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Landaw's Impact

* International Influence throughout Atomic, Nuclear,
Electroweak, High Energy Physics

* Fundamentals of Quantum Field Theory
* CP Invariance, Neutrino Physics
°* Renormalization theory, Landau Singularity

* Remarkable Students, Legacy of Russian Schools
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Seawrching for the Ultimate Constituenty

MMatter

1 GeV resolves 1071 m = 0.1 fm

. ' Mucleus

Mucleon

. Duarks

10-2% m : and

(macroscopic)  10-19 m a-,. ‘ Gluons
L]

1 10-14 m
10-12 m

1 KeV resolves 10719 m = 1 Angstrom £10-18 m

Electrons, Quarks, and Gluons may be truly pointlike/

1 TeV resolves 10719 m = 0.0001 fm
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Particles like
the electron ¢

(fermions, spin 1,/2)

Particles like
the photon A

(bosons, spin 1)

Landau Congress
Moscow, June 20,2008

THE PERIODIC TABLE

Leptons Quarks (each in 3 “colors™)
e Ve | d ()
0.511 MeV | < 0.000003 7 3

by | s | c
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T | v | b t

1777 < 20 4300 175,000

—1 0 —1/3 2/4 + charpe
photon “electromagnetism”

0

gluon

g (8 “colors”)

80,420 091,188

AdS/QCD
4

“strong interaction”

“wealt interaction”
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The World of Quawks and Gluons:

* (Quarks and Gluons: Fundamental constituents
of hadrons and nuclei

* Remarkable and novel properties

of Quauntuwm Chwromodynamics (QCD)

* New Insights from higher space-time dimensions:

Holography: AdS/CFT
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QCD Lagrangiowvv

i i +
gluon dynamics quark kinetic energy mass term

\‘ quark-gluon dynamics /

nf nf
1 I  — L.u ——
Qco — ; (G G,)) + Z by D, yo oy + Z My Wy Wy

49 TN "

T
QCD color charge field strength tensor covariant derivative quark field

L

Yang-Mills Gauge Principle: Dimensionless Coupling

Irnwoawioance under Color Renormalizable
Rofafwwm@PhMe/ Change Asymptotic Freedom
atl tvery PW of Space and Color Confinement

Time
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Qach Fundamental Couplings

Only quarks and gluons involve basic vertices: Quark-gluon vertex

g Similar to QED

More exactly
q(r)

g(b,r)
q(b)

.

colored particles couple to gluons

Gluon vertices



QCD Lagrangiowv

i i +
gluon dynamics quark kinetic energy mass term

\ quark-gluon dynamics /

nf nf
Lq.:n =- fg: Tr{GmGp-J * ; i We Dp TP Wy ; My Wy Wy
- AN AN ] \

* '
QCD color charge field strength tensor covariant derivative quark field

[Cr = QCJ’V_C]
lim No — 0 at fixed a = Cgpas,ny = ngp/Cpg

Analytic imit of QCD: Abelianw Gaunge Theory

QCD =P (QED Huet, sjb
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QED: Underlies Atomic Physics, Molecular Physics,
Chemistry, Electromagnetic Interactions ...

QCD: Underlies Hadron Physics, Nuclear Physics,

Theovetical Tools:

* Feynman diagrams and perturbation theory, evolution
equations

* Bethe Salpeter and Dyson-Schwinger Equations
* Lattice Gauge Theory

* Discretized Light-Front Quantization

* AdS/CFT!
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Given the elementary gauge theory interactions, all
fundamental processes described in principle!

Example from QED:

Electron gyromagnetic moment - ratio of spin precession
frequency to Larmor frequency in a magnetic field

%ge — 1.001 159 652 201(30) QED prediction (Kinoshita, et al.)

%ge — 1.001 159 652 193(10) Measurement (Dehmelt, et al.)

1
§ge = 1.001 159 652 180 85 [0.76 ppt]

Dirac: ge=?2 Measurement (Gabrielse, et al.)
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QED provides an asymptotic series relating g and «,

g « a\2 a\3 a\4
2 T T T T

+ a,un' + hadronic T Aweaks

Light-by-Light Scattering Q Q Q

Contribution to-Cg

a1 = 137.035999 710 (90) (33) [0.66 ppb][0.24 ppb],
— 137.035999 710 (96) [0.70 ppb]

-~ G. Gabrielse, D. Hanneke, T. Kinoshita, M. Nio, and
B. Odom, Phys. Rev. Lett. 97, 030802 (2006).
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In1959 Landaw and Bjorken developed,
independently and simultaneously,
the analogy of Feyrnmaw graphs
to-electrical circuit theory
and the wse of Kirchhoff's laws

Light-by-light contribution to
the muon and electron anomalous magnetic moments

Aldins, Dufner, Kinoshita, sjb
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Electron-Electironw Scattering in QED

8ms 87s
Mee—see(++; ++) = = a(t) 4 . o(u)

—

(0
a(t) = 1_(r|()t)

Gell Mann-Low Effective Charge

Landau Congress AdS/QCD Stan Brodsky
Moscow, June 20,2008 13 SLAC & IPPP

13



QED One-Loop Vacuuwmy Polawrigationw

¢t
............ Q t=-Q%<0
P (t spacelike)
1+\/1-|-
Q%) = D542 (1-202), [1 4 422 og
\/l+4Q2 '
Analytically continue to timelike t: Complex
2y — 2(0)Q”
NiR<) = 157 17,2 Q° << 4M? Serber-Uehling

2
[l (Qz) — a(O) log 2@ Q2 >> 4M? Landau Pole

m
_ 4G5 _4iay2
b= dlogQ? 3(z7) 10 >0
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QED tffective Charge

a0
a(t) = 1—%()@

All-ordery lepton loop corrections to-dressed photon propagator

_ al(t _ N@)—N(tp)
a(t) = 1—I‘(I(§t),)to) 1) = )

Initial scale t, is arbitrary -- Variation gives RGE Equations

Physical renormalization scale t never arbitrary
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W = 137.035999084(51)[0.37ppb]

Londaw Pole

e U | . e
PQED:

aorp(Q) Smgulargat
QLandau ___GBQQ(O)NQ
e

1
aqQep (@) |
24T
_ . \ O
: 8 (QLandau) '
23 I
| | | | | | | | |
1518 2 5 gL ? 1018
Q(GeV)
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Supersymmetric C e UniF
SU(5) oupling Unification |
27 | | [ | [ | | | | [
] | | | | | |
: LMMWPMPVWMW%VWMWMGUT;
26 |— QED
c
T.p—l
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[ | el ]
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Landau Congress AdS/QCD Stan Brodsky

Moscow, June 20,2008 17 SLAC & IPPP

M. Binger, sjb

17



60 ~ Standard Model 60 ~ Minimal
— ~_ supersymmetric
S50- A extension of
' tandard Modc!
40— ™~ \S

- R s R . :
1 10° 10" 10'° 1 10° 10" 10
Energy, GeV Energy, GeV

Coupling Unification in Nonanalytic ms Scheme
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Analytic Coupling Unification — D0&eh e

27 | | | | ! III| | | | | | L

Supersymmetric

26 _ —

— 25 ~
& ]
T |
o o4 _
. Asymptotic unification of |
W o 1 strong,; electromagmnetic, and|
r = weak forces inv analytic
/Q|CD | | p | scheme | ]

212016 2 ] ] 5 1 ] | ]-I()]-’7 2 ] | 5 1 1 ] 1|018

Q(GeV)
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Lesson from QED:

Use Physical Scheme to-
Characterige QCD Coupling

* Use Physical Observable to define QCD coupling

* No Renormalization Scale Ambiguity

* Analytic: Smooth behavior as one crosses new

quark threshold
* New perspective on grand unification
Binger, Sjb
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Analytic Coupling Unification — D0&eh e

27 | | | | ! III| | | | | | L

Supersymmetric

26 _ —

— 25 ~
& ]
T |
o o4 _
. Asymptotic unification of |
W o 1 strong,; electromagmnetic, and|
r = weak forces inv analytic
/Q|CD | | p | scheme | ]

212016 2 ] ] 5 1 ] | ]-I()]-’7 2 ] | 5 1 1 ] 1|018

Q(GeV)
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Lesson from QED:

Relate Observables to-Each Other

* Eliminate intermediate scheme
* No scale ambiguity

* Transitive!

* Commensurate Scale Relations

* Example: Generalized Crewther Relation

ar(Q)
R . _(Q))=3 3 e |1+ == | s
_ flavors )
: ep 2 en 2 1 ga i g, (Q)
dz [gl (maQ )_91 ('TaQ )] EE ==l L =
0 gv (L
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) _ ems(Q) (ﬂ‘_s(Q})z Kﬂ - Ecﬁ) Cu— Loy (_H F jc) fJ

T T 8 3 8 12
3
s (Q) 90445 2737, 55, 121 L\ ., 127 143, 55 23 _,
+(ﬂ-){(mm 108 7 18%° " 132" Qﬁ'ﬁﬁﬁﬁﬁ+?ﬁ%M%_ﬁ%

970 224 5 i 29 19 10
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lﬂ B }E 3 __1_11-2 4 i B 1 dabr:dabr: (Zf Qf)
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ar(Q)

Re+e_(Q2)ES 2 qu 1+

flavors (i ,
1 . | 1 |
~/0 dz [glp(a:,QZ) _ gf“(w,Qz)] - g g_:’ |:1 a’gﬂ(_Q)]

0, (Q) _ ar(Q") (aR(Q**))2+ (aR(Q***))S

743 s

Geometric Sevies inv Conformal QCD

Generalized Crewther Relatiovw

Lu, Kataev, Gabadadze, Sjb
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Lu, Kataev, Gabadadze, Sjb

Generalized Crewther Relation

1 4 ozR7(Ts*)][1 Oégl(CIQ)] — 1

p-
vV s* ~ 0.520)

Conformald relation true to- all ovders inv
perturbation theory

No- radiative covrections to- axiod anomaly

Nonconformal terms set relative scales (BLM)
Analytic matching at quark thresholds
No renormalization scale ambiguity!
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Deur, Korsch, et al: Effective Charge from Bjorken Sum Rule

@ 1002
Q%) = 1 — 2]

B I .
S 09 i i-HI‘— IR conformal window
3708 ¢ } I
0.7
0.6 I |
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i ) No-QCD
0.3+ [] . J/mworld data E:é ‘ L W/ P O‘l@
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0.2 - ’ 5 o
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009 ¥ O /mOPAL Simi
0.08 - 1IIMinNov
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Lesson from QED:
Lamb- Shift i Hydrogen
AE ~ a(Za)*In (Za)*m.

u
>k ‘t‘- "o,
/ )/ ¢ L 3
¢ .
o .
ol L)
L] ]

Bethe Log
1

A<
Zom, e

k > Zam,

Maximum wavelength of bound electron

Infrared divergence of free electrow propagator
removed because of atomic binding
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Lesson from QED and Lamb Shift:
mainuun wowelengtiv of bound quawks ond, glwons

1
k> 9 A < AQCD
AQCD SR
B-Meson
q .
Shrock, sjb

gluon ond gquawrk propagators cutoff inv IR
because of color confinement

Landau Congress AdS/QCD Stan Brodsky
Moscow, June 20,2008 28 SLAC & IPPP

28



Lesson from QED and Lamb Shift:
mainuun wowelengtiv of bound quawks ond, glwons

1
k > g A< AQCD
Aqep s

) J
.

B-Meson

! Shrock, sjb
Use Dyson-Schwinger Equation for bound-state quark
pmpago_ctor:ﬁ_’/vwbwmﬁvwobwnd@nme/
< blgq|b > not < 0|gq|0 >
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Lesson from QED and Lamb Shift:

Consequences of Maximum Quark
and Gluwon Wavelengtiv

* Infrared integrations regulated by confinement
* Infrared fixed point of QCD coupling
as(Q?) finite, 8 — 0 at small Q?

* Bound state quark and gluon Dyson-Schwinger
Equation

* (Quark and Gluon Condensates exist within

hadrons Shrock, sib
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Determinations of the vacuunm Gluon Condensate
< 0/2=G?|0 > [GeV?]

—0.005 £ 0.003 from 7 decay. Davier et al.
+0.0006 = 0.012 trom T decay. Geshkenbein, loffe, Zyablyuk

+0.009 4 0.007 from charmonium sum rules
...................... : Iofte, Zyablyuk

1.32 [ m, GeV

§ Consistent withv zero-

o vacuunm condensate

1.6 [

104 [

'+ -0.03 -0.02 -0.01 0 0.01 0.02 0.03
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Quawrk and Gluovnw condensates reside
within hadrons, not vacuuwun

°* Bound-State Dyson-Schwinger Equations

°* Domain becomes infinite at zero pion mass

* Finite size phase transition

* Analogous to finite-size superconductor! M. Fisher

* Phase change observed at RHIC within a single-nucleus-
nucleus collisions-- quark gluon plasma!

* Implications for cosmological constant --
reduction by 55 orders of magnitude!

“Confined, QCD Condensates” Shrocksib
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Collide Gold Nuclei Together
STAR Time-Projection Chamber at RHIC

Produce thousands of particles in each collision

tvidence of Quawk-Gluon Plasmaov
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Away-side particles quenched in Au-Au Collisions

5 B=r W I SR SR U TR TR SR LA | BN TSR (TR A

- ¢ d+Au FTPC-Au 0-20% -
0.2 —
- k- —— P+p min. bias j:}fhn i

* Au+Au Central

1/Nq 1 gger AN/(AD)

A ¢ (radians)
Gluon density 50 times more dense than cold nuclear matter !

Phase change within av single nuclews-nuclews collision
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Deur, Korsch, et al: Effective Charge from Bjorken Sum Rule
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X a Landaw Pole!
------ GDH limit it
525 pOCD evol. eq. %% Gri bOV,
[ e Cornwall,
. * Ll Shirkov
! 0 (GeV)
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Deur, Korsch, et al.

7

- Bloch et al.

Godfrey-Isgur

® Lattice OCD

/w JLab ------ GDH limit| — Burkert-Ioffe

s,g1

pOCD evol. eq.

Fit

%
o

-Cornwall

Tandy

- Bhagwat et al.

~‘- tm e Mal’iS'

v A a

0 (GeV)

AdS /QCD Stan Bl‘OdSky
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IR Conformal Window for QCD

Dyson-Schwinger Analysis:  QCD Coupling has IR

Fixed Point
Evidence from Lattice Gaunge Theory

Define coupling from observable: indications of IR
fixed point for QCD effective charges

Shrock,
Confined gluons and quarks have maximum  de Teramond,
wavelength S8
Decoupling of QCD vacuum polarizationat small Q> ¢_ ;.

¢t
Uehling
NnQ?2) — 1(5)};% OF << A badiabii: O ...........

e Justifies application of AdS/CFT in strong-coupling
conformal window
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QCD Lagrangiorv

Sea Quark Asymmetries AdS/CFT
Intrinsic Strangeness, Charm, Bottom, DLCQ
Anapole )
Lattice GTH
Quark and Gluon EFT
Orbital Angular Momentum LFWFS,
Large x quark distributions Distribution Amplitudes
GPDs
. Structure Functions
Exclusive Processes -
Cg;?’gz . O o— Exotic States
?
Form Factors ‘ Heavy Quark Baryons
Vector Meson and Resonant ccd ccu bsd
Electroproduction Nuclei
: : Hidden Color
Diffractive DIS Color Transparency

Single-Spin Asymmetries

hadowing Antishadowing

. S’:”";"a;' ?”d ; Heavy lon Collisions: QGP
inal-State Interactions
Transversity PrOt;)n D;ge;ljll Astrophysics
neutron Big Bang Nucleosynthesis
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* Although we know the QCD Lagrangian, we
have only begun to understand its remarkable
properties and features.

* Novel QCD Phenomena: hidden color, color
transparency, strangeness asymmetry, Intrinsic
charm, anomalous heavy quark phenomena,
anomalous spin effects, single-spin
asymmetries, odderon, diffractive deep
inelastic scattering, dangling gluons,

shadowing, antishadowing, QGP, CGL, ...
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Truthv is stranger than fuction
but it iy because Fiction is
obliged to- stick to-possibilities.

—Mowrk Twavivy
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The World of Quawks and Gluons:

* (Quarks and Gluons: Fundamental constituents
of hadrons and nuclei

* Remarkable and novel properties

of Quantuwm Chwomodynamics (QCD)

* New Insights from higher space-time dimensions:
Light-Front Holography: AdS/CFT
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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
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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 the Schrodinger Theory for Atomic
Physics

o AdS/QCD Light-Front Holography

e Hadronic Spectraw and Light-Front
Waowefunctions

e Hadronigationw at the Amplitude Level

Landau Congress AdS/QCD Stan Brodsky
Moscow, June 20,2008 44 SLAC & IPPP

44



Landau Congress AdS/QCD Stan Brodsky
Moscow, June 20,2008 45 SLAC & IPPP




Landau Congress AdS/QCD Stan Brodsky
Moscow, June 20,2008 46 SLAC & IPPP




