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Gool, of Science:
To-understand the laws of physics and, the fundamental
composition of matter at the shovtest possible distances.
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First Evidence for Nucleaw Structuwre of Atoms

Ernest Rutherford
IQII

Scattering at Large
Angles!

“Point-like” Nucleus

Atoms

Rutherford Scattering



First Tvidence for Quawk Structure of Matter

DGLAP Evolution

AN

jet
Deep Inelastic Electron-Protow Scaltering



Discovery of the Quawk Structure of Matter
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1967 SLAC txperiment:
Scatter 20 GeV/c Electrons o protons
inv v Hydrogenw Tawrget ep — elX
Discovery of the Quawk Structuwre of Matter
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Deep inelastic scattering: Experiments on the proton .e-
and the observation of scaling*

Friedman, Kendall, Taylor: Nobel Prize




Deep inelastic electron-proton scattering

* Rutherford scattering using
very high-energy electrons
striking protons

Discovery of quarks! ‘
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No- intrinsic lengtiv scale !

Measure rate as a function of energy loss v and momentum transfer

Scaling at fixed zgjorken = 577 =

Discovery of Bjorkew Scaling
Electrow scattery ovw point-like quawks!
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Quawks invthe Proton wrsm

Feynman &
Bjorken:

Zweig: “Aces,
Deuces, Treys”

“Parton’” model

'{ J A ] [ —

5 : 107 15m =10"13em Gell Mann:“Three
Bj:Wolf Prize, EPS Award Quarks for Mr. Mark”




Jefferson Lab

®Thomas Jefferson National Accelerator Facility




Why are there three colors of quarks?

Greenberg
Pauli Exclusion Principle!
spin-half quarks cannot be in same quantum state !
u S* = +3
U gyl
U gyl

Thwee Colors (Pawastatistics) Solves Powradox
3 Colors Combine : WHITE SU(Ng), No = 3
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Electron-Positron Arnuihidatior
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SPEAR (electron-positron collider):
discovery of the v (c ¢), D(c,d), and t lepton
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SLAC Evolution: SPEAR, PEP-11/BaBar, SLC/SLD, FACET, LCLS, LCLS I1...



Electiron-Positron Arwihilation

Ratio to muon pairs proportional to quark charge squared
and the number of colors

R_+. (Ecm) = Neolors X 2q 65
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How to- Count Quarks

Color-triplet

quark representation

For 10 GeV < F.p < 40 GeV,

(RO MG MO
ete— — ptpu— 1 3 3 3 3 3
I 1 I I 1
colors 4 U g c b
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How to- Count Quarks T = (bb)15

J/Y = (c0)1s
= .-:r(]:ladmns)/cr(,u ,u ~)
T . ——
: wa u(ES] T(l.S’ 28, 35) _
6F ]
5 : :

;#M###L“ *:&H*PH =

IE Jd+u+s 3xIE02+@2+ =2 -

n_ 1 1 1 1 1 [ | 1 1 ]
3 4 5 6 T 8 910 20 30 40

Eer (GeV) Neo =3
. e"‘e (Ecm) = Neolors X Zq q
Hilillk
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Primowy Evidence for Quawks

* Electron-Proton Inelastic Scattering: ep — e’ X
Electron scatters on pointlike constituents with fractional
charge; final-state jets

* Electron-Positron Annihilation: ete” — X
Production of pointlike pairs with fractional charges
and 3 colors; quark, antiquark, gluon jets

* Exclusive hard scattering reactions:  pp — pp, vp — 71, ep — ep
probability that hadron stays intact counts number of its

pointlike constituents: Quawk Counting Rules

Quark interchange describes angular distribution

Uy Novel World of Hadvow Physics Stan Brodsky
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Fundamental Constituents underlying atoms, nuclez’, and badrons

mass - =2.3 MeV/c* =1.275 GeV/c? =173.07 GeV/c? =126 GeV/c*

charge - 2/3 2/3
spin - 1/2 w 112

Q

up charm gluon H t';gggﬁ
=4 8 MeV/c* =95 MeV/c? =4 18 GeV/c? 0
-1/3 -1/3 -1/3 0 . .
112 112 112 b 1 Higgs field gives

particles their

L

down strange bottom 1 photon masses
0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeVic?
-1 =1 0
9 |- W | || "
=
electron muon tau - Z boson O
Ty <2.2 eVic? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c? 8
P 0 0 +1 w
SLbe L L s
0 | -
electron muon tau
“4 " neutrino neutrino neutrino W boson 5



Events/5 GeV

40— @ Data2011+2012 ATLAS
- [l SM Higgs Boson H—s77* 54|
35— ;Z:;f:uifzvz(;t) \s=7TeV JLdt=4.61"
_ ; _ _ -1
~ [ Background Z+jets, tf s=8TeV JLdt=20.7 b
30— %, Syst.Unc.
25 The Higgs!
2017 ‘
15
101
5H "
! 1 I 1 | 1 | ' 1 O
0
100 150 200 - 1 event tn 10
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%ATLAS
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QD Lagrangion

1 Ny _ Ny B
Lopp =—7Tr(F"Fu) + > iU DT+ Y mel,

=1 =1

1DV =108 — eA"  FHY =0FAM — 0V AM

. o Scale-Invariant Coupling
Yang Mills Gauge Principle:

. . Renormalizable
Phase Invariance at Every Point Nearly-Conformal
of Space and Time Landau Pole
il ’
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QCD Lagrangiory

ineti +
gluon dynamics uisrk Kinstic anargy mass term

\ quark-gluon dynamics /

1 nf B nf B
EQCD = ——T?“(G“VGW/) -+ Zi\IffDu’}/’u\Iff + me\lff\lff

4
F=1 F=1

iDV = jOF — gA* GHY = 9F AP — §¥ A* — g[A*, AY]

Scale-Invariant Coupling
Renormalizable
Nearly-Conformal
Asymptotic Freedom
Color Confinement

Yang Mills Gauge Principle:
Color Rotation and Phase
Invariance at Every Point of
Space and Time
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QED: Underlies Atomic Physics, Moleculawr Physics;
Chemistry, Electromagnetic Interactions ...

QCD: Underlies Hadvon Physics, Nucleow Physics,
Strong Interactions, Jety

Theoretical Tools

¢ Feynman diagrams and perturbation theory

e Bethe Salpeter Equation, Dyson-Schwinger
Equations

¢ Lattice Gauge Theory,

* Discretized Light-Front Quantization

o. AdS/QCD!
] Novel World of Hadvrow Physics
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Fundamentol Couplings of QCD and QED

byt At \C@ S Yyt AR
[1X3] [3X3] [3X1] g(br) D Y
e

1 n B n g )
EQC’D = —ZTT(G“VGW/) + ZZ\IJJCDM’Y/’L\IJJF + me\lff\lff
F=1 f=1

— QM AM — GV AP — g[AM, AY)

Gluon vertices ?m % G/“/ G,ul/

gluon self couplings



negativel

of the QCD coupling s negative
Coupling becomes weaker at shovt
distances = high momentumn transfer

In QCD and the Standard Model
the beta function is indeed

MNustration: Typotorm



Verificatiow of Ayymptotic Freedow
0.5 -

' BERR
Theory [© = =
o (Q) S s £ 3]
Deep Inclastic Scatiering '
e*e” Anmhilation 2 =
0.4 Hadron Collisions
Heavy Quarkonia C I
i NS oty (M)}
245 MeV ———- 0.1210
03 ggc? {311 MeV —— (.11583
“V 181 Mev — —a1156
_|_ _ . ".1 -L"H-.-'
o(eTe  —three jets) e
o(etTe~—two jets) | B
1Y ~
proportional to as(Q) 011
1 10 ] 100
Q [GeV]
Ratio of rate for eTe™ —qgg to ete” —q7 atQ=Ecy =E, +E ¢
| Novel World of Hadvrow Physics
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of the QED coupling is positive
Coupling becomes stronger at shovt

- InvQED the B - functiow

i posilive

) O)y

2

WW = highv momentuwm trownsfer Landau Pole!
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Nz —1
Cp = —C -
F ON Huet, sjb

lim No — 0 at fixed a = Cpas,ny =ng/Cg
QCD — Abelian Gauge Theory

Analytic Featwre of SU(NC) Gauge Theory

QCD—»QED

AW analyses for Quantiwm Chwomodynouwnics
nust be applicable to- Quantum Electrodynawmics




First Tvidence for Quawk Structure of Matter

DGLAP Evolution
g
jet

Deep Inelastic Electron-Protov Scaltering

But why do quarks not appear in the final state ?

Why are quarks confined within hadrons!?



* What is the origin of quark confinement?
¢ What determines the QCD mass scale?

* Novel hadronic states: tetraquarks!

* Novel QCD phenomena

* Supersymmetry in hadron physics

* Light-Front Holography

* New Physics Opportunities at JLab

Uy Novel World of Hadvow Physics Stan Brodsky
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tach element of
Alash photograph
iluwminated

along the light front
at a fixed

T=1t+2/c

Evolve inv LF time

d

P — i

ZalT
tigerwalue
M? 4 P?

P~ = o

H?IQD‘\IJ}L > = ./\/l ’\Ifh >



g/

k—l—
ZEZPO_FPS

2, PT,a;P| +k

—

Pt P

wn (5137;, EJ_Z'? )\z)

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
v

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

Like a flash pbhotograph Tpj = T = -5



Dirac s Amaging Idea:
The “Front Form’

P.A.M Dirac, Rev. Mod. Phys.

-
%) 21,392 (1949)

Evolve in ) Evolve in
ordinary time ) light-front time!
‘Ct o= ct — 2 ‘ct T=t+ z/c

Instant Form Front Form

Uy Novel World of Hadvrow Physics Stan Brodsky
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Light-Front Wavefunctions: rigorous representation of composite
systems in quantum field theory

Fixed T=t+ z/c

kt KV + k2

Y= p+ T poy p3

v P, 2P| + k.,
PT,P,

Darac: Front Form

Wz, ki, Ai) S

Stk ;=0

Inwawriant under boosts! IVLde/pe/nde/m‘:ofPu

Causal, Frame-independent, Simple Vacuum,
Current Matrix Elements are overlap of LFWFS



Formatiow of Relativistic Anti-Hydrogewn

Measured at CERN-LEAR and FermiLab

Munger, Schmidt, sjb

| Coulomb field

—.—) yﬁ = ye"‘
A

Wavefunction maximal at small impact separation and equal rapidity

Hadronigationw’ at the Amplitude Level
Bl Novel World of Hadvrow Physics
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Light-Front Wavefunctions

Dirac’s Front Form: Fixed t=1+z/c

W(wi ki, Ni) -k

Invariant under boosts. Independent of P’

QCD

Wy >= M|y >

Direct connection to QCD Lagrangian

Remarkable new insights from AdS/CFT,
the duality betweew conformal field theory
and Anti-de Sikter Space



LW'FVOM QCD Physical gauge: AT =0

Exact frame-independent formulatiow of
nonperturbative QCD!

QCD QCD ”
L="" — Hpp o
QCD m®+ kT i s
Hpp :Z[ . li + Hpp @
H: Ma?trix in Fock Space :/—;meu
QCD‘\IJ;L >= ./\/l |\Ifh > "

p,s’ p,S

\p, J, >= an ZUz',]ﬁz', z')‘mxz',ku,)\i > ] § ]

ko' k,c

n=3
tigerwalues and Eigensolutions give Hadvonic Spectrum ©
and Light-Front wawefunctions

LEFWUFs: Off-shell in P- and invariant mass:;éww :&g
Hznt




LIGHT -FRONT SCHRODINGER TQUATION

(M3 = ’fit':m?)

1

-
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[
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AT =0
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§ 9 9099 . ;%M

ko' k,o 10 qqggg . . g ;l

Li -Front QCD DLCQ: Solve QCD(1+1) for any
‘ght HggD|Wh> —_— M}QL |\|Jh> quawk mass and flovors
Heisenberg tq Hornbostel, Pauli, sjb
KA 1 2 3 4 5 6 7 8 9 10 1 12 13
JQ/ZLL\ n  Sector q g qag | qaqq 999 qagg | q4qdg | 99qdqd | 9999 | 99999 | 999999 (99994999 |9Gqqqaad
o %
@ 2 gg W{E . M{g .
R | EL TR
—»———{\f\ﬂ/\f\f\f 4 qiqq I ,_< .—g . ._}{;
VW |5 a9 ~ <R
K,A p,s
(b) 6 dgg . 1 g ’E i
7 qiqag >w w< . I »< "ZT;
it D2 8 qi43qa . . j{ -
A |
b | <
SF

(c) 1 qaaggg I
12 qiqaqag >, }W
"""" o ewwaa - [ - L - T ] -
Minkowski space; frame-independent; no-fermion doubling; no-ghost

trivial vacuuumy
Eigenvalues and Eigensolutions give Hadron
Spectrum and Light-Front wavefunctions



state.

DLCQ: Solve QCD(1+1) for anyy quawrk mass and flavors

4 T T T T T T I I |
B (a) Meson Mass (b) Baryon Mass o
3
2 °
o - 0
= s - o’ .
- o /,’/
4 &
v -
°F &
*0’
0
- o
[~
0 1 1 1

0 0.5 1.0 1.5
m/g
Extrapolated masses for N = 2,3 and 4 meson and baryon.
m/g=1.6 mig = 1.b
0.3 T T TTTTTTTTTTTTTTTTTTTT L L B B LA L B S B R R
| 0q-3q-g (x10°) @ L (® ©q-3q-g (x10?) | (@) ° 449 aq(x10%) I (o) © 449 4q(x102) 7

.q.a oq-a 1.0 CQ‘q"q _1

0.2
0.5
0.1
o 0 0 # ) 4
ra - = 2 - = ® 6q .
L | ©9-99-3 (x 102) (c) _: (d) © g-q9 g-q ) 08 10 0 6q q-q (x5x102) | 4
on e q-q i -g (x10%) 1 A 6-q g-q(x10%)
., T
= 0.6 Cak d) 42
i 0.5
L 0.4
0.1 i 1
- 0.2
= 0 R . AL N al n L Jo
0 0 0 0.2 0.4 0.6 0.8 0 0.1 02 03 04 05 0.6
0 02 04 06 08 0 02 04 06 08 1.0 x = kiK sonsas
X = k/K SCEAL

a-c) First three states in N = 3 baryon spectrum, 2K=21. d) First B = 2 state.
a-c) First three states in N = 3 meson spectrum for m/g = 1.6, 2K=24. d) Eleventh ) shate

Hornbostel, Pauli, sjb



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

Fixed T=t+ z/c

kT KO + k3 .
1T = —— — :
P+ PO+ P3 :
o P 2P|+ k),
P, P, |
Process Independent :
Direct Link to-QCD Lagrangian/! |
— : - .

1 ;’sz —

wLF (xiv kJ_ia >\z) Y

7 Sk =0,
Inwariant under boosty! Independent of P

HITE Novel Wovld of Hadvon Physics
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Quantuwm Mechanics: Uncertainty inv p, x, spinv

Relativistic Quantuwm Field Theory:
Uncertainty in particle nwmber w

Positronium n=2 Hyperfine splitting n=3
ete e+e_7

Lamb Shift n=3 Vacuum Polarization n=4

eTe etTe eTe™



Higher Fock States of the Proton

|
Yvy

|
YVYY

)
YYYYY

T
<i:,__{__\:)
YYYYYYY

Fixed LF time

Fixed LF time: Off-Shell in invariant mass

Quantum Field Theory: Higher Fock States



P,S.>= Y Wa(xi ki, M) sk, A >
n=>3

s over states withv n=3, 4, ...constituenty
The Light Front Fock State Wavefunctions
W, (xi,k 11, A)

P

Yyvy

are boost invariant; they are independent of the hadron’s energy
and momentum P, P
The light-cone momentum fraction

YVYY

ki kK

xX; = —

T p+ o pO + Pz P
are boost invariant. i:

ikﬁ =P, ix,- =1, Ziéi =0".

Intringic heavy quawks|( 5(z) # s(=)
c(x), b(x) at high x ! || u(x) # d(z)

YYYYY

-
(i:,,_i__\j)
YYYYVYYY

Fixed LF time




Hidden Color in QCD  Lepage,Ji, sib

* Deuteron six quark wavefunction:

* 5 color-singlet combinations of 6 color-triplets --
one state is|n p>

* Components evolve towards equality at short
distances

e Hidden color states dominate deuteron form
factor and photodisintegration at high
momentum transfer

e Predict %(yd — AT"A™) ~ %9 (yd — pn) at high Q*

Uy Novel World of Hadvow Physics Stan Brodsky
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Angular Momentuwm o the Light-Front

Conserved
J< s+ 1% LF Fock state by Fock
SIS Y A
LF Spirv Swmv Rules
[X = —1 ( k k2 ) n-1 orbital angular momenta
J J ak2 J ok

Orbital amgmla/r momentun iy v property of Light-Front Wavefunctions

Nonzero Anomalous Moment -——>Nonzero orbital angular momentum



Fixed :LF time

Protow Self Energy
Intrinsic Heavy

Quawks

Use AdS/QCD —

LFWF

Probability (QED) # v Probability (QCD) o Mié
£

Collins, Ellis, Gunion, Mueller, sjb
Polyakov, et al.



Fixed LF time

Protow 5 -quawk Fock State :
Intrinsic Heavy Quarks

. QCD predicty
'.‘ . Intrinsic tHeavy
L Q Quawrks at higiv

| : x/
e Minimal off-
; shellness

Use AdS/QCD —

LFWF

v
TG X (mé + ki)l/Q

Probability (QED) Probability (QCD) «

M4 Mg, 7z
Collins, Ellis, Gunion, Mueller, sjb
Polyakov, et al.
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422

75.
75

-

PGF / B

1

Measurement of Chowmv Structure
Function/!

J.J. Aubert et al. [European Muon Collaboration],

“Pro-

duction Of Charmed Particles In 250-Gev Mu+ - Iron In-
teractions,” Nucl. Phys. B 213,31 (1983).

First Evidence for Intrinsic Charm

0

/

Jactorofzo!

4

T

C

-7
- /
S \ 4 31ICICR) ]
-l \ ]
I 1
R \
. !
| A i
i Ic PGF \
-,! ,' gluow splitting \ .
i (DGLAP)
10"’ | I I 1
00 0.2 03 0.4

YYVYVYY

O cCcCcC Ol

| X
DGLAP / Photon-Gluon Fusion: factor of 30 too small
Two- Componenty (separate evolution):

C(./L', Q2) — C(Qj, Qz)extrinsic _|_ C(:Ej Q2)intrinsic



Properties of Non-Perturbative
5 and 7 -Quawk Fock-State

® Dominant configuration: same rapidity

® Heavy quarks bave most momentum

® C(Correlated with proton quantum
numbers

® Duality with meson-baryon channels

Fixed T=t+ z/c
® strangeness asymmetry atx > 0.1 !

® Maximally energy efficient

OLIe & &~

Intrinsic Heavy Quawrks at highv x



Leading Hadrow Production
from “Intrinsic Chawrmw’

u C
c_ \ u A
> — \ d c
>C >_O_>_J/\P 5 :ﬁ‘
. >— }\ J
- x <@

Coalescence of Comoving Charm and Valence Quarks
Produce J /vy, A, and other Charm Hadrons at High xz

d




SELEX Collaboration ! Physics Letters B 528 (2002) 49-57

(a) T~ beam

3103;
Qo

A p’<1.0 (GeV/c)

10 x A p?>2.0 (Gev/c)

l
1 llLll lllllllllll

0.1 02 0304050607080.9 '1
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Large xF
production
close to the
maximum
allowed by
phase space!
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10°
102
10

*g E
Y107
2102
210

(@)

oi 0.0 030405060708 0.9 1

Xr

Phase space gives
minimum power p

\\ d - Ne
P | =
P
v %
p(uudcc)
=» A.(cud)
nNg = 2

(1—axp)P,p=ns—1
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THE A,°BEAUTY BARYON PRODUCTION IN PROTON-PROTON
INTERACTIONS AT Vs=62 GeV: A SECOND OBSERVATION

G. Bari, M. Basile, G. Bruni, G. Cara Romeo, R. Casaccia, L. Cifarelli,
F. Cindolo, A. Contin, G. D’Alj, C. Del Papa, S. De Pasquale, P. Giusti,
G. Iacobucci, G. Maccarrone, T. Massam, R. Nania, F. Palmonari,
G. Sartorelli, G. Susinno, L. Votano and A. Zichichi

CERN, Geneva, Switzerland
Dipartimento di Fisica dell’Universita, Bologna, Italy
Dipartimento di Fisica dell’Universita, Cosenza, Italy
Istituto di Fisica dell’Universita, Palermo, Italy
Istituto Nazionale di Fisica Nucleare, Bologna, Italy
Istituto Nazionale di Fisica Nucleare, LNF, Frascati, Italy

Abstract

Another decay mode of the A,° (open-beauty baryon) state has been observed:
A’ - A n . In addition, new results on the previously observed decay channel,
A% — pD°r’, are reported. These results confirm our previous findings on A,°
production at the ISR. The mass value (5.6 GeV/c?) is found to be in good agreement
with theoretical predictions. The production mechanism is found to be

“lean”.

tvidence for Intrinsic Bottom/!



pp — Ap(bud)B(bq) X at large zp

CERN-ISR R422 (Split Field Magnet), 1988/1991

140 280
. Associated e/
a) N, 400}
1201 240} ] /
=, 100} % 200k
S SQOO 300}
@ 4]
= =
S 80 2 160}
z =
= = B
;E 60 2 1201 z 200
£ = :
L = y
£ = ;
S 40 E sot HI_‘
I\l 100
20+ 40}
i l! 1 | 1 | 1 1 L 0' IJ 1 | | | i : U,I
%35 4.5 5.5 6.5 7.5 2 3 4 5 6 7 8 9 2
m [p(K ") ] (GeV/c®) m [(pK x")x nn ] (GeV/e?)
0, — 0 + ot —
/\g—>pD7r Npg— Ngmnmm™m
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Production of Two- Chowwrmoniov at
High xr

J/Y

T

J/Y

AV
IO 01O

!




F |
All events have T o > 0.41

/

5.0 ] , 10.0
5 (a) TN-yy B (b) mN-¢ 1 s
2 <
:: 25 - — — 5.0 I
Z 5
© - - 25
0.0 { [ { 0.0
2 6(c) pN-yy . (d) pN-y
}g — — 10 Na
3 - 3
%5 Ll - B 15 z;
2 =
0 ‘ ' °
0.0 0.5 1.0 0.0 0.5 1.0
Zw Xy

Fig. 3. The yaf pair distributions are shown in (a) and (c) for the
pion and proton projectiles. Similarly, the distributions of J/’s
from the pairs are shown in (b) and (d). Our calculations are
compared with the 7~ N data at 150 and 280 GeV/c [1]. The
Xy distributions are normalized to the number of pairs from both
pion beams (a) and the number of pairs from the 400 GeV proton
measurement (¢). The number of single J/i’s is twice the number

of pairs.

NA3 Data

Excludes PYTHIA
‘color drag’ model

A — J/yJ /yX
R. Vogt, sjb

The probability distribution for a general n-particle
intrinsic ¢¢ Fock state as a function of x and k7 is
written as

dp;
[ [ies dxid? ke

8() iy kri)8(1 — D1 %)
(m%l - Zl](m%g/xi))z ’

= naﬁ(McE)
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Production of v Double-Choavrm Bowyow

SELEX highxr <zp>=0.33



Goldhaber, Kopeliovich, Schmidt, Soffer sjb

Intrinvsic Chowmv Mechoaunism for Inclusive
High-Xr Higgs Production

>

\\\g.
h

« P

pp — HX

C

C

<
<

Also: intrinsic strangeness, bottom, top

Higgs can have > 80% of Proton Momentum!
New production mechanism for Higgs!
AFTER: Higgs production at threshold!




Intrinsic Heavy Quowrk Contribution to-

Inclusive Higgs Production
d
50 - (PP — HX)[fb]
40 -
_ LHC :\/5 = 14TeV
O
G 30 —
LL
X
°
5 20-
©
10 —
0 ————————
0,78 080 082 0,84 086 088 090 092 0,94 0,96 0,98
Xe Goldhaber, Kopeliovich, Schmidt, sjb

Engelfried & SJB:
Detect 4 muon and 2 muon final states at LHC downstream



< p-+ C]‘]_I_(O)‘p > = Qp_l_F(qQ) Interaction

picture
\‘ >|<
G =Q=-¢ ) | Fixedr=t+2/c
gt =0 gL Form Factory awe
‘ Overlaps of LFWFy

N 7. i )
(@i, ki) (@i, k) N*
—»/ — -
Drell &Yan, West struck kJ_z' = ki + (1 _ xi)QJ_
Drell, Sib _’/ g —
Txact LF formudov spectators kJ_z' — ]fJ_z’ — Liq 1
Sum over#F0tk states
Biline Novel World of Hadvron Physics
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txact LT fFormuuaw for Pauur Formv Factor

Fy(q?) 1 rell, sjb
) ;/[dm][koL]zj:ejQ x Drell,

Lo 1 1
[ - q—Lwl (xi7 J-i’)\i) ¢i($i7kli?Ai) + q—Rwal, (xia J_i7)\’i) ¢l(x27kLza)\z)}

a qr,, = ¢* T iqY
- (+) - -
, LK, i+ Q
Xjo Ky NIRRT
v
' >
Py, S,="1/2 p+aq, S,=1/2
Must have A/l = +1 to have nonzero F»(g?)

Nongero- Proton Anomalous Moment -->
N o-orbitald _quark angudor momentuwm
[ ovel World of Hadron Physics
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Calcudatior of proton form factor i Ingtand Form

<p+gqlJHO)p> »
D *6*]?4—(]

¢ Need to boost proton wavefunction: p to p+q. Extremely
complicated dynamical problem; particle number changes

¢ Need to couple to all currents arising from vacuum!! Remain
even after normal-ordering

e Instant-form WF's insufficient to calculate form factors
¢ Each time-ordered contribution is frame-dependent

¢ Divide by disconnected vacuum diagrams

NIty Novel World of Hadvow Physics Stan Brodsky
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Advantages of the Front Form
® Light-Front Time-Ordered Perturbation Theory: Elegant, Physical
®* Frame-Independent, Causal
® Few LF Time-Ordered Diagrams (not n!) -- all k* must be positive
¢ JZconserved at each vertex
¢ Cluster Decomposition -- only proof for relativistic theory
¢ Automatically normal-ordered; LF Vacuum trivial up to zero modes

® Renormalization: Alternate Denominator Subtractions: Tested to
three loops in QED

* Reproduces Parke-Taylor Rules and Amplitudes (Stasto-Cruz)

* Hadronization at the Amplitude Level with Confinement

Uy Novel World of Hadvow Physics Stan Brodsky
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e LF wavefunctions play the role of Schrédinger wavefunctions in
Atomic Physics

e LFWFs=Hadron Eigensolutions: Direct Connection to QCD
Lagrangian

Wi (x4, k14 Ai)
¢ Relativistic, frame-independent: no boosts, no disc contraction,
Melosh built into LF spinors

e Hadronic observables computed from LFWFs: Form factors,
Structure Functions, Distribution Amplitudes, GPDs, TMDs, Weak
Decays, .... modulo ‘lensing’ from ISls, FSls

e Cannot compute current matrix elements using instant or point form
from eigensolutions alone -- need to include vacuum currents!

- Hadvonw Physics without LFWTFs iy like
Biology without DNA!

Uy Novel World of Hadvow Physics Stan Brodsky

) 671 A~
TRGINIA N



- Hadronw Physics without LFWFy is like Biology without DNA!

/

W (23, k 13, Ai) QA



QCD and the LF Hadvron Wavefunctions

Heavy Quark Fock States
Intrinsic Charm

Coordinate space ‘ )
representation

J-o Fixed Pole

DVCS, GPDs. TMDs
LE Overlap, incl ERBL

Initial and Final State
Rescattering
DDIS, DDIS, T-Odd

Non-Universal
Antishadowing

P

W (zi, k145, Ai)

P

Nuclear Modifications
Baryon Anomaly
Color Transparency

Baryon Excitations

Orbital Angular Momentum
Spin, Chiral Properties
Crewther Relation

Distribution amplitude
ERBL Evolution

¢p( 17 X2, Qz)

Baryon Decay




Single-spin Leading-Twist

asywunelvies Sivers Effect
e Hwang,
> Schmidt, sjb
current
quark jet Collins, Burkardt
R v Ji, Yuan
i5,-qXp,
uark QCD §- and P-
Pseudo-T-Odd d final state Coulomb Phases
interaction --Wilson Line

spectator
system

Analog of QED
FSIs

proton

Light-Front Wawvefunction
S and P- Wawves

Final State Interactions not suppressed!



Final-State Interactions Prodiuce
Pseudo T-Odd, (Sivers Effect)
* Leading-Twist Bjorken Scaling! i § . ﬁjet < é’
* Requires nonzero orbital angular momentum of quark

* Arises from the interference of Final-State QCD e
Coulomb phases in S- and P- waves; e

current
quark jet

° Wilson line effect — gauge independent

final state

* Relate to the quark contribution to the target proton interaction

anomalous magnetic moment and final-state QCD phases >
spectator
system
*  QCD phase at soft scale! proton 2001
* New window to QCD coupling and running gluon mass in the IR
° EPD S and P Coulomb phases infinite -- difference of phases finite!
i Novel World of Hadron Physics
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Boer, Hwang, sjb

Ol
Y
Yy

cl

DYcos 2¢ correlation at leading twist from double ISI

- 2N 7 2
JMWV%F% hy (x1,p0) X by (x5 k7))

Initial-State Interactions not suppressed!



Double Initial-State Interactions
generate anomalous cos2¢

Drell-Yan planar correlations

Boer, Hwang, sjb

1 do 5 , Vo, 5
—0q (1 + Acos® 0 + psin 26 cos ¢ + 5 sin Hcos2gb)
PQCD Factorization (Lam Tung): 1 — A — 2v = (
Y o hi(m)hi(N)
2 1 1 _
P p N — uTu~X NA1O

""

3
e
.
-
.
.
-
-
o
-
o
"3
8
-
g
o
.
-
o
.

~Hard glhon radiatios

*e,
B
0d .
o

Double 1S1

o
o
.
.
-

e
-
-
*
xa
R
X
*

*

o~

Q = 8GeV-

.,
.,
.,

4
Violates Lam-Tung relation!

5

Model: Boer,



Single-spinv Exclusive

asywumeliies ivv Sivers Effect
: connects to
erclusive W © Inclusive Effect
— 7 o ,y* pT N K_I_ A

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

proton
Light-Front Wawvefunction A(sud)
S and P- Wawves

JLab Expt



Anomalous effect from Double ISI inv
Maussive Lepton Productiov

Boer, Hwang; sjb

COS 2¢ correlation p p

=Y i

* Leading Twist, valence quark dominated QQ% %m
VAV
AVA

* Violates Lam-Tung Relation!

* Not obtained from standard PQCD subproplcess analysis

—

B

* Normalized to the square of the single spin asymmetry in
semi-inclusive DIS

* No polarization required

* Challenge to standard picture of PQCD Factorization

NIty Novel World of Hadvow Physics Stan Brodsky
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Problem for factorigation whew botivISI and FSI occur!



Static

Dynamic

Square of Target LFWFs

No Wilson Line

Probability Distributions
Process-Independent

T-even Observables

No Shadowing, Anti-Shadowing

Sum Rules: Momentum and J*

DGLAP Evolution; mod. at large x

No Diffractive DIS

W (24, k15, Ai)

Modified by Rescattering: ISI & FSI
Contains Wilson Line, Phases

No Probabilistic Interpretation
Process-Dependent - From Collision
T-Odd (Sivers, Boer-Mulders, etc.)
Shadowing, Anti-Shadowing, Saturation
Sum Rules Not Proven

DGLAP Evolution

Hard Pomeron and Odderon Diffractive DIS

current
quark jet

final state
interaction

spectator >

system
proton




Q? =5 GeV?

1.3 p——
1.2}

1.1]

F2Fe / F2D

0.9 [f

0.8

T6OTE 0308 07 0w 05

Scheinbein, Yu, Keppel, Morﬁ’/vv, Olness, Oweny

U . Novel World of Hadvrow Physics Stan Brodsky
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K The one-step and two-step processes in DIS
OoNn a nucleus.

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

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

(b) \
Nf ~—@®-— — Shadowing of the DIS nuclear structure
'
— /'N/ N, functions.

Diffraction via Reggeon gives constructive interference!

Anti-shadowing



Origi Regge Behowior D
L V\%&f Structure vawﬁgfm eep

Fop(x) — Fon(x) o rt/?

Antiquark interacts with target nucleus at /
0 —»

—~ 1
ener S X —/—
ay 5o o

Regge contribution: ogy ~ §*r™1

Nonsinglet Kuti-Weisskoff Fp,, — Fp;, ﬁbj
at small z,;.

Landshoft,
Shadowing of oz, produces shadowing of Polkinghorne, Short
nuclear structure function.

Close, Gunion, sjb

Schmidt, Yang, Lu,
sjb



©
‘III‘III‘III‘III‘III‘III‘III‘III‘III

IIIIII| | 1 1 1 U

Now-singlet 10 10
Kuti-Weisskopf
Regg X behavior




Reggeon
Exchange

Phase of two-step amplitude relative to one
step:

(1 =) xi= J5(i+1)
Constructive Interference
Depends on quark flavor!
Thus antishadowing is not universal

Different for couplings of v*, Z0, W=

Critical test: Tagged Drell-Yaw



K The one-step and two-step processes in DIS
OoNn a nucleus.

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

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

(b) \
Nf ~—@®-— — Shadowing of the DIS nuclear structure
'
— /'N/ N, functions.

Diffraction via Reggeon gives constructive interference!

Anti-shadowing



1.2

1.1

?ZA/ ?ZNO

0.9

0.8

1.3

1072

X

10

1

W*—Current

u

(c)

102

10

1

10 %

107"
X

(d)

10°%

10"

Schmidt, Yang; sjb

X

Nuclear Antishadowing not universal !

Test at JLab — Flavor tagged Structure Functions



H Q ED QED atoms: positronimm

l and, muoniuu

(H() -+ Hznt) ‘\If >=F ‘\If > Coupled Fock states

A? ~ l
[— 5 + Ve (S, 7)] ¥(7) = E ¢(7) tffective two-pauwticle equation
red

* Includes Lamb Shift, quantum corrections

1 1 4(+1) , ,

- 2Myped A2 2Mypeq 12 + Ver(r 5, 0)] 9(r) = B 4(r) SphericalBasis T, 9’ ¢

(87

Verp = Velr) = ——

Semiclassicol first approximation to- QED

Couloml- potential
Bohr Spectrum

Schwodinger Eq.




Electron transitions for the
BobrAtom Hydrogen atom

: Electron energy — . OrbntRadnus Electron .
: —13.6¢V : s : : Wavelength : lonization
E=_20¢" ¢ :r=na, : \iA=27mna,) n=5_ ,eneray vy
g ’I_ i ................ .\.........' '.l‘li ............................ - '.| n=44 ......... Bl'aCkett
“sessssnnns ' ...................... -.'—- — \ ", || n=3 _1.5 ev serim
/ = ‘,l Il |
/N | | n=2 a4ev yyy E®) toE(nd)
| f N \ n=3| n=4' HZS' et
| \ ;_/1 / | l Paschen series
./ / .' ,' E(n) to E{(n=3)

Yy

\ - : |
\ A) =().0529nm = Bohr radius Balmer series
/ =t -13.6 eV E(n) to E(n=2)

~— -

D /

=1 _YYYVYYY

Lyman series
E(n) to E{n=1)




Need av First Approximation to- QCD

Comparable in simplicity to
Schrodinger Theory in Atomic Physics

Relativistic, Frame-Independent, Color-Confining



Goal: anv analytic first approximalion to-QCD

® As Simple as Schriédinger Theory in Atomic Physics

® Relativistic, Frame-Independent, Color-Confining

® Confinement in QCD -- What sets the QCD mass scale?

® QCD Coupling at all scales

® Hadron Spectroscopy

® Light-Front Wavefunctions

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

® Hadronization at the Amplitude Level

® Insights into QCD Condensates
A

N

- Novel World of Hadwrow Physics
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LF
HQCD QCD Meson Spectrum

led Fock
(Hip + Hip)|¥ >= M?*|¥ > Coupred ok tates
k2 +m? LF l ,
[;L‘(l ) + Vet | ¢Lw,lﬁ) = M~ Yrp(z, k1) tffective two-pawticle equatiov
d? m? —1 4 4L? 2

+U((, S, L)] ¥rr(C) = M? ¢rp(C) C2 — 33(1 — :E)bJ_

[_dC2 z(1 — x) T ¢?

UC) =r"C+2k*(L+ S5 —1) Confining Ads/0CD
potential
Semiclassical first approximatiov to-QCD



( Light-Front Schwédinger Equation )

G. de Teramond, sjb

Relativistic LF single-vowiable radiol
equation for QCD & QED Frame Independent!

U((,S,L) =r*C+r*(L+ S —1/2)

U is the exact QCD potential - +
Conjecture: ‘H’-diagrams generate U? h



Bound States in Relativistic Quantum Field Theory:

Light-Front Wavefunctions

Dirac’s Front Form: Fixed t=1r+z/c

Fixed =t + z/c
Y(x;, kL, i) o =

Invariant under boosts. Independent of P’

HZ: |y >= M?|y >

Direct connection to QCD Lagrangian

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




Light-Front Holography and Now-Perturbative QCD

Goal:
Use AdS/QCD duality to construct
a first approximation to QCD

-
\‘g-—

Hadvrow Spectrum
Light-Front Wawvefunctions;
Formv Factors, DVCS, etc

il
sl
e

ANEAN

=
ri’

A\

AN

gy
gz

\\

R

N
N

\

- in collaboration with
\Ifn(gjz—, kJ_’i7 )\Z) Guy de Teramond



Applications of AdS/CFT to-QCD

5-Dimensional Confinement
Anti-de Sitter
Spacetime

AdS
Boundary
Changes in
physical
length scale
mapped to

evolution in the
5th dimension z

4-Dimensional
Flat Spacetime
(hologram)

in collaboration with Guy de Teramond



5-Dimensional
Anti-de Sitter
Spacetime

Black Hole

4-Dimensional
Flat Spacetime
(hologram)
















5-Dimensional
Anti-de Sitter

Spacetime Truncated AdS Space

4-Dimensional
Flat Spacetime
(hologram)




5-Dimensional Confinement

Anti-de Sitter Radius
Spacetime ]
Changes in
Boﬁr(:gary phySIca/
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 zo = 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).

Uy Novel World of Hadvrow Physics Stan Brodsky
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AdS/CFT

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

2
ds® = R—2(77Wd:1:“d$’/ — (77, ——_—
z

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 — N2 2> )z
2

Tr° = ajuaj“: invariant separation between quarks

e The AdS boundary at z — 0 correspond to the () — o0, UV zero separation limit.



Dilaton-Modifted AdS/QCD

® Soft-wall dilaton profile breaks
conformal invariance c¥?) =T+ 2

® Color Confinement
® Introduces confinement scale ~

® Uses AdS;s as template for conformal

theory
T /
U VERSITY Novel World of Hadvrow Physics Stan Brodsky
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Introduce “Didaton’ to- simudate confinement analytically

Nonconformal metric dual to a confining gauge theory

R?
2 2 -
ds® = = ¥ (?) (mwdx“dac” —dz ) -

where ¢(z) — 0 at small z for geometries which are

asymptotically AdSs5

Gravitational potential energy for object of mass m

) 5 e(2)/?2 |
V =mc°\/go0 = mc“R
Z "
x \ e=rE"
Consider warp factor exp(:l:/-a;2z2) //,%
Plus solution: V' (2) increases exponentially confining
any object in modified AdS metrics to distances (2) ~ 1/k K lebanoy ond Maldacenc

2
[690(’2) — €+'€ Zj Positive-sign dilaton * de Teramond, sjb




(1—-=x)

Y(w,b)) = \/x(éﬂcx)ﬂC)

Light-Front Holography: Unique mapbping derived from equality of
LF and AdS fornmulda for cuwrrent matrix elementy



Light-Front Holography:
Map AdS/CFT to- 3+1 LF Theory

Relativistic LF radial equation! Frame Independent
> 1-4L% o
@t e TU©8() = M)

(2 =z(1— a:)bi

2
(1-2)

U(C) = k*C* +2r*(L+ S —1)

G. de Teramond, sjb soft wall

confuning potential:



de Teramond, Dosch, sjb

General-Spinv Hadrons

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

JORICIREE [ew(z) — 6%222]

e Substituting in the AdS scalar wave equation for @

[z%’g — (3-2J — 2/4:2,22) 20, + 22 M? — (uR)Q]QDJ =0

e Upon substitution z —(
65(Q)~ PP e R D ()

we find the LF wave equation

( d? 1 —4L?

ac2 iz K+ 267 (L + S — 1)) Guyopiy = MPpyoop,

with (uR)? = —(2 — J)? + L?



de Teramond, Dosch, sjb

Light-Front Holography

(2 =z(1-— a?)bﬁ_

¢ 1-4L?
_ 2 U — M?
[~ qa T i TUQIREO = MP(Q)
Light-Front Schrodinger Equation Unique

A -9 2 Confinement Potential!
U)=r"C+2c°(L+S5—1) o
Preserves Conformal Symumetry
of the actiov

Kk~ 0.6 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 conformal invariance of action!
9 °



Gool:

* Use AdS/CFT to provide an approximate,
covariant, and analytic model of hadron structure
with confinement at large distances, conformal
behavior at short distances

* Analogous to Schrodinger Theory for Atomic
Physics

* AdS/QCD Light-Front Holography

* Hadvronic Spectravand Light-Front |
Wowvefunctions '

( Light-Front Schwodinger Equwuﬁ,ow)




( Light-Front Schwédinger Equation )

G. de Teramond, sjb

Relativistic LF single-vowiable radial
equation for QCD & QED Frame Independent!

d? m? —1+44L?
- 2 T + 2
d¢?  x(1—x) ¢

(2 =z(1— a:)bi

(1—-2)

U(¢) = k*C* 4+ 26*(L+ S — 1)

N

il ’
- Novel World of Hadwron Physics Stan Brodsky

Y ol A
IRGINIA 109 T



Quawk separationw g
increases with L

2-2007 0
8721A20

2-2007
8721A21

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

Same slope in n and L!

(b) SI: 0 |

n (1800)
[ ]

Soft Wall
Model

Pion mass

tomatically zero!

mg = 0

| T
- (a) S =0
41
c\%‘ m, (1670)
0] B
Qq b, (1235)
) S oL 1
LOVI/Z/LM
P o | it (140)
H l
0 2
8-2007
8694A19 L

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

40



m(1800)

m(1300) b1(1235)

n(140)

75(1670)

- w(1650)

 p(1450)
- w(1420)

p3(1690)

H w;(1670)

a>(1320)
f(1270)

p(770)

- w(782)

4(2040)
f2(2050)

M2(n, L, J) = 4k*(n + L/2 + J/2)

UNIVERSITY
JVIRGINIA

Novel World of Hadvrow Physics

Stan Brodsky
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Bosonic Modes and Meson Spectrum
Ak? for An =1

M? =4r*(n+ J/24+ L/2) — 4k*(n+ L+ §/2) 4w oraL—1
. 2k% for AS =1
Same slope in n and L

JPC JPC
0-+ 1+- 2-+ 3+- 4-+ 4++
6 T l T T ] l ]
n=3 n=2 n=1 n=0 n=1 n=0

4,(2040)
f,(2050)

0,(1690)
| oL % w,(1670) —
T S=1"
p(770) T
_ 0 —oo(7|82) | | L
0 1 2 3 4
L

Regge trajectories for the 7 (x = 0.6 GeV) and the I =1 p-meson and I =0 w-meson families (x = 0.54 GeV)

Balmer series of QCD



Kaow Spectirum

M? :4/-432(77, | J;L)

de Teramond, Dosch, sjb

-------------------------

S'MZ(GeV:) — ; 6-M2(GeV2) n—=2 n—=—1 n=2~0 —
: n= 2 n=1 n=20 ] : ]
i (b)/ s (0)
: 4 % 1A\ S
3l : IX4(.'.O4D)
| s
2l K*(1680
1t K1(1270) K*(1410) 41430
| 1p y
of  K494) L ) L
I e Co R
5 m?2 .
OM= =), <t > Weisberger

mg =46 MeV, mys = 357 MeV

Orbital and Radiral Excitations



De Teramond, Doschy, sb-

'TTI.q
T

M? = M} + < X

A')
X>+<X

My = mg = 46 MeV, mg = 357 MeV

-
T T

sp

£(1270)

w
T T




Prediction from AdS/QCD: Mesow LFWF

0.8037.60.40.2 de Teramond,
Cao, sjb
“Soft Wall”
N2 mOdel

Note coupling
k‘2 kJ_
1% 1.5 massless quarks
2 4
47 M _
. e [6r0) = /a1 2)

3
f7r — qu%lﬁl = 92.4 MeV

Provides Conmnection of Confinement to-Hadrow Structure



Hadvron Distribution Amplitudes

@
o (1, Q) = / 2R (2, L)

, Fixed T=t+4 z/c

® Fundamental gauge invariant non-perturbative input to hard
exclusive processes, heavy hadron decays. Defined for Mesons,

Efremov, Radyushkin
® Evolution Equations from PQCD, OPE

Sachrajda, Frishman Lepage, sjb

® Conformal Expansions Braun, Gardi

e Compute from valence light-front wavefunction in light-cone
gauge

Bl Novel World of Hadwrow Physics

TER Stan Brodsk
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Remowkable Features of Light-Front Schwodinger Equation

® Relativistic, frame-independent
® QCD scale appears - unique LF potential

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

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

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

e Phenomenology: LFWFs, Form factors, electroproduction

e Extension to heavy quarks

UC) =k*C*+2k*(L+ S —1)

117



Prediction fromAdS/QCD: Meson LFWF

o
0.8 0.60.40-2 o Teramond,
0.2 Cao, Sib
A\
0.15 \{
\
w ( k2 ) BN ¢ WH“”
M aj) J_ 0.1 ' \\\ Soﬂ:
% R
2 "I"’ ""‘l;‘t‘:ii%?%g%‘:% n:lodel
A A
4/ g (7 "'0000\\\
2.9, :"' 470’0"

f7r -V quglﬁl = 92.4 MeV
Provides Conmnection of Confinement to- Hadrow Structure



WECK Cnding

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

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

20000 , , | 2000 | | | ) s
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T e ST . . (b) ZEUS
8| O, |& ziseom - Predictionw ]CV'O‘VVU
J: R. Forshaw, , — ]

Light-Front Holography

R. Sandapen of
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3
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Dressed soft-wall current brings inv higher Fock
states and more vector mesov poles

€+

-_._).*.
B Y
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Plon Form Factor from AdS/QCD and Light-Front Holography

log [Fx(s)
spacelike timelike
, % /Frascati
o) s } |
f JLab \
BaBar ISR |
10 3 5 10

-
¢*(GeV?)




M2 = 4k*(1/2 +n)
4 poles :

y ; } Frascati
W ; */ f
L 3t s i
I + I T ]
f L f
-3 X ) —
. BaBar ISR : |
T B 8 10
s(GeV?)
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de Téramond, Dosch, sjb

AdS/QCD
Soft-Walll Model/

Single scheme-independent
Jundamental mass scale

Light-Front Holography

. (2 :a:(l—a?)bi.
d® 1-—4L? )
[~ qa T i T U = MP(Q)

Light-Front Schrodinger Equation Unique
UC) =r*C+2:*(L+5—-1)

Confinement Potential!

Conformal Synumetry

LA

k~0.6 GeV

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

Scale can appear in Hamiltonian and EQM

o de Alfaro, Fubini, Furlan: without affecting conformal invariance of action!



Bjorken sum rule defines effective charge agl (QQ)

1
| dalg? (2, Q%) — 1", Q7)) = 2a1(&)

® Can be used as standard QCD coupling

® Well measured
® Asymptotic freedom at large Q>

® Computable at large Q2 in any pQCD scheme

® Universal Bo, B

g Novel World of Hadron Physi
UNIVERSITY ovel World of on Physicy Stan Brodsky
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Bjorken sum rule defines effective charge

/o dz[gf (z, Q%) — ¢ (v, Q%)] = Ja 1 agl(Q2)]

6 T
* Can be used as standard QCD coupling

e Well measured

O‘gl(QQ)

* Asymptotic freedom at large Q>

* Computable at large Q2 in any pQCD scheme

® Universal Po, P

A

SlliE [
U I\-/.I.-:“IzSITY Novel World of Hadvrow Physics Stan Brodsky
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Ruwnwning Coupling from Modifted AdS/QCD

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

Flow equation

g2(2) g2(0)

Deur, de Teramond, sjb

S = —i /d4a’;dz Vg ef?)

1

G2
g2

1 1

2,2

= #(? or g3(z) =€ g3(0)

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

_ 2,2

YM coupling as(¢) = g% ,,(C) /4 is the five dim coupling up to a factor: g5(2) — gy ar(¢)

Coupling measured at momentum scale ()

Solution

where the coupling «

AdS ;

s I

a5 (Q) ~ /O CdCTo(CQ) a5 (¢)

— 02 /42
af(Q%) = af " (0) e @/,

ncorporates the non-conformal dynamics of confinement



Runwning Coupling from Light-Front Holography and AdS/QCD
Analytic, defined at all scales, IR Fixed Point

] koo .
08 — - 2
AdS( )/7‘(‘ _ G_Q /4K7
s (Q) 7 T
n 06 — { 1
----- Modified AdS ¢ { |I
o AdS 1 '| k = 0.54 GeV
|
04 — .
B ocgl/n (pQCD) '\
- O Oy, /Tt world data '
------- GDH limit ¥ opy/m 1
02 ¢ o/mOPAL I ‘
A o, /mJLab CLAS Foeoo
B o, /nHall A/CLAS TR
0 @ Lattice QCD (2004) (2007)
| | | | | | ‘ | ‘
10" ] 10
Q (GeV)

Deur, de Teramond, sjb



Analytic, defined at all scales, IR Fixed Point

I8}

AdS( )/7‘(‘ _ e—Q2/4f 2

as(Q) f A Y
T 0.6 o{ I‘
R Modified AdS ¢ ] |I|
— AdS L i”\ k= 0.54 GeV
04 — . o
- o gl/:n: (pQCD) {
O « gl/ﬂ: world data '
------- GDH limit X o,/n \ 4!
027 ¢ a/mOPAL ¥
A a,/nJLab CLAS S
B o, /mHall A/ICLAS M
o - @ Lattice QCD (2004) (2007)
| | | | | | | ‘ | | ‘
10" ] 10
Q (GeV)

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

2 _2
ef = eth 2

Deur, de Teramond, sjb



All-Scale QCD Coupling Deur, de Teramond, sjb

Prediction from AdS/QCD:

0.6

04 —

02 —

Nonperturbative QCD
(Quark Confinement)

As75 = 0.455 £ 0.031M,

Asrs = 0.351 4 0.024 GeV

Perturbative QCD
(Asymptotic Freedom)

Expt:
Asrs = 0.341 £ 0.024 G

Q3 = 1.0840.17 GeV'

10

1 10



(A

MS

= 0.5983k = 0.5983=2 = 0.4231m, = 0.328 GeV )

a(Q)/m

\/_
] =
pQCD to B;.n=3 and
— A=0.328 and
08  ais e Bjorken SR.to o>
0 %(Q) /m = em V" A=0351 and
i Bjorken SR.to o #
- Match coupling strengtiv — A=0.389 and
06 and derivative Bjorken SR.to a3
i \ A=0.454 and
i Bjorken SR.to a2
. — AdS/QCD A=0.585 and
04 L Bjorken S.R. to o,
| BjorkenSR.toa5.a=3 and
= v A=0.230 and
02 PQRCDtofy,
S A=0.395 and
i pQCD to B,
e A=0.365 and .
oL pQCDto B, Deur, de Teramond, sjb
1 1 1 1 | 1 1 1 I 1 1 1 1 1 1 | 1 I
107 I 10

Q (GeV)




[ Agrs = 0.5983k = 0.5983722 = 0.4231m,, = 0.328 GeV ]

\/_
= [ AdS ()2} — 4AdS ()~ Q7 /4r"
9/; — T} Qg (Q ) — Qg ( )6
> |
. Deur, :
de Teramond, sjb
08
2 5
ag, (QF) at O[a—MS]
0 | } | Matching analysis:
| I \ Courtoy and Liuti
i
! | 1)
04 L ! A
| i AdS/QCD + pQCDo s,
O o,/x world data IH LT
- GDHlimit X ogy/n ;ik
020 a 1/7.: OPAL 4 110t
- A/ JLab CLAS (2008) 7 X L
B /n- JLab CLAS (2014) _
"W /n Hall A/CLAS ’
0@ Lattlce QCD (2004) ¥ (2007) .
107 i 10



Applications of Nonperturbative Running
Coupling fromAdS/QCD

e Sivers Effect in SIDIS, Drell-Yan
e Double Boer-Mulders Effect in DY
e Diffractive DIS

* Heavy Quark Production at Threshold

AW irwolve gluow exchange at small

momentum tronsfer
- I\!fl_ll_zl_l_gSITY Novel World of Hadvow Physics Stan Brodsky
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de Teramond, Dosch, sjb

Light-Front Holography

(2 =z(1-— aﬁ)bi

d? 1-—4L? 5
[~ qa T i TUQIREO = MP(Q)
Light-Front Schrodinger Equation Unique

U ((: ) — g4 C2 4 912 ( L +§_ 1) Confinement Potential!

Conformal Synumetry

of the action

k~0.6 GeV

Confinement scale:

1/k~1/3 fm

Scale can appear in Hamiltonian and EQM

¢ de Alfaro, Fubini, Furlan: without affecting conformal invariance of action!



de Teramond, Dosch, sjb

AdS/QCD
Soft-Walll Model

Light-Front Holography

Semi-Classical Approximation to- QCD
Relativistic, frame-independent
Unique color-confining potential

Zero mass pion for massless quarks

Regge trajectories with equal slopes inn and L
Light-Front Wavefunctions

Conformal Symuwmnetry.

Light-Front Schrodinger Equation of the action



Features of Soft-Wall AdS/QCD

Single-variable frame-independent radial Schrodinger
equation

Massless pion (mg =0)

Regge Trajectories: universal slope in nand L

Valid for all integer J & S.

Dimensional Counting Rules for Hard Exclusive Processes
Phenomenology: Space-like and Time-like Form Factors
LF Holography: LFWFs; broad distribution amplitude

No large Nc limit required



u V\/{/q W‘L%é/ de Teramond, Dosch, sjb
2 2
U(C) _ li4<2 —|—2/<32(L—|—S— 1) 690(2) — e—l-li z

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

e 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

@ de Alfaro, Fubini, Furlan

Gho(r) >= i () >

New term

G=uH +vD +wKk /

1 d? g  Aduw — v? 332)

G:HT:§(_CZ:1:‘2'L$24' 4

Retaing conformal inwariance of action despite massy scale!
duw — v* = k* = [M]*

Tdentical to- LF Hamidtonion with unique potentiol and dilaton

® Dosch, de Teramond, sjb

d? 1 —4L?

et e TUQIRO = M)

U) =r*C*+26*%(L+ 5 - 1)




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

® Dimensional Transmutation? Requires external constraint
suchas «as(Myz)

® dAFF: Confinement Scale K appears spontaneously via the 4
Hamiltonian: G = ulH +vD 4+ wK duw —v° = K" = [M]
® 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

Uy Novel World of Hadvrow Physics Stan Brodsky
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dAFFE: New Time Variable

2 2tw + v
T = arctan ,
VAauw — 12 VAauw — v2
® Identify with difference of LF time Ax*/P~
between constituents
® Finite range
® Measure in Double Parton Processes
. I‘l/%gs . Novel World of Hadron Physics Stan Brodsky
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Interpretation 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 Ajrdetermined in terms of

e Value of ¥ itself not determined - place holder

* Need external constraint such as fy



Bawyow Spectroscopy from AasS/QCD and Li

8 2 i
M N(2600)

. | N(2250)
i N(2190) |
| N(1700)

n N(1675) N(2220) i
I N(1650)

Al N(1720) |

N(1680
| vasss R — .49 GeV
N(1520) )

© N(940) L

0 [ N T RS Y RS AR R SR S| | L | ]

0 1 2 3 4 5 6

de Teramond, sjb
2(+) _
Mn,L,S T

2 (—
Mn,(L,?S —

S
4ﬁ<n+L+—+—

5)7

4

2 4

3)7

S
4/4,2 (77/‘|‘L—|—§—|——

See also Forkel, Beyer, Federico, Klempt

ignl-fFrond ttolography

7 [ I
I 2
I M n=>3 n=2 n=1 n=0
6
5 / A(2420)
.
3 7 A(1930) A(1950)
i A(1920)
i A(1910)
2 A(1600) A(1905) |
? k= 0.51 GeV
(L AU232) :
: L
0 T | P [ |
0 1 2 3 4
ositive parity All confirmed
p p resonances
from PDG
negative parity 2012




N(1710) N(1720)
S ) N(1680) ]
N(1440)
N(940) L
o 1 2 3 T
M?*(GeV?)
L (C) i
n=2 n=1 n=20
i N(1875) i
- N(1535) -
N(1520) L ;
0 B 3 4

ot

(%]

M? (GeVZ) N(2600)
v=L+1

(D)

I N(2250)
N(2190)
, N(1700)
I N(1675) N(2220)
N(1650) \
v=1L
N(1720)

I TN(1680)

N(940) 4/4;2
S 1 2 3 4 5
7 M?(GeV _
i ( :) n—1 "70

(d)
. / A(2420)
] A(1950)
i A(1920)
- A(1600) A(1910)
: A(1905) ;
© A(1232) I3 ]
. 1 2 3 4




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 A2 (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.

SU®B) S L n Baryon State
56 1 0 0 N1"(940)
3 0 1 N1¥(1440)
1o 2 N1T(710)
30 0 A37(1232)
30 1 A37(1600
70 3 1 0 N17(1535) N3 (1520)
51 0 N17(1650) N37(1700) N3 (1675)
3101 N3~ N37(1875) N3~
10 A17(1620) A3 (1700)
56 1 2 0 N37(1720) N3 (1680)
12 1 N3T(1900) N3T
32 0 ALT(1910) A2T(1920) A3T(1905) AIT(1950)
70 1 3 0 N5~ NI~
5 3 0 N3 N3~ N17(2190) N3~ (2250)
130 A3” AL”
56 1 4 0 NTT N$"(2220)
34 0 A3 ALT A" AL (2420)
70 3 5 0 N%~ N1~
550 N%I~ N3~ N4 (2600) NY

PDG 2012



LF Holography v = ¢

d? 412 — 1 G2
(——+>\QBC2+2)\B(L3+1)+ B )wj = M*yT, -

dC? 4(?
2 AMLg+1)?% -1\ _ _
(—d—é_2 + >\QB Cz +2Ap Lp + ( 2 4C2) ) w‘] - M2 ’QDJ'

M%(n,Lg) = 4)%5(n+ Lg + 1) $=1/2, P=+

z both chiralities
Meson Equation

2 v~ — 1
<—d—<2+)\ C* 42X (J — 1) A V4< >¢J—M2¢J,

M3 (n, Ly, S =0) =4X5,(n+ L) v =Ly

$=0, I=1 Meson is superpartner of $S=1/2, I= l Baryon
[ Meson-Baryon Degeneracy for Lu=Lg+1 ) Ao, = A% =k?



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

K2+L\/< 2n! <3/2+L6—m2<2/2L£+1 (HQCQ)

K

3+L

n+ L)

vn+L+2\ (n+L)!

[acuio) = [acet© =1

M?@,L,Szl/Q =4r* (n+ L +1)

M (1535) _ 3
M (940)

1 \/( 2n/! C5/2+Le—m2C2/2L£+2 (R2<2)

Chival Symumetry
of Eigenstate!



Superconformal Algebra

(b0} =1 B=3W .yl =0

1 1

¢:§(01—i(72)7 ¢+:§(01+i02)
Q=¢+[—@c+£], Q+=w[8m+§], S =ote, St=1qux

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

{Q.57}=f—B+2iD, {Q*,S}=f-B—2iD

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



de Teramond

rvid Bl Supcrconformal Algebra A
Rabinovici Superconformal Algebra g 515
1+1
{w’ w_l_} — 1 two anti-commuting
Jfermionic operators
1 , 1 .
w — 5(0'1 — 20'2), w_l_ — 5(0’1 —l— 20'2) Realization as Pauli Matrices

Q=vt-0 + W), Q* =vlo+ W@ Wa)-1
I

(Conformal)

S = w—l_ X, S T = lpCIZ Introduce new spinor operators

{Q,QF} =2H, {8, 57} =2K (Q=~VH. $~VEK

{Q,Q}={Q",Q"} =0, [Q H|=[Q", H=0



Superconformal Algebra
Baryon Equation

w: dimensions of mass squared

Consider R, = () + wS;

G ={R,, R’} =2H + 2w’K + 2wfI — 2wB 2B = o3
Retains Conformal Invariance of Action Fubini and Rabinovici
New Extended Hamillfonianw G iy diagonal:

4f+3)2 -1
G.= (— 92 2.2 4 9 B | 5
1= (-0, +w'a® +2wf —w 2 )
A(f — 32 -1
G22:(—8§+w2:z;2+2wf+wl f 423 )
T

(Identifyf—%:LB, w = K? j

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




LF Holography v = ¢

d? 412 — 1 G2
(——+>\QBC2+2)\B(L3+1)+ B )wj = M*yT, -

dC? 4(?
2 AMLg+1)?% -1\ _ _
(—d—é_2 + >\QB Cz +2Ap Lp + ( 2 4C2) ) w‘] - M2 ’QDJ'

M%(n,Lg) = 4)%5(n+ Lg + 1) $=1/2, P=+

z both chiralities
Meson Equation

2 v~ — 1
<—d—<2+)\ C* 42X (J — 1) A V4< >¢J—M2¢J,

M3 (n, Ly, S =0) =4X5,(n+ L) v =Ly

$=0, I=1 Meson is superpartner of $S=1/2, I= l Baryon
[ Meson-Baryon Degeneracy for Lu=Lg+1 ) Ao, = A% =k?



N(1710) N(1720)
S ) N(1680) ]
N(1440)
N(940) L
o 1 2 3 T
M?*(GeV?)
L (C) i
n=2 n=1 n=20
i N(1875) i
- N(1535) -
N(1520) L ;
0 B 3 4

ot

(%]

M? (GeVZ) N(2600)
v=L+1

(D)

I N(2250)
N(2190)
, N(1700)
I N(1675) N(2220)
N(1650) \
v=1L
N(1720)

I TN(1680)

N(940) 4/4;2
S 1 2 3 4 5
7 M?(GeV _
i ( :) n—1 "70

(d)
. / A(2420)
] A(1950)
i A(1920)
- A(1600) A(1910)
: A(1905) ;
© A(1232) I3 ]
. 1 2 3 4




Chiral Features of Soft-Wall AdS/

QCD Model

* Boost Invariant

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

* Hadron Eigenstates (even the pion) have LF Fock components of different L
* Proton: equalprobablhty S — _|_1/2 L7 = 0; S* = _1/2’Lz
F=T1/5< T o= 1/3,< 5 o= )

e Self- Dual Masswe Elgenstates Proton is 1tsown cal 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 -degeneratle parity partners!

= +1



e Compute Dirac proton form factor using SU(6) flavor symmetry
dz
F@) =R [ SV@Qane)

e Nucleon AdS wave function

k2L 2n! - 2 2
_ FLpLH1 (2 2\, —k22%/2
U, (2) = —5 (n+L)!Z [+ L (k72%) e /

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

dz
4 2
e Bulk-to-boundary propagator [Grigoryan and Radyushkin (2007)]
1 I I 1
V(Q,z) = R222/ — vz e /(1) 12 s
o (1) £
> i
()
e Find . S
HQ) = r—v g g
P p’ e/

with M,,> — 4x%(n +1/2)

0 10 20 30
8757A2 Q? (GeVZ)

9-2007



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

2.
8600A18 Q? (GeV?) S600A17 Q? (GeV?)

2 | I | I | I O || I | I R L ! _|
cg &
Nt? 1 I g
o AN -1 B |
i c QN

0 i

-2 | | | | | |

2-2012 ° 2-2012 0 2 4 °
8820A8 8820A7 Q? (GeV2)



Spacelike Paudiy Form Factor

From overlap of L =1 and L =0 LEWFs

2
' Harmonic Oscillator
Confinement
Normalized to anomalous
1.5+ moment

1 k= 0.49 GeV

ol A .
0 1 2 3 4 5 6
Q%(GeV?)
I Novel World of Hadvown Physi
UNIVERSITY ovel World of on Physicy Stan Brodsky

7VIRGINIA 155 SLAT

NATIONAL ACCELERATOR LABORATORY



Nucleon Transition Form Factors

Fp 2 _\/5 W
1N—>N*(C2 )_ 3 2 Q2 1 Q2 ’
(14 32) (1+ %) (1+ 4%

2-2012 2 2
8820A16 Q“ (GeV?)

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



Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

Fy(Q7)

o / 4¢ J(Q. O (O

2 2
FAQ) = o [ dCI@QOW- (O,
where the effective charges g1 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 14 (¢) and 1/ (() correspond
to nucleons with J* = +1/2 and —1/2.

e For SU(6) spin-flavor symmetry
FQ) = [ @01+ OF,
Fr@) = -3 [dC1@.0 [0+ OF - [v-(0)F].

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



Predictions for nucleon form factors from AdS/QCD

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

1.2F ' ! ' ! ' I 0
<
(0]
n 9]
)
c.-02
L
1 %
] ] ] ] ] ]
0 10 20 30
Sa20A18 Q? (GeV?) Seo0A17 Q? (GeV?)
| I oF I | T T ' ]
I
ca i
1 . ] A -2 | ] | ] | ]
4 6 0 2 4 6
Aoon Q? (GeV?) 83207 Q? (GeV?)
Biline Novel World of Hadvon Physics
U VERSITY Stan BrOdSky
7VIRGINIA 158 SLAS

NATIONAL ACCELERATOR LABORATORY



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

o Proton SUB)WF:  FF' =2G4 +3G_, FJ =1G.+3G_

e Neutron SU(6) WF: no= %G+ + %G_, F;'il = gG+ + %G_

u,1

0.6

051

031

021
0.1

00L

0.1L



Nucleon Transition Form Factors
e Compute spin non-flip EM transition N (940) — N*(1440): \IJZZO’LZO _ \Ijizl,LZO

e Transition form factor
dz n=1,L= n=0,L=0
Pl (@) = B [ S0 00v(Qu ) w0

e Orthonormality of Laguerre functions  (Fihr_ x+(0) =0, V(Q =0,2) =1)

d /
R / z—j O () (2) = 6,y
e Find

Q2

p 2y _ 2V2 M3
FlN—>N* (Q ) — 3 2 Q2 Q2

(1+ %) (1+35) (1 + 55)

P/ p//

with M,> — 4k%(n +1/2)

de Teramond, sjb

Consistent withv counting rule, twist 3



Nucleon Transition Form Factors

AdS\QCD ' ' G. de Teramond, sjb
Light-Front |
Holography
1
0 | | l
0

|
2
Q? (GeV?)

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



LF Holography v = ¢

d? 412 — 1 G2
(——+>\QBC2+2)\B(L3+1)+ B )wj = M*yT, -

dC? 4(?
2 AMLg+1)?% -1\ _ _
(—d—é_2 + >\QB Cz +2Ap Lp + ( 2 4C2) ) w‘] - M2 ’QDJ'

M%(n,Lg) = 4)%5(n+ Lg + 1) $=1/2, P=+

z both chiralities
Meson Equation

2 v~ — 1
<—d—<2+)\ C* 42X (J — 1) A V4< >¢J—M2¢J,

M3 (n, Ly, S =0) =4X5,(n+ L) v =Ly

$=0, I=1 Meson is superpartner of $S=1/2, I= l Baryon
[ Meson-Baryon Degeneracy for Lu=Lg+1 ) Ao, = A% =k?



Superconformal Algebra

M2

- 9+
2 N - (2200
Ak -~ (2200)

M?(n,Lg) =4xk*(n+Lp+1) N1
2 Meson-Baryon

Mass Degeneracy

S i N ; (1680) for Lu=Lg+1
Nz_(1520) 116700 M?(n, La) = 4k*(n + Lay)
\ = K2 N;(940) |
7(140) L
01 23 s

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



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

Meson-Baryon
Mass Degeneracy
for Ly=Lp+1




Dosch, de Teramond, sjb

- p — A superpartner trajectories

0 |

M? (GeVz)




Features of Supersymmetric Equations

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

e 2=12+12=(L2+1)-1/2 S% =4+1/2

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

¢ Mass-degenerate meson “superpartner” with

Lu=Ls+1. Shifted meson-bowryon Duadity”

Meson and baryon have same « !

A

Hiline ,
HilIE Novel World of Hadron Physics Stan Brodsky

IVERSITY
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Timelike Transition Form Factors



Dosch, de Teramond, sjb

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




de Teramond, Dosch, sjb

Light-Front Holography

(2 =z(1-— a?)bﬁ_

¢ 1-4L?
_ 2 U — M?
[~ qa T i TUQIREO = MP(Q)
Light-Front Schrodinger Equation Unique

A -9 2 Confinement Potential!
U)=r"C+2c°(L+S5—1) o
Preserves Conformal Symumetry
of the actiov

Kk~ 0.6 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 conformal invariance of action!
9 °



de Teramond, Dosch, sjb

AdS/QCD
Soft-Walll Model

Light-Front Holography

Semi-Classical Approximation to- QCD
Relativistic, frame-independent
Unique color-confining potential

Zero mass pion for massless quarks

Regge trajectories with equal slopes inn and L
Light-Front Wavefunctions

Conformal Symuwmnetry.

Light-Front Schrodinger Equation of the action



Some Features of AdS/QCD

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

® Chiral features for m,=0: my=0, chiral-invariant
proton

® Hadronic LFWFs
® Counting Rules

e Connection between badron masses and MS

Superconformal AdS Light-Front Holographic QCD (LFHQCD)

Meson-Baryon Mass Degeneracy for Ly=Lg+1

NIl :
U \-;f:_liSITY Novel World of Hadvrow Physics Stan Brodsky

Y ol A
IRGINIA 171 e I\



Interpretation 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§7g determined in terms of
* Value of f¢ itself not determined -~ place holder

* Need external constraint such as f

® «7ero-Parameter” Model



New Insighty into-Hadrow Physics

® Origin of quark confinement?

¢ Determination of the QCD mass scale
®* Novel hadronic states

® Novel QCD phenomena

¢ Supersymmetry in hadron physics

¢ Light-Front Holography

® New Physics Opportunities at JLab

Uy Novel World of Hadvow Physics Stan Brodsky
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de Teramond, Dosch, Lorce, sjb

Futuwre Dirvections for AdS/QCD

e Hadronization at the Amplitude Level

e Diffractive dissociation of pion and proton to jets

¢ Identify the factorization Scale for ERBL, DGLAP evolution: Q,
e Compute Tetraquark Spectroscopy Sequentially

e Update SU(6) spin-flavor symmetry

¢ Heavy Quark States: Supersymmetry, not conformal

e Compute higher Fock states; e.g. Intrinsic Heavy Quarks

¢ Nuclear States — Hidden Color



Hadronigation at the Amplitude Level

TP(CI% EJ_a )‘Z)

Construct helicity amplitude using Light-Front Perturbation theory; coalesce
quarks via LFWFs



Event amplitude generator
Oft -Shell T-Matrix

* Quarks and Gluons Off-Shell
* LFPth: Minimal Time-Ordering Diagrams-Only positive k+

e JzConservation at every vertex

* Frame-Independent e+\

* Cluster Decomposition Chueng Ji, sjb /

* “History”-Numerator structure universal o <
¢(£B, EJ.? )‘7,)

° Renormalization- alternate denominators Roskies, Suaya, sjb

e LFWF takes Off-shell to On-shell

Uy Novel World of Hadwrow Physics Stan Brodsky
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diquark-diantiquark

*0 —
qqg-gluon“hybrid”

D° — D™ “molecule”

A

Dz N

SlliE 1
. N Novel World of Hadvrow Physics Stan Brod sky

Y o=l A
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Four-Quark Hadrons: an Updated Review

arXiv:1411.5997v2

A.ESPOSITOA, L. GUERRIERI, F. PICCININI, A. PILLONI and A. POLOSA

Stan Brodsky

o1 AL

State M (MeV) T (MeV) JPY  Process (mode) Experiment (#0)
X (3823) 3823.1+1.9 <24 2= B — K(xe17) Belle?3 (4.0)
X (3872) 3871.68 £ 0.17 <1.2 1t B— K(rtr—JR) Belle?4 25 (>10), BABAR?S (8.6)
pp — (nTa=Jhp) ... CDF?27:28 (11.6), D0?° (5.2)
pp — (T = Jhp) ... LHCDB3%:31 (np)
B — K(ntr—n%Jp) Belle3? (4.3), BABAR33 (4.0)
B — K(v Jip) Belle34 (5.5), BABAR3® (3.5)
LHCbH36 (> 10)
B — K(y(29)) BABAR?® (3.6), Belle3* (0.2)
LHCbH36 (4.4)
B — K(DD*) Belle3” (6.4), BABAR3® (4.9)
Z(3900)* 3888.7 4+ 3.4 35+7 1t~ Y (4260) — 7~ (DD*)* BES 11139 (np)
Y (4260) — 7= (7t Jp) BES I114° (8), Belle*! (5.2)
CLEO data*? (>5)
Z.(4020)* 4023.9 +2.4 10+ 6 1t= Y (4260) — 7~ (7T he) BES III43 (8.9)
Y (4260) — 7~ (D*D*)* BES 1114 (10)
Y (3915) 3918.4+ 1.9 20+ 5 0tt B — KwJRp) Belle*® (8), BABAR33:46 (19)
ete™ = ete (W) Belle?” (7.7), BABAR*® (7.6)
Z(3930) 3927.2 + 2.6 24 £ 6 2T+t efte™ — efe (DD) Belle*? (5.3), BABARS? (5.8)
X (3940) 394273 373t 77t etem — J (DD*) Belle®1:52 (6)
Y (4008) 3891 +£42 255442 17— ete” — (ntn—JR) Belle*! 33 (7.4)
Z(4050)+ 4051133 g2t3l 77t BY 5 K~ (ntxer1) Belle®* (5.0), BABAR®® (1.1)
Y (4140) 41456 £3.6 14.3+£5.9 ?°t Bt 5 Kt (¢JA) CDF?6:%7 (5.0), Belle®® (1.9),
LHCb® (1.4), CMS®0 (>5)
Do%! (3.1)
X (4160) 4156722 139143 7Tt etem — Jkp (D* D) Belle®? (5.5)
Z(4200)+ 4196735 3701, 1t~ B = K—(ntJpp) Belle®? (7.2)
Bz .
I Novel World of Hadvon Physics
UNIVERSITY
7VIRGINIA

NATIONAL ACCELERATOR LABORATORY



Four-Quark Hadrons: an Updated Review

arXiv:1411.5997v2

A.ESPOSITOA, L. GUERRIERI, F. PICCININI, A. PILLONI and A. POLOSA

\ /

State M (MeV) T (Mev) JPC Process (mode) Experiment (#0)
Y (4220) 4196130 39432 17~ ete™ — (nTn he) BES III datab3:64 (4.5)
Y (4230) 4230+£8 38412 17— ete™ = (xeow) BES III%° (>9)
Z(4250)* 424813%° 177zt 9t BY — K~ (nxe1) Belle5* (5.0), BABARS® (2.0)
Y (4260) 4250 £9 108 £12 17— ete™ — (mr ) BABARS%:67 (8), CLEO%8:69 (11)
Belle*!:53 (15), BES II14° (np)
eTe™ — (fo(980)J/y) BABARS" (np), Belle*! (np)
ete™ — (7~ Z(3900)T) BES 11140 (8), Belle*! (5.2)
ete™ — (v X(3872)) BES II170 (5.3)
Y (4290) 4293 +£9 2224+67 17— ete”™ — (mtm he) BES III data%3:64 (np)
X (4350) 4350.61 3¢ 13718 0/2°t  ete” = ete (¢J/) Belle®® (3.2)
Y (4360) 4354 +11 78 4+16 17— ete™ — (mtn=2(29)) Belle™ (8), BABAR™? (np)
Z(4430)F 4478 £ 17  180£31 1T~ BY — K= (nT(25)) Belle™ ™ (6.4), BABAR™® (2.4)
LHCb"6 (13.9)
BY — K= (nTJhp) Belle®? (4.0)
Y (4630) 463479, 92132 1—— ete™ = (ATALD) Belle™ (8.2)
Y (4660) 4665410 53414 17— ete™ — (T~ (25)) Belle”! (5.8), BABAR™? (5)
Z,(10610)T  10607.242.0 184424 11— T (55) = w(7Y(nS)) Belle™ ™ (>10)
Y(55) = 7~ (r 1 hy(nP)) Belle”® (16)
Y(5S8) - n—(BB*)* Belle®? (8)
Zy(10650)T  10652.2+ 1.5 11.5£22 1+— T(55) — (7t Y (nS)) Belle™ (>10)

Y(5S) — 7~ (7 hy (nP))
Y(5S) — 7~ (B*B*)*

Belle™® (16)
Belle®0 (6.8)




diquark-diantiquark

D° — D™ “molecule”

A
BililiE Novel World of Hadronw Physicy Stan Brodsk
UpRzRsTY StAT
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Belle, BaBar:

B(B® — KT 7(4430)7) x B (Z(4430)~ — 1(28)7~) = (6.0557735) x 107°.

B(B® — KZ(4430)7) x B (Z(4430)” — Jp7r~) = (5.4319055%) x 1076

Surprising Result:
Dominance of large-size W’ vs J/W decays!



Lebed, Hwang, sjb

Diquark-Diquark

Z; ([culled]) — 7™y
Formation of charmonium at large separation:

Dominance of overlap with large-size W’ vs J/W decays

New Opportunities at |lab



® QCD condensates are vacuum effects

® QCD gives 1042 to the cosmological constant

® QCD Confinement can only be understood in LGTh
® 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 in PQCD cannot be fixed

Uy Novel World of Hadvrow Physics Stan Brodsky
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