we show states with Sy; = Sp = St = 0. In the right hand side figure we show states with Sy; = Sp = St = 1.
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104 - = 104 =

N% 100}~ i N% 100 i

© T <}

NE 96 - ] 2 96 ]
92 - 92 =
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84 0 1 2 3 84 0 1 2 3
Ly=Lg+1 Ly,=Lg*1

FIG. 2. Same as in Fig. 1 for double beauty hadrons.



Predict Tetraquark T,.z,z
My ~ 3520 MeV



SELEX (3520 £ 1 MeV) J¥ =

[ed]e >

N

Two decay channels: =, — AT K 7", pDT K~

SELEX Collaboration | Physics Letters B 628 (2005) 18-24

~§ pD'K

§ 4T peakmass: [| 4-bin Poisson Prob
Sa5-  3516MeV <6.4x10™

§ 3 Lic>1.0

N
(28

N

%46 348 35 352 354 356 3.58
M(p D* K)
Fig. 3. 59,‘_. — pDT K~ mass distribution from Fig. 2(a) wath

high-statistics measurement of random combinatone background
computed from event-mixing .

23

N A K &*and D' pK
S 8t
'§ b fitted masses: || 3518(3) and 3519(2)
s | MeV/c’
@ 6f

5

al : .

3l -

nE
3.48

35 352 354 356 3.58
M(ccd)

Fig. 4. Gaussian fits for 55 — A7 K7t and 51 — pDtK—
(shaded data) on same plot.



Double-Charm Baryon (LHCDb)

R\, - (qq) S=1
30 — 3¢

=T7(3621)

Predict Tetraquark 7.z,g
MT ~ 3621 MeV

Vector and Scalar Diguarks



SELEX (3520 -

LHCb (3621 -

Groote, Koshkarey, sjb: SELEX& LHCb could both be correct!

Very different production kinematics:
LHCD (central region)
SELEX (Forward, High xr)where N\ , \» were discovered

NA3: Double |/\p Hadroproduction measured at High xr

Radiative Decay:
LHCb(3621) — SELEX(3520) + ~

strongly suppressed: [12221ev]7

Karliner and Rosner



de Teramond, Dosch, Lorce, sjb

New World of Tetraquarks

30 X 30 =30 + 6¢

Bouwnd/

Diquark-Antidiquark bound states

Complete Regge
spectrum in n, L

Diquark Color-Confined Constituents: Color 30

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

mesons
Isospin [ =0,
uudd

uusd

+2

2 Charge Q =0, -

UUSS

-2
7(4430)

do




olete” — MT) SN1—1 N =

fh
e—l-
---.)-*
B Y
e
_—

Use counting rules to- identify composite structure
Lebed, sjb




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 T
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



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



Underlying Principles

4 SIMONSCENTER
L)
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Polncare 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% z(1 — x)

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

Unique Dilaton in AdSs: e+"‘3222
Unique color-confining LF Potential U(C?) = Kk*(?

Superconformal Algebra: Mass Degenerate 4-Plet:

(Meson qq < Baryon q|qq| <+ Tetraquark |qq||qq] )

; : Stan Brodsky £
Dynamically-Generated Exotic Hadrons ~1 A hy [l 2 N0
from Superconformal Algebra and Light-Front Holography Tl —\ANEERVS =),




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: Basis LF Quantization (BLFQ)

Dynamically-Generated Exotic Hadrons Sgrll Br‘od’sl(y A X
from Superconformal Algebra and Light-Front Holography g8 ‘:\'\" ="

4 SIMONSCENTER

\, FOR GEOMETRY AND PHYSICS




Ansatz:

® Gluons subsumed in the LF confining potential
® Glueballs and glue-quark hybrids absent

® pentaquarks: bound by QCD van der Waals
Interaction

® Nuclear-Bound Quarkonium allowed

® Krisch Effect:

Anomalous Ry pn observed in Cfi—‘;(pp — pp)
large-0c s elastic scattering at /s =5 GeV
due to “octoquark” |uuduudcc > production

a SIMONSCENTER
L)

FOR GEOMETRY AND PHYSICS

: ; Stan Brodsky 3
Dynamically-Generated Exotic Hadrons ~1 A ﬁy (5 2= )
from Superconformal Algebra and Light-Front Holography gy -\ ¢ =

ERATOR LABORATORY



Dynamically-Generated Exotic Hadrons
from Superconformal Algebra and Light-Front Holography

Fixed T =t

a SIMONSCENTER

\, FOR GEOMETRY AND PHYSICS

e

with Guy de Téfamond, Hans ﬁhter Dosch, Marina Nielsen,
F. Navarra, Liping Zou, S. Groote, S. Koshkareyv, C. Lorce, R. S. Sufian, A. Deur




