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QCD Lagrangion

1
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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 potentigl!



Need av First Approximation to- QCD

Comparable in simplicity to
Schrodinger Theory in Atomic Physics

Relativistic, Frame-Independent, Color-Confining

Origin of hadronic mass scale if mg=0



tach element of
Aash photograph
illuwminated
at same LT time
T=1t+2z/c
Causal, frame-independent

Evolve inv LF time
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Measurements of hadron LF
wavefunction are at fixed LF time

Like a flash photograph Tpj =T = —



Bound States in Relativistic Quantum Field Theory:

Light-Front Wavefunctions

Dirac’s Front Form: Fixedt=1t+2z/c

Fixed T=t+ z/c

w(zﬁ EJ_iv )\Z) L+ 0 4 3

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

HY:P |y >= M2 |y >

Direct connection to QCD Lagrangian

Off-shell in invariant mass

Remarkable new insighty from AdS/CFT,the duality
betwe@wconfarmal/ﬁdd/ﬂwogy and Anti-de Sitter Space



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

Inwawriant under boosts! Independent of P

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



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

s Hint



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




o Light Front Wawvefunctions: \lfn(aji, EJ_ia )\7;)

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

Fixed T=t+4 z/c

“Hadronization at the Amplitude Level”

Boost-invariant LFWF connects confined quarks and gluons to hadrons

10



Advantages of the Dirac’s Front Form for Hadron Physics

Independent of Observer’s Motion -
® Measurements are made at fixed t K

® Causality is automatic

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

® LFWTFs are frame-independent: no boosts, no pancakes!

® Same structure function measured at an e p collider and
Deep Inelastic Lepton Scattering in the proton rest frame

® No dependence on observer’s frame

® LF Holography: Dual to AdS space

® LF Vacuum trivial -- no vacuum condensates!

® Profound implications for Cosmological Constant

Roberts, Shrock, Tal;ldy, sjb



“One of the grawvest pusgszles of
theovetical physics”

DARK ENERGY AND
THE COSMOLOGICAL CONSTANT PARADOX

A. ZEE

Department of Physics, University of California, Santa Barbara, CA 93106, USA
Kawil Institute for Theoretical Physics, University of California,
Santa Barbara, CA 93106, USA
zee@kitp.ucsb.edu

(Qa)@ep ~ 107
QO = 0.76(expt)

(Qa) Ew ~ 10°°

Extraordinary conflict between the conventional definition of the vacuum in
quantum field theory and cosmology

tlementy of the solution:
(A) Light-Front Quantigzation. causald, frame-independent vacuuwmw
(B) New understanding of QCD “Condensates”

(C) Higgs Light-Front Zevo-Mode

12



Inustont-Form Vacuuwm ivv QED

e

€

® [oop diagrams of all orders contribute

QED _ 120 Observed
® Huge vacuum energy: PA  — 107" pp

B d’k \/ 1.2 2 T
® V7 303 k= +m" Cutoff the quadratic divergence at Mpianck
® Why not impose :Normal Ordering: ? Causality issues.
® Divide S-matrix by disconnected vacuum diagrams?

® In Contrast: Light-Front VacuurJrrl trivioal si%ce plus momenta
are positive and conserved: K =k + k7 >0

Humboldt Kolleg The QCD Vacuum, Color Confinement, Stan Br odsky

Kitzbiihel Austria and Superconformal Properties of Hadron Physics
June 29,2016




We view the universe

Front Form Vacuuwm Describes the Empty, Causal Universe

14



FronC-Form Vacuuwuwm inv QED

pt=0 | w > ki #PT =0

k>0
® All Light-Front Vacuum Graphs Vanish!

® Light-Front Vacuum is trivial since all plus momenta are
positive and conserved.

® Zero modes (k+=0) in vacuum allowed in some theories with
massless fermions.

® Zero contribution to A from QED LF Vacuum

® Instant Form gives zero result if one normal orders.

Humboldt Kolleg The QCD Vacuum, Color Confinement, Stan Br odsky

Kitzbiihel Austria and Superconformal Properties of Hadron Physics
June 29,2016




Two-Definitions of Vacuuuwnw State

Instant Form: Lowest Energy Eigenstate of Instant-
Form Hamiltonian

H g >= Eplvg >, Eg = min{E;}

Ezigenstate defined at one time t over all space;
Acausal! Frame-Dependent

Front Form: Lowest Invariant Mass Eigenstate of Light-Front
Hamiltonian

Hyiplo >prp= Mg\ >rr, ME =

Frame-independent eigenstate at fixed LF time T = t+z/c
within causal horizon

Front Formv Vacuummm Describes the Causal Universe

16



Light-Front vacuum coanv simumdate emply universe
Shrock, Tandy, Roberts, sjb

® Independent of observer frame

® Causal

® L.owest invariant mass state M= o.

® Trivial up to k'=0 zero modes-- already normal-ordering

® Higgs theory consistent with LF theory (Srivastava, sjb)

® QCD and AdS/QCD: “In-hadron”condensates (Maris, Tandy
Roberts) -- GMOR satisfied.

® QED vacuum; no loops

® Zero cosmological constant from QED, QCD, EW

Humboldt Kolleg The QCD Vacuum, Color Confinement, Stan Br odsky

Kitzbiihel Austria and Superconformal Properties of Hadron Physics
June 29,2016




What is the evidence for a nongero- vacuumw quark condensate?

. Gell-Mann - Oakes - Renner
 ' Relation (1968)

— . ',@mi = —2m/(¢) "

\ ~

~
N\ ~
J Pion’s leptonic decay constant, mass-dimensioned observable AR
which describes rate of process m>u’v_ _ _ o e == " -
P
W Vacuum quark condensaté (: renormalization scale

Derived in current algebra using an effective pion field

How is this modified in QCD for a composite pion?

18



Waowrd - Takahashio Identity for axial cuwrent

PFTs,(k, P) + 2imDs(k, P) = S~ (k + P/2)iys + ivsS~ ' (k — P/2)

B(¢?)
A(02)

STHE) =iy - LA(L?) + B(e2)  m(l?) =

21y,
- plus non-pole

2

T

Identify pion pole at P? =m

P* < 0|gysyHq|lm >= 2m < 0|qiysq|m >

fwm% — _(mu + md)w



Revised Gell Mowwv-Oakes-Revuner Formudor ivv QCD

s (Mg +mg) ) current al.gebra:
My = 2 < 0]qq|0 > effective pion field
2 (my + ma) l QCD: composite pion
— <0 > P P
o I i@sq|m Bethe-Salpeter Eq.

vacuuun condensate actually s o “ inv-hadronw condensate’

Maris, Roberts, Tandy

0



Light-Front Piow Valence Wavefunctions

S2 485 =141/2—-1/2=0
Couples to
L7 =0,5"=0 <7[3"q754|0 > ~ fx

: >

?wmrwmg/ conutituent mass at vertexr Couples to

4._._‘ | = +1,8°=—-1 < 7|qv5q|0 > ~ Px

Sz + Sz _—1/2—1/2:—1

Angular n n—1
Momentum J* = Z Si + Z L;
Conservation ' i

21



Suwmmowry onw QCD “Condensates

® Condensates do not exist as space-time-independent
phenomena - consistent with LF Theory

® Property of hadron wavefunctions: Bethe-Salpeter or
Light-Front: “In-Hadron Condensates”

fr

< 0|giysg|m > similar to < 0|gy*ysq|m >
® Zero contribution to cosmological constant!

Included in hadron mass

< 0liqysq|lm >= pr

® 0, survives for small mq - enhanced running mass
from gluon loops / multiparton Fock states

Humboldt Kolleg The QCD Vacuum, Color Confinement, Stan Br odsky

Kitzbiihel Austria and Superconformal Properties of Hadron Physics
June 29,2016




Is there empivical evidence for o gluonw vacuuuwmn condensate?

< O|%GW(O)GW(O)|O >

Look for higher-twist correction to current propagator

q
Y : Y
4
N O Shifman, Vainshtein, Zakharov
X X

ete™ — X, 7 decay, QQ phenomenology

A4

g CD

Rete-(8) = Ned ep(l+ =57 +--)
q

23



Determinations of the vacuwwm Gluon Condensate

< 0]2=G2|0 > [GeV]

T

—0.005 £ 0.003 from 7 decay. Davier et al.
0.006 £ 0.012 from 7 decay. Geshkenbein, loffe, Zyablyuk

1+0.009 4+ 0.007 from charmonium sum rules
Iofte, Zyablyuk

132 [ m,

13 k

Consistent with zero-
vacuuuwm condensate

1.08
1.26 |

1.04 |

' -0.03 -0.02 -0.01 0 0.01 0.02 0.03

24



Quawk and Gluovw condensates reside
within hadvrons, not vacuuuwm

Casher and Susskind Maris, Roberts, Tandy Shrock and sjb

¢ Bound-State Dyson Schwinger Equations
e AdS/QCD

¢ Implications for cosmological constant --
Eliminates 45 orders of magnitude
conflict

Humboldt Kolleg The QCD Vacuum, Color Confinement, Stan Br odsky
e and Superconformal Properties of Hadron Physics f—;:_,%\s

June 29,2016



PHYSICAL REVIEW D VOLUME 9, NUMBER 2 15 JANUARY 1974

Chiral magnetism (or magnetohadrochironics)
Aharon Casher and Leonard Susskind

Tel Aviv University Ramat Aviv, Tel-Aviv, Israel
(Received 20 March 1973)

I. INTRODUCTION

The spontaneous breakdown of chiral symmetry
in hadron dynamics is generally studied as a vac-
uum phenomenon.! Because of an instability of the
chirally invariant vacuum, the real vacuum is
“aligned” into a chirally asymmetric configuration.
On the other hand an approach to quantum field
theory exists in which the properties of the vacu-
um state are not relevant. This is the parton or
constituent approach formulated in the infinite-
momentum frame.? A number of investigations
have indicated that in this frame the vacuum may Light-Front
be regarded as the structureless Fock-space vac- Formalism
uum. Hadrons may be described as nonrelativistic
collections of constituents (partons). In this frame-
work the spontaneous symmetry breakdown must be
attributed to the properties of the hadron’s wave
function and not to the vacuum.?
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PHYSICAL REVIEW C 85, 065202 (2012)

Confinement contains condensates

Stanley J. Brodsky, ' Craig D. Roberts,>* Robert Shrock,” and Peter C. Tandy®
ISLAC National Accelerator Laboratory, Stanford University, Stanford, California 94309, USA
*Centre for Particle Physics Phenomenology: CP*-Origins, University of Southern Denmark, Odense 5230 M, Denmark
*Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
*Department of Physics, lllinois Institute of Technology, Chicago, Illinois 60616, USA
*C. N. Yang Institute for Theoretical Physics, Stony Brook University, Stony Brook, New York 11794, USA
SCenter for Nuclear Research, Department of Physics, Kent State University, Kent, Ohio 44242, USA
(Received 27 February 2012; published 21 June 2012)

Dynamical chiral symmetry breaking and its connection to the generation of hadron masses has historically been
viewed as a vacuum phenomenon. We argue that confinement makes such a position untenable. If quark-hadron
duality is a reality in QCD, then condensates, those quantities that have commonly been viewed as constant
empirical mass scales that fill all space-time, are instead wholly contained within hadrons; i.e.. they are a
property of hadrons themselves and expressed. e.g.. in their Bethe-Salpeter or light-front wave functions. We

explain that this paradigm is consistent with empirical evidence and incidentally expose misconceptions in a
recent Comment.

DOI: 10.1103/PhysRevC.85.065202 PACS number(s): 12.38.Aw, 11.30.Rd, 11.15.Tk, 24.85.4+p

Confinement
contains condensates

Craig Roberts: Continuum strong QCD (111.71p)

CSSM Summer School: 11-15 Feb 13 68
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Light-Front Quantizatio of the Standoawrd Model

e SU(2) X U(l) GWS Model of Weak Interactions
® Non-Abelian Higgs Model in LG Gauge

® Unitary, renormalizable, no Gupta-Bleuler, Fadeev-Popov
ghosts

® SSB: Perturbative vacuum plus zero mode field
® t'Hooft conditions satisfied

® Higgs field: Real field creates Higgs particle; imaginary

components identified with longitudinal components of W,
Z

® Higgs VEV replaced by zero mode

Humboldt Kolleg The QCD Vacuum, Color Confinement, Stan Br odsky
e and Superconformal Properties of Hadron Physics f—;:_,%\s

June 29,2016 2¢



P. Srivastava, sjb

Abeliowv U (1) LF Model witiv Spontaneous Symmelry Breaking
L=0,0"0_¢p+0_-¢'0,0—010"0.0—V(¢'9)

where V(¢1¢) = u2¢ted + A(6T¢)2  with A > 0, p2 < 0

Constraint equation: fd2$de_ [@L({?Lgb g;{r} =3\
o(T, 2, 1) =w(T,x1) + (T, 27,21 )

w(T,21) is a kT = 0 zero mode

w =v/v2 where v = \/—pu2/\
Thus a c-number in LF replaces conventional Higgs VEV

Higgs coupling to-gravity?
Possibility: 0w # 0

29



P. Srivastava, sjb

Standard Model onwthe Light-Front

® Same phenomenological predictions
® Higgs field has three components
® Real part creates Higgs particle

® Imaginary part (Goldstone) become longitudinal
components of W, Z

®|Higgs VEYV of instant form becomes k=0 LF zero mode!

® Analogous to a background static classical Zeeman
or Stark Fields

® Zero contribution to T", ; zero coupling to gravity

Humboldt Kolleg The QCD Vacuum, Color Confinement, Stan Br odsky

~— - — =
NATIONAL ACCELERATOR LABORATORY

Kitzbiihel Austria and Superconformal Properties of Hadron Physics
June 29,2016




H QED QED atoms: positroniwm

l and muonianmy
(HO + Hznt) |\If >= F |\If > Coupled Fock states
A? - l
[— 5 + Ve (S, 7)] ¥(F) = E (7) Effective two-particle equation
red
i Includes Lamb Shift, quantum corrections
1 d? 1 l+1)
- 2Mred AT? 2Mypeq T2 + Veir(r, 5,0 9(r) = E 9(r) Sphevical Basis T, 97 ¢
8 Couloml- potential
Vesr = Vel(r) = ——

Bohr Spectrum

Semiclassical first approximation to- QED
31

Schwodinger Eq.



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 furst approvimation to-QCD 3iums an infinite # diagrams




de Téramond, Dosch, sjb

AdS/QCD
Soft-Wall Model

222

Light-Front Holography

p(z) — otk
€ — © szaz(l—x)bi.

d* 1—4L?
| I _
et i T =
Light-Front Schrodinger Equation Unique
Confinement Potential!
U(¢) = k*C* +2x*(L+ S —1) ‘ S
Preserves Conformal Symwetry
k~ 0.5 GeV
Confinement scale:
1/k~1/3 fm
o de Alfaro, Fubini, Furlan: Scale can appear in Hamiltonian and EQM

. . ) .. without affecting conformal invariance of action!
® Fubini, Rabinovici: 33



5-Dimensional Confinement

Anti-de Sitter Radius
Spacetime ]
Changes in
Boundary physical
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).

® Smooth cutoff: introduction of a background @ilaton field go(z))— usual linear Regge dependence can
be obtained (Soft-Wall Model) Karch, Katz, Son and Stephanov (2006).

Humboldt Kolleg The QCD Vacuum, Color Confinement, Stan Br odsky
e and Superconformal Properties of Hadron Physics f—;:_,%\s
June 29,2016 )



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?),———

T2
xt — Axt, z — Az, maps scale transformations into the holographic coordinate z.
e AdS mode in z is the extension of the hadron wf into the fifth dimension.
e Different values of z correspond to different scales at which the hadron is examined.
2 — N, 2> Az
2

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

e The AdS boundary at z — 0 correspond to the () — 00, UV zero separation limit.

35



Dilaton-Modified AdS/QCD

d2_90(2)R_2 BV 52
s“=e 22(77“,,:1::5 z“)

® Soft-wall dilaton profile breaks
conformal invariance ¢¥(?) — +r°z°

® Color Confinement
® Introduces confinement scale ~

® Uses AdS;s as template for conformal
theory

Humboldt Kolleg The QCD Vacuum, Color Confinement, Stan Br odsky

Kitzbihel Austria and Superconformal Properties of Hadron Physics
June 29,2016 -



(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 (= \/a:3(71 — a:')l;i



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 mofgor




Meson Spectrum in Soft Wall Model

My = 0 if Mg = 0 Pioni Negative termv for J=0 cancels

positive terms fromv LFKE and potential

e

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

LF WE

(

d*> 1-4L? ,
e 1)) 6(¢) = M?65(¢)

Normalized eigenfunctions (p|¢) = [ d¢ ¢*(2)

Eigenvalues

¢n,L(<) — K‘,1+L \/(nzf"l;)' <1/2+Le—&2C2/2L7I{(n2<2)

J+ L
M gL = 4K’ (n | ; )

G. de Teramond, H. G. Dosch, sjb
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My, = Mg = de Téramond, Dosch, sjb

sp T ] | |
L 2 2 |
M (GeV ) L0
i n=>2 n=1 n=>0
- (a)
4. i ]
3 ] ]
- a4(2040)
- 7( 1800) 14(2050)
f 7,(1670) i ]
2/ T w(1650) 3(1690) f
* 12 w3(1670)
* (1450
1 i 7(1300) b1(1235) il 1 w(1420) a»(1320) ]
i 1o 2(1270)
] - p(770)
0 1 )
[ 40 7Y w8 L
B T S S 0 1 2 3 4
2 2
M*“(n,L,S) =4rk“(n+ L+ S/2)
Humboldt Kolleg The QCD Vacuum, Color Confinement, Stan Br odsky
e A and Superconformal Properties of Hadron Physics SLAL

June 29,2016 .



Prediction from AdS/QCD: Meson LFWF

2
e??) = th7z 0.8§60.40-2 de Teramond,
0.2 > Cao, sjb
0.15 o
s k) 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 Connection of Confinement to- HﬂdrcrwStruLtwe/



06—+

Q° F( Q")

0.5 -

42



o |nb]

PRL 109, 081601 (2012)

PHYSICAL REVIEW LETTERS

week ending
24 AUGUST 2012

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

20000 ] , , 5000
15000+ ‘+' — 1500
10000 =& 2% —

J. R. Forshaw,
R. Sandapen

V'p— PP

= HI (2000)
e H1(2010)
o ZEUS (2007)

25

43

W [GeV]
(b) ZEUS
. 1 M2,
¢ (x, k) x eXp(— —"2?)
Jx(1 — x) 2k

See also Ferreira
and Dosch



De Tér 1L Dosch. éﬂf My = Mg = 46 MeV, mg = 357 MeV

M? = M3 + <X —

771‘)
<)+

M
I
S-I

w3(1670)




@ 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)

45



dAFF: New Time Variable

2 2tw + 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 Brodsky

—= =l
NATIONAL ACCELERATOR LABORATORY

Humboldt Kolleg

The QCD Vacuum, Color Confinement,
and Superconformal Properties of Hadron Physics

Kitzbuhel Austria
June 29,2016



Haag, Lopuszanski, Sohnius (1974)

Superconformal Quantum Mechanics

Q — w_l_[_@x

J; Szw_l_il?, S+:¢x
(Q,QT}y=2H, {5,587} =2K

Q.Y = f—B+2D, {Q",S}=f—B—2iD

generates the conformal algebra

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

47



Faag, Lopuszanski, sohnius (17/4)

Fubini and de Teramond
Rabinovici Superconformal Quantum Mechanics Dosch, Lorce, sjb
1+1
{Qp’ ¢+} — 1 two anti-commuting
fermionic operators
1
_ ' + -
w — 5(0-1 Bl 10'2)7 w — 5(0-1 + 10'2) Pauli Matrices

Q=0+ W), QF = v + W), W)=T

(Conformal)

S = w * X, S T = wl‘ Introduce new spinor operators

[Q.QF)} =2H, {8,8%}=2K 0~ V. s?@

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

48



Superconformal Quantum Mechanics

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

A(f+2)2 -1

Gi=(—0.4+wa”+2wf —w- ) )
42

4(f —3)2 -1

Goo = (—8§+w2x2+2wf+w | (f 4;3 )

‘ Identifyf—%:LB, w = K?

Eigenvalue of G: M?(n, L) :-ZL/@Z(n +Lp+1) 4




Superconformal

LF Holography Baryon Equation Quantum Mechanics

( — 3? + KM+ QmQ(LB + 1) 4 4[2122_ 1)¢}r _ M%}L
(=0 +r"C* +2r"Lp A AL EV —Dygs = M2
M?(n,Lp) = 4k*(n + Lp + 1) S=1/2, P=+
both chiralities
(— O+ K*C* +26°(J — 1) 4Lj114<2_ 1)¢J ~ M2,
M?(n, Lar) = 45°(n + L) Same !

$=0, I=1 Meson is superpartner of S=1/2, I=1 Baryon
Meson-Baryon Degeneracy for lgcl)l/l=LB+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
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i Mz(GeVz) N(2600)
v=L+1
(D)
N(2250)
$=3/2, P=- N2%)
N(1700) l

I N(1675) N(2220)

N(1650)

N(1720)
N(1680)

> S=1/2,P=+ [
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, A(1920)
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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

w-l-(C)n,L

w— (C)n,L

Normalization

Eigenvalues

“Chiral partners”

From Nick Evans

2n! 2 -2
_ 2+ L 3/24+L _—k“C*/2 7 L+1 (, .22
= K \/(n+L)!g e Ly (k°¢C%)

1 2n! 2 2
L 3+ L 5/2—|—L —k“( /QLL—|—2 2 ~2
= K e K

\/n—|—L—|—2\/(n+L)!C n ()

/ AC Y2 () = / dC¥2(¢) = 1 C’ﬁ%fy

M%,L,S:1/2 =4r° (n+ L+ 1)

M N (1535) NG,

M N (940)

Nucleon: Equal Probability. for L=0, |



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?)
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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
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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: equalprobablllty 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 -degve/vwate/spmwty portiners!



Superconformal Quantum Mechanics

nucleon

n+ L

Meson-Baryon

Mass Degeneracy
for Ly=Ls+1

de Teramond, Dosch, sjb



0.6
0.5
0.4 |
0.3
0.2 |
0.1

Dosch, de Teramond, Lorce, sjb

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

N A AN X X w®™ p K K ¢
Fit to the slope of Regge trajectories,

including radial excitations

Same Regge Slope for Meson, Baryons:

Subersymmetric feature of had#on bhysics



* Universal Regge slopes
Mz =4 X(n+ L) + - --

Lorce, sjb

07! , _
Best Fit: kK = v A = 0.523 4 0.024 GeV
K — \/X o 4 A + 4
05} " & " T TE T T T TR T TTE T T T T St
Mesons ~ M? = 4\(n+ L) + 2\ s + AM?[my, my),
0.3t
Baryons  M? = 4X(n+ L+ 1) + 2\ s + AM?[my, my, ms]
and Tetraquarks
0.1t
N A A )) )y = = 0" T p K K* [0

Best fit for the value of the hadronic scale v/ for the different Regge trajectories for
baryons and mesons including all radial and orbital excitations using Eqs. (23) and (24). The
dotted line is the average value VA = 0.523 GeV:; it has the standard deviation o = 0.024 GeV.
For the baryon sample alone the values are 0.509+0.015 GeV and for the mesons 0.524 +£0.023

£ £19.\7

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

Meson-Baryon
Mass Degeneracy
for Ly=Lp+1

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



Dosch, de Teramond, sjb

0_ \

M? (GeV2 )

o — A superpartner trajectories




Dosch, de Teramond, sjb

Supersymmetry across the light and heavy-light spectrum

e Introduction of quark masses breaks conformal symmetry without violating supersymmetry

| | | |
— DaAC’ZC — D*,Z*
< Se 2 3¢ (2520)
| - [ ) *
8 8 D+ (2420) D5 (2460)
= m A
(q\|
=4t e D* (2007)
oD
| (a) (b) |
| | | |
B DSi£C=Eé B D;!Ez
. = . =c(2645)
< 8 Do (2536 ® D%, (2573)
() B 9 EC —
S Ds1 (2460) |
s | D
° DS
(c) (d) |
| | | |
0 1 0 1

L|V|=L|3+1
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Dosch, de Teramond, sjb

Supersymmetry across the light and heavy-light spectrum

c<I.>\ 34 m2p E N ZB _
S ° By (5721) | ® B} (5747)
~— [ ] Ab
¢ 30 - .
o B e B*
(a) (b)
26 I | I | |
38 |- BS 'y o) B B;’EB |
< B.1 (5830  =p(5945)
> 34+ g s ( ) L ® B, (5840) -
S | =b
b=
30 [ — * ]
* B, e By
(c) (d)
26 [ | I | :
n 1 0 1
Lm=Lp+1 Ly =Lg + 1

Supersymmetric relations for mesons and baryons with b quarks

63



Features of Supersymmetric Equations

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

eJr=Lz+1/2=(L2+1)-1/2 §* = +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 Brodsky

Humboldt Kolleg

The QCD Vacuum, Color Confinement,

Kitzbihel Austria and Superconformal Properties of Hadron Physics

June 29,2016




de Téramond, Dosch, Lorce, sjb

S wperccmfovmal/Algdﬂfax

=Lp+1) LB+1)>

2X2 Hadronic MUItlpIEtS < outt ¢ (Lp) qu(LT = Lp)

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

quark-diquark baryon (Lp) Q Q

om, Lp+1 Ypy, Lp

quark-diquark baryon (Lg+1)
diquark-antidiquark tetraquark (Lt = LB)Q 22

Yp—, Lp+1  o¢r, Lp

Universal Regge slopes \ = k2

N
contribution from 2-dim contribution from AdS and
light-front harmonic oscillator superconformal algebra m2
_/N\ 7\ ,I/
Mé/A:£2n+LH—I—12+£2n+LH+1Z +  2(Lg +s) + 2x +<Z T >
ki;ertz'c pot;gtial . y

x(mesons) = —1 x(b&ryans, tetraquarks) = +1



de 1eramond, Dosch, Lorce, $)b

New World of Tetraquarks

30 X 30 = 30 + 0¢
Bound/!

* Diquark: Color-Confined Constituents: Color 3C

* Diquark-Antidiquark bound states 3c X 30 =1¢
o(I'N)~20(pN) —o(nN)
2|0([{gq}N) + o (gN)| = [0(gN) + a(gN)] = [0({gg}N) + o ({gq} N)]

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

a1(1260)I = 0, JF = 17, partner of A(1233)
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Diquark Color-Confined Constituents: Color

de Teramond, Dosch, Lorce,

b
New World of Tetraquarks 7

30 X 30 =30+ 6¢
Bound/!
3¢

@ lete R
Diquark-Antidiquark bound states
spectrum in n, L

Confinement Force Similar to quark-antiquark 3, « 3, = 1,

mesons

Isospin

I —0,+1, 4o Charge Q=0,+1,+2
7(4430)

uudd ~— uwusd  uuss




Universad Hadronic Features

® Universal quark light-front kinetic energy

y AMipgp =r*(1+2n+ L)
Equal: "

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

® Universal Constant Term
M? = QKQ(S +L -1+ aniquark)

Spin

M? = AM; pp + AM7 ppp + AM?p’in
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Some Features of AdS/QCD

® Regge spectroscopy—same slope in n,L for mesons, baryons
® Chiral features for m,=0: myx=0, chiral-invariant proton

® Hadronic LFWFs

® Counting Rules

o Connection between badron masses and AM—S

Superconformal AdS Light-Front Holographic QCD (LFHQCD)

Meson-Baryon Mass Degeneracy for Lu=Lp+1

Stan Brodsky

Humboldt Kolleg The QCD Vacuum, Color Confinement,

and Superconformal Properties of Hadron Physics
v

Kitzbuhel Austria
June 29,2016




de Téramond, Dosch, sjb

Light-Front Holography

d*> 1—4L?
| I -
et i T =
Light-Front Schrodinger Equation Unique
Confinement Potential!
U(¢) = k*C* +2x*(L+ S —1) ‘ S
Preserves Conformal Synmwmetry
k>~ 0.5 GeV
Confinement scale:
1/k~1/3 fm
o de Alfaro, Fubini, Furlan: Scale can appear in Hamiltonian and EQM

o Fubini, Rabinovici: without affecting co;bformal invariance of action!
b o



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

[ delgi? e, — g1 (e @) = 2y - 2l D)

o
® Can be used as standard QCD coupling

|

® Well measured
® Asymptotic freedom at large Q?

® Computable at large Q? in any pQCD
scheme

® Universal Bo, Bi
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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 (¢)

iIncorporates the non-conformal dynarqlcs of confinement



Analytic, defined at all scales, IR Fixed Point

0N AdS( )/7‘(‘ _ G_Q /4K
as(Q) f ALY
T 0.6 — .{ X‘
[ Modified AdS ¢ ] : ||I|
- — AdS Rl k= 0.54 GeV
o 0t/ (pQCD) N
i o, /7 world data " ‘
------- GDH limit X o./n \ i
0217 ¢ o /nOPAL { ‘?
A o, /mJLab CLAS ClReee
W o, /nHall A/CLAS I r IR
o | @ Lattice QCD (2004) (2007) -
| | | R N | N
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, %e Teramond, sjb



All-Scale QCD Coupling

Nonperturbative QCD kK = 0.513 +
(Quark Confinement)

2 o Deur, de Teramond, sjb

_ Fitto Bj + DHG Sum Rules:

0.007 GeV

Expt:

- 0.016 GeV

Asrg = 0.339 -

Perturbative QCD
(Asymptotic Freedom)

Mg = 0.341 +0.024 GeV

0.2 —

Transition scale Qo

\ = K2 0 MS scheme

| | ‘ | | | | | | | | ‘
107! i 10

The value of Qo ~ | GeV is scheme dependent Q(GeV)



F WW %/ O'f A d5 / Q C D de I'eramond, Dosch, Deur; )0

* Color confining potential ,.4 CQ and universal mass scale from
dilaton e?(2) — 6'{222 s (Q?) o< exp —Q? /4K?

* Dimensional transmutation A\ S SR 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 Quantum

® Dynamics: LFWF's, Form Factors, GPDs Mechanics

Fubiniz and Rabinovici
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de Téramond, Dosch, sjb

Tony Zee

“Quantum Field Theory in a Nutshell”

Dreawmy of Exact Solvability

“In other words, if you manage to calculate mp it better come out pro-
portional to Agcp since Agep is the only quantity with dimension of mass
around.

Light-Front Holography:

Similarly for m,. my, ~ 3.21 AM—S m, = 2l AMS.

Put in precise terms, if you publish a paper with a formula giving m,/mp in
terms of pure numbers such as 2 and 7, the field theory community will hail
you as a conquering hero who has solved QCD exactly.”

(mg = 0) - my, 1 - A |

—£ = — MS — (.455 + 0.031
me=0 | mp B |, 050081
%—f B




Fundamentol Features of Hadvrons

‘Partition of the Proton’s Mass: Potential vs. Kinetic Contributions [AWEINRElelg=lay

MM pycp = #2(1+ 20 + 1)
Color Confi 2) = 42 JIKE —
‘ olor Confinement U(C) K= AMLFPE—KJ (1—|—2n—|—L)
.Role of Quark Orbital Angular Momentum in the Proton _
Equal L=0,I

‘Quark-Diquark Structure

2 .
m rom the Yukawa couplin
‘Quark Mass Contribution AM? =< —2 > fto the Higgs zero mf))deg
X
‘Baryonic Regge Trajectory M|23(n’ LB) — A2 (n +Lg+ 1)

‘Mesonic Supersymmetric Partners LM — LB + 1

‘Proton Light-Front Wavefunctions and Dynamical Observables . k2
wM('/E kJ_) e 2k2x(1—x)
‘Form Factors, Distribution Amplitudes, Structure Functions k(1 — )

‘ Non-Perturbative - Perturbative OCD Transition Qo = 0.87 £0.08 GeV MS Scheme

‘ Dimensional Transmutation: = T1lp = 3.21 AM—S’ mp ~ 2.2 A
—— T ——
Humboldt Kolleg The QCD Vacuum, Color Confinement, Stan Br odsky
e A and Superconformal Properties of Hadron Physics f—;:_ ,%‘C
June 29,2016




de Téramond, Dosch, Lorce, sjb

Futuwre Divections for AAS/QCD

¢ Hadronization at the Amplitude Level

e Diffractive dissociation of pion and proton to jets

¢ Factorization Scale for ERBL, DGLAP evolution: Q,

® Calculate Sivers Effect including FSI and ISI

e Compute Tetraquark Spectroscopy: Sequential Clusters
e Update SU(6) spin-flavor symmetry

* Heavy Quark States: Supersymmetry, not conformal

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

¢ Basis LF Quantization Vary, sjb



QCD Myths

® Anti-Shadowing is Universal
® ISI and FSI are higher twist effects and universal

® High transverse momentum hadrons arise only
from jet fragmentation -- baryon anomaly!

® Heavy quarks only from gluon splitting
® Renormalization scale cannot be fixed
® QCD condensates are vacuum effects

® QCD gives 104> to the cosmological constant

® Colliding Pancakes at RHIC

Stan Brodsky

~— - — =
NATIONAL ACCELERATOR LABORATORY

Humboldt Kolleg

The QCD Vacuum, Color Confinement,

Kitzbiihel Austria and Superconformal Properties of Hadron Physics

June 29,2016
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