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Goal: Aw analytic first ap Erox/{/mafm to-QCD

® As Simple as Schrédinger Theory in Atomic Physics

® Relativistic, Frame-Independent, Color-Confining

® Confinement in QCD -- What is the analytic form of the confining interaction?
® What sets the QCD mass scale?

® QCD Running Coupling at all scales

® Hadron Spectroscopy-Regge Trajectories

® Light-Front Wavefunctions

® Form Factors, Structure Functions, Hadronic Observables
® Constituent Counting Rules

® Hadronization at the Amplitude Level

® Insights into QCD Condensates

® Chiral Symmetry

® Svstematicallv imorovable
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GGI Florence Light-Front Holography el A Y

April 13, 2015 and non-perturbative QCD N T A



QCD Lagrangiownv

Fundamental Theory of Hadron and Nuclear Physics

gluon dynamics GUALK Kinatio Sy quark mass term

\‘ quark-gluon dynamics /

1 (A
F=1

iDF = i0F — gA* GM = 9FAF — 9¥ AF — g[AM, A]

Classically Conformal if m,=o

Yang Mills Gauge Principle: Color Scale-Invar ianf: Coupling
Rotation and Phase Invariance at Renor n}allzable
Every Point of Space and Time Asymptotic Freedom
Color Confinement

QCD Mass Scale from Confinement not Explicit



Bound States in Relativistic Quantum Field Theory:

Light-Front Wawvefunctions

Dirac’s Front Form: Fixedt=1t+2z/c

Fixed 7=t +2/c
(x;, kL. i) i =

Invariant under boosts. Independent of o
QC D ‘

1
v

VY >= M|y >

Direct connection to QCD Lagrangian

Remavkable new insights fromAdS/CFT,the duality
between conformal field theory and Anti-de Sitter Space




Measurements of hadron LF
wavefunction are at fixed LF time

Fixed

Like a flash photograph



Light-Front Wavefunctions: rigorous representation of

composite systems in quantum field theory
tigerustate of LF Hamilfonian

Fixed T=t+4 z/c
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[ waso, Rk~ — i
p,J. >= an(fﬁi,EM,M)W;%,EM,M >
n=ay

Inwawiant under boosts! Independent of P

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



< p—+ q\j+(0)|p > = 2P+F(CI2) Interaction

picture
%
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struck K\, =k, +(1—12;)qL

Drell &Yan, West . 5
Exact LF formula! spectators kj_z — ka_i — x@-q_l

No comparable formula in instant form



W (24, ki Aj)

Transverse density in
momentum space

Transverse

P

Z, kL
ki

Longitudinal

o Light Front Wawefunctions:

Momentum space ki < Z| Position space

—

AJ_<—>5J_

r, ki, by Transverse density in position
space
Lorce,
Pasquini




Advantages of the Dirac's Front Form for Hadronw Physics

® Measurements are made at fixed t

® Causality is automatic

® Structure Functions are squares of LFWF's
® Form Factors are overlap of LFWF's

® LFWFs are frame-independent -- no boosts!
® No dependence on observer’s frame

® LF Holography: Dual to AdS space

® LF Vacuum trivial -- no condensates!

® Profound implications for Cosmological
Constant

. Stan Brodsk
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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

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

int
HLF
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|P> 5, >= Z ‘Pn(xi,]_éu, 7%) \n;lzg, A >
n=3

st over states withv n=3, 4, ...conustituenty

The Light Front Fock State Wavetunctions

¥, (x;, ki, Ai)

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

and momentum P¥,
The light-cone momentum fraction

K _ Ktk
_p—i— _p0_|_Pz

Xi

are boost 1invariant.

[ Intrinsic heavy quarks

\s(x), c(x), b(x) at bigh x !)

Mueller: gluon Fock states

[ 5(z) # s(z)

@) # d(x),

P

P
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Fixed LF time

BFKL Pomeron [HWWVCOLOVJ




Atomzic Physics from First Principles

H Q ED QED atoms: positronivwm ands
l MO VAN
(H() -+ Hznt) ‘\If >=F ‘\If > Coupled Fock states
tliminate higher Fock stotes
ond retowded interactions
2
— 22 + %ﬁ,(@ 7)) V(7)) = E (7 Effective two-particle equation
red
l Includes Lamb Shift, quantum corrections
1 d? 1 40+ 1 ) )
- 2Myred A2 2Myed ( 7:|2— ) + Vet (1,5, 0)] ¥(r) = E ¥(r) Spherical Basis r, (97 ¢
8 )
[ Vs — Vel(r) = -2 J Coulomb- potential

Semiclassical first approximationto-QED --> Bohr Spectrum



LW’FV: 1tQCD Fixed T=t+4 z/c

£QC’D - x
HEE ;
l [C (1l — x) b ]
(Hip + Hpp)|¥ >= M?|¥ > coupled Focktates
l Eliminate higher Fock states
and retowrded interactions
[]21_'__7;? + V'] brp(x, k) = M? pp(a, ko) Effective two-panticle equation
d2 1 — 41_[/2 , Agxz}vmu‘halz Basis
- da aa FUQ]RG) = M) X,
AdS/QCD: g =0

I das/
[ UQ =R s-1) )

Semiclassical frst approximation to-QCD Sums an infinite # diagrams




Fixed T=t+ z/c

C2 — bﬁ_a:(l — SU) e 2 e

sepavalion

2

. k
(? conjugate to m(lfx) = (pq +Pq)2 — Mg+c7

/dk:_\I’Bs(P, k) — ¢LF($aEL)



de Téramond, Dosch, sjb

AdS/QCD
Soft-Walll Model

Light-Front Holography

2
e#(2) — R

(2 =2x(1-— a:)bi

d> 1—4L?
| - U =
Light-Front Schrodinger Equation Unique

' e fx22 0933203 F ID ""l.)_v//

4 ~2 2 Confinement Potential
U)=r"C"+2k°(L+S5—1) o
Preserves Conformal Synmwmetry

k>~ 0.6 GeV
Confinement scale:
1/k~1/3 fm
e de Alfaro, Fubini, Furlan: Scale can appear in Hamiltonian and EQM

e Fubini, Rabinovici: without affecting conformal invariance of action!
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Superconformal Algebra

M2

_ 9+
2 N - (2200
4K > (2200)

M?(n,Lg) =4k (n+Lp+1) N.

5+
N - (1680)
2

Same slope

- A
N~ (1520) 1,(1670)  M?(n, L) = 4

Meson-Baryon

Mass Degeneracy
for Ly=Ls+1

)




Superconformal AdS Light-Front Holographic QCD (LFHQCD):
Identical meson and baryon spectra!

Meson-Baryon
Mass Degeneracy

for Ly=Lg+1

$=0, I=1 Meson is superpartner of S=1/2, I=1 Baryon



Dosch, de Teramond, sjb

0_ \

M? (GeV2 )

o — A superpartner trajectories




Some Features of AdS/QCD

® Regge spectroscopy—same slope in n,L for mesons,

o Chiral features for m,=0: mx=0, chiral-invariant
proton

® Hadronic LFWFs
® Counting Rules

e Connection between badron masses and N\-—— 7S
Superconformal AdS Light-Front Holographic QCD (LFHQCD)

Meson-Baryon Mass Degeneracy for Ly=Lp+1

. Stan Brodsk
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All-Scale QCD Coupling

Deur, de Teramond, sjb

0.6 —

04

0.2 —

Nonperturbative QCD

(Quark Confinement)

Transition scale Qo

Qs = 1.08 +0.17 GeV?

Arg = 0.341

Perturbative QCD
(Asymptotic Freedom)

Aw/ — 0.339

Expt:

1

10
Q (GeV)

0.024 GeV

0.016 GeV



Analytic, defined at all scales, IR Fixed Point

f R ~Q?/4k?
| AdS( Q)/m=e Q* /44
g (Q) - T %
- 06 - {
~-.--- Modified AdS { ~ Ii|
04 | ] L
a,/m (pQCD) a)
i ocgl/:rc world data '

------- GDH limit ¥ a/m
02 ¢ o /n OPAL { ‘,
AL e
M/t Hall AICLAS 1 r .
o ® Lattice QCD (2004) ¥ (2007) | |
ek — —
]0-] ! 10

Q (GeV)

P — 6-|—1<3222 Deur, de Teramond, sjb



asynwunelvies
o
>—
current
i} quark jet
)

final state
Interaction

Pseudo- T-odd, ™™

“Lensing”
involves soft S0 spectator
scales system

proton

Light-Front Wawefunction
S and P- Wawves!

Sigw reversal tn DY

Leading Twist

Sivers Effect

Hwang, Schmidt,
sjb

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

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

“Lensing Effect”

Leading-Twist
Rescatlering

Violates pQCD

Factorigaliov!



AdS/CFT

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

R2 wwowton measure
ds* = — (ndatde” — dz?),———

~2

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.
¥ — N2? 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.



5-Dimensional Confinement

Anti-de Sitter Radius
Spacetime ]
Changes in
Boﬁggary thS’Ca/
length scale
mapped to

evolution in the
5th dimension z

4-Dimensional
Flat Spacetime
(hologram)

e Truncated AdS/CFT (Hard-Wall) model: cut-off at zg = 1/AQCD breaks conformal invariance and
allows the introduction of the QCD scale (Hard-Wall Model) Polchinski and Strassler (2001).

e Smooth cutoff: introduction of a background @ilaton field gp(z))— usual linear Regge dependence can

be obtained (Soft-Wall Model) Karch, Katz, Son and Stephanov (2006).

. Stan Brodsk
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Didatorn-Modifted AdS/QCD

dQ_SO(Z)R_2 BV ]2
s“=ce ZQ(nMVa?x z°)

® Soft-wall dilaton profile breaks
conformal invariance ¢#(?) — tr°Z°

® Color Confinement
® Introduces confinement scale ~

® Uses AdS;s as template for conformal
theory

. Stan Brodsk
GGI Florence Light-Front Holography el A Y
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Introduce “Didlatow’ to sinudate confinement analytically

Nonconformal metric dual to a confining gauge theory

V(z)

RQ

ds? = — |2 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

4 )

2 _2

e?(2) — oTK 27| positive-sign dilaton  * deTeramond, sjb




Bosonic Solutions: Howrd Wall Model

Conformal metric: ds? = ggmdztdz™. x* = (2, 2), Gom — (R2/z2) Nerm, -

Action for massive scalar modes on AdS41:

1
S[e) = - / d"ry/g 3 [g‘magcbamcp - ;ﬂqﬂ] , Vg — (R/2)*H.

Equation of motion

10 9
500t V99 g ®) + e =0

Factor out dependence along z*-coordinates , ®p(x, 2) = e *F'* &(2), P, P* = M?:

Solution: ®(z) — 22 as z — 0,
(I)(Z):Czd/zJA_d/Q(ZM) A:%(d+\/d2+4u2R2).
A=2+1L d=4 (uR)* = L% — 4




(690(2) — e-l-fiQZQJ Positive-sign dilaton * Dosch, de Teramond, sjb

AdS Soft-Wall Schwodinger Equatiow for
bound state of two- scalow constituenty:

A oe) = MPa()

dz? 42

U(z) = k*2* +2:*(L+ S — 1)

Derived fromv vawriatiow of Actiov for Didlaton-Modified
AdSs

Identical to Light-Front Bound State Equation!

2 iy (= \/aﬁ(l—at)l_ﬁ



LF(3+1) —p / d/SS de Teramond, sjb
Light-Front Holographic Dictionary

Fixed T=t+4 z/c

P(2,¢) = Va1l — )¢ 9(C)

(uR)? = L% — (J — 2)°

Light-Front Holography: Unique mapping derived from equality of LF
and AdS formuda for TM and grovitational current matrix elementy
ond identical equations of motiovw




de Téramond, Dosch, sjb

Light-Front Holography

d> 1—4L?
| - U =
Light-Front Schrodinger Equation Unique

V »N»,H,y,'t ""l.)_v//
4 ~2 2 Confinement Potential
U(C) = k*¢* +26%(L + S — 1) %
C C Preserves Conformal Synmmetry.

k>~ 0.6 GeV
Confinement scale:
1/k~1/3 fm
e de Alfaro, Fubini, Furlan: Scale can appear in Hamiltonian and EQM

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



de Teramond, Dosch, sjb

General-Spinv Hadrons

e Obtain spin-J mode ®,,, ..., ; with all indices along 3+1 coordinates from ® by shifting dimensions

D,(z) = (%)_J%) {Md ~ QMQZQJ

e Substituting in the AdS scalar wave equation for ®

[2283 — (3-2J — 2/4:222) 20, + 2° M* — (,LLR)2} ;=0

e Upon substitution z—(
65()~ (P2 B(()

we find the LF wave equation

d? 1 —4L>?

(—d—C2 - e + R+ 28 (L + S — 1)> Pur-py = M2¢u1-~w

with (uR)? = —(2 — J)* + L?



Meson Spectrum in Soft Wall Model

Pion: Negative termv for J=0 cancels
positive terms fromv LFKE and potential

d

Effective potential:  {J((#) = K% + 262 (J — 1)

LF WE

(

d? —4L%
s~ L + R 2R 1)) 9a(Q) = M265(0

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

Eigenvalues

d)n,L(C) — 1L \/(nzf;;)' <1/2+LQ_RQC2/2LTI{(;§2<-2)

J+ L
M gL = 4K’ (n | ; )

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



2 .
o J =L+ S5, 1= 1meson families M LS = =4k? (n+ L+ S/2) k" for An =1

42 for AL =1

mq:O 2k for AS =1
Massless pion in Chiral Limit! Same slope in n and L!
T I T I T T T T
n=2 n=1 n=0
4l . i
5
& ~(1800)
C\lz 2 - -
~ (1300) ]
(140
0 i 1 | 1 0 9(7170) 1 1
0 2 2
2-2012 2-2012
8820A20 L B8820A24 L

|=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) > M, (1260) > M, (980)

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

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



Quawk sepawvation ©
increases witiv L

2-2007 0
8721A20

Fig: Orbital and radial AdS modes in the soft wall model for x = 0.6 GeV .
Same slope inn and L!

2-2007
8721A21

Soft Wall
Model

(a)

S=0

7, (1670)

b, (1235)

(b)

S =0

7 (1300)

|Pion mass
automatically zero!

mg = 0

8-2007
8694A19

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

4 0



De Teramond, Doschy b

e Results easily extended to light quarks masses (Ex: /X -mesons)

e First order perturbation in the quark masses
AM? = (] Y mg/zaly)
a

e Holographic LFWF with quark masses

>

il

X
\V)

15(337@ ™~ \/55(1 — ZC) 6_21>\(W::; +1_x)€—§)\g2

e Ex: Description of diffractive vector meson production at HERA
[J. R. Forshaw and R. Sandapen, PRL 109, 081601 (2012)]

e Forthe K*

J+ L
My 15 = M + 42 (n + %)

e Effective quark masses from reduction of higher Fock states as functionals of the valence state:

m, = mg = 46 MeV, ms = 357 MeV



My = Mg = 46 MeV, mg = 357 MeV

De Teramond, Doschy b

2
m q

1T -
X>+<X

M? =M + <X

X)

T 1 —=x

S-'




Prediction from AdS/QCD: Meson LFWF

2
eP(?) = th7z 0.8§6o.40-2 de Teramond,
0.2 > Cao, sjb
0.15 T
var(z, k2) || “Soft Wall”
model

0.05]

0

Note coupling 1 —a
2
kY, x
A7 _
ki) =
V(@ kL) /43\/33(1 — :U)6
fo= \/qugm — 92.4 MeV Same as DSE!

Provides Covuwnection of Confinement to- Hadrow 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

J.R. Forshaw™

Consortium for Fundamental Physics, School of Physics and Astronomy, University of Manchester,
Oxford Road, Manchester M13 9PL, United Kingdom

R. Sandapen’
Département de Physique et d’Astronomie, Université de Moncton, Moncton, New Brunswick EIA3E9, Canada
(Received 5 April 2012; published 20 August 2012)

We show that anti—-de Sitter/quantum chromodynamics generates predictions for the rate of diffractive
p-meson electroproduction that are in agreement with data collected at the Hadron Electron Ring
Accelerator electron—proton collider.

4 k]
Y (x, k1) = - e 2rte(l-a)

ky/o(1 — )

See also Ferreira
and Dosch

2 2
pP(2) — TRz
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PRL 109, 081601 (2012)

PHYSICAL REVIEW LETTERS

week ending
24 AUGUST 2012

AdS/QCD Holographic Wave Function for the p Meson

20000 T T l 2000
15000+ ‘+’ — 1500 -
10000 =& 2% — !

120

J: R. Forshaw,
R. Sandapen

V'p— PP

and Diffractive p Meson Electroproduction

= HI(2000)
e HI(2010)
o ZEUS (2007)

25

W [GeV]
(b) ZEUS
. M,
P (x, k) = : eXp(— —";’)
Vx(1 —x) 2K

See also Ferreira
and Dosch



Uniqueness et
22
UC) =k +2:2(L+S—1)  eP?) = th 2

© 2;2 confinement potential and dilaton profile unique!
@ Linear Regge trajectories in n and L: same slope!
® Massless pion in chiral limit! No vacuum condensate!

® Conformally invariant action for massless quarks retained

despite mass scale

® Same principle, equation of motion as de Alfaro, Furlan, Fubini,

Conformal Invariance in Quantum Mechanics Nuovo Cim. A34 (1976)
569



http://inspirehep.net/record/108211

pion is massless in chiral limit iff

p=2!

pP(2) — TKTZ

® Dosch, de Teramond, sjb



Hadron Form Factors from AdS/QCD

Propagation of external perturbation suppressed inside AdS.

J(Q,z) = 2QK1(2Q)

F(Q)—p = [%Pp(2)J(Q,2)P1(2)

J(Qz) d(2)

Polchinski, Strassler
de Teramond, sjb

High Q°
from 0.6l
small z ~1/Q 0.4

highQQ/ Lt

Consider a specific AdS mode ®(™ dual to an n partonic Fock state |n). At small z, (™)

scales as ®(™ ~ 22~ Thus:

9 1171 Dimensional Quark Counting Rules:
F(Q7) — 5 ; General result from
Q AdS/CFT and Conformal Invariance

where 7 = A,, — 0, 0,, = Z?’:l g;. Twist T =n —+ L



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



LF(3+]) —mm— A d/55 de Teramond, sjb

V(x, b)) — d(2)

(= Jo(l-2)p2 ——~—
Fixed T:t—l—z/c

(1 —x)

Wz, $) = Va(l —x)¢2(C)

Light-Front Holography: Unique mabping derived from equality of LF
and AdS formuda for TM and grovitational current matrix elementy
ond identical equations of motiovw
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Q° F( Q")

0.5 -




Current Matrix Elements in AdS Space (SW) e (2) — e—l—/-%Qz

e Propagation of external current inside AdS space described by the AdS wave equation

[z28§ —z 1+ 2/1222) 0, — QQZZ] J(Q, 2) = 0.

e Solution bulk-to-boundary propagator Dr%éed/
9 2
J+(Q, 2) =F<1+%) U<ﬁ,0,%2z2>» Cuwrrent
K K
inv Soft-Wall
Model

where U(a, b, c) IS the confluent hypergeometric function

['(a)U(a,b, z) = / e Fo (1 + )bt
0

e Form factor in presence of the dilaton background ¢ = K2 2°
dz
F(Q*) =R’ 3 e_’iQZQCI)(z)J,{(Q, 2)®(z).

e Forlarge Q% > 4k?
JR(Q,Z) — ZQKl(zQ) — J(Q,Z),

the external current decouples from the dilaton field.
de Teramond & sjb
Grigoryan and Radyushkin



Dressed soft-wall cuwrrent brings inv higher
Fock states and move vector mesovw poles
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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



PlowForm Factor fromAdS/QCD and Light-Front Holography

log [F(s)]
spacelike timelike
" Ko i} / Frascati
AL AN
f JLab '\ |
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Remawkable Features of
Light-Front Schwédinger Equation

2
® Relativistic, frame-independent egp(z) — 6+'%

Z

® 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*'CC+2:°(L+ S —1)

. Stan Brodsk
GGI Florence Light-Front Holography el A Y

April 13, 2015 and non-perturbative QCD G

RATOR LABORATORY



¢ ( Z) AdSj5: Conformal Template for QCD

. Light-Front Holography

Fixed T=t+ z/c

| Duality of AdS; with LF |}
{ HamiltonianTheory

v

0.1
—_
n(ajza 17 z) >

0

o Light Front Wawvefunctions:

Light-Front Schrodinger Equation
Spectroscopy and Dynamics 1.5



de Teramond, Dosch, sjb

AdS/QCD
Soft-Walll Model

2 2
pP(2) — TrT2

Single scheme- LW- frosns HOWODPM
ndependent fundamental
T enm‘Zi‘schle e <2 p— gj(]_ — gj)bi
K
d* 1—4L?
| U =
Light-Front Schrodinger Equation Unique

U(() = kA2 4 2K2 (L+S—1) Confinement Potential!

Conformal Symwumetry.

of the action
k~ 0.6 GeV

Confinement scale:
(mg=0) 1/k~1/3 fm

Scale can appear in Hamiltonian and EQM

e de Alfaro, Fubini, Furlan: ,.p0 affecting conformal invariance of action!



QCD Lagrangiownv

nf

1 A _
LQCD — _ZTT(GWG/W) + Z i\ijDMVMI’f + Mf\pf

f=1 F=1

iDF = iOF — gAM QR = QRAM — QU AR — g[AR, A]

Classical Chiral Lagrangian is Conformally Invariant

Where does the QCD Mass Scale Agcp come from?
How does color confinement arise?

Scale can appear in Hamiltonian and EQM

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

Unique confinement potential!



@ de Alfaro, Fubini, Furlan

Cho(r) >= i~ fo(r) >

New term

G=uH +vD+wK /

1 d? g Aduw — v?
G:HT:_( 72 | | 562)

2 T2 4
Retaing conformal iwnwariance of actiow despite mass scale!
duw —v? = k* = [M]?
Identical to- LF Hamiltoniauwn withv unique potentiol and dilaton/
® Dosch, de Teramond, sjb

d? 1 —4L7

et e TV = MU ()

U(¢) = k*C* +2x*(L+ S —1)




What determines the QCD massy scole A oo ?

® Mass scale does not appear in the QCD Lagrangian
(massless quarks)

® Dimensional Transmutation? Requires external constraint
suchas a,(My)

® dAFF: Confinement Scale K appears spontaneously via the

Hamiltonian: (G = uH + oD +wk Auw — 1)2 /{4 — [M]4

® The confinement scale regulates infrared divergences,

connects /\ ocp to the confinement scale K

® Only dimensionless mass ratios (and M times R ) predicted

® Mass and time units [GeV] and [sec] from physics external
to QCD

® New feature: bounded frame-independent relative time

between constituents

. Stan Brodsk
GGI Florence Light-Front Holography el A Y

April 13, 2015 and non-perturbative QCD G

RATOR LABORATORY



dAFF: New Time Variable

2 20w + v
arctan ,

B VAuw — v? VAuw — v?

T

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

® Finite range

® Measure in Double-Parton Processes

. Stan Brodsk
GGI Florence Light-Front Holography 1 AN Y

April 13, 2015 and non-perturbative QCD Tl S\



Interpretatiov of Mass Scale K

* Does not affect conformal symmetry of QCD action

* Self-consistent regularization of IR divergences

* Determines all mass and length scales for zero quark mass
* Compute scheme-dependent A+ determined in terms of

* Value of [{ itself not determined — place holder

* Need external constraint such as f;



Baryon Spectrum in Soft-Wall Model

e Upon substitution z — (¢ and
Uy (x,2) = e 72207 (2)u(P),

find LFWE ford = 4

d 1

Tul+ el U] = My,

d ; v+s J J
—d—c¢_+ : YL+ Uy = My,
U= k%

e Eigenfunctions
Q) ~ (eI (2R), gl (¢) ~ (2T e LI (52

e Eigenvalues

M2 = 42n+v+1), v=L+1 (r=3) Independent

of J
e Full J — L degeneracy (different JJ for same L) for baryons along given trajectory !
. Stan Brodsk
GGI Florence Light-Front Holography 1 A Y

April 13, 2015 and non-perturbative QCD G

RATOR LABORATORY



N(2220) -

- N(1710) N(1720)
i N(1680) .
N(1440)
N(940) L
0 1 N 3 R
M?*(GeV?)
(¢) ]
n=2 n=1 n=20
N(1875) i
N(1535) -
N(1520) L |

 M?(GeV?)

N(2600)
v=L+1
(b)
| N(2250)
N(2190)
, N(1700)
I N(1675) N(2220)
N(1650) \
yv=1L

] N(1720)

N(1680)

N(940) 4/4;2 L
o T 2 3 4 5
M?*(GeV _

i ( 2 n—1 "0
- (d)

A(2420)

A(1950)

I 1 I I I I

NA

A(1920)
A(1600) A(1910)

A(1905) ]
A(1232) 7
0 1 2 3 '




Table 1: SU(6) classification of confirmed baryons listed by the PDG. The labels S, L
and n refer to the internal spin, orbital angular momentum and radial quantum number
respectively. The A27(1930) does not fit the SU(6) classification since its mass is too low
compared to other members 70-multiplet for n =0, L = 3.

SU6) S L n Baryon State
56 1 0 0 N1 (940)
5 0 1 N17(1440)
Lo 2 NiT(1T10) PDG 2012
50 0 A37(1232)
3.0 1 A27(1600
70 1 1 0 N17(1535) N3 (1520)
51 0 N17(1650) N3 (1700) N2 (1675)
3101 Ni~ N3 (1875) N2~
10 AZ7(1620) A2 (1700)
56 1 2 0 N3T(1720) N2T(1680)
1 3+ 5+
12 1 N37(1900) N3
3 2 0 ALT(1910) A3T(1920) AZT(1905) AIT(1950)
1 5~ 7
70 1 3 0 N3 NI
23 0 N3 N3 N27(2190) N3 (2250)
1 5~ 7
130 A2 AT
56 3 4 0 NIT N9 (2220)
34 0 AL ALT AT AL (2420)
1 9— 11—
70 L1 5 0 N Ni
55 0 NZ~ N3~ NiT(2600) N




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]

From Nick Evans

e Nucleon LF modes

1 2n! 2 ~2
_ 3+L 5/2+L ,—K2C2/2 [ L+2 (.22
Y= (Onr " \/nJrLJrZ\/(nJrL)!C c " (/{ ; )

e Normalization

/ AC Y2 () = / A2 () = 1 CZWWW

e Eigenvalues
M%&,L,Szl/Q = 4r*(n+ L +1)

e “Chiral partners”

M (1535) NG,
M N (940)



Chirval Features of Soft-Wall
AdS/QCD Model

¢ Boost Invariant

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

® Massless Pion

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

¢ Proton: equalprobabxhty SZ — _|_1/2 LZ — () SZ — _1/2 L7 = +1
|7 = +1/2 < [F >= 1/2 < SZ — 0}

* Self- Dual Mass1ve Elgenstates Proton 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!



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

FI(Q?) = R / e

~4

V(Q,2)¥% (2)

e Nucleon AdS wave function

T _ RAHE 2n/! T/2+L L+l (,.2,2) ,—r%2%/2
+(2) = e (n+L)!Z S (k727 e

e Normalization (F1P(0)=1, V(Q=0,2)=1)

dz
e Bulk-to-boundary propagator [Grigoryan and Radyushkin (2007)]
1 | | |
dx Q2 2 2
1% 2 2/ 12—k 27r/(1—x)
(Q,z2) =Kz gy T 12 e
e Find !
FP(Q?) =
(1+%) (1+3%)

with M2 — 4k2%(n + 1/2)

9-200
8757A72 Q2 (GeV?)



i de Teramond
ubini an Dosch
Rabinovici Superconformal Algebra o SB

1+1
{w, ¢+ } =1 two anti-commuting

fermionic operators
1

w — 5(()’1 — i()’Q), ?p_l_ — 5(0’1 —+ iUQ) Realization as Pauli Matrices

Q=v 0 4 W), QF = vl + W), W)=

(Conformal)

S = —I_.CIZ‘ S T = T Introduce new spinor operators
9 I4 /4

(Q.Q*}=2H, {8,5}=2K Q~VH, 5~VK]|

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



Superconformal Algebra

1
(ot =1 B= "y =0

1

1
¢=§(01—i02)a ¢+=§(01+i02)
ot / B /
Q=197[=0: + 1, Q" =0, b S=¢ta, ST=4a

(Q,QT}y=2H, {5,587} =2K

Q.Y = f—B+2D, {Q",S}=f—B—2iD

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



Superconformal Algebra

Baryon Equation
Consider R, = Q +wS:| w: dimensions of mass squared

G ={Ry,, R} =2H + 2w*K + 2wfl — 2wB 2B = o3
Retains Conformal Invariance of Action Fubini and Rabinovici
New Extended Hamiltoniawnw G iy diagonal

4(f T %)2 - 1)

Go— (— 52 222 4 9w f — w -
n=(—0; +tw'z® +2wf —w A2
4(f —3)2 -1
GQQ:(—82+w2x2+2wf+wl ./ 4;2) )
[kmmwf—%ng,wza2_7
-
Eigenvalue of G: M?(n,L) = 4k*(n+ Lg + 1)




LF Holography v = ¢

d? 412 — 1 G2
( FARCH205(Lp + 1) + —7 )w} = M*y7, -

d¢? 4(2
d* 15 4(Lp+1)2—1 .
( dCQ | )‘BC ‘|‘2)\BLB | 4C2 >¢J = M @DJ.
M%(H,LB) — 4)\23(TL —+ LB -+ ]_) S=1/2, P=+

Meson Equation both chiralities
d 4 — 1
( e | A?WCQ—I—Q)\M(J—l) | e >¢J—M2¢J,

M2, (n,Lar, S=0)=4X2,(n+ Ly) V= Llu
$=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“

I 1 I I I

I 2 I I I

I 3 I I I I

(D)

 M?(GeV?)

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

§=3/2, P=- NCI1%)

l

N(1720)
N(1680)

N(2600)
v=L+1

N(2250)

N(2220)

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

A(2420)

A(1950)

A(1920)

A(1600) A(1910)

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



Superconformal Algebra

M2
- 9+
4%2 N; (2200)

M?(n,Lg) =4k*(n+ Lg+1) n.

2 Meson-Baryon
ot Mass Degeneracy
N - (1680 =
Soume Kk 5 (1680) for Ly=Lp+1
5=
N - (1520)
2
1t
\ = K2 N - (940)
2
71(140) L
01 2 3 4 s

$=0, I=1 Meson is superpartner of S=1/2, I=1 Baryon



Superconformal AdS Light-Front Holographic
QCD (LFHQCD): \ = K2
Identical meson and baryon spectra!

Meon-Baryon
Mass Degeneracy
for Ly=Ls+1




Dosch, de Teramond, sjb

0_ \

M? (GeV2 )

o — A superpartner trajectories

breliminary



Features of Supersymmetric Equations

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

¢ Jz=Lz4+1/2=(L2+1)-1/2 S* = +1/2

e Baryon spin carried by quark orbital angular
momentum: <Jz> =L2+1/2

® Mass-degenerate meson “superpartner” with

Lv=Le+1. “Shifted meson-baryon Duality™

Meson and baryon have same « !

. Stan Brodsk
GGI Florence Light-Front Holography 1 AN Y

April 13, 2015 and non-perturbative QCD Tl S\



Baryon Spectrum

M? =4k*(n+v+1)

Table 1. Orbital assignment for baryon trajectories according to parity and internal spin

S=3 S=3

P=+ v=1L L+%

y:‘luR‘_l/Q P= v=L+3 =L+1
2(+) 2(-)

Mn,L,S:— o MnL S——

No spin-orbit coupling

J=1/2 “Chiral partners”, e.g. N(1535) and N(1400),
with different L, non-degenerate



Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

Fi Q) = g4 / 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? = 4+1/2 and —1/2.

e For SU(6) spin-flavor symmetry
FI(Q?) = / 4¢ J(Q. )l (O,
Q@) = —3 [ dCIQ0) [l6+(O)F = [o-(0)F],

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



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

2-2012
8820A18

2

2-2012
8820A17

0

2-2012
8820A7




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




Predict hadrow spectroscopy and dynamics

Excited Baryons in Holographic QCD G. de Teramond & sjb
12 Q4 Ff(Qz) FfN%N*(Qz)

0.10

0.05

]
—

n=3 n=2 n n=0

oL | | | | | | | | |
0

9-2009
8796A3 L L



Nucleon Transition Form Factors
e Compute spin non-flip EM transition NV (940) — N*(1440): \IJZZO’L:O — \IﬂffLL:O

e Transition form factor
P (@) = B [ S0 0 0v(@. 2w

e Orthonormality of Laguerre functions ~ (Fihy_ x+(0) =0, V(Q =0,z2) =1)

dz n.L
R4/ \If_|_ (Z)\IJ_I_’ (Z) = Op.n/

24
e Find ;
Q°
Flp (QQ) _ 2\/§ M123
N—N* 3 2 Q2 Q2
(1 &) (1 ) (1 )
P p

with M2 — 4k%(n + 1/2)

de Teramond, sjb

Consistent withv counting rule, twist 3



Nucleon Transition Form Factors

Q?
P o V2 M2
1N—>N*(Q )_ 3 Q2 Q2 QQ
(1+58) (14 2) (14 2%)
P

&
S o1k
=
1
prd
(e
L
O | | | |
0 > 4
5520A16 Q2 (GeV?)

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



Flavor Decomposition of Elastic Nucleon Form Factors
G. D. Cates et al. Phys. Rev. Lett. 106, 252003 (2011)

Proton SU(6) WF: FP'i=3G+3G_, Fj =3G.+3G_

Neutron SU(6) WF: no=1G1 +2G_, " =3G + 3G

u,1

06

05

031

02
0.1

0.0

0.1



Dosch, de Teramond, sjb

Prediction from Super Conformal AdS/QCD:
Same Form Factors for H= M and H=B if Lm=Lg+|




Ruwwning Coupling from Modified AdS/QCD

Consider five-dim gauge fields propagating in AdSy space in dilaton background gp( )

Flow equation

9¢(z) g2 (0)

Deur, de Teramond, sjb

S = —1/d4a;dz\/§egp(z) ! G?
4 g5

1 1 2 —Kk222 2

or gi(z)=e g5(0)

_ o9(2)

where the coupling g5 (2 ) incorporates the non-conformal dynamics of confinement

_ ,{222

YM coupling as(¢) = g%/M(C)/ZLW is the five dim coupling up to a factor: g5(z) — gy ar(C)

Coupling measured at momentum scale ()

Solution

where the coupling o

AdS

o295 / CACT(CQ) a5 (¢)

incorporates the non-conformal dynamics of confinement



Bjorken sum rule defines effective charge [a %8 (QZ)

[ delgi?e,@%) — g1 @) = 1 - 2D

|

o
® Can be used as standard QCD coupling
® Well measured
® Asymptotic freedom at large Q?
® Computable at large Q? in any pQCD
scheme
® Universal Po, Bi
GGl Florence Light-Front Holography Sti‘{‘. Bl}’;‘fky

April 13, 2015 and non-perturbative QCD Jl-l-\\'



Analytic, defined at all scales, IR Fixed Point

T Y 2
T Y o248 (Q) /7 = o Q% /4x
Q) LI
- 06 - {
-~ Modified AdS .. i)
A gl k= 0.54 GeV
04 | /7 (pQCD)
f ocgl/:rc world data ' ;
------- GDH limit ¥ a,/m
02 ¢ o /n OPAL { ‘;
A « gl/n JLab CLAS = S
B o /7 Hall AICLAS 1 r Fsges
o @ Lattice QCD (2004) (2007) { |
\ T — —
10" ; .
Q (GeV)

AdS/QCD dilaton captures the higher twist corrections to effective charges for Q < 1 GeV

e = ¢

—|—/<;222

Deur, de Teramond, sjb



All-Scale QCD Coupling

Deur, de Teramond, sjb

0.6 —

04

0.2 —

Nonperturbative QCD

(Quark Confinement)

Transition scale Qo

Qs = 1.08 +0.17 GeV?

Arg = 0.341

Perturbative QCD
(Asymptotic Freedom)

Aw/ — 0.339

Expt:

1

10
Q (GeV)

0.024 GeV

0.016 GeV



a (Q)/m

] &
pQCD to B;.n=3 and
— A=0.328 and
08 , ¢ 20 Bjorken SR.to o>
Al (Q) /= em 9 A=0.351 and
_ Bjorken SR.to o *
- Matchv coupling strengtiv — A=0.389 and
06 ond derivative Bjorken SR.to a3
I \ A=0.454 and
_ | Bjorken SR. to o2
. — AdS/QCD A=0.585 and
04 L : Bjorken SR. to o,
. Bjorken SR.to o 5.2=3 and
- o A=0.230 and
02|  pPQCDtof,
- A=0.395 and
_ pQCD to f3, |
] T 35?:%6; aﬁn_d Deur, de Teramond, sjb
| | | | | | | | l | | | | | | | | I
107 I 10

Q (GeV)




Deur, de Teramond, sjb

~12 0.7
< 065 B AL (AdS/QCD)
06 - | s N2 (World data)
055
05
045 .
0.4; n
035%&%@%@%@%&%@%@%@%&%@%@%&%@%@%%%@%@%@&§%&%&%@x
0.3
0 I 2 3 4 5 6

Bjorken Sum Rule order

g = 0.5983K = 0.5983% = 0.4231m, = 0.328 GeV

Connect A7/« = to hadron masses!

Experiment: M, = 0.7753 £ 0.0003 GeV



m, = V2K
m, = 2K
a;1 (QQ) 0.8
-
\ = K° 0 -

All-Scale QCD Coupling

Deur, de Teramond, sjb

Nonperturbative QCD
(Quark Confinement)

Cloet, Roberts:

Transition scale Qo

Qi = 1.08 £0.17 GeV?

Perturbative QCD
(Asymptotic Freedom)

A<l = 0.339

1

10
Q (GeV)

0.016 GeV



de Teramond, Dosch, sjb

Interpretatiov of Mass Scale K

* Does not affect conformal symmetry of QCD action

* Self-consistent regularization of IR divergences

* Determines all mass and length scales for zero quark mass

* Compute scheme-dependent A+ determined in terms of Y

* Value of [{ itself not determined — place holder

* Need external constraint such as f;



Cornwnectiov to-the Lineawr Ivnstoant-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



Cornwnectiov to-the Lineawr Ivnstoant-Form Potentic

e Compare invariant mass in the instant-form in the hadron center-of-mass system P = 0,
2 _ 2 2
Mz =4m? + 4p
with the invariant mass in the front-form in the constituent rest frame, kq + kg =0

9 9
o kI +my

aq r(l —x)

obtain

U:V2—|—2\/p2—|—mgV—|—2V\/p2—|—mg

where p? = L _ me(z—1/2) and V is the effective potential in the instant-form
Pl = =)y P3— Ve(la) P

e For small quark masses a linear instant-form potential V' implies a harmonic front-form potential U

and thus linear Regge trajectories

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




AdS/QCD ond Light-Front Holography

J+ L
M L_4K’( | 9 )

® Zero mass pion for mg =0 (n=J=L=0)

® Regge trajectories: equal slope inn and L

® Form Factors at high Q2: Dimensional

counting Q2" F(Q?) — const

® Space-like and Time-like Meson and Baryon

Form Factors
Q2%

® Running Coupling for NPQCD s (Q%) x & 3

® Meson Distribution Amplitade ¢, (z) < fr/z(1 — z)

. Stan Brodsk
GGl Florence Light-Front Holography 1 AN Y

April 13, 2015 and non-perturbative QCD =



F WW %/ O'f A d5 / Q C D de Teramond, Dosch, Deur; s)b

* Color confining potential ,.4 CQ and universal mass scale from
dilaton eﬁb(z) _ 6’1222 as(Q?) o< exp —Q* /4K?

* Dimensional transmutation A- = < Kk < my
¢ Chiral Action remains conformally invariant despite mass scale DAFF

* Light-Front Holography: Duality of AdS and
frame-independent LF QCD

* Reproduces observed Regge spectroscopy —
same slope in n, L, and J for mesons and baryons

®* Massless pion for massless quark

* Supersymmetric meson-baryon dynamics and spectroscopy:

LM=LB+I
Superconformal Algebra

* Dynamics: LFWFs, Form Factors, GPDs Fubini and Rabinovic:



An analytic first approximation to QCD
AdS/QCD + Light-Front Holography

® As Simple as Schrédinger Theory in Atomic Physics

¢ LF radial variable C conjugate to invariant mass squared
¢ Relativistic, Frame-Independent, Color-Confining
¢ Unique confining potential!

¢ QCD Coupling at all scales: Essential for Gauge Link

phenomena
¢ Hadron Spectroscopy and Dynamics from one parameter

¢ Wave Functions, Form Factors, Hadronic Observables,
Constituent Counting Rules

¢ Insight into QCD Condensates: Zero cosmological constant!

¢ Systematically improvable with DLCQ-BLFQ Methods

. Stan Brodsk
GGI Florence Light-Front Holography el A Y

April 13, 2015 and non-perturbative QCD P e S\



® Conformal template:

String Theory

® Useisometries of AdS;

Goal: First Approximant to- QCD +
Mapping of Poincare and

AdS/CFT Conformal SO (4,2) symumetiries of

3+1 space
Couwnting rules for Hard Exclusive to- AdS5 space
Scattering
Regge Trajectories Conformal behawior at short
AdS/QCD Astances
QCD at the Amplitude Level Confinement at lawrge distance
Unique!
Semi-Classical QCD '/ Wave Equations
l Holography
Boost Inwariant 3+1 Light-Front Wave Equaltions
J=0,1,1/2,3/2 plus L + Integrable!

Hadrow Spectira, Wawvefunctions, Dynamics




de Teramond, Dosch, Lorce, sjb

Futuwre Directions for AdS/QCD

* Hadronization at the Amplitude Level

* Diffractive dissociation of pion and proton to jets

* Identify the factorization Scale for ERBL, DGLAP
evolution: Q,

* Compute Tetraquark Spectroscopy Sequentially

e Update SU(6) spin-flavor symmetry

* Heavy Quark States: Supersymetry, not conformal

* Compute higher Fock states; e.g. Intrinsic Heavy Quarks
® Nuclear States — Hidden Color

e Basis LF OQuantization



de Téramond, Dosch, sjb

Light-Front Holography

d> 1—4L?
| - U =
Light-Front Schrodinger Equation Unique

V »N»,H,y,'t ""l.)_v//
4 ~2 2 Confinement Potential
U(C) = k*¢* +26%(L + S — 1) %
C C Preserves Conformal Synmmetry.

k>~ 0.6 GeV
Confinement scale:
1/k~1/3 fm
e de Alfaro, Fubini, Furlan: Scale can appear in Hamiltonian and EQM

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