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Quawrks invthe Protov

4

N
Gell Mann: Eightfold Way

"Three quarks for Muster Mark!"

Feynman: Parton model N | vy
« 1 fm # Zweig: “Aces, Ne’eman
10~ — 10=L8zm Deuces, Treys”
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Current Algebra: Quarks and What Else?

Harald Fritzsch*f
and
Murray Gell-Mann**T

CERN, Geneva, Switzerland

Proceedings of the XVI International Conference on High Energy Physics, Chicago,
1972. Volume 2, p. 135 (J. D. Jackson, A. Roberts, eds.)

Fritgsch aond Gell-Moawnwv introduce ‘Color’
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Electron-Positron Annihidlation
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Electron-Positron Annihidlation

R

£

~
q

ete” — 7" —qq

Rate proportional to quark charge squared
and number of colors

R€_|_6_(Ecm) = Neolors X ZC] eg
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How to- Count Quarks

For 10 GeV < E.,, < 40 GeV,

e A RCRORGRE
u 8

I |

colors g
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SPEAR Tlectron-Positron Collider

——————
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T = (@ How to- Count Quawrks T = (bb) 1

R = o(hadrons) /o(ptp™)
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R€_|_€_(Ecm) = Neolors X ZC] eg
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Q 1.4 _]ﬁTIT'[iAL'EPH‘J Ratio- of Hadvronw Multiplicities
v - L] 68% CL contour : 1 from Quawk and Gluon Jety
- —— 95% CL contour : ] determine color !
1.2 | : - oup:
2 i : % QCD = SU(3) | g
S0(3),E8 . ]
< massiess gluino
't T ol _a_ Ne 9
0.8 | 1 nd Cr  (NZ—1)/2Ng) 4
- SO(4) SU(2),SP(2) y
: Tr 1/2 3
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SU(N¢)
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Ca/Cr

A Measurement of the QCD color factors and a limit on the light gluino.
By ALEPH Collaboration (R. Barate ef al.). Published in Z.Phys.C76:1-14,1997.

Hadron Multiplicity in Color Gauge Theory Models.
Stanley J. Brodsky (SLAC) , J.F. Gunion (UC, Davis) . SLAC-PUB-1749, UCD-76-5, May 1976. 13pp.
Published in Phys.Rev.Lett.37:402-405,1976.




Volume 47B, number 4 PHYSICS LETTERS 26 November 1973

ADVANTAGES OF THE COLOR OCTET GLUON PICTURE®

H. FRITZSCH*, M. GELL-MANN and H. LEUTWYLER**
California Institute of Technology, Pasadena, Calif. 91109, USA

Recejved 1 October 1973

It is pointed out that there are several advantages in abstracting properties of hadrons and their currents from a
Yang—Mills gauge model based on colored quarks and color octet gluons.

Fritgsch, Gell-Mawnwny, and Leutwyler introduce *
‘Quantum Chwomodynamics (QCD) as the Gauge Theory of the Strong Interactions
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QCD Lagrangiownv

i i +
gluon dynamics quark kinetic energy mass term

\‘ quark-gluon dynamics /

nf nf
1 Ly  — 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

Irnwawiance under Color Renormalizable
i(fatm m Phase Change Asymptotic Freedom
tvery P ! of Space and Color Confinement
Time
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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

Fritzsch Symposium AdS/QCD Stan Brodsky
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QCD Lagrangiovv

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
Iinail-otate interactions
Transversity PrOt;)n D;ge;ljll Astrophysics
neutron Big Bang Nucleosynthesis
Fritzsch Symposium AdS/QCD SSItJaAI:] B&rol(:’ssﬁ

June 6, 2008 13

13




* 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, ...

Fritzsch Symposium AdS/QCD Stan Brodsky
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Truth iy stranger than fuction
but it is because Fictionw iy
obliged to- stick to-possibilities.

—Mowrk Twaivy

Fritzsch Symposium AdS/QCD Stan Brodsky
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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

Fritzsch Symposium AdS/QCD Stan Brodsky
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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

Fritzsch Symposium AdS/QCD Stan Brodsky
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Conformal Theories are irnwawriant under the
Poincowe and conformad tromsformations with

MHY P D, K-,
the generatory of SO (4,2)

SO(4,2) has a mathematical representation on AdS;

Fritzsch Symposium AdS/QCD Stan Brodsky
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Scale Transformations

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

R2 wwowrtont measure

ds* (Nudztdz” — dz?),—=———-—"

T2
xt — Axt, z — Az, maps scale transformations into the holographic coordinate z.
e AdS mode in 2 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.
w2 = Nx?, 2> Az
2

Tr° = LUMZI?MZ invariant separation between quarks

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

Fritzsch Symposium AdS/QCD Stan Brodsky
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AdS/CFT: Anti-de Sitter Space / Conformal Field Theory

Maldacena:
MO(/P AdSs X S5 fO‘CO'VLfOVVVLa/Z/N=4 SUSY

°* QCD is not conformal; however, it has
manifestations of a scale-invariant theory:
Bjorken scaling, dimensional counting for hard
exclusive processes

e Conformal window in thelR:

as(Q?) ~ const at small Q2

» Use mathematical mapping of the conformal
group SO(4,2) to AdS;5 space

Fritzsch Symposium AdS/QCD Stan Brodsky
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Deur, Korsch, et al: Effective Charge from Bjorken Sum Rule

—MN Oégl 2
Q%) = 1 — 2]

iog s i i hH‘— IR conformal window
i I
Zi A JLab CLAS II h

JLab PLB 650 4 244
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0.3+ [] . J/mworld data
X
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02t
------ GDH limit
% pOCD evol. eq.
i Gribov,
0.1 5
v OPAL
g.gg : Ol /T Cornwall,
0.07 | 1 | Shirkov
0.06 L * N
10" i
0 (GeV)
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Deur, Korsch, et al.

7

- Bloch et al.

Godfrey-Isgur

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

s,g1

pOCD evol. eq.

Fit
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AdS /QCD Stan Bl‘OdSky
p: SLAC & IPPP
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IR Conformal Window for QCD?

* Dyson-Schwinger Analysis: QCD Coupling has IR

Fixed Point
* Evidence fromv Lattice Gauge Theory

* Define coupling from observable: indications of IR
fixed point for QCD effective charges Shrock,
de Teramond,

¢ Confined gluons and quarks have maximum wavelength sjb

* Decoupling of QCD vacuum polarization at small Q>
pa Serber-

Uehlin
NnQ2) — 1(5)‘7TSL Q2 << 4m2 evveeeens O ........... =

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

Fritzsch Symposium AdS/QCD Stan Brodsky
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QFF(Q?) [GevY ©°-f
F(Q%) ~ [1/@4", n=3

5 10 15 20 25 30 35
2 2
Q [GeV ] From: M. Diehl et al. Eur. Phys. J. C 39, 1 (2005).

e Phenomenological success of dimensional scaling laws for exclusive processes
-2
do/dt ~1/s""“ n=ns+ng+nc+np,

implies QCD is a strongly coupled conformal theory at moderate but not asymptotic energies
Farrar and sjb (1973); Matveev et al. (1973).

e Derivation of counting rules for gauge theories with mass gap dual to string theories in warped space

(hard behavior instead of soft behavior characteristic of strings) Polchinski and Strassler (2001).

Fritzsch Symposium AdS/QCD Stan Brodsky
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Brodsky and Farrar, Phys. Rev. Lett. 31 §1973; 115:
Matveev et al., Lett. Nuovo Cimento, 7 (1973) 719

Quawk Counting Rules for
Exclusive Processes

* Power-law fall-oft of the scattering rate reflects
degree of compositeness

* The more composite - the faster the fall-oft

* Power-law counts the number of quarks and gluon
constituents

* Form factors: probability amplitude to stay intact

o Fy(Q) o ooyt n = # elementary constituents
Fritzsch Symposium AdS/QCD Stan Brodsky
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Quawk-Counting : 9 (pp — pp) = Flcu) n=4x3-2=10

P.V. LANDSHOFF and J.C. POLKINGHORNE

10-30 ] 1 T 1 1 1 LI BBAL) I _r 1 | I T 11 I 1 Ll T 17T U1 j 10-30
o ° 68°
109 |- S0 75 oo
10732 107 B%’t FLt
10-3 lon n=974+05
Cm? i
- 10‘34
ool S Reflects
ol le»  underlying
conformal
10321 38 10732
scale-free
10-33}- 410 . .
interactions
10-3:. ] | S | 1 ) W I Y | 1 | I I | 10—34
S 15 20 3040 60 80 s—» 15 20 30 40 60 80 s—»15 20 30 40 60 80
Gel?
Angular distribution -- gquoawk interchange
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s’do/dt (10°GeV™ nb/GeV?)

Test of PQCD Scaling

Congtituent OOWWLQ/ v Farrar, sjb; Muradyan, Matveev, Tavkelidze
CRTIT= - I :
: Clire (1|9715é72 s'do/dt(yp — wtn) ~ const
4 v DI:t% tearkgnaBgfore)‘IQTO f ixed BCM Scahng
— SAID (2002)
- MAID (20071)
} PQCD and AdS/CFT:
3
sha=249(A+ B — C+D) =
2 o FA+B—>C+D(9CM)
ecm — 90
7 do
1 s T ar(vp — m'n) = F(Bcum)
P L i M = 143 +243=09
AR SR NN ST N NS NN SN S AR SO SRR NN SO A SR A NS N S o . .
"t 15 2 25 3 a5 4 No sign of running coupling
Vs (GeV)
Conformald inwawiance
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do/dt (nb/GeV?)

Deuteron Photodisintegration.

10*F o, 30° = 00 <40° : 40° = 9 <50°

e T X=329F X=1.28 —
- S :: J-Lab
1o'j i: N ‘
10 :: 50° = 0% <60° ;]%%.'.‘ 60° = OC <7on "
o \\ﬂ\ 2 "“-ﬁm\\\ PQCD and AdS/CFT:
10 | il
104 70° = 00 <80 80° < 9 <90°

f e f X2=1.05
ol st 299 (A+ B — C+ D) =
o \m\ : \TT\ FA+B—>C+D(6CM)
10* Eag, 90° = 8% <100° = 100° = 3 <110°

i o, X=1.25 i X.=1.36
10 F o C lldo

s \\ = \\“ﬁ\ “r(yd — np) = F(0cum)

10 | ol
"=, 10° =8> <120° | 120° = % <130°

- X:=1.68 i X=1.31 0
10 i ?: Rior — 24 =
10—22: \\ : ‘\"‘—’«\ (1+6+3+3)_2=11
104F, 130° = 0 <140° |- 140° = 3% <150°

- ¥=1.26 :: .,..‘.' Xi=1.37 . .
10 F - e Reflects conformal invariance
10 F B “—\T\

6 7 8 910 6 7 8 910
s (Ge\/z) s (Ge\/z)
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Define “Reduced” Form Factor /

NS

pt+q
2

NS

pt+q
2

2
f (QQ) — Fi(Q°)
! Fp(22) Fo(92)

Elastic electron-deuteronw scattering

pPTdq

Fritzsch Symposium AdS/QCD Stan Brodsky
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QCD Prediction for
Deuteronw Form Factor

Fd(Qﬂ) [cr (QE)] ;Zid ( ?&2 )-T"d-ymd[1+0 a

n
O

S
o
[

Define “Reduced” Form Factor

f4(Q3) (x1072)

B
o
I

[ @) = G ﬂ

— \ 2 2 A=100 MeV
FN (Q /4) g o | 10 MeV
Same large momentum transfer x
behavior as pion form factor % : = = % = &

Q% (Gev?)
2 by - ( 2/5 ) C /B FIG. 2. (a) Comparison of the asymptotic QCD pre-
f (Qz) o o s (Q ) ( Q ) u diction f, @%= (1/@ 9 In @%/AH]~1" e/9ce /s with final
d 2 2 data of Ref. 10 for the reduced deuteron form factor,
Q A where Fy(@?% =[1+@Q?%/(0.71 GeV?]~%. The normaliza-
tion is fixed at the @ = 4 GeV? data point. (b) Compari-
- - - son of the prediction [1 + (Q%/m %] f4(@%=[In %/

Fritzsch Symposium AdS/QCD A)1~1-®/59Cr/B with the above data. The value m’
June 6, 2008 35 = 0.28 GeV*is used (Ref. 8).
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- 0.5 | | I I | I
C:J?_); 0.4 i Deuteron Reduced Form Factor
z

N& * ~ Pion Form Factor X 15%
T 03 _
LLD
—~ 021 i
£ %*Jﬁn o ¢
Nclb' 01 # ¢ i
- 0 | | | | | !

o 1 2 3 4 5 6 7
2763M18 —q2 (GeV?)

* 15% Hidden Color in the Deuteron

Fritzsch Symposium AdS/QCD Stan Brodsky
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Hidden Color in QCD  TLepage, Ji, sib

* Deuteron six quark wavefunction:

* 5 colorsinglet combinations of 6 color-triplets —-
one state is n p>

* Components evolve towards equality at short
distances

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

* Predict ‘fl—f(yd — ATTAT) ‘fl—f(yd — pn) at high Q?

Fritzsch Symposium AdS/QCD Stan Brodsky
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P.A.M Dirac, Rev. Mod. Phys. 21, 392 (1949)

Dirac s Amaging Idew

The Front Formwv
Evolve in Evolve in
ordinary time 4 light-front time!
Act o= ct — 2 ‘ct T=t+4+z/c

Instant Form Front Form

Fritzsch Symposium AdS/QCD Stan Brodsky
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tach element of

Aash photograph
idluwminated,
at same LF time

T=14z/c

HELEN BRADLEY -

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

L+ kO 1 i3 Fixed =t + z/c

— A

Y= pr T poy p3

zPT,z,P| + k|,
pt, P,

Z?$Z =1

W (x4, k iy Aj)

Sk =0
Inwawriont under boosts! Inde/peszle/mi‘ofPu

Fritzsch Symposium AdS/QCD Stan Brodsky
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Angular Momentuwm o the Light-Front

J? §¢ 4+ &S Conserved
Z Z LF Fock state by Fock State

l_

2 110 i .
[ i l(k I ka k s kl) n-1 orbital angular momenta

Nongero-Anomalouws Moment -->Nongero- orbitald angulowr momentunm

Fritzsch Symposium AdS/QCD Stan Brodsky
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A Unified Description of Hadron Structure

B-Decays

Real Compton
L ). scattering at high
e : Wi (2, K1, Ai) 9T

1t the amplitude level LH/UFX

Parton momentum
distributions

A ¥

- Deeply Virtual Meson
Distribution production

Amplitudes

Fritzsch Symposium AdS/QCD Stan Brodsky
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Hadronigation at the Amplitude Level

e

Event amplitude
generatlor

Construct helicity amplitude using Light-Front
Perturbation theory; coalesce quarks via LFWF's

Fritzsch Symposium AdS/QCD Stan Brodsky
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Hadvronw Dynamics at the
Amplitude Level

* LFWFES are the universal hadronic amplitudes which
underlie structure functions, GPDs, exclusive processes,
distribution amplitudes, direct subprocesses,
hadronization.

* Relation of spin, momentum, and other distributions to

physics of the hadron itself.

* Connections between observables, orbital angular
momentum

* Role of FSI and ISIs: Diffractive DIS, Sivers effect

Fritzsch Symposium AdS/QCD Stan Brodsky
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Deep Inelastic Electron-Proton Scattering

Final-State QCD
Interaction

jet
Corwentional wisdom
Final-state interactions of struck quark canv be neglected

Fritzsch Symposium AdS/QCD Stan Brodsky
June 6, 2008 45 SLAC & IPPP

45



Single~sp WV Leading Twist
asymumelries Sivers Effect

e Hwang,
Schmidyt, sjb

current
quark jet  Collins, Burkardt

Ji, Yuan

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

P&PA/LOLO" T-Odd quark final state

interaction

spectator
system

proton

Light-Front Wawvefunction
S and P- Waves

Fritzsch Symposium AdS/QCD Stan Brodsky
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N

can interfere

pl+ TP
{ b
— —

with

e e e

19 .-

+ P

and produce
a T-odd effect!

(also need L. # 0)

P

HERMES coll., A. Airapetian et al., Phys. Rev. Lett. 94 (2005) 012002.

Sivers asymmetry from HERMES

T

2 (sin(¢ - ¢g))

£ 0.15

0.1
0.05
0

-0.05
0.1

0.05
0
-0.05

.Tl?+ |
IA + ?
-4 u |
L S S L S
= e v b P T b b P P
— TE- -
| | | +
T
- | o
L on o nnndlonaallnnlannlonnnlinnnlannnlens
0.1 02 03 0.3 0.4 0.5 0.6
X Y4
Fritzsch Symposium AdS/QCD

June 6,2008

47

e First evidence for non-zero
Sivers function!

® = presence of non-zero quark
orbital angular momentum!

® Positive for ...
Consistent with zero for ...

Gamberg: Hermes
data compatible with BHS
model

Schmidt, Lu: Hermes
charge pattern follow quark
contributions to anomalous

moment
Stan Brodsky

SLAC & IPPP
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Final-State Interactions Produce
Pseudo-T-Odd, (Sivers Tffect)

* Leading-Twist Bjorken Scaling! i § y ﬁ jet X @

* Requires nonzero orbital angular momentum of quark

* Arises from the interference of Final-State QCD
Coulomb phases in S- and P- waves; Wilson line effect;
gauge independent

current
quark jet

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! roon y il
* New window to QCD coupling and running gluon mass in the IR
* QED S and P Coulomb phases infinite - difference of phases finite!
Fritzsch Symposium AdS/QCD Stan Brodsky
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Remawrkalble observation at HERA
0.20

P

Y

N Q
lfzf
§

XIP

P

i/

10% to-15%
of DIS eventy

-

e
ffTractive !

r

0.15}

0.10}

0.05

0.00}

ﬁ

%o < 0.0008
ZEUS

1

=

0.0008 < xg < 0.003

20 40 80 80 100
Q% on [GeV7]

Fraction r of events with a large rapidity gap,
nmax < 1.5, as a function of Q%A for two ranges of xpa. No
acceptance corrections have been applied.

M. Derrick et al. [ZEUS Collaboration], Phys. Lett. B 315, 481 (1993)

Fritzsch Symposium

June 6,2008
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Stan Brodsky
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Hoyer, Marchal, Peigne, Sannino, sjb

QCD Mechanism for Rapidity Gaps

x Wilson Line: y(y) / ' dx 4@ 4 (0)
0

Reproduces lab-frame color dipole approach

Fritzsch Symposium AdS/QCD Stan Brodsky
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Final State Interactions inv QCD

* *

VN
e
= -
Feynman Gauge Light-Cone Gauge
Resudt i Gange Independent

Fritzsch Symposium AdS/QCD Stan Brodsky
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5-Dimensional Confinement
Anti-de Sitter Radius

\ Spacetime

AdS
Boundary

4-Dimensional
Flat Spacetime
(hologram)

8-2007
585414

e Truncated AdS/CFT (Hard-Wall) model: cut-off at zp = 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 dilaton field gp(z) — usual linear Regge dependence can
be obtained (Soft-Wall Model) Karch, Katz, Son and Stephanov (2006).

We will consider both holographic models

Fritzsch Symposium AdS/QCD Stan Brodsky
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Prediction fromAdS/CFT: Meson LFWF
T

“Soft Wall”

model

de Teramond, sjb

1.5
Fritzsch Symposium AdS/QCD Stan Brodsky
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Hadvron Distribution Amplitudes

Lepage, sj3b

k< Q?

Fixed T=t+4 z/c

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

. . Lepage, sjb
~ EVOhlthﬂ Equatlons from PQCD’ Frishhman, Lepage, Sachrajda, sjb

OPE, Conformal Invariance Peskin Braun
FE fremov, Radyushkin Chernyak etal

* Compute from valence light-front wavefugction in
light-cone gauge bar(z, Q) = / J2F Yoo, ];,’L)
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Prediction from AdS/CFT: Mesow LFWF

de Teramond, sjb

0.2
0.15¢
var(z, k%) | L
0.05 AN :‘i\ model
k= 0.375 GeV

massless quarks

2
A kg

na (k1) = e T | S1(@ Qo) o V(1 —2)

Fritzsch Symposium
June 6, 2008
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Spwceh]ce/pmformfowtor ﬁmAdé/CFT

N
N\
K
N
) g

Data Compilation
| Baldini, Kloe and Volmer

Soft Wall: Harmonic Oscillator Confinement

Hard Wall: Truncated Space Confinement

Omne parameter - set by pion decay constant.
4 VP ) de Teramond, sjb

See also: Radyushkin
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