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QCD Lagrangionv
Generalization of QED

i i +
gluon dynamics quark kinetic energy mass term

\ quark-gluon dynamics /
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QCD color charge field strength tensor covariant derivative quark field

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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¢ Recent Lectures from the SLAC Theory
Group
http://www.slac.stanford.edu/grp/th/lectures/

e The Impact of AdS/CFT on QCD, Part 1, Part 2, presented at the meeting: QCD and String Theory at
the
Benasque Center for Science 2006, July 2-July 14, Benasque, Spain

e Testing Novel Phenomena in QCD and AdS/CFT using Antiprotons, Part 1, Part 2, Part 3,
Presented at the ECT* Workshop: Observables in Antiproton-Proton Interactions and their
Relevance to QCD, 3-8 July 2006, Trento, Italy

e The Renormalization Scale Problem, LoopFest V, SLAC, June 21, 2006

e Novel Tests of QCD at Super B, Super B III, SLAC, June 15, 2006

e Hadron Spectroscopy and Structure from AdS/CFT, Part 1, Part 2, Part 3, QNP06, Madrid, Spain,
June 8, 2006

e Insights from AdS/CFT for Light-Front Wavefunctions and QCD Phenomena at the Amplitude
Level, Part 1, Part 2, LC2006, May 15, 2006

e Light-Front Wavefunctions, QCD Phenomena at the Amplitude Level, and Insights for QCD
from AdS/CFT, Part 1, Part 2, CAQCD, May 12, 2006

e Insights for QCD from AdS/CFT, Part 1, Part 2, Newe Shalom Joint Seminar, May 9, 2006

e Novel Diffractive Phenomena and New Insights into QCD Wavefunctions, Ashery Colloquium,
Part 1, Part 2, Tel Aviv, May 8, 2006

e Nuclear Chromodynamics and Hadron Dynamics at the Amplitude Level, Eisenberg Colloquium,
Part 1, Part 2, Tel Aviv, May 7, 2006

e Insights for QCD from AdS/CFT, Part 1, Part 2, Technion, Israel, May 1, 2006

e The World of Quarks and Gluons: A Contemporary View of the Structure of Matter,
Universidad de Costa Rica, April 6, 2006

e Novel Diffractive Phenomena and New Insights Into QCD from AdS/CFT, Part 1, Part 2, Part 3,
University of Connecticut, March 27, 2006

e Orbital Angular Momentum in QCD, presented at the Joint UNM/RBRC Workshop on Parton Orbital
Angular Momentum, Albuquerque, New Mexico, February 24, 2006
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Light-front QCD.
Stanley J. Brodsky (SLAC) . SLAC-PUB-10871, Nov 2004. 66pp.
Invited lectures and talk presented at the 58th Scottish University Summer School in Physics: A NATO
Advanced Study Institute and EU Hadronic Physics 13 Summer Institute (SUSSP58), St. Andrews,
Scotland, 30 Aug - 1 Sep 2004.
e-Print Archive: hep-ph/0412101

Hadronic spectra and light-front wavefunctions in holographic QCD.

Stanley J. Brodsky (SLAC), Guy F. de Teramond (Costa Rica U.) . SLAC-PUB-11716, Feb 2006. 11pp.
Published in Phys.Rev.Lett.96:201601,2006

e-Print Archive: hep-ph/0602252

Testing quantum chromodynamics with antiprotons.

Stanley J. Brodsky (SLAC) . SLAC-PUB-10811, Oct 2004. 92pp.
Published in *Varenna 2004, Hadron physics* 345-422
e-Print Archive: hep-ph/0411046

Exclusive Processes In Quantum Chromodynamics.

Stanley J. Brodsky (SLAC), G.Peter Lepage (Cornell U., LNS) . SLAC-PUB-4947, Mar 1989. 149pp.
Contribution to 'Perturbative Quantum Chromodynamics', Ed. by A.H. Mueller, to be publ. by World
Scientific Publ. Co.

Published in Adv.Ser.Direct.High Energy Phys.5:93-240,1989 Also in Perturbative Quantum
Chromodynamics, 1989, p. 93-240 (QCD161:M83)
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Physics Reports 301 (1998) 299486

Quantum chromodynamics and other field theories
on the light cone

Stanley J. Brodsky?®, Hans-Christian Pauli®, Stephen S. Pinsky®
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Wavefunctions: Fundamental
description of composite systems

* Basic quantum mechanical quantities in atomic and
nuclear physics

* Physics at the amplitude level
* Schroédinger wavefunction in nonrelativistic theory

* Relativistic formulation: Bethe Salpeter amplitudes
evaluated at fixed time t

* Problem: “Instant” form: Frame-dependent

CD Ph ]
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Diracs Amaging Idea

The “Front Form'~
Evolve in
light-cone time!
ct oc=-ct—z ‘ct T=t+ z/c

Instant Form Front Form
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Light-Front Wavefunctions

N Fixed T=t+ z/c
pt = pY 4 p?

zPT,z,P| + k|,

Pt P,

awi=1

W (x4, k iy Aj)

. Sk =0,
Invariant under boosts! Independent of P™
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Light-Front Wavefunctions

Dirac’s Front Form: Fixedt=1r+z/c

‘P x7kJ_

Lt
Ly — -
Invariant under boosts. Independent of pH P
CD 2
HY [y >= M2y >
Remarkable new insights from AdS/CFT, the duality between
conformal field theory and Anti-de Sitter Space
NN PSS QCD Phenomenology Stan Brodsky, SLAC
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|PaSz = E ‘Pn(xi,zu,?&i) \n;ﬁﬂw >
n=3

sum over states with n=s, 4, ...constituents

The Light Front Fock State Wavefunctions
W, (x1, k11, N

P

\A A

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

YVYY

A

l

20 = =
gt A PAC
are boost invariant.

ikﬁ =P", ix,- — . Eiéi =0".

Intrinsic glue, sea quarks, charm, bottom ’
Fixed LF time

YYYYY

T
(i:,,_i__\:>
YYYYVYYY
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Hadrons Fluctuate in Particle

Number

e Proton Fock States
luud >, |uudg >, |uudss >, |uudc¢ >, |uudbb > - -

e Strange and Anti-Strange Quarks not Symmetric
s(x) 7 5(x)

e “Intrinsic Charm”: High momentum heavy quarks
e “Hidden Color”: Deuteron not always p + n

* Orbital Angular Momentum Fluctuations -
Anomalous Magnetic Moment

NNPSS QCD Phenomenology Stan Brodsky, SLAC
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Light-Front Quantizatiow of Gauge Theory
Identify independent and constrained fields

Choose light-front gauge AT =0

Wi =AW =3(1+£a®)V
WV dynamical

constraint: W_ =

(mﬁ — OéJ_ Ta’DjL_>\U_|_

228"’

. _ 4+ 1 R 1
constraint: A, =G a+)2 a O+ =
dynamical: A
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Locp — HEep

Canonical quantization in

. At =0
light-front gauge

. . O~=*
spinors are eigenstates of Ay = 15—
QCD Interactions
%L

a
ﬂvvzivﬂu ;I{ :L PR
S

uyTu uy T g

o+ - ->j—l§—

%"

e "

NNPSS QCD Phenomenology

Stan B ky, SLA
July 2006 y tan Brodsky, SLAC



Light-Front QCD

QCD . >
H (W) = M7 (W) DIL.C
Heisenberg Equation o h h 1h Q

1 2 3 4 5 6 7 8 9 10 1 12 13
n  Sector qq a9 qag qaqq 999 qagg9 | 99999 | qdqdqd | 9999 qqg99 | 999999 [999qqdg |aaqaqdad
LLZZ\ 1 q@
- & - 2 gg
p,s’ p:s _
3 qig
(2)
4 qiq
p,s’ k,A
—— VWV || 999
4
AP 6 o
%) _
Ps 7 qqqqg
(b)
8 q3daqd
ps ~Ps 9 9999
§ 10 qaggg
_ g 11 qdqagg
k,o k,c
12 4393459
€ 40— ¢ = s e N
13 qiadqaaa| - P
Pauli, Pinsky; sjb
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Solving the LF Heisenberg Equation

e Discretized Light-Cone Quantization (DLCQ) Pa}:)h’
Minkowski space ! K
* Many 1+1 model field theories completely solved using
DLCQ Hornbostel, Pauli, sjb; Klebanov
UV Regularization: 3+ 1 Pauli Villars Hiller, McCartor, sjb
e Transverse Lattice Bardeen, Peterson,Rabinovici, Burkardt, Dalley
* Bethe-Salpeter/Dyson-Schwinger at fixed LF time

* Angular Structure of Solutions known  Karmanoy, Hwang, sjb

* Use AAS/CFT model solutions as starting point! Vary, sjb

NNPSS QCD Phenomenology Stan Brodsky, SLAC
July 2006 16



Discrete Light-Front Quantizatiov

program for solving quantum field theories

Diagonalize HgFCD Hpp|W >= M2V >

< nlHpplm >< m|W >= M? < n|¥ >

In >: eigenstates of HY .

Periodic or antiperiodic boundary conditions

S ;=K n' >0
Pauli, sjb
NNPSS QCD Phenomenology Stan Brodsky, SLAC
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Light-cone-quantized QCD in 1+ 1 dimensions

4 T 1 T T I — 8 ! ! ' ‘ ‘ {"
- S - - (b) Baryon Mass
(a) Meson Mass ,..-,f:.'f/". ) Y
3| G -
D
- ‘,/-'4;/:,‘;'" —
o '?.:,‘-’,/‘
2 W =
= i .-;";'4"(" _
o
1 4 ]
A
E#W _
0 L | | | 1 |
0 0.5 1.0 1.5
m/g
------ SU(4) - SU(2)
—— SU@g) — Large N Hornbostel, Pauli, sjb
e Hamer: SU(2) Lattice
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6. The renormalized spectrum of invariant masses. — The invariant masses
M; /M as calculated with the full Fock space of the massive representation

for K = 16 is plotted versus all values of the coupling constant A\, —
Note the qualitatively different parts of the spectrum. Many quasi-crossings
are not resolved graphically despite the small step in the calculation, AA =
0.01. '
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1T T T 1
SU(3) Meson

® m/g = 1.6{(x 104
O m/g =0.1(x 104} _|

(a)

SU(3) Baryon

® mVg =16(x 10%)
o m/g =0.1(x 107)

(c)

225p

(x)

q

P

o

o
==F==F-<J__

q(x) and
N
2]

[ i
04 06 08

X = k/K

SU(3) Baryon

q(x) @ nvg = 16 (x 103)
o mg =01 (x102)

g(x) v nvg =16 (x 103)
a mig=01(x102) J

FIG. 4. Higher-Fock contributions to N =3 structure func-
tions. (a) Lightest meson. (b) Lightest baryon, including anti-
quarks. (c) Baryon: contribution from two extra quark pairs.

The curves are intended to guide the eye.
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Advantages of Light-Front
Quauwntizalion

* Frame independent; J,kinematical
* Minkowski space; no fermion doubling

* Physical degrees of freedom; physical polarization

e 'Trivial vacuum; zero modes

°* B(0) =0; Exact formula for current matrix elements
* DLCQ; covariant truncation of Fock space

* LFWTFs, spectra, physics at the amplitude level, phases

CD Ph 1
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A Unified Description of Hadron Structure

Elastic form factors
Parton momentum
distributions

Real Compton
scattering at high

Deeply Virtual Meson
production

Light Front Wavetunctions

NNPSS QCD Phenomenology Stan Brodsky, SLAC
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Deep Inelastic Lepton Proton Scattering

Imaginary Part of Xg E_ 2
Forward Virtual Compton Amplitude ==
2 2 >
q(x,0%) =3, [=2 dhky [Wa(x, k)|
Wn

X =X, All spin, flavor distributions

Light-Front Wave Functions ¢y (x;, EM-,)\Z-)

NNPSS QCD Phenomenology Stan Brodsky, SLAC
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F2

|

- —ng* (xiv kli?

Z/dx |[d2k, ] Ze]— x

1 /
Xi) g (i ki, A) + q—Rlbi*(%, K5 Ao) ¥ (26, K L, Az)}

Drell, sjb

q
k/J_z — kJ_rL' — T;q L k,J_] = kJ_j —+ (1 — ZCj)qJ_
9
—~  (+) —- -
. LK, i+ Q
Xjo Ky NIRRT
v
=
-— >- .
P, S,=-1/2 p+aq, S,=1/2

Must have A/, = S

-1 to have nonzero F5(g%)

NNPSS
July 2006
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The form factors of the energy—momentum tensor for a spin—% composite

_ — ] —
(P'|TH(0)|P) = u(P@[A(qz)y(“P”) + B(q%mpwa”)“qa

1
- C(qz)ﬁ(q“q” —~ g“”qz)]u(P),

where g# = (P’ — P)*, P* = L(P" + P)*, ap¥) = L(atb¥ + aVbM),
2 2

Tt
(P+q.1 ’2(P+()2) P, 1) =Ag?).

I 5 B(@?)
(P+a. 1 555l P W=-G -

The angular momentum projection of a state 1s given by
1

(]i) — 56l'jk'/ d3x<T0kxj — Tijk> (J%) :<%O’Z>[A(O) —I—B(O)].

. 1 .
= AO)(L") 4+ [A0) + B(O)]ﬁ(P)Eo’u(P).

NNPSS QCD Phenomenology Stan Brodsky, SLAC
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Anomalous gravitomagnetic moment B(o)

growvitov |
sum over constituents
9

—~ (+) —- -
. LK, i+ Q

Xjo Ky NIRRT

/V
' —
P, S,=-1/2 p+aq, S,=1/2

B(O)=0 Each Fock State

NNPSS QCD Phenomenology Stan Brodsky, SLAC
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Weak Exclusive Decay Q

(D]J*(0)|B) a _
Y
B — B
Exact Formula D
Hwang, SJB Q !
o v
v b n=n +2
B + B C C
> > > > —
W DY < DY
Y, 9 v, Wneo g W,

Annihilation amplitude needed for Lorentz Invariance

NNPSS QCD Phenomenology Stan Brodsky, SLAC
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GPDs & Deeply Virtual Exclusive Processes

“handbag” mechanism

hard vertices

x - longitudinal quark
momentum fraction

2€ - longitudinal
momentum transfer

\/t - Fourier conjugate
to transverse impact
parameter

H(x,E1), BE(x,E 1), ..

NNPSS QCD Phenomenology Stan Brodsky, SLAC
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Physics of DVCS

* Generalized Compton scattering ~*(q)p — ~(k)p’

* Interference with Bethe-Heitler gives real and imaginary parts of
virtual Compton amplitude

* Local two-photon interaction produces J=o0 fixed pole

M[v*()p — v(k)p'l = Y ez e- ¢ sOF(t)

* Imaginary part of forward virtual Compton amplitude gives DIS
structure functions

* Regge theory predicts energy dependence at fixed t, @

* Handbag approximation at large q>

CD Ph |
J&f}l’\]ng 86 < e;llomeno = Stan Brodsky, SLAC



1--A, /1,{

1-(-A,

Light-cone wavefunction representation of deeply
virtual Compton scattering *

Stanley J. Brodsky #, Markus Diehl !, Dae Sung Hwang °

NNPSS QCD Phenomenology Stan Brodsky, SLAC
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Example of LFWF representation
of GPDs (n =>n)

Diehl,Hwang, sjb
1 Al —iA?

T—¢ M E(n—>n)(X,§at)

:( 2 nzfl—[dx{dﬂlgu 16735 1_2n:xj 52 Xn:l&,

X 0(x — xmﬁ( )(xp]_éj_l’ )W(tl)(xial_éli,ki),

where the arguments of the final-state wavefunction are given by

_ R . 1 —
Xy = xll_ ; : K =k — _xl A for the struck quark,
Xi - - X; -
xlle_l , kli:kh—l—l_l A, forthe spectators i =2, ...,n.
¢ ¢
INNPSS QCDEhenomenology Stan Brodsky, SLAC
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Example of LEWF representation

of GPDs (n+1 => n-1)
Diehl,Hwang, sjb

1 Al —iA?
T—¢ 2M
n+1 27 n+1 n+1
3—n dx; d*k; 3 2) -
= (V1-¢) Z/]‘[ 167 5(1 —ij 5 ij_j
n,A; i=1 j=1 j=1
X 16778 (xp41 + x1 — )8 (I_C)J_n—I—l kil — A_)J_)
X 0(x — X1)W(T,:<_1)(Xf, K\, )»i)lﬁ(%ﬁq)(xl', kii, Ai )8, —npss

E(n—l—l—m—l)(xa ,t)

wherei =2, ..., n label the n — 1 spectator partons which appear in the final-state hadron
wavefunction with

> - X
Xi = : =R

ITTNPSS p QCD Phenomenology Stan Brodsky, SLAC
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Link to DIS and Elastic Form Factors

DIS at =t=0
H(x,00)=q(x), —q(~x)
H(x,0,0)=Ag(x), Ag(—x)

Form factors (sum rules)

jdxz Ho(x 5] =F, (1) Dirac £

1

[aX[EexEn] =F, (1) pauiitr.

1

|

dx H'(6,6,0)= Gy ( 1), [dxE' (0,6 0)=Gpy( 1)

X , Verified using
b B A Bl LEWEs
= Diehl,Hwang, sjb

e

Quark angular momentum (Ji’s sum rule)

1 1
Ji=——JG= - jxdxﬂ'{q (%,50)+ E“(x,50) |
2 2 -1 X. Ji, Phy.Rev.Lett.78,610(1997)
NNPSS QCD Phenomenology Stan Brodsky, SLAC
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LEFWES give a fundamental description
of hadron observables

* LFWES underly structure functions and
generalized parton distributions.

e Parton number not conserved: n=n’ & n=n’+2 at
nonzero skewness

* GPDs are not densities or probability
distributions

* Nonperturbative QCD: Lattice, DLCQ,
Bethe-Salpeter, AAS/CFT

CD Ph |
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Hadron Optics from the Fourier Transform of DVCS amplitudes

00— T ] ST T T 1 |
T (@ — =50] ] V) I — =-50]
n -- t=-1.0] n \ -- t=-1.0] _
250 = t=0.1 2.5 1' \\ = t=-0.1
\\
200
<i
5 150
a7

100

50

Fourier spectrum of the real part of the DVCS amplitude of an electron vs. ¢ for M = 0.51
MeV, m = 0.5 MeV, A = 0.02 MeV, (a) when the electron helicity is not flipped; (b) when the

helicity is flipped. The parameter ¢ is in MeV?2,
S. J. Brodsky?, D. Chakrabarti’, A. Harindranath®, A. Mukherjee?, J. P. Vary*®/

; 2
A(o, A ) = %fdcejagM(Ca Aj) C — %

lfNPSS p QCD Phenomenology Stan Brodsky, SLAC
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S. J. Brodsky?, D. Chakrabarti’, A. Hari

ndranath®, A.

Mukherjee?, J. P. Vary®®/

05 \ \ \ ‘ 0.004 ‘ : ‘
(a) ~
_\/(-t)=100 T (b) ! \‘ _\/(-t)=100 ]
0.04 -- V(-t)=316| | ’ll \\ --V(-t)=316
\ = V(-t)=707 | 0.003F L V=107
+0.o3: ~~~~~~~~ “\\\ %
> fo.ooz
7 S &
002} W A
001 \ Ry O
Hadron o
, % 02 04 L B 1 0
Optics from LA
< I (©
the Fourier : L
L , —_ ~0
0005} . ] A(U’ AL) — ﬂdeeQ CM(C) AJ_)
Transform | P
0,004 |- / \

/
L ’ W\
O @ /VCS / \\
0.003 J/ T
/
//
/

amplitudes

|

0.002 - i
— F,(x)/x
- 2
0.001 CEW
0 Bt R DR R
0 0.2 0.4 0.6 0.8

Real part of the DVCS amplitude for the simulated meson-like bound state. The parameters
are M = 150, m = X\ = 300 MeV. (a) Helicity non-flip amplitude vs. (, (b) Fourier spectrum of

the same vs. o, (c) Structure function vs. x. The parameter ¢ is in MeV 2.

QCD Phenomenology
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Diffractive
Dissociation of Pion

by ~0 (1/k,) E791 Ashery et al.

¢ X1s Keq
-
T - (
AN
T Xo, Ky 5
1-2005 A A
8711A41

Measure Light-Front Wavefunction of Pion
Two-gluon Exchange
Minimal momentum transfer to nucleus

Nucleus left Intact

l}TNPSS p QCD Phenomenology Stan Brodsky, SLAC
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Fluctuations of extra
gluons and quark-
antiquark pairs

NNPSS QCD Phenomenology Stan Brodsky, SLAC
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Key Ingredients in Ashery Experiment

b, ~0 (1/k)

¢ X5 Ky 1
|
T > (
T X2, k.L2
1-2005 A A
8711A41

1. Quantum Fluctuations of a hadron wavefunction

Pion wavefunction fluctuates not only in size, but also in
particle number

q ‘ j&q
7-(- —
—_ =P g

NNPSS QCD Phenomenology Stan Brodsky, SLAC
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Key Ingredients in Ashery Experiment

b, ~0 (1/k)

¢ X5 Ky 1
|
T > (
T X2, k.L2
1-2005 A A
8711A41

Local gauge-theory interactions
measure transverse size of color dipole

—

MOCbJ_ I

0 @

NN PSS QCD Phenomenology Stan Brodsky, SLAC
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Key Ingredients in Ashery Experiment

b, ~0 (1/k)

¢ X5 Ky 1
|
T > (
T X2, k.L2
1-2005 A A
8711A41

Vector gluon exchange gives amplitudes
proportional to energy, constant cross sections

q q
T T
q q
| M x s |
I

|
® @

ITTNPSS p QCD Phenomenology Stan Brodsky, SLAC
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Key Ingredients in Ashery Experiment

b, ~0 (1/k)

¢ X4, ki1
|
T > (
T X2, Ko
12005 A A Low Nussinov

8711A41

Two-gluon exchange gives imaginary amplitude
proportional to energy, constant diffractive cross sections

! Mocisagbibiv

q
. o ocad (b7)2 (b))

N N Target left intact

Diffraction, Rapidity gap

ITTNPSS p QCD Phenomenology Stan Brodsky, SLAC
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Fluctuation of a Pion to a Compact.
Color Dipole State

b, ~0 (1/k.)
¢ X1, Ky 1
-
T >
T X, Kio
A A’

Color - Transparent Fock State Produces High
Iransverse Momentum Di-Jets

u u
N Same Fock State
" - Determines Weak
- d \ Decay
NNPSS QCD Phenomenology Stan Brodsky, SLAC
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Key Ingredients in Ashery Experiment

by ~0 (1/ky)

X4, Ky
n ¢ - o Brodsky Mueller
T Xp, Ky p Frankfurt Miller
: Strikman

1-2005 A A
8711A41

Small color-dipole moment pion not absorbed;
interacts with each nucleon coherently
9CD COLOR Transparency

My= A My

4o (r A — qgA") = A2 (7N — qgN') F3(t)

q

q

| \
Target left intact

Diffraction, Rapidity gap

lf NPSS QCD Phenomenology Stan Brodsky, SLAC
July 2006 46



Key Ingredients in Ashery Experiment

by ~0 (1/ky)

i XK 2 >
- _
T | AP, — Mfinal Minitial
. % 2F
Xo, Ky o Lab

1-2005 A A
8711A41

Nuclear Coherence: Small colov-dipole moment piow
persisty over long distances and time

P P P . 1 2Ea
Uncertainty J’orm/c;p[é. Liotfe = np; ™ Ml2 i
Small Longitudinal "
Momentum Transfer For ET,, = 500GeV, M2 < 50GeV2
implies long coherence
length Lioffe > 4fm ~ Ry
ININPSS QCD Phenomenology Stan Brodsky, SLAC
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Fluctuation of a Pion to a
Compact Color Dipole State

- . b, small
Small Size Pion Can ) | ~ .
Interact Coherently on n 1 | ) -
Each Nucleon of ’ M

Nucleus 12005 A A

Diftractive Dijet Cross Section Color Transparent

M(tA — JetJetA') = A'M (N — JetJetN')F,(t)
do/dt(nA — JetJetA') =
Azdo/dt(nN — JetJetN')|Fu(t)|?

4/3
m _ N
O RA A

ITT N PSS QCD Phenomenology Stan Brodsky, SLAC
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e Fully coherent interactions between pion and nucleons.

e Emerging Di-Jets do not interact with nucleus.

M(A) = A- M(N)

o A2 thNO

dg7
o oc A4/3
225 = o=
- Nuclear coherence =
200 400 Nuclear coherence
175 | Pt 350 c
': 1p2 2
150 2( .2 —=R 300
: Fi(q7) ~ e 371l 2
@ 125F L 250
| o C c C
) = o =
5 1005 @ 200
75E 150 -
50 F 100 f:—
25 50 —
0 E SR i) b 0 E | L] f ---- R +,,TAI,T..J.,‘,,.‘_I.‘.AT {Rited Jc i on] IO M
0 0.1 0.2 0.3 0.4 0 0.2 0.4 0.6 0.8
q° (GeV/c)? a2 (GeV/c)?
NNPSS QCD Phenomenology Stan Brodsky, SLAC
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Ashery E79r:
Measure pion LEWF in diffractive dijet production
Confirms color transparency !

Mueller, sjb; Bertsch et al; Frankfurt, Miller, Strikman

A-Dependence results: oo A”

k; range (GeV/c) o a (CT)
1.25 < k< 1.5 1.64 +0.06 -0.12 1.25
1.5< k<20 1.52 + 0.12 1.45
20 < k< 2.5 1.55 + 0.16 1.60

a (Incoh.) = 0.70 £ 0.1

Conventional Glauber Factor of Fermil.ab E791
Theory Ruled Out ! 7 Ashery et al
NNPSS QCD Phenomenology

B ky, SLA
July 2006 50 Stan Brodsky, SLAC



k: bin (GeV/c) o Astat Aagys Ao o (CT)

1.25-1.5 1.64 £0.05 +0.04-0.11 +0.06-0.12 1.25
1.5-2.0 1.52 +0.09 £0.08 +0.12 1.45
2.0-2.5 1.55 +0.11 +0.12 +0.16 1.60

The exponent in o o« A%, experimental results for coherent dissociation and the color-transparency (CT) predictions [69]

NNPSS QCD Phenomenology

Stan Brodsky, SLAC
July 2006 , tan Brodsky,



Key Ingredients in Ashery Experiment

b, ~0 (1/ky)
¢ X5 Ky 1
|
T > [
T Xo, Kip
1-2005 A A
T Brodsky, Gunion, Frankfurt, Mueller, Strikman

Frankfurt, Miller, Strikman
Two-gluon exchange measures the second devivative of the pion
light-front wavefunction

q 52
g M
X x. k
q 82 I{IJ_ wﬂ' ( ) J_)
|
N N
NNPSS QCD Phenomenology Stan Brodsky, SLAC
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X1Pr P X

Pr gluons
— 0, (X) M

measuure
Xzb“ P> 1x WO}C
| | -
Gii A color
2
99 o oty (k) xn G, K22 Gk
X | .XN l/t Xy VS
dk? ’ ok?
NNPSS QCD Phenomenology Stan Brodsky, SLAC
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Gunion, Frankfurt, Mueller, Strikman, sjb

Large —q2 = Q2
D

Vector Meson
Leptoproduction

= T
IR
2 —ye(@, k1) ¢(5705§Oiltj Zﬁtl?ﬂpqq(x»h)

NNPSS QCD Phenomenology
July 2006 54
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+
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inc
Tr 5

0.1}

O 0O E665

1 ] ] | ] ] 1 ] ] ] 1 | 1 1 1 | 1 1 ]
0'020 2 4 6 8 10

Q? (GeV?)
Verification of color transparency in incoherent

vector meson electroproduction

Fig. 6. Nuclear transparencies Trilf“c measured for incoherent p° production by Fermilab experiment E665 [61].
calculations are from [64]; solid line with full calculations, dashed lines with frozen approximation.

lfNPSS p QCD Phenomenology Stan Brodsky, SLAC
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Diffractive Dissociation of a
Pion into Dijets
A — JetJetA’
W (x ko)

* E791 Fermilab Experiment 152k <2.5GeV/

Ashery et al — sy
50 - cZ
® 500 GeV pi.ons. C(?llide on 40 -
nuclei keeping it intact 0 b
* Measure momentum of two 20
jets 10 F
o 0 0.2 0.4 0.6 0.8 |
* Study momentum distributions x
of pion LF wavefunction
NNPSS QCD Phenomenology Stan Brodsky, SLAC
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—— GAUSSIAN

i
| ﬂ'fffﬁ.

10°
+*++
SR PR
[z
%1045—
|
S
— -
-610_—
s
°F (a)
1 12 1

416 18 2 22 24 26 28 3

—
o
(&3]

do/dk, (arb. units)
o

10°

ik
o
~
T

(b)

'fr'fl-fﬂ

Y

—— SINGLET

i

1 12 1.4 16 1.8 2 22 2.4 26 28 3

kt GeV/c kt GeV/c

Fig. 24. Comparison of the experimental k; distribution [96] with fits derived from: (a) Gaussian LCWF [98] for low

and a power law dependence: cCllTU; o ki, as expected from perturbative calculations, for high k;; (b) Two-term Singl

Model wave function [99] for low k; and a power law for high k;.

QCD Phenomenology
57

NNPSS

B ky, SLA:
July 2006 Stan Brodsky, SLAC



Diffractive Dissociation of
Pion into Di-Jets

e Verify Color Transparency

e Pion Interacts coherently M xA, O A?

on each nucleon of
nucleus!

* Pion Distribution similar P (x k J_) XX (1 — x)
to Asymptotic Form

 Scaling in transverse Compare with AdS/CFT

momentum consistent preo[ictions
with PQCD

CD Ph 1
Jlﬁglf\TZPg 86 v eslgomeno e Stan Brodsky, SLAC



Coulomb Dissociate Proton

to Three Jets at HERA

A

Frankfurt, Strikman, Miller;

- < =
3 Jets { —

Measure W, (x;,k, ;) valence wavefunction of proton

ITTNPSS p QCD Phenomenology Stan Brodsky, SLAC
July 200 59



Dipole models

Many models are based on using the dipole frame

— Use proton’s rest frame, or more generally, a frame
where the photon has very large lightcone ¢*
momentum

Then the photon fluctuates into a color dipole before hitting
the proton

.,J,* - I
VAVAVAVAV gl ____ % / %

—

At small =g the fluctuation is very long-lived and the ¢g pair
of the dipole is transversely frozen during the interaction.

Very useful in small-x physics!

NNPSS QCD Phenomenology Stan Brodsky, SLAC
July 2006 6o



Measurement of the photon QED LTWF
ZEUS

@  ZEUS (prel.) 99-00

100 LCWF (BFGMS) ]
4<M < 15 GeV
i
~t < 0.5 GeV?

30 <W < 170 GeV

Ashery

20 — —
LCWF normalized to data

0JJ..lIllJl‘.ll.l..llll‘i.l.lllJl‘J.l.IlJJJ.I.l.IlJ.J.
O o01 02 03 04 05 06 07 08 09 1

u
Fig. 39. Differential cross section do/du for the y — utu~ process measured for 30 < W < 170 GeV,

4 <My, <15GeV,kr > 1.2GeV/cand —t < 0.5 (GeV/ 0)2. The inner error bars show the statistical uncertainty; the
outer error bars show the statistical and systematics added in quadrature. The data points are compared to the prediction
of LCWF theory [16]. The theory is normalized to data.

NNPSS QCD Phenomenology Stan Brodsky, SLAC
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The remarkable anomalies of
proton-proton scattering

* Double spin correlations
* Single spin correlations

* Color transparency

NNPSS QCD Phenomenology
July 2006 ‘s

Stan Brodsky, SLAC



PQCD and Exclusive Processes .50k

M = /Hdwidyi¢F(fE,Q)XTH(ﬂ?i,yi,@W}(yi,Q)

Iterate kernel of LFWFs when at high virtuality; distribution
amplitude contains all physics below factorization scale

Rigorous Factorization Formulae: Leading twist
Underly Exclusive B-decay analyses

Distribution amplitude: gauge invariant, OPE, evolution
equations, conformal expansions

BLM scale setting: sum nonconformal contributions in scale
of running coupling

Derive Dimensional Counting Rules/ Conformal Scaling

QNPO6 Hadron Spectroscopy and
Structure from AdS/CFT Stan Brodsky, SLAC

June 8, 2006 63



Form Factors {p— 'p'" {(p'A'| J* (0)|pA)

Lepage, Sjb
Efremov
Radyushkin
> N N
P, A K/I > \\/ p+/q, A
Wn WY
QCD Factorization Scaling Laws from PQCD or AdS/CFT

Th=2 *2—> : >—vy, +
Xg—> 5 > Y,
p+q, A=A _ ocg
Tt FX;, v;,)
NNPSS QCD Phenomenology

July 2006 Stan Brodsky, SLAC
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Constituent Counting Rules
C

A F(6
\Q/ rACDES e BENRE

Fr(@®) ~ [t —t=Q3

Point-like quark and gluon constituents plus scale-invariant

interactions Farrar, sjb; Matveev et al

Fall-off of Amplitude measures degree of compositeness (twist)
Near-Conformal Invariance of QCD

QCD: Logarithmic Modification by running coupling and Evolution
Equations Lepage, sjb; Efremov, Radyushkin
Angular and Spin Dependence - Fundamental Wavefunctions:

Hadron Distribution Amplitudes dr(z;, Q)

QNPO6 Hadron Spectroscopy and

Tune 8, 2006 Structure fr6(;m AdS/CFT Stan Brodsky, SLAC



Proton Form Factor

1.0 -
<r%' '
S Conformal Behavior : #2F;(t) = const
::,’_ N=3 |
L 0.5 - e N=3,4,5
4 —-— GRVwitha, =132
e F.°(t) (Sill et al.)
0 G, (t) (Sill et al.) |
Remarkable scaling
behavior - no signal for
0.0 QCD running coupling
0 5 10 15 20 25 30
_ 2
t(GeV?) Non-perturbative model:
Diehl, Kroll
ININPSS QCD Phenomenology Stan Brodsky, SLAC
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s’do/dt (10°GeV™ nb/GeV?)

Test of PQCD Scaling

Constituent counting rules

+ ® JLab E94-104
YP—n N # Fujii et al (1977)

i A Anderson et al (1976)

m Clifft et al (1975

© Fischer et al (1972)

¥ Data taken Before 1970

— SAID (2002)

---- MAID (2001)

Farrar, sjb; Muradyan, Matveev, Taveklidze

s’do/dt(yp — mtn) ~ const
fixed Oy scaling

PQCD and AdS/CFT:

sha=249(A+ B — C+D) =
FA+B—>C+D(6CM)

s'9(yp — w'n) = F(Ocy)

mm:1+3+2+3—9

1 1.5 2 2.5 3 3.5

Vs (GeV)

4

No sign of running coupling

NNPSS Conformal invgytamesatohighlogomentum ¢ra rfggssl;y’ SLAC
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wanﬁ{lnwwﬁ%p%%@pepm=:ﬂﬁw) n=4x3-2=10

10-30 i 1 1 1 1 1 LI L I _r 1 1 | L I 1 T L ) 10-30
o ° 68°
109 |- 90 75 oo
1092} Jho Best Fit
10-53- low n=97405
cm?
S o
ool S Reflects
100t le»  underlying
conformal
10-32- 18 1032
scale-free
10-33}- =103 5 .
imnteractions
10-34 ] S I T | | S I ] N I I | 1073
5> 20 3040 60 B0 s> 15 20 3040 60 80 s—15 20 30 40 60 80
Gel P.V. LANDSHOFF and J.C. POLKINGHORNE
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Quark-Counting

QCD Phenomenology

F(6
‘é—i(K"‘p L KTp) = (S%'M)

n=2X34+2xXx2-2=28

s (Gev?)
3 2 6 8 10 20 30
10¥ £ L —
1' + + n
102 4’ K p—=K"p =
o' & E
00 | E
CN 0~ L !
L - =
2 - :
U] o _
S i0°2
i0 ¢ —
B U OE E
8 3 B T
- 107 & -
S5 i 5
1074 & J
075 & E
lom ; —
- t 3
-7 L 1 ] i [ A S ]
}
© | 2 3 4 6 8 I0
Pop (GEV/E)
NNPSS
July 2006 5

Stan Brodsky, SLAC



1 -

15 (a)m*m ﬂﬂl: (b)K K
© ot ~+-Belle o | T ~+-Belle
S H?J:«% = ALEPH| & | 3
v - : v '
‘| ' "o
o 8 1o ?
S 10" o1 TS
T i — Py
= S tyy — KTK— L
© @) .

W[GeV] W[GeV]

5 — 2 2 _ N2
—~ 18F s=FEtn=W=*=0Q
En (© o
N - PQCD, AdS/CFT:
g Ao(yy — 't KT, K™) ~ 1 /W8
° 0-;.4 26 28 3 32 34 36 38 4 ‘ COS(GCM)‘ < 06

W[GeV]

Fig. 5. Cross section for (a) yy—nT7~, (b) vy—K K™ in the c.m. angular region
cos 6% < 0.6 together with a W ¢ dependence line derived from the fit of s|Ryy|.
(c) shows the cross section ratio. The solid line is the result of the fit for the data
above 3 GeV. The errors indicated by short ticks are statistical only.
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d

o

(vy = MTM™) ~

16ma? | Far(s)|?

d|cos 6% S
pA02.50GeV  P30-2.60GeV  P.602.70GeV  P.70-2.80GeV  P.802.90GeV  .90-3.00GeV
— I [ I +- [ I
= | o s | | 3 +
@ Z.SJ- %- '-’-' -j-
@ B | o L e
O BTG I3 306GV P20330GeV | PI03AGey  BA03 530GV F30360GeV
O s iﬁ" ;% |
\b 25] _ _
@ JR SRS—— e T s N L SE
—_ BB03T0G P 70380GeV — PI03I0GY — PI0400GeV | F00410GeV
.bc - - - - : o o
25 + o KK
- adl - ; 1227
F ; ~ sinto’
03 o0 03 o0 03 0 03 0 03
Fig. 4. Angular dependence of the cross section, oy do/d|cos 6%,

sin4 @*

Measurement of the vy — 7
vy — KTK~ processe

T~ and

S

at energies of 2.4-4.1 GeV

Belle Collaboration

for

the 77 (closed circles) and K™K~ (open circles) processes. The curves are
1.227 x sin=* #*. The errors are statistical only.

NNPSS
July 2006
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do/dt (nb/GeV?)

Deuteron Photodisintegration & Dimensional Counting Rules

e o 30° = 9> <40° i 40° = 9" <50°
E— X=3.29 X=1.28
10 | P ey . C
E o i
f ‘ ‘ : \ | | ‘ ‘
4 ) [ °
107 F 50° Saﬂ <60° = 60° =9, <70
% >é=4‘1 5@%.'.‘ ’ Xf=1,28
10 O e,
—2F E
Lt E— —5 Z 37 <80° v “::1;;'“\
107 B T < 5
%.‘.. 2=1.4 %...‘ § 2=1.05
10 *oonm, L
2k 7
10 4j ! ! ! \T'\Tdﬂ\'\ E ! ! | | -
107 E 90° = ¥ <100° — o, 100° = 9. <110°
%o... ’ Xo=1.25 E e o... ’ ¥2=1.36
10 ; [ ] [ [ ]
_2:: e : 1
10 4j | | \\\ - | | \xj\
10%F TT0° = 05 <120° | o, 120° = 9% <130°
i ‘.,,,.‘ X;=1.68 | ‘.‘. =131
10 | C °e,
Y= =
10 4_j | | | E ! \K
107 130°§19‘§”<140° — 140°§19s“<150°
% e, X=1.26 [ "'.,,_‘ =1.37
10 | L Sonn
_2:: .°‘ £
10 | o o 1 :
6 7 8 910 20 6 7 8 910 20
2 2
s (GeV?) s (GeV?)
NNPSS QCD Phenomenology
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PQCD and AdS/CFT:

sha—249(A+ B — C+D)
Fatp_c+p(Bcm)

11d0(

yd — np) = F(6cpy)

gy — Y =

(1+6+3+3)-2=11

Conformal invariance
at high momentum transfers!

Stan Brodsky, SLAC



s1199 (vd — np) = F(8cn)

Fit of do/dt data for
the central angles and
P;21.1 GeV/c with

A S"'ll

For all but two of the fits
< 1.34

Better x? at 55° and 75° if different data
sets are renormalized to each other

‘No data at P;21.1 6eV/c at forward and
backward angles

*Clear s™!! behaviour for last 3 points at 35°

Data consistent with CCR

NN PSS QCD

July 2006

s''da/dt (Kb GeVv™)
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P.Rossi et al, P.R.L. 94, 012301 (2005)
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Quantum Chromodynamic Predictions for the Deuteron Form Factor
Fy(@2)=J, lax][av]e, (v,Q)

X T %(x,y,Q)¢,(x,Q), (1)
where the hard-scattering amplitude
Ty V= 00=[a,(Q2)/Q2]%t(x,y)
x [1+0(a,(Q2)] (2)

gives the probability amplitude for scattering six
quarks collinear with the initial to the final deu-
teron momentum and

->

0o, @) [T a2, 10,y oo, Rus) (3)

q Ji, Lepage, sjb
y,(p+a)
- p+q
P p+q
¢(x,Q) $(y,Q)
FIG. 1. The general structure of the deuteron form
factor at large Q2.
INNPSS QCD Phenomenology Stan Brodsky, SLAC
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9CD Prediction for Deuteron
Form ‘Factor

a0 [T T 0 (o G ofe00.2)

6.0 I I T T T
A= 100 MeV

[0 MeV ]
I GeVv

40

Define “Reduced” Form Factor

f4(Q2%) (x1072)

d(Q2)= —f‘d‘(QZ) . ’

T FyA(Q%/4)
Fy 4 |
Yo L
Same large momentum transfer -
behavior as pion form factor | ol 1 11
0 l 2 o) 4 5 6
, Q2 (Geve)
o/ (Qz) 2 - 2/ 5) C,F/B FIG. 2. (a) Comparison of the asymptotic QCD pre-
f (QZ) ~ In ~— diction f; @2 (1/Q [ 1In @Q2/A?]~1-@/9Cr/B with final
d - Q2 A2 data of Ref. 10 for the reduced deuteron form factor,
where Fy(@?% =[1+Q2/(0.71 GeV?)]~2. The normaliza-

tion is fixed at the Q 2= 4 GeV? data point. (b) Compari-

- son of the prediction [1 + Q¥/m )] f,@dx<[In @2/
NNPSS QCD Phenomenc a?%]-1-¢/5 Cr/8 with the above data. The value m o

JUly 2006 75 = 0.28 GeV? is used (Ref. 8).



Define “Reduced” Form Factor e/
e 4

*

Elastic electron-deuterovw scattering

1}1 NPSS QCD Phenomenology Stan Brodsky, SLAC
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Deuteron Reduced Form Factor

3
Al
NSZ 0.4
L % ~ Pion Form Factor X 15%
“é— 0.3 —
T g
—~ 0.2 —’; . —
g %lt_ir’_" ¢ ¢
Nclr 0.1 % + —
I I N IR I T |

0 1 2 3 4 5 6 7
;%23%148 —g° (GeV?)

* 15% Hidden Color in the Deuteron

QCD Phenomenology
77

NNPSS

B ky, SLA:
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Do multi-quark clusters exist in the nuclear wavefunction?

Does the nucleus only consist of nucleons?

Hidden Color!

tsenberg Colloguivvmn CD at the Amplitude Level
Tel Aviv°May 7, 2006 Q mp Stan Brodsky, SLAC
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Structure of
Deuteron in

QCD
VA
> W
TF{: = , 1 i

Hidden Color Delta-Delta
Fock State Fock State

NNPSS QCD Phenomenology Stan Brodsky, SLAC
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Hiddew Color

* Deuteron six quark wavefunction: Lepage, Ji, sib

* ¢ colorsinglet 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

* Predict <%2(yd — ATTA™) ~<%(yd — pn) at high Q?

Ratio = 2/5 for asymptotic wt

1}1 NPSS QCD Phenomenology Stan Brodsky, SLAC
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The evolution equation for six-quark systems in which the constituents have the light-cone longitudi-
nal momentum fractions x; (i=1,2,...,6) can be obtained from a generalization of the proton (three-
quark) case.? A nontrivial extension is the calculation of the color factor, C,, of six-quark systems®
(see below). Since in leading order only pairwise interactions, with transverse momentum @, occur
between quarks, the evolution equation for the six-quark system becomes {[dy]=6(1 - 25,9, [I5-.4y,
Cpo=(n2-1)/2n,=%, B=11-2n,, and n, is the effective number of flavors |

9  3Crl; __C, A NE (v
ka g B q)(xt,Q) B '[0 [dy]V(xz’yg)(b(y;’Q),

B [9%ar? o 1. 1n(Q 2 /A?)
g(Q )—Z;j;oz b2 as(k ) ln(ln(QOz/Az)>.

Vix,,v;)= ZkaEH(y,—x)H 6(x, - y;)y"<5“§1—+ = )

i#j 1#4,] X;+X Vi—X;

where 6,z =1 (0) when the helicities of the constituents {i,j} are antiparallel (parallel). The infrared

s1ngu1ar1ty at x;=v, is cancelled by the factor A@(y,, Q)=%(y,,Q) - @(x,, Q) since the deuteron is a
color singlet.
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Spin Correlations in Elastic p — p Scattering

6

w

-

[

Ratio reaches 4:1!

RATIO OF SPINS-PARALLEL TO
| SPINS-ANTIPARALLEL CROSS SECTIONS

na

Collisions Between Spinning Protons (A. D. Krisch)
Scientific American, 255, 42-50 (August, 1987).

Y
ey
0 1 2 3 4 5 6
ENERGY-TRANSFER VARIABLE pT
NNPSS QCD Phenomenology Stan Brodsky, SLAC
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Test Color Transparency

99 (pA — pp(A—1)) — Z x L (pp — pp)

A.H. Mueller, SJB

NNPSS QCD Phenomenology Stan Brodsky, SLAC
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Color Transparency Ratio

proton,

(o)
(@)
do/dt for / °,

12C —’—' (o)

proton;

protony

Tpp=
Z do/dt for

\ / profon:
proton; Y9

™.

J. L. S. Aclander et al.,

“Nuclear transparency in 6., = 900
quasielastic A(p, 2p) reactions,”

Phys. Rev. C 70, 015208 (2004), [arXiv:nucl-
ex/0405025].

NNPSS QCD Phenomenology
July 2006 36

protony
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Color Transparency fails
when Ay, is large

07 ! | ! | ! | ! | ! | ! | !
T Mardor [1] -
Leksanov [2] +e+
0.6 ~ Carroll-C [3] & -
a Carroll-Al [3] +&-
= @ 1/R(s) —
= o5 L (s) |
%)
C
o
s 0.4 -
o
7))
&
I: 0.3 [ _— _— 1
S 0.2 [ &P T .
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Nuclear transparency in 90 degree c.m. quasielastic A(p,2p) reactions.

Jaime L.S. Aclander ef al. May 2004. 24pp. Bunce, Carroll,

Published in Phys.Rev.C70:015208,2004 > s e ™ :
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Rapid Angular Variation!
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Guy de Teramond & SJB:

Octoquark Resonance at Charm Threshold ?
J=L=5S=1

u /M
_FOU A
p | d

AR
\

vV VY VY

9]
ol

7/

%
O |Cc |IC

<
\

VvV \VV \V

[ e,
v,

5-2005
8717A3

Maximal AN

Breakdown of Color Transparency
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S. J. Brodsky and G. F. de Teramond, “Spin
Correlations, QCD Color Transparency And
Heavy Quark Thresholds In Proton Proton

Scattering,” Phys. Rev. Lett. 60, 1924 (1988).

Quark Interchange 4+ 8-Quark Resonance

|luuduudee > Strange and Charm Octoquark!

M =3 GeV, M =5 GeV.
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* New QCD physics in anti-proton proton elastic
scattering at the second charm threshold

* Octoquark resonances?
* Color Transparency

* Exclusive Processes: New physics at GSI
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