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1967 SLAC Experiment:
Scatter Electrons on protons /
in a Hydrogen Target EPD — € X

Discovery of the Quark Structure of Matter
Proton
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Deep inelastic scattering: Experiments on the proton .e-
and the observation of scaling”

Friedman, Kendall, Taylor: Nobel Prize
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First Evidence for Quawk Structuwre of Matter

Gluonic
Bremmstrahlung

DGLAP Evolution
jet
Deep Inelastic Electron-Protovw Scattering
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Measure rate as a function of energy loss v and ngomentum transfer @
Scaling at fixed zgjorken = chig/lpu = %

Discovery of Bjorken Scaling
Electron scatters on point-like quarks!
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Quourks inv the Proton

p = (@ud)

Ne’eman: SU(B)F

\ B
Zweig: “Aces,
Deuces, Treys”

‘ 1 fm . Gell Mann: “Thfee Quarks

Bjorken Scaling;:
Pointlike Quarks 10151 = 10~ 13¢em for Mr. Mark”

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 AdS/6QCD Stan Br odsky, SLAC




QCD Lagrangiownv

i i +
gluon dynamics quark kinetic energy mass term

\ guark-gluon dynamics /

nf nf
Loco = - fgz G G,) + ZI: by D, y" oy + ZI: 1| IRTTPRTTS
I N N

g T
QCD color charge fiald strength tensor covariant derivative quark field

Yang-Mills Gauge Principle: Dimensionless Coupling

Irwawrionce under Color Renormalizable
RotafwwWPme/ Change Asymptotic Freedom
at tvery PW of Space and Color Confinement
Time
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Fundamentol QCD Couplings

q

Similar to QED

More exactly

q(r)
g(b,7)
q(b)

Gluon vertices




Electron-Positron Arnwihilation
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Electron-Positron Arnwihilation
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ete” =" —qq

Rate proportional to quark charge squared
and number of colors

Re—l—e—(Ecm) = Nc¢olors X Zq eg
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How to- Count Quawrks and Color
R = o(hadrons)/o(utp™)
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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 ...

Truthv iy stranger thouw fiction, but it
s because Fictiow iy obliged to- stick
to-possibilities.

—Moawk Twainv
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Kei-Fei Liw:
Key Fundamental Questions
Concerning Hadrow Structure

* How can we describe the dynamics of a hadron in
terms of confined quark and gluon constituents?

* How is the proton’s momentum and spin carried
by its quark and gluon constituents?

e What is the analog of the atomic Schrodinger
equation and wavefunction for hadrons?

* Quantum Fluctuations: What is the role of the
quark-antiquark sea?

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad Si?CD Stan Bl’OdSky, SLAC




Quantum Mechanics: Uncertainty inv p, x; spirv

Relativistic Quantum Field Theovy:
Uncertainty invparticle nmuumber n

00 00

Positronium n=2 Hyperfine splitting n=3
ete ete

Lamb Shift n=3 Vacuum Polarization n=4
ete ete—ete
K. F. Liu Colloquium
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Light-Front Wawvefunctions

Dirac’s Front Form: Fixedt=1+z/c

wn(kaj_) S ﬁ

Il

HEE [ >= M|y > i

Physics of intrinsic gluons, seaw quawks, asymmeties
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Dirac s Amasging Idew
The “Front Form'’

Evolve in Evolve in
ordinary time 4 light-front time!
ct o=ct—z A° T=t4+z/c

Instant Form Front Form
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Light-Front Wavefunctions

Fixed T=t+ z/c

Pt = pO0 4 pz N

W (x4, k iy Aj)

Irwariont under boosts! Independent of P
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‘Tis v mistake [ Time flies not
It oy hovery onthe wing
Once born the moment dies not
Ty anv immortal thing

Montgomery
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Light-Front Wavefunctions

Dirac’s Front Form: Fixedt=1+2z/c

w(x, kj_) =

Inwouwriont under boosty. Independent of P+

QCD

P >= My >
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Light-Front QCD

Heisenberg Equation
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Discretized Light-Cone Quantization
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LIGHT -FRONT SCHRODINGER EQUATION
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Weak Exclusive Decay 0

(D|J*(0)]B) W™ _
V
B —— =
Exact Formula! D
Hwang, SJB - 0 !
v
b n=n+2
B + B c ¢
2 — N >
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VY, 9 W, Wnyo g Y,

Annihilation amplitude needed for Lorentz Invariance
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Remawvkable Features of
Hadvown Structuwre

Kei-Feid Liw
* Valence quarks carry less than half of the proton’s
spin and momentum

* Non-zero quark orbital angular momentum

* Asymmetric sea: u(x) # d(x) relation to meson
cloud

* Non-symmetric strange and antistrange sea 5(x) # s(x)
* Intrinsic charm and bottom at high x

e Hidden-Color Fock states of the Deuteron

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad Si?CD Stan Bl’OdSky, SLAC




Light-Front Wawvefunctions

Dirac’s Front Form: Fixedt=1+2z/c

WP(x, k) -+

Invariant under boosts. Independent of P"
CD
HE: Py >= M|y >

Remoawkable new insighty fromAdS/CFT, the
duality between conformal freld theory and

Anti-de Sitter Space
K. F. Liu Colloquiu
University of K(lentucky,q:;lpr?l 19,2007 AdS/QCD Stan Br odsky, SLAC

24




AdS/CFT Holographic Model, 6 d emond

The front form

3 -dimensional photograph

8 mesow LFWF at fixed LF Time
K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SQ?CD Stan Bl‘OdSky, SLAC




Applications of AdS/CFT to-QCD

5-Dimensional
Anti-de Sitter
Spacetime

- Black Hole

Changes in
physical
length scale
mapped to
evolution in the
5th dimension z

4-Dimensional
Flat Spacetime
(hologram)

in collaboration with Guy de Teramond

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SZ/QCD Stan Br odsky, SLAC




‘ In QCD and the Standard Model
the beta function is indeed
negative!

i . 8 e i

Coupling becomes weaker at short
distonces or highy momentum transfer  Gross, Wilczek, Politzer
hbg/h/ Khriplovich, "t Hooft

K. F. Liu Colloquium
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o (Q)

Gross, Wilczek, Politzer 0.4}
Khriplovich, "t Hooft
03¢
o(eTe —three jets)
o(ete—two jets) N,

Ratio of rate for ete™ — qqg to eTe™ — qq
at Q = EC'M = Ee_ —|—E€_|_

011

proportional to as(Q)

a(Q?) =~

A 1
Bo log Q2/A

2
QCD
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Conformal window 8(Q2) = das(@®) _ g

o 2
Infrared fixed-point dlog ¢
| Shirkov
2.2 ' Gribov
2 IIQF...--. -.}i.- -: DOkShitSer
as(Q )1 ] % 5 Siminov
1% . . PQCD Asymptotic freedom Maxwell
Schwinger-Dyson 2 i Cornwall
0.5t T m=—17 S s -’
. ~ — : < \‘ ]
-0.4-0.2 O 0.2 0.4 0.6 0.8 1

log10 Q%(GeV?)

$ lattice: Furui, Nakajima (MILC)
- = = = DSE: Alkofer, Fischer, von Smekal et al.
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IR Fired Point for QCD?

o Dyson-Schwinger Analysis: QCD coupling (mowv
scheme) has IR Fired point!  Alkofer, Fischer, von
Smekal et al.

o lattice Gauge Theory

e Define coupling from observable, indications of IR fixed
point for QCD eftective charges

e Confined gluons and quarks: Decoupling of QCD vacuum
polarization at small Q2

e Justifies application of AdS/CFT in strong-coupling

conformal window

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad S;(?CD Stan Bl’OdSky, SLAC




IR Fired Point for QCD?

Dyson-Schwinger Analysis:  QCD Coupling has IR Fixed Point
Alkofer, Fischer, von Smekal et al.

tvidence fromv Lattice Gauge Theovry Furui, Nakajima

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

Confined or massive gluons: Decoupling of QCD vacuum

polarization at small Q> Serber-Uehling pu
N(Q?) — 1%‘ng Q2 << 4m? e Q ............
—

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

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 AdS/QCD Stan Br odsky, SLAC
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8ms 8mrs
Meesee(++;++) = 5 a(t) + - a(u)

—_—

« @

a0
a(t) = 1—%()15)

Gell Mann-Low Effective Charge for QED
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QED One-Loop Vacuumwm Polarigatiov

Van
............ Q t=-Q%<0
— (t spacelike)
14, [14-4m2
5 z 1+
nQ?) = %[%_4@&2— 2 )\/1 | 4m log
e
2 oz(O)IogQ 2 2
Q<) = ) Qe >>4M
d(z-) 4
B = dlog Q2 — §(%)2n€ > 0
H(QQ) — (;{_(5(31_)72 Q% << 4M? Serber-Uehling

2
B % vanishes at small momentum transfer
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A 01/5 / C FT Anti-de Sitter Space / Conformal Field Theory
Maldacena:

MOLP AdSs; X S5 fO’COVlfOVVVWLZ/N=4 SUSY

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

o Conformal window: «s(Q?) ~ const at small Q?

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

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad Ss/?CD Stan Br odsky, SLAC




Define QCD Coupling frowv
OIW\/OLIJIB/ Grunberg

Ry,  x(s)= 3qug [14 aR7T(S)]

M(r — Xev)(m2) = Mo(r — uder) x[14 OAT(;Tn;)]

Effective Charges: analytic at quark mass thresholds, finite at small momenta

Deur et al: Effective Charge from Bjorken Sum Rule

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad Ss/?CD Stan Br odsky, SLAC




Deur, Korsch, et al: Effective Charge from Bjorken Sum Rule
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QCD Effective Coupling from
hadronic T decay
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Constituent Counting Rules

A\O/C

Ntot =N A +np+nc+np

d F (6 _ 2
—O(S, t) — S[N(to(‘:cn_qg] § = I¢m

Fr(Q2) ~ [ 5]

Farrar & sjb; Matveev, Muradyan,
Fixed t/s or cosfcm Tavkhelidze

Conformal symmetry and PQCD predict leading-twist
scaling behawior of fixed-CM angle exclusive amplitudes

Chawacteristic scole of QCD: 300 MeV
Marwy new J-PARC, GSI, J-Lab; Belle, Babow testy

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 AdS 3/(82CD Stan Brodsky, SLAC




Leading-Twist PQCD Factorigationw for
form factors, exclusive amplitudes Lepage, sjb
q

baryon distribution.
amplitude

M = [ Nda;dy;dp(x;, Q) x T (xs, ys, Q)%; o1(yi, Q)

T If as(Q?) ~ constant

Q*F;(Q?) ~ constant

S ~1/Q

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad 83/ SCD Stan Br odsky, SLAC




University of Kentucky, April 19, 2007

Features of Hoawvd Exclusive
Processes v PQCD

Factorization of perturbative hard scattering subprocess

amplitude and nonperturbative distribution amplitudes M = | Tg x Ne;

Dimensional counting rules reflect conformal invariance: M ~ gj\%—%
o

Hadron helicity conservation: ™. ... )\7{{ = tinal )\5.{

Color transparency Mueller, sjb;

Hidden color  Ji, Lepage, sjb;

Evolution of Distribution Amplitudes Lepage, sjb; Efremov, Radyushkin

K. F. Liu Colloquium AdS igCD Stan Bl’OdSky, SLAC




Conformal behavior: Q2F,(Q?) — const

N

© 0.8 + CERN tteri

; n-e scattering ... QCD Sum Rules (Nesterenko, 19
O * DESY (Ackermann) -.-. pQCD (Bakulev et al, 2004)

S ¢ DESY (Brauel) —  BSE-DSE (Maris and Tandy, 2§00)
LLg @ JLab (Tadevosyan) ---- Disp. Rel. (Geshkenbein, 2040)
NO 0.6 E this work

Determination of the Charged Pion Form Factor at

Q2=1.60 and 2.45 (GeV/c)2.
By Fpi2 Collaboration (T. Horn et al.). Jul 2006. 4pp.

e-Print Archive: nucl-ex/0607005
G. Huber

K. F. Liu Colloquium
University of Kentucky, April 19, 2007
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35 4
Q? (GeV/c)?

Generalized parton distributions from nucleon form-factor data.

Q*F1(Q?) — const

1 | |
a4 % %
0.8! i ¢
A
3
z
0.6 &
F
F 3
. QFF(Q?) [GeVvY
0.4 &
F 3
3
F'
2
0.2[
5 10 15 20 25 30

Q% [GeV?]

M. Diehl (DESY), Th. Feldmann (CERN),
R. Jakob, P. Kroll (Wuppertal U.) .

DESY-04-146, CERN-PH-04-154, WUB-04-08, Aug 2004. 68pp.

Published in Eur.Phys.J.C39:1-39,2005
e-Print Archive: hep-ph/0408173
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Test of PQCD Scaling

C ttuent v

ovsti COWW Ml%/ Farrar, sjb; Muradyan, Matveey, Taveklidze
N . e JLab E94-104

E yPoEn A EUEI o 977)1976 7 +

= i A 1
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s O 1 ® b
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o —- MAID (2001)

= } PQCD and AdS/CFT:
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e i n 143142439
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Conformad inwawioance
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Quawk-Couwnting : 9 (pp — pp) = Flc) n=4x3-2=10

10-30— ) 1 1 T 1 110 I _r T ] ) 11 _‘10-30
O
103 90° 7 o
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10-3 Jigos m=9.71+0.5
cm? {
_10‘34
1030} > Reflects
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50 43
conformal
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scale-free
10-3- 10 . .
interactions
10734 I I | I WOV N I I | L1 1111 1903
s> 20 3040 60 80 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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Deuteron Photodisintegration.

o oF=yam 30° < 0% <40° C 40° < % <50°
> = LTIN =329 F =128
@ — .... —
o 10 B oo &
S i
r i i
c 10 4f f Rl
~—~ L W
= 10 _— 50° = ¢ <60 % 60° = 02 <7oxz128
§e; - L
o _F -
rite) |2 -
104 70° = 9% <80 80° sw’“ <90°
: i X;=1.05
10 Teeem, £
o il
10 | \7\\ -
104 90° = & <100° — 100° = 9" <110°
: oL9 = 125i . x=1.36
10 I [ ] ; [ ]
. -
10 | =
104— 110° < 9% <120° = 120° sa°“<1:50
: K= 168i v, X=1.31
10 i: *oe,
b a
10 — o " ‘-\“w\‘
1(OR|= 130° = 07 <140° . 140° £ 0% <150°
i X=1.26 "'....‘ Xi=1.37
10 b - ony
Y -
10 | - \"T\
6 7 8 910 6 7 8 910 20
2 2
s (Ge\/) s (GeV?)
K. F. Liu Colloquium AdS /QCD

University of Kentucky, April 19, 2007

45

J-Lab

PQCD and AdS/CFT:

sha299(A+ B — C+D) =
FA+B—>C+D(6CM)

s"49(yd — np) = F (6cu)

s — 4 =
(1 +.6 + 355 SN

Reflects conformal invariance

Stan Brodsky, SLAC




Check of CCR

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

K. F. Liu Colloquium
University of Kentucky, April 19, 2007
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e Remarkable Test of Quark Counting Rules

* Deuteron Photo-Disintegration yd — np

do _ F(t/s)
® dt _Sntot—Q
® nt0t=1—|—6—|—3—|—3=13

Scaling characteristic of
scale-invariant theory at short distances

Conformal symmetry

. d d
Hidden color: d—z(vd S ATTAT) ~ d—:(yd — pn)

at high pr

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad S“/_(,}CD Stan Br odsky, SLAC




1 ¥, -

s (a)éﬁﬁ' *;—%: (b)g |PI<
© | - Belle = f - Belle i
% : %ﬁ% = ALEPH % j Wﬁ =+ ALEPH ‘Two-Photon
— — Reactions
an) L @n)
§ 10'17 § 10-1?
= v - I Hard Exclusive Processes:
E + + E \% Fixed angle
5 | 5 |

10755 3 35 4 10755 3 35 A

W[GeV] W[GeV]

£ (c) PQCD, AdS/CFT:
S iE EEREaRi Jf o= Kt )~ 6
oo et T T T T Ao(yy — nfn” KT, K7) ~ 1 /W
X o0 |cos(Bcu)| < 0.6
b 0.2;*

e st % Conformal invariance at high momentum transfers!

Fig. 5. Cross section for (a) yy—n"7~, (b) yy—KTK~ in the c.m. angular region
|cos 0*| < 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.

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SigCD Stan Br odsky, SLAC




PQCD: 90 ey & TIPS

* ‘1~ 4 (9*
d|cos 0% s  sin
pA0-250GeV  P30-2.60GeV  P-60-2.70GeV  P-702.80GeV  P-80-2.90GeV  P-90-3.00GeV
— | o gl ] 41 a4} Y
g Mg B g B
Yl el
O PTG PI03 306 P0330GeV | PI03AGY  PAII0GY  P0-360GeV
By ,9 : ;};ﬁ i; ! ?:
" G0370GeV P 70380GeV | P80-390GeV — PI0A400GeV | H004T0GeV
.Do ! ! - - : o o
z.sw © K'K
: i - 1.227
o~ g : + ~ sin%e’
03 0o 03 o0 03 0 03 0 03
4. Angular dependence of the cross section, oy 'do/d|cos 6*|, for

the 77w (closed circles) and KK~ (open circles) processes. The curves are

1.227 x sin~* #*. The errors are statistical only.

Measurement of the vy — 777~ and
vy — KTK~ processes

at energies of 2.4—4.1 GeV

Belle Collaboration

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad 84(92(31) Stan Br odsky, SLAC




QCD Prediction for
Deuteronw Form Factor

F,(Q2)= [O‘g‘;z)] > d, <1n—QF)- o [1+0< (@2 Q)]

m,n
(% > _ A-100Mev | T(O) ]
Define “Reduced” Form Factor aor 10 Mev i
] - ¢ | GeV
<20

_ _F, (@) i
fd(Qz)zFNf(QZ/4) .

gl 0.2 -
Same large momentum transfer =
behavior as pion form factor T —,

Q2 (Geve)

FIG. 2. (a) Comparison of the asyn;ptoti/c; QCD pre-
' diction f; @)= (1/@ ) In Q*/AD]~1"C/ICF/B with final
8 (Qz) Q2 ( 2/5 ) CF/B data of Ref. 10 for the reduced deuteron form factor,
where Fy(@? =[1+Q2/(0.71 GeV?)] 2. The normaliza-
QZ A2
AY]-1-(2/5 Cp/B with the above data. The value m 2
T e~ =0.28 GeV?%is used (Ref. 8).

tion is fixed at the @ 2= 4 GeV? data point. (b) Compari-
University of Kentucky, April 19, 2007 ' 50

fd(QZ) ~

son of the prediction [1 + Q% m )] f;(Q%)=<[In Q%/




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 - 235,93, 5=y,
Cp=(n2-1)/2n,=%, B=11- £n,, and n, is the effective number of flavors}

0, 30| 50r 09— S [ asl Vo 50
Ika e Bk, @)= - 2 fo (@ Vix,,y,)80,,Q),

(@)= [ a9 uliE )

Vix;,9)= znxkEB(y,—x)H 5(x, — y,)y"<6"i5~i-+——é-—>

i#] 1#4,J Xit+x Vi—X;

where 5,z =1 (0) when the helicities of the constituents {7, j} are antiparallel (parallel). The infrared

s1ngular1ty at x;=y, is cancelled by the factor AB(y,;,Q)= é(v;,Q)~®(x;,Q) since the deuteron is a
color singlet.

K. F. Liu Colloquium A D
University of Kentucky, April 19, 2007 d Sé(IQC

Stan Brodsky, SLAC




Define “Reduced” Form Factor /

NI

Fg(QQ) ,
Fp(S2)Fn(90)

Elastic electron-deuterovw scattering

f1(Q%) =

K. F. Liu Colloquium AdS /QCD Stan Bl’OdSky, SLAC
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0.5
§ [ [ [ [ [ [
QQ 0.4 i Deuteron Reduced Form Factor
N&Z % ~ Pion Form Factor X 15%
Ng 0.3 =
T g
P

& 0.2 _>§< =
S !}I{j‘_l,’_d ¢ ¢
Nclr 0.1 + —
- | | | | L1

0 1 2 3 4 5 6 7
2763M18 —? (GeV?)

e Evidence for Hidden Color in the Deuteron

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad?;QCD Stan Br odsky, SLAC




Structure of
Deuteron in

QCD
i Gi 7 N NH
\ \J}& 7 ) L/ 5
CQ? w X
1 a A N

¥ 4 VY

Hidden Color Delta-Delta
Fock State Fock State

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad Ss/?CD Stan Br odsky, SLAC




Hiddew Color inv QCD

Lepage, Ji, sjb

* Deuteron six-quark wavefunction

* 5 colorsinglet combinations of 6 color-triplets —-
only 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
d —\ ~ d . %)
ar(vd — ATHAT) ~ G (yd — pn) at high Q
K. F. Liu Colloquiu
University of K:ank;qrp$ 19,2007 Ad?;QCD Stan Bl‘OdSky, SLAC




Key Test of Hiddeww Color

* CLEO measurement: Upsilon decay to anti-

deuteron T — gqq — J X

* Is ratio of deuteron production to production of
anti-nucleon pairs determined by Nuclear
Physics? _

R — (T —dX)
- N(T—pnX)

B da(d) _ c( E r:lﬂ-fr(p))2 C=2pdim, py= 130MeV

Tiot dSP T ot dap

Gustafson, Hakkinen

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SS/QCD Stan Bl’OdSky, SLAC




Hadronigationw at the Amplitude Level

Combinatoric Advantage for
Hidden-Color Fock States

T — 999 — qq 99 qq qq q7 97 — d X
Anti-Deuterow vs. double antibawryow productionw
T — 999 — 99 99 99 99 99 q¢ — p n X

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad Sé?CD Stan Br odsky, SLAC




Why do- dimensional counting
rules work so-well?

* PQCD predicts log corrections from powers of X,
logs, pinch contributions Lepage, sjb; Efremoy;
Radyushkin; Landshoft; Mueller, Duncan

e DSE: QCD coupling (mom scheme) has IR Fixed
point  Alkofer, Fischer, von Smekal et al.

e Lattice results show similar flat behavior  Furui, Nakajima

* PQCD exclusive amplitudes dominated by
integration regime where 0 is large and flat

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad Ss/gCD Stan Bl’OdSky, SLAC




Gool:

e 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
Equation for Atomic Physics

o AdS/QCD Holographic Model




Conformad Theories are irwoawriont under the
Poincawre and conformal transformations with

M~ PE, D, K-,
the generators of SO(4,2)

S$O(4,2) has a mathematical representation on AdS;




5-

Dimensional

Anti-de Sitter

K. F. Liu Colloquium
University of Kentucky, April 19, 2007

Spacetime

AdS/QCD
61

Truncated AdS Space

4-Dimensional
Flat Spacetime
(hologram)

Stan Brodsky, SLAC




* Polchinski & Strassler: AAS/CFT builds in conformal symmetry at
short distances; counting rules for form factors and hard exclusive
processes; non-perturbative derivation

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

* de Teramond, sjb: AdS/QCD Holographic Model: Initial “semi-
classical” approximation to QCD. Predict light-quark hadron
spectroscopy, form factors.

e Karch, Katz, Son, Stephanov: Linear Confinement

* Mapping of AdS amplitudes to 3+ 1 Light-Front equations,
wavefunctions

* Use AdS/CFT wavefunctions as expansion basis for diagonalizing
HLFqcp ; variational methods

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad Sé(}CD Stan Br odsky, SLAC




Scale Transformations

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

R2 wwaowrtont measure

' — 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.
N LV LI G ¥
2

r° = a:,,;v“: invariant separation between quarks

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

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad Sé?CD Stan Bl’OdSky, SLAC




Guy de Teramond

AdS/CFT

e Use mapping of conformal group SO(4,2) to AdSs

® Scale Transformations represented by wavefunction (z)

in §th dimension z2 — \2z2 z— Az

* Holographic model: Confinement at large distances
and conformal symmetry in interior 0 < z < zg

e Match solutions at small z to conformal dimension of
hadron wavefunction at short distances (z) ~ 22 at z — 0

* Truncated space simulates “bag” boundary conditions

1
w(ZO) =0 20 — AQCD

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad 86/?(31) Stan Br odsky, SLAC




Identify hadron by its interpolating operator atz -- >0

5
4 Confinement
in the 5th
imension
D(z)
0 4
A\ =3+ L:
_ 1
Twist dimension “0 = Agep
of baryon

de Teramond, sjb
K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad Sé?CD Stan Br odsky, SLAC




®(z) = 23/2¢(z)

AdS Schwodinger Equationw for bound state
of two- scalow constituenty

[— L+ V(@)]é(2) = M24(2)

Truncated space

2
V(z) = _1;;1; bz =120 = 4.) = 0.

Alternative: Harmonic oscillator confinement.

2
V(z) = —1;;121‘ F k422 Karch, et al.

Derived fromv vawiatiow of Actiow invAdSE5

K. F. Liu Colloquium AdS 6/?CD Stan Bl’OdSky, SLAC

University of Kentucky, April 19, 2007




Madtchv fall-off at small z to- conformal twist dimension
at shovt distonces
e Pseudoscalar mesons: O3y, = ¢y5Dgp, ... Dy 100 (P, = 0 gauge).

e 4-d mass spectrum from boundary conditions on the normalizable string modes at z = 2,

®(z, z,) = 0, given by the zeros of Bessel functions 3, r: Mgk = BarAocD

e Normalizable AdS modes ®(z)

D(z) 0
_ 2 —
-4 ] | 1 | ] IZO
4 0 1 2 3 4
1 z
NQcD

Meson orbital and radial AdS modes for Agcp = 0.32 GeV.

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad Sé(;CD Stan Bl’OdSky, SLAC




| |
- (@ .
< 4 - p (1700) _
> P4 (1690)
S a, (1450)
= i a, (1320) )
~ f, (1285)
S o ° -
(O]
p
a, (1260)
o L . | |4 | . |
0] 2 4 0 2 4
B604A12 L L
Light meson orbital spectrum Agcp = 0.32 GeV
Guy de Teramond

K. F. Liu Colloquium
University of Kentucky, April 19, 2007

AdS/QCD
68

SJB

Stan Brodsky, SLAC




Bawyov Spectvruwm

e Baryon: twist-three, dimension % + L
m
Og,1 =D, - De,$0Deyyy - Doy, L= >
i=1

Wave Equation: |[2° 07 — 320, + 2°M* — L1 +4] fi(2) =0

with L. = L+ 1, L_ = L + 2, and solution
U(z,z) = Ce ;2 {JH_L(ZM) uy (P) + Joyr(zM) u_(P)]

e 4-d mass spectrum U(zx, z,)T =0 = parallel Regge trajectories for baryons !

M = BayAqeob, ok = Bat+1,6MQeD.

e Ratio of eigenvalues determined by the ratio of zeros of Bessel functions !

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad 86/(92CD Stan Bl‘OdSky, SLAC




Entire light

Prediction from Only one kb
uar arvon
AdS/QCD parameter! 1 Y
spectrum
! I ! I ! N (22300) .
8 @ 1=1p ,// B
. N (2250) g
Q 6 N (2190) T
& N 1679 ~
Nv 4 N (1650) //(
§ — EE N (2220) —
2 i 7
¢ a@700) —— 70
N 0 A (1620) e
| ] | ] | ] | ] | ] | ]
°0 2 4 6 0 2 4 6
1-2006 L L

8694A14

Fig: Predictions for the light baryon orbital spectrum for AQC p = 0.25 GeV. The 56 trajectory corre-

sponds to L even P = + states, and the 70 to L. odd P = — states.
Guy de Teramond
SJB
K. F. Liu Colloquium AdS /QCD Stan Brods ky, SLAC
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e SU(6) multiplet structure for N and A orbital states, including internal spin S and L.

SU6) S L Baryon State
56 1o N 17 (939)
3 0 A3 (1232)
70 1 1 N17(1535) N3 (1520)
3 1 N17(1650) N3 7 (1700) N5 (1675)
1 1 AL7(1620) A3 (1700)
56 3 2 N 27T (1720) N5 (1680)
3 2 ALlT(1910) A2T(1920) A3 T (1905) AT T (1950)
SO v§~ wE-
3 3 N3T N3T  NZ7T(2190) N2 (2250)
: 3 AZ7T(1930) AT
56 1 4 NIT N2t (2220)
3 4 AST ATt AStT Allt(2420)
70 1 5 N$2T  NilT
3 5 NI7™ N27  Nil7(2600) NL12T
UniversitI;oI;: Ilgél;t(fleli;qr:rz 19,2007 AdS/QCD Stan Br OdSk}r’ SLAC
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String Theovy

;

Mapping of Poincore’ and

AdSI/CFT Conformal SO (4,2) symumetries of
3+1 space
Goal: First Approximant to-QCD } e
Counting rules for Hawds ’
E i~y g I Confor% behawior at short
Regge Trajectoriey AdS(QCD + Confinement at lowge
QCD at the Amplitude Level + distonce

Semi-Classical QCD / Wave Equations

'

Holography

Boost Irwarionk 3+1 LLg%w-From': Wawve Equations

J=0,1,1/2,3/2 plus L ¥

Integrable!

Hadrow Spectray Wa/vleﬁ/wwﬁovw, Dynawmics

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 AdS ; QCD

Stan Brodsky, SLAC




Hadron Form Factors from AdS/CFT
e Propagation of external perturbation suppressed inside AdS. J(Q,z) = zQKq1(zQ)

® At large Q2 the important integration region

isz~1/Q.

2 — dz
J(Q,2), ®(z) F(Q)—F =] 3Pr(2)J(Q,2)P(2)

0.6 Polchinski, Strassler
de Teramond, sjb

e Consider a specific AdS mode ®(™) dual to an n partonic Fock state |n). At small z, ®()
scales as (™ ~ z%n . Thus:

L General result from
Q? AdS/CFT
mn

where 7 = A,, — 0,,, 0, = Zq;:1 o;. The twist is equal to the number of partons, 7 = n.

] r—1 Dimensional Quark Counting Rules:

FQ) -~ |

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad S,;?CD Stan Br odsky, SLAC




Spwceb]c@pmﬁrmfa/d‘or fro-wvAd/S/CFT

¢2(GeV?) . g2 (GeV?)

Data Compilation from Baldini, Kloe and Volmer

Harmonic Oscillator Confinement

Truncated Space Confinement

One parameter - set by pion decay constant. € el el
K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad S;‘?CD Stan Br odsky, SLAC




Form Factor
k = 0.4 GeV 0

o.

AQCD = 0.2 GeV.

0.2}
Identical Results for both
confinement models

~10 -8 ~6 _4 _2 0

QQ

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad S,;(SICD Stan Br odsky, SLAC




Spacelike and Timelike Piow form factor from AdS/CFT

T G. de Teramond, sjb
2 2
| Fﬂ- (q )
|
, | g’; Harmonic
ol ;7 ; Oscillator
| - Confinement
2 ﬁ i";‘{g; % ; scale set by pion
WA f !"\‘g, 'l % decay constant
i MR A4
| .' i
l |+ :
| ? ) x = 0.38 GeV
-3
10 -5 o s 10
¢*(GeV?)

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad S;QCD Stan Brodsky, SLAC




Spacelike and Timelike Piow form factor from AdS/CFT

G. de Teramond, sjb

Harmonic Oscillator
Confinement.

k = 0.38 GeV

Analytic continue
to timelike
momenta and
introduce width

q° — ¢ +ie — g2 +iMT

Fit to height,
predict width

[, =111 MeV

7 =150.3+1.6 MeV

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad S;(}CD Stan Br odsky, SLAC




Baryon Form Factors

e Coupling of the extended AdS mode with an external gauge field A*(z, 2)

g5 / d*x dz \/g A, (x,2) U(z, 2)7"U(z, 2),

where
U(z,2) = e [y (2)us (P) + ¢ (2)u-(P)],

Yy (2) = C22J1 (2 M), Y_(2) = C2*Ja(zM),

and

vi(z) =91(2), ¥-(2) = ¢H(2),

the LC = spin projection along 2.

e Constant C' determined by charge normalization:

_ V2Aqep
R3/2 [ Jo(Br1)Ja(B1.1)]
K. F. Liu Colloquiu
University of K(lantucky,quprl?l 19,2007 Ad S;(SQCD Stan Brodsky, SLAC




Nucleow Form Factory

e Consider the spin non-flip form factors in the infinite wall approximation
9 3 dz 2
Fu@) = 9B [ 57@.9) 0P,
2 5 [ dz 2
F@) = 9B [ 5@ -,

where the effective charges g4 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 ¢ (2) and ¥ _(z) correspond
to nucleons with J? = +1/2 and —1/2.

e For SU(6) spin-flavor symmetry

d
F@) = B [SIQaePR
1 d
FQ@) = —5B [ 57Q.2) [0+ - lw-G)F,
where FT(0) =1, FJ*(0) = 0.
e Large () power scaling: I; (Q?) — [1/@2]2.
G. de Teramond, sjb

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad S,;gCD Stan Br odsky, SLAC




G. de Teramond, sjb

Preliminary

FP(Q?)
— 0.424 GeV

1t N =0.2 GeV

Current modified
by metric

Q) mp = [ %0 L(2)J(Q 2)®)(2)

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SS/ECD Stan Br odsky, SLAC




Dirac Neutron Form Factor
(Valence Approximation)

Truncated Space Confinement

Q4Fn (QZ) [GeV4

Q* [GeV]
Prediction for Q* F*(Q?) for Aqcp = 0.21 GeV in the hard wall approximation. Data analysis from

Diehl (2005).

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad Sé(IICD Stan Br odsky, SLAC




Light-Front Wavefunctions

Fixed T=t+ z/c

Pt = pO0 4 pz N

W (x4, k iy Aj)

Irwariont under boosts! Independent of P

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad Sé(}CD Stan Br odsky, SLAC




Light-Front Wawvefunctions

Dirac’s Front Form: Fixedt=1+z/c

)
Yvy

Yy

wn )C,kL =t -

v
Yvy

QCD

Py >=M|yp> -

Yvy

Intrinsic gluons, sea quarks, asymmetries

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad Ss/?CD Stan Br odsky, SLAC




Angular Momentum ow the Light-Front

A*=0 gauge: No unphysical degrees of freedom
J< Z ST+ Z [<. Conserved
i LF Fock state by Fock State
5 i (k i kz k= jig kl ) n-1 orbital angular momenta

Nongero Anomalous Moment requires
Nongzero orbital angular momentum.

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad Sé?CD Stan Bl’OdSky, SLAC




F .
! Z/ [da][d*k, ] 263 — X Drell, sjb
Lo / ! L, / )
{ N Q_sza (Ii7 kJ‘ij AZ) wa(aj“ kJ_iv )\z) + q_Rwa ($i7 kJ_i7 )\Z) wa(mia kJ_ia AZ)]
kli =k, — Liq L kij — ij + (1 _ xj)(h_
q'l' | qr,I, = q* Lt iq¥
~ (4] - -
XJ'kJ.] xj’klj+ql
g SN
-+ ' —>
Py Sz=—l/2 p+q' SZ='/2

Must have A¢, = +1 to have nonzero F»(q%)

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad Sé?CD Stan Bl‘OdSky, SLAC




Anomalous grovitomagnetic moment B(0)
Okun et al: B(0) Must vanish because of

Equivalence Theovem
growvitorv
a, sum over constituents
—~  (+) ™~
Xjs Ky} xj’klj‘+ql
- { =
P, S,=-1/2 p+aq, S,=1/2
Hwang, Schmidt, sjb; _ ock
Holotein ot al B(O) =0 tachF State

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SS/QCD Stan Br odsky, SLAC




Electric Dipole Form Factor on the Light Front

We consider the electric dipole form factor F3(g?) in the light-front
formalism of QCD, to complement earlier studies of the Dirac and Pauli

form factors. [Drell, Yan, PRL 1970; West, PRL 1970; Brodsky, Drell, PRD 1980]
Recall

(P', 5;|J*(0)|P, Sz) =

| I/ I « o
U(P', X) | Fir(@P)r" + Fa(6?) 370" Ga + Fa(P) 50" ¥5Ga | U(P. )

K = % [F2(0)] , d= % [F3(0)]

We will find a close connection between x and d, as long
an’ricipa‘red. [Bigi, Uralstev, NPB 1991]

Gardner, Hwang, sjb,

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SéQCD Stan Br odsky, SLAC




Electromagnetic Form Factors on the Light Front

Interaction picture for J*(0), g* = 0 frame,
imply (/= q" = ig?):

2
) > [axli e > x

2 .
FZ(AZ) = Ea:/[dx][&kdzjjejé X
1

x 1
- E% (X1, KLy A1) 03 (X, Ky A) — ﬁ% (xi, K iy Ap) @(Xi,kﬂ,)\/)] ,
kij =k ;+ (1 — x;)q. for the struck constituent jand k', ; = k; — x;q for

each spectator (i #j). g© = 0= only n’ = n.
Both F»(g?) and F3(q?) are helicity-flip form factors.

Gardner, Hwang, sjb,

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SégCD Stan Br odsky, SLAC




CP-violating phase

\

F3(q%) = F>(¢?) x tan ¢

Fock state by Fock state

Gardner, Hwang, sjb,

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SS/SCD Stan Bl’OdSky, SLAC




Light-Front Representation of Mesow Form Factor

e Drell-Yan-West form factor

2 -
Zeq/ dﬂ?/d b Ypi (@, kL — 2q1) dp(x, k).

3
e Fourrier transform to impact parameter space l; n
(k1) = Van / 25, PRz b))
e Find (b = \gﬂ) ;
1 L. ,
F(q®) = / da / d’b 9L |y(z, b)| Soper
0

1 o0 ~
_ 27/ dg;/ bdb Jo (bgx) }w(x,b)fa
0 0

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad 89/9(:]) Stan Bl’OdSky, SLAC




Identical DY W and AdS s Formulae: Two-parton case
e Change the integration variable ¢ = |b | |v/z(1 — z)

o 1 dx Cmax—AéCD CQx B .
F@y=o | = | cac (2 ) 00

e Compare with AdS form factor for arbitrary (). Find: Same result for
| 0z LF and AdS5
7Q.0) = [ dudo = QKR (o
0 z(l —x)

the solution for the electromagnetic potential in AdS space, and

- A , A2
’lﬂ(il?,bj_) \/7(]?0;0 1 N 1 — X J() (\/ 1 — X |bJ_|60 1AQCD) (bf S JZ(IQCD:L’)>

the holographic LFWF for the valence Fock state of the pion ¢§q /e

e The variable (, 0 < ( < AQC’D represents the scale of the invariant separation between quarks

and is also the holographic coordinate ( = 2!

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad S;?CD Stan Bl’OdSky, SLAC




LF(3+1) AdSs

$(@01) g B(2)

¢ = \/gj(l —z)bp?  ———

(1-=x)

Y(x,b)) = /z(1 - z) ¢(C)

Holography: Unique mapping derived from equality of LF
and AdS formuda for cuwrent matrix elementy

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad S;(}CD Stan Br odsky, SLAC




tolography:
Map AdS/CFT to- 3+1 LF Theory

Relativistic radial equation: Frame Independent

&+ V(O] 60 = M2

G. de Teramond, sjb

(2 =z(1-— a:)bi

Effective conformal

potential:
K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad Sé?CD Stan Br odsky, SLAC




G. de Teramond and sjb

Map AdS/CFT to- 3+1 LF Theory

Effective radial equation:

L+ V(O] 60 = M29(0)

(2 =z(1- at)bi

Effective conformal 1 — A2
potential: VI(C)=— 102

(seneral solution:

ZZL,]C($, EJ_) — BL,]{\/QZ(l — ZC)

Jr (\/33(1 — $)|5J_|5L,kAQCD> Q(Ef < x?lQéDx))’

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad S9/$CD Stan Br odsky, SLAC




K. F. Liu Colloquium A D
University of Kentucky, April 19, 2007 d S;?C

Prediction from AdS/CFT: Mesow LFWF

Harmonic
Oscillator model

de Teramond, sjb

érr(z, Qo) o \/w(l — )

Stan Brodsky, SLAC




AdS/CFT Predictions for Meson LFWF ¥ (x,b )

Aqcp = 0.32 GeV k= 0.76 GeV.

Truncated Space Harmonic Oscillator

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad S;?CD Stan Bl’OdSky, SLAC




AdS/CFT Prediction for Meson LFWF

G. de Teramond
SJB

000,“$ \\%‘\{\\\
\\ \\‘\\\“\\,
Ty
Ly
M“QQ\\\\%\\%W
Rt

X2
RRORRZ
R CRPRRE
WS

72 N
AN ,:;ozo.o“ SN
SRR SN
' I

(s

2-2006
8721A14™

Two-parton holographic LFWF in impact space @Z(a:, ¢) for Agcp = 0.32 GeV: (a) ground state
L =0, k = 1; (b) first orbital exited state L = 1, k£ = 1; (c) first radial exited state L = 0, k = 2.
The variable ( is the holographic variable z = ¢ = |b |\/z(1 — x).

~ A
9w, Q) = s Vall = 2) (¢Boihaen) 8 (= < Aghp)

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad S;(}CD Stan Br odsky, SLAC




e Define effective single particle transverse density by (Soper, Phys. Rev. D 15, 1141 (1977))
2 ! 2 g
F(@) = [ do [ e g, i)
0
e From DYW expression for the FF in transverse position space:
n—1 n—1 n—1
- N 2—» 2 — = — 2
pla,ii) => |1 /dfﬂj by 61—z = a;) 6P wsbi; — 7)) n(x;, b1y)]
n j=1 j=1 j=1

e Compare with the the form factor in AdS space for arbitrary ():

F(Q*) =R’ /OOO %63‘4(2)‘1’?(2) J(Q,2) Pp(2)

e Holographic variable z is expressed in terms of the average transverse separation distance of the

spectator constituents 77 = Z;":_ll Z; b

- n—1 _
& = 1—$’ijbLj’
g=1

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad S;gCD Stan Bl‘OdSky, SLAC




Hadronigation at the Amplitude Level

€

Event amplitude
genevralor

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

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad 89/(9’2CD Stan Br odsky, SLAC




Light-Front Wawvefunctions

Fixed 7 =t+z/c F.T. < 0ly(y1)v (y2)v (y3)|p > |r.=0

W (x4, k iy Aj)

Inwouriont under boosts! Imdepmd@ﬂl'of?u

K. F. Liu Colloquium AdS /QCD Stan Bl‘OdSky, SLAC
University of Kentucky, April 19, 2007 100




Hadronigation at the Amplitude Level

.
.
.
e

llllll
o
e
.
o

Bawyow Production

w(xa EJ_a )‘z)

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

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI/O(’%CD Stan Br odsky, SLAC




|PaSz = 2 ‘Pn(xi}mki) |n;zLi,Ki >
n=3

sum over states with n=3, 4, .‘.constituer}ts

The Light Front Fock State Wavefunctions
W, (xi, k17, ) :

are boost invariant; they are independent of the hadron’s energy e
and momentum P*. p%,

The light-cone momentum fraction )

1

1

Lk KAk : .
y pt  PV4 P p ===
are boost invariant. :
1
1

ikf:PJ“, ixlzl, ii{}z()l . \_;_:_
1 1 1 /_;_f
Intrinsic hea uarks s(z) # s(x) |
vy ’ Fixed LF time

u(z) # d(z)

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI/O CD Stan Br odsky, SLAC




Hadronigationw at the Amplitude Level

.
e
K

Ve (@i, kg, i)

Higher Fock State Coalescence |uudss >

Asymmetric Hadronization! Ds—,p(2) # Ds_,5(z)
B-Q Ma, sjb

K. F. Liu Colloquium AdS /QCD Stan Bl‘OdSky, SLAC

University of Kentucky, April 19, 2007 103




Ds—p(2) # Ds_5() B-Q Ma, sjb

= _ ! -
A
0.6 [~ 7 —
i s )
|&w 0.0 "; ‘ ]
< Y |
N4
—0.6 [/ —
U
| | | | ]
o 0 0.2 0.4 0.6 0.8 1.0
8229A01 y4
Agﬁ(z) — Ds—p(2)—Ds_5(2)
D8—>p(z)+Ds—>]3(Z)
Consequence of sy(x) # sp(x) luudss >~ |[KTA >
K. F. Liu Colloquium
University of Kentucky, April 19, 2007 AdS/QCD Stan Br odsky, SLAC
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Timelike Test of Chowm Distributionw inv Protovw

D (Z) c—pX e
GI‘ibOV—Lipat()V CI‘OSSing at large 7 L IO
ZD(Z)C—>pX — Fp_>CX(£U — ]_/z)
_|_
e —
d

.... X = cudu

p

(ZUZ’ kJJ,a >\ )
Intrinsic charm model: Vuudee

predict proton at same rapidity as charm quark: high z
Z; X m | ; = \/mg—l—ki

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SILQ5CD Stan Br odsky, SLAC




107" . r [ [

Measuwrement of Chawrm
Structuwre Functiorv

J. J. Aubert et al. [European Muon Collaboration], “Pro-
1 duction Of Charmed Particles In 250-Gev Mu+ - Iron In-
teractions,” Nucl. Phys. B 213, 31 (1983).

First Evidence for

Intrinsic Charm
. Q
_ /o 7 -
103:_ / /’ \\ PGF/ T /
N I! ,/ {31(IC*ICR) ] factor 0f30 ’ > 'Y*
5 v ,
j! A i -
ii ','\IC PGF \ : 8\\c
i , ] \ 4 - u
i € - d

10- 1 | 1 L

X 0.3 0.4

DGLAP / Photon-Gluon Fusion: factor of 30 too small

K. F. Liu Colloquium
University of Kentucky, April 19, 2007

AdS/QCD
10

Stan Brodsky, SLAC




Hoyer, Peterson, Sakai, sjb
Intrinsic Heavy-Quowk Fock States
e

* Rigorous prediction of QCD, OPE , B

\

'

* Color-Octet Fock State /8B

s e L
° Probabﬂlty Pog Mé Pogoag ~ O%PQ@

* Large Effect at high x

* Greatly increases kinematics of colliders such as Higgs
production (Kopeliovich, Schmidt, Soffer, sjb)

* Severely underestimated in conventional
parameterizations of heavy quark distributions
(Pumplin)

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI/O(%CD Stan Bl’OdSky, SLAC




Intrinsic Chawrm Mechanism for
Exclusive Diffraction Productiov

pp—J/Yypp
\ =

D
D C — _
; 5 S o yewmw X0 = XeTXe
ZO
HO Exclusive Diffractive
. High-Xr Higgs Production
Kopeliovitch, Schmidt, Soffer, sjb
P

Intrinsic cc pair formed in color octet 8¢ 1n pro-
ton wavefunction  Large Color Dipole
Collision produces color-singlet J /4y through

color exchange RHIC Experiment

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad Slﬁ) CD Stan Br odsky, SLAC




e EMC data: c¢(z,Q?) > 30 x DGLAP
Q2 =75 GeV?2, £ = 0.42

e High zp pp — J/9¥ X

o High 2 pp — J/J/9X
e High zp pp — NAcX

e High zp pp — Ny X

e High zp pp — =(ced) X (SELEX)

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Adli/gQCD Stan Bl‘OdSky, SLAC




Hoyer, Marchal, Peigne, Sannino, sjb

QCD Mechanism for Rapidily Gaps

x Wilson Line: ¥(y) / ' dx e 4p(0)
v 0

(1[3

g CS'SJ ox~1 g } Rap Gap

> P

Reproduces lab-frame color dipole approach

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 AdISIQQCD Stan Bl’OdSky, SLAC




Hadronigation at the Amplitude Level

€+€_ — H _I_H o —I— X ‘v’ Bjorken, Lu, sjb
' Kopeliovich,
Large Ay = |y — yx| Schmidyt, sjb

et

Timelike Pomeron. C=+ Gluonium Trajectory
Large Rapidity Gap Events

Crossing analog of Diffractive DIS eH —eH + X

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI/I? CD Stan Br odsky, SLAC




Hadronigation at the Amplitude Level

Kopeliovich,
e 4 o
. Schmidt, sjb

ete” — HTH 4+ X

Large Ay = |yg — yx|
o

Timelike Odderon.
Large Rapidity Gap Events =- Gluonium Trajectory

HYH- asymmetry from Odderon-Pomeron
interference

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI/IQCD Stan Br odsky, SLAC




Hadronigation at the Amplitude Level

o
e
o

V(x5 k15, Ai)

d
“Hidden-Color” Components |(uud)go(ddu)go >
New Hadronization Mechanism
K. F. Liu Colloquium
University of Kentucky,quril 19,2007 Ad SI/I%CD Stan Bl‘OdSky, SLAC




Diffractive Dissociation of Piovw

into- Quawrk Jety
E791 Ashery et al.
by ~0 (1/k)
i . X1 GJ
T X2, ka
A A

M x an ¢7r(«’17 kJ_)
Measure Light-Front Wowefunctiow of Piow

M inimal momentuwm tronsfer to- nuuclews
Nuclews left Intact!

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 AdISIQQCD Stan Brodsky, SLAC




Key Ingredienty ivv €791 Experiment

b, ~0 (1/k.)
l g X1» Kiq Brodsky Mueller
T > ' R Frankfurt Miller Strikman
T Xo, Ko
A A

Small color-dipole moment pionw not absorbed;
interacty witihveach nucleovw coherently
QCD COLOR Trawvvusparency

i My=A My

' Q- ¢ A q@d) = A2 FN — qaN') FR0)
I N A/

A Target left intact

Diffraction, Rapidity gap

K. F. Liu Colloquium

University of Kentucky, April 19, 2007 AdS/ QCD
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Stan Brodsky, SLAC




Color Travusparency

Bertsch, Gunion, Goldhaber, sjb
A. H. Mueller, sjb

* Fundamental test of gauge theory in hadron physics
* Small color dipole moments interact weakly in nuclei
* Complete coherence at high energies

e (Clear Demonstration of CT from Diffractive Di-Jets

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI/I%CD Stan Br odsky, SLAC




e Fully coherent interactions between pion and nucleons.

e Emerging Di-Jets do not interact with nucleus.

M(A)=A- M(N)
4o o A? g ~ 0
dg}
o X A4/3
' Nuclear coh 3
- uclear conerence -
200 400~ Nuclear coherence
1751 Pt 350 fi 5
150 300 |-
2 1255 @ 250
= ; c -
[ o) -
s 1005 @ 200
75F 150%
50 100
e 50
(O |A-| [ |‘ i P s o O N B iy B OE \ b LI o e
0 0.1 0 D 0.3 0.4 0 0.2 0.4 0.6 0.8
a2 (GeV/c)? q2 (GeV/c)2
K. F. Liu Colloquium AdS /QCD

University of Kentucky, April 19, 2007
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Mueller, sjb; Bertsch et al;
Frankfurt, Miller, Strikman

Measure piow LFWF i diffractive dijet productiov
Confurmaliow of color transparency

A-Dependence results: o x A“
k; range (GeV /c) . a (CT)
1.25 < k< 1.5 1.64 +0.06 -0.12 1.25
1.5 < k< 2.0 1.52 + 0.12 1.45
Ashery E791
2.0 < k< 2.5 1.55 + 0.16 1.60

« (Incoh.) = 0.70 £+ 0.1

Conwentional Glauwber Theory Ruled Out Factor of 7

!

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI/I CD Stan Br odsky, SLAC




Key Ingredienty invAshery Experiment

by ~0 (1/k.)
l g S EA
T - |
T X2 ka
A

Gunion, Frankfurt, Mueller, Strikman, sjb
Frankfurt, Miller, Strikman

Two-gluon exchange measures the second derivative of the piovw
light-front wawefunctiovw

82
T I ?—q M anJ_wﬂ'(xakJ_>
|
N N
K. F. Liu Colloquium AdS/QCD

University of Kentucky, April 19, 2007 Stan Br odsky, SLAC
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E~791 Diffractive Di-Jet transverse momentum distribution

)
h g
L -|-.|. T
% T
© 104 — Gaussian
10
102 ]‘ H
:\ | | T |

L \\\‘\\\ \\\‘\\ \\‘\
1T 1.2 1.4 16 1.8 2 22

i I I IR B
24 26 28 3

kT (GeV)

K. F. Liu Colloquium
University of Kentucky, April 19, 2.,

AdS/QCD

120

Two Components

High Trownsverse
momentum dependence kr 0>
consistent withv PQCD,
ERBL Evolution

Gaussion component similar
to-AdS/CFT HO LFWF

Stan Brodsky, SLAC




oz, k3)° )

0.05(

K. F. Liu Colloquium
University of Kentucky, April 19, 2007

Prediction from AdS/CFT: Mesonw LFWF

AdS/QCD

I2X

Harmonic oscillator
model

de Teramond, sjb
bu(z, Qo) ox \/z(1 — )

Stan Brodsky, SLAC




70

= 1.25 <k < 1.5 GeV/c L 1.5 <k <2.5GeV/c
60 50 [
50 — :
C 40 — ==
40 — - INF
- 30— 3
30— N
- 20 \
20— - .
10— o Jr
H | ;H | | L1 1 | L V] I_*—
% 1 % 06 08 1
X Ashery E791

Nawrrowing of x distribution at higher jet transverse momentum

x ' distribution of diffractive dijets from the platinum target for 1.25 < k; < 1.5 GeV/c (left) and for
1.5 < k; < 2.5 GeV/c (right). The solid line is a fit to a combination of the asymptotic and CZ distribution amplitudes.
The dashed line shows the contribution from the asymptotic function and the dotted line that of the CZ function.

Possibly two components:
Nonperturbative (AdS/CFT) and

Perturbative (ERBL)
K. F. Lia Colloaui Evolution to asymptotic distribution
. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI/Z(gCD Stan Br odsky, SLAC




Space-time picture of DVCS P. Hoyer

N,

o= %x_P+

The position of the struck quark differs by x~ in the two wave functions

Measure x- distribution from DVCS: 5
Take Fourier transform of skewness, = Q°
the longitudinal momentum transfer

S. J. Brodsky?, D. Chakrabarti’, A. Harindranath®, A. Mukherjee?, J. P. Vary®®/

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI/Z(gCD Stan Bl’OdSky, SLAC




AdS/CFT Holographic Model, 6 Timon
¢(07 bJ_)

The front form

3 -dimensional photographi

8 mesow LFWF at fixed LF Time
K. F. Liu Colloquiu
University of K:entucky,quprl?l 19,2007 Ad SI/Z(}CD Stan Brodsky, SLAC




S. J. Brodsky?, D. Chakrabarti’, A. Harindranath®, A. Mukherjee?, J. P. Vary®®/

Hadron Optics

1 S
Afo,b1) = o= [ d¢e A, 0) o=y Pt (=2

DVCS Amplitude using
holographic QCD meson LFWF

Aocp = 0.32

The Fourier Spectrum of the DVCS ampli-
tude in o space for different fixed values of

6] |. GeV units

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad Slg?CD Stan Br odsky, SLAC




Hadvronw Dynamics at the
Amplitude Level

e LFWES are the universal hadronic amplitudes which
underlie structure functions, GPDs, exclusive processes.

e Relation of spin, momentum, and other distributions to
physics of the hadron itself.

e Connections between observables, orbital angular
momentum

e Role of FSI and ISIs--Sivers effect

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI{‘,%CD Stan Br odsky, SLAC




Single-spinv
P Leading Twist

Sivers Effect
-
AN
7 o
current
quark jet
Y
iS,-4G X Py
QCD S- and P-

final state

) . Coulomb Phases
Interaction

spectator

system
proton 11-2001
Light-Front Wawefunction, 000 D. S. Hwang,
S and P- Waves I. A. Schmidt,
sjb
P AdS/QCD Stan Brodsky, SLAC

University of Kentucky, April 19, 2007 127




Final-State Interactions Produrce

—

T-0dd (SiversEffect) i8S Puxd

* Bjorken Scaling!

* Arises from Interference of Final-State Coulomb
Phases in S and P waves

* Relate to the quark contribution to the target
proton anomalous magnetic moment

Hwang, Schmidst. sjb;
Burkardt

K. F. Liu Colloquium AdS /QCD Stan Bl‘OdSky, SLAC

University of Kentucky, April 19, 2007 128




Final-State Interactiovns Produce
Pseudo- T-Odd, (Sivers TEffect)

Leading-Twist Bjorken Scaling]
Requires nonzero orbital angular momentum of quark! 1S ﬁ jer X é)

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

Unexpected QCD Eftect -- thought to be zero!

current

Relate to the quark contribution to the target proton quark jet

anomalous magnetic moment and final-state QCD phases

quark :
QCD Coulomb phase at soft scale final state
1 : 1 spec’ta’tor>

Measure in jet trigger or leading hadron e

proton
Sum of Sivers Functions for all quarks and gluons vanishes.
(Zero gravito-anomalous magnetic moment: B(o)= o)
K. F. Liu Colloquium

University of Kentucky, April 19, 2007 AdS/QCD Stan Br OdSk}r’ SLAC
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Featuwies of Light-Front Formalism
* Hidden Color Nuclear Wavefunction
o Color Transparency, Opagueness

o Intrinsic glue, sea quarks, intrinsic charm.

e Simple proof of Factorization theorems for hard processes
(Lepage, sjb)

® Direct mapping to AdS/CFT (de Teramond, sjb)

e New Effective LF Equations (de Teramond, sjb)

e Light-Front Amplitude Generator

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI/3(3CD Stan Br odsky, SLAC




New Perspectives for QCD fromAdS/CFT

LFWFs: Fundamental frame-independent description of
hadrons at amplitude level

Holographic Model from AdS/CFT : Confinement at large
distances and conformal behavior at short distances

Model for LEWFs, meson and baryon spectra: many
applications!

New basis for diagonalizing Light-Front Hamiltonian

Physics similar to MI'T bag model, but covariant. No
problem with support o <x < 1.

Quark Interchange dominant force at short distances

K. F. Liu Colloquium AdS /QCD Stan Bl‘OdSky, SLAC

University of Kentucky, April 19, 2007
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CIM: Blankenbecler, Gunion, sjb

KT 3 KT KT KT

A, |

u
Quark Interchange Gluonw Exchange
(Spinv exchange inv atom- (Vo der Waall - -
atom scattering) Landshoff)
do _ |M(s,t)|?
dt ~— 52
M(t, U)interchange X # M (s, t)gluonexchange oc sF'()

MIT Bag Model (de Taw), lawrge N, (‘tHooft), AAS/CFT
all predict dominance of quawk interchange:

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI/SQCD Stan Br odsky, SLAC
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K. F. Liu Colloquium

0
cos B m,

AdS/QCD

University of Kentucky, April 19, 2007 133

AdS/CFT explaing why
quawk interchange is
dominant
momentum trownsfer
inv exclusive reactions

1
M (t,u)interchange X -2

Non-linear Regge bebavior:

apr(t) — —1

Stan Brodsky, SLAC




Why is quark-interchange dominant over gluon
exchange?

Example: M(Ktp — KTp) 712
Exchange of common u quark
Mory = [ d%k, dx 1051#})&%1103
Holographic model (Classical level):

Hadrons enter 5th dimension of AdSs

Quarks travel freely within cavity as long as

separation z < zg = /\Qch

LFWFs obey conformal symmetry producing
quark counting rules.

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI{,,(}CD Stan Bl‘OdSky, SLAC
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Comparison of Exclusive Reactions at Large ¢

B. R. Baller,® G. C. Blazey,® H. Courant, K. J. Heller, S. Heppelmann, > M. L. Marshak,
E. A. Peterson, M. A. Shupe, and D. S. Wahl @
University of Minnesota, Minneapolis, Minnesota 55455

D. S. Barton, G. Bunce, A. S. Carroll, and Y. I. Makdisi
Brookhaven National Laboratory, Upton, New York 11973

and

S. Gushue® and J. J. Russell

Southeastern Massachusetts University, North Dartmouth, Massachusetts 02747
(Received 28 October 1987; revised manuscript received 3 February 1988)

Cross sections or upper limits are reported for twelve meson-baryon and two baryon-baryon reactions
for an incident momentum of 9.9 GeV/c, near 90° c.m.: #p—pr¥ pp T xta* Ktz * (AYZO)K
K*p—pK¥; prtp—pp*. By studying the flavor dependence of the different reactions, we have been
able to isolate the quark-interchange mechanism as dominant over gluon exchange and quark-antiquark

annihilation.
kts s Kt T d g K*
xtp—pr, ’ |
|
Kip—’PKi, u u u S o
l a A
P U u p P u
ntp—pp~, d GEx d : d ANN  d
rtp—ata®, (s skt d d K°
+ + u . l . S
rfp—K¥tz¥, |
-, AOE0 500 u u I u S 4o
T p— AKLEKD P U upP P d d A
d QIN d u COM u

prp—pp*.




B.R. Baller et al.. 1988.
Published in
Phys.Rev.Lett.60:1118
-1121,1988

(90°), nb/(GeV /c)?

do-

dt

<
S
I/
G.a/,
&

©
o

N

0.01

K. F. Liu Colloquium
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The cross section and upper limits (90% confidence
level) measured by this experiment are indicated by the filled
circles and arrowheads. Values from this experiment and from
previous measurements represent an average over the angular
region of —0.05 <cosf.;m <0.10. The other measurements
were obtained from the following references: z*p and K*p
elastic, Ref. 5; 7" p— prn~, Ref. 6; pp— pp, Ref. 7: Allaby,
open circle; Akerlof, cross. Values for the cross sections [(Re-

action), cross section in nb/(GeV/c)?] are as follows:

(1),

4.610.3; (2), 1.7+0.2; (3), 3.4+ 1.4; (4), 09383, (5), 3.4
*0.7; (6), 1.3%0.6; (7), 20£0.6; (8), <0.12; (9), <O0.1;
(10), <0.06; (11), <0.05; (12), <0.15; (13), 48 5; (14),

<2.1.
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Quark Interchange:
Dominant Dynamics at
large t, u

Relative Rates Correct
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Weak Exclusive Decay 0

(D|J*(0)]B) W™ _
V
B —— =
Exact Formula D
Hwang, SJB - 0 Y
v
. e b - n=n +2
2 — c ¢ >
n o* —>d —— o+
VY, 9 W, Wnyo g Y,

Annihilation amplitude needed for Lorentz Invariance

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad 81/3(;(:]) Stan Br odsky, SLAC




Light-Front Formalism

e Renormalization of LF Hamiltonian Theory (Wilson, Hiller,
McCartor et al.)

e Color Transparency, Opaqueness (Mueller, Frankfurt, Strikman,

sjb)

e Explicit 1+1 solutions from DLCQ (Pauli, Hornbostel, sjb)
Supersymmetric DLCQ (Hiller, Pinsky, Trittman)

e Simple proof of Factorization theorems for hard processes
(Lepage, sjb)

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SIQ%CD Stan Brodsky, SLAC




A Unified Description of Hadron Structure

Elastic form factors
Parton momentum
distributions

Real Compton
scattering at high

- Deeply Virtual Meson
production

Light Front Wavefunctions

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI;(gCD Stan Bl’OdSky, SLAC




—kight_Front Wave Function Overlap Representation

Diehl, Hwang, sjb, NPB596, 2001

_ DGLAP
See also: Diehl, Feldmann, Jakob, Kroll region
P Z_\’ N
/ LY
¢ /
A _ A
k=Fk— 5 k=Fk+3
PR Z ERBL
region
N g
pP=P+ % p=p_ %
DGLAP
region

N=3 VALENCE QUARK = Light-cone Constituent quark model

Liu, Pasquini
N=5 VALENCE QUARK + QUARK SEA = Meson-Cloud model ’ 1

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI{'_QOCD Stan Br odsky, SLAC




Example of LFWF representation
of GPDs (n =>n)

Diehl,Hwang, sjb
1 Al—iaA®
1—¢ 2M

. 1 2—n . dx; dzlzJ_i 16 35 1 . . (2)
=W1=-0"" 2 [ 1er —fo Z

E(n—>n) (x,¢,1)

x 8(x — xlw()(xl,lq,, )w(tl)(x,-,kﬂ,x,-),

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

x| — > > I —x
7 = 11_ ;, K\ =k ,— — IAL for the struck quark,
X; - - 1 -
xlle_lg, kli:ku"‘l_lgAL for the spectators i =2, ..., n.
K. F. Liu Colloquium
University of Kentucky, April 19, 2007 AdS/QCD Stan Br OdSky’ SLAC
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Example of LEFWF representation

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

1 Al —jA2

JI=¢ 2M
3 n+1 dx: d2 kJ_ n+1 n+1
7 i CRLL ) 6 s[>k,
J1-¢ Z/]_[ 167 8(1—Zx] s (Zm])
j=1 j=1

-

x 1638 (xp41 +x1 — £)8@ (k Lnt1 kil — jl)
x 80x — xDV L (o R M)Wy (K1 K iy Ad) 8=

Enrisn—1)(x, ¢, 1)

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

Xi g - Xi -

/
X, = : k'.=k,.+ AYR
I 1—¢ i 1i 1—¢
K. F. Liu Colloquiu
University of K(lentucky,quprl?l 19,2007 AdS/QCD Stan Br odsky, SLAC
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The Generalized Parton Distribution E(x, (, t)

The generalized form factors in virtual Compton scattering

v*(q) + p(P) — 7*(q') + p(P') with t = A* and

A=P—P = (P, A, (t+ A%)/CPT), have been constructed in the
light-front formalism. [Brodsky, Diehl, Hwang, 2001]

We find, underq, — A ,for{ < x <1,

E();,Agl,o) _ ;(ﬁ)1_n;5(x_Xf)/[dx][d2kﬂ

x P!, KL, A)S1 - LIa(xi, K M)

with X7 = (x; — ¢)/(1 — ¢) for the struck parton j and x;j = x;/(1 — () for the
spectator parton /.

The E distribution function is related to a S - LY matrix element at finite ¢ as
well.

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI{'_Q3CD Stan Br odsky, SLAC




Link to DIS and Elastic Form Factors

Form factors (sum rules)
DIS at $=¢t=0 j.deIleq(x,@,t)] =F, (1) Dirac f.f.

H'(x,00)=q(x), —4(-x) q

H(x,0,0)=Aq(x), Agq(—x)

jdeIZEq(x,ét)] =F, (#) Pauli £f.

[ax B! (x,6.0= Gy 1), [dx E'(x,6,0)=Gpy( 1)

X l Verified using

L m e i B s ) LEWEs
i Diehl,Hwang, sjb
Quark angular momentum (Ji’s sum rule)
Ji=i_jo=1 JLxdeLI" (%,E0)+E*(x,50)]
2 25 X Ji, Phy.Rev.Lett.78,610(1997)
K. F. Liu Colloquium
University of Kentucky,quril 19,2007 AdSI{'- CD Stan Brodsky, SLAC




AdS/CFT and Integrability

* Conformal Symmetry plus Confinement: Reduce
AdS/QCD Equations to Linear Form

* (Generate eigenvalues and eigenfunctions using
Ladder Operators

* Apply to Covariant Light-Front Radial Dirac and
Schrodinger Equations

e L. Infeld, “On a new treatment of some
eigenvalue problems”, Phys. Rev. 59, 737 (1941).

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI{I_%CD Stan Bl’OdSky, SLAC




AdS/CFT LF Equation for Mesons with HO Confinement.
v =1L

- K - 26204 1) 4 M) 6,(0) =0
LF Hamiltonian

ZF¢V — M3¢u Bilinear H}, = IIIII,,

d? i 1 — 41?
d¢? 4(?

where .
d v+3
HVC:_Z( o 2_K2C>7
(€) e :
and its adjoint de Teramond, sjb
T (¢) = —i ( i s —I—/£2§)
Y d¢ q ’
with commutation relations
2+ 1
[HV(C)7 HZ(C)] — CQ o 2/{2'
K. F. Liu Colloquium
University of Kentucky,quril 19,2007 AdS/QCD Stan Br OdSk}r’ SLAC
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AdS/CFT LF Equation for Mesons with HO Confinement.

?  1-4a? ) 2
(d_@_|_ e —IQC—QK(V+1)+M>¢V(C)_O
: d v+ 3
Define bl — —ZH,/ :d§+ C2+/€2C
d v+s
b,,:d—c—i— 22+H2C bib,/:by_|_1bi_|_1

Ladder Operator bi|v) = culv + 1)

d V‘|‘% 2 L
(CiC 4+ ; + K C) ¢, (¢) = cu@u41(C)

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI{‘%CD Stan Bl’OdSky, SLAC




Ov(2) = OZl/QJFV@_KQCQ/QGV(O»

2¢G,(x) — G'(x) = Gy (x)
defines the associated Laguerre function LYt (x?%)

¢1/( ) _ V21/2+V€_K2<2/2LV(//M' C )

M? — M? — 2K%,
Subtract Vacuum

Energy

1
M? = 4K*(n + v+ 5)

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI{‘%CD Stan Bl‘OdSky, SLAC




M2 (GeV?)

0

5-2006

8694A15

f, (2050)
a, (2040)

J = L + 1 vector meson Regge trajectory for x ~ 0.54 GeV

K. F. Liu Colloquium

University of Kentucky, April 19, 2007
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Use AdS/CFT ovthonormal LFWFs

as o basis for diagonalizging
the QCD LF Hamiltoniowv

* Good initial approximant

* Better than plane wave basis Pauli, Hornbostel, Hiller,
McCartor, sjb

* DLCQ discretization - highly successful 1+1

* Use independent HO LFWFs, remove CM

motion Vary, Harinandrath, sjb

e Similar to Shell Model calculations

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI/S(gCD Stan Bl’OdSky, SLAC




Light-Front QCD
Heisenberg Equation

HESP W) = M2 (W) DLCQ

%,LZ\

ps’ p.s
(a)

5,3' K,A

e AVAVAVAVAVAVS
/]

N\ SN ——

KA p,s
(b)

p.s p,s

ko' k,c
(c)

n  Sector

qq

a9

3 4 5 6 7 8 9 10 1 12 13
g9 qag qaqq 999 q4qqg | 9qqaqd | 9999 | 99999 | 999999 {9999 qdg |qaqgqqqqd

qqg

qqqq

qq g9

qqaqg

<
M<
>M
A
>
-

1
2
3
4
5 9949
6
7
8

qa9qqq

9 9999

10 qqggg

1 qoqqgg

12 qaqqqqg

IOV 2 P N et e

University of Kentucky, April 19, 2007

13 q4q94dqq

Y

Use AdS/QCD buasis functions Pauli, Pinsky, sjb

K. F. Liu Colloquium

AdS/QCD Stan Brodsky, SLAC
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String Theovy

;

Mapping of Poincore’ and

AdSI/CFT Conformal SO (4,2) symumetries of
3+1 space
Goal: First Approximant to-QCD } e
Counting rules for Hawds ’
E i~y g I Confor% behawior at short
Regge Trajectoriey AdS(QCD + Confinement at lowge
QCD at the Amplitude Level + distonce

Semi-Classical QCD / Wave Equations

'

Holography

Boost Irwarionk 3+1 LLg%w-From': Wawve Equations

J=0,1,1/2,3/2 plus L ¥

Integrable!

Hadrow Spectray Wa/vleﬁ/wwﬁovw, Dynawmics

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI/5 (gc D

Stan Brodsky, SLAC




Outlook

e Only one scale Agcp determines hadronic spectrum (slightly different for mesons and baryons).
e Ratio of Nucleon to Delta trajectories determined by zeroes of Bessel functions.

e String modes dual to baryons extrapolate to three fermion fields at zero separation in the AdS

boundary.
e Only dimension 3, % and 4 states qq, qqq, and gg appear in the duality at the classical level!

e Non-zero orbital angular momentum and higher Fock-states require introduction of quantum

fluctuations.
e Simple description of space and time-like structure of hadronic form factors.

e Dominance of quark-interchange in hard exclusive processes emerges naturally from the

classical duality of the holographic model. Modified by gluonic quantum fluctuations.

e Covariant version of the bag model with confinement and conformal symmetry.

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI/I),(gCD Stan Bl‘OdSky, SLAC




Light-Front QCD Phenomenology

* Hidden color, Intrinsic glue, sea, Color Transparency

* Near Conformal Behavior of LEWFs at Short
Distances; PQCD constraints

* Vanishing anomalous gravitomagnetic moment

* Relation between edm and anomalous magnetic
moment

* Cluster Decomposition Theorem for relativistic
systems

e OPE: DGLAP, ERBL evolution; invariant mass scheme

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI/5(£CD Stan Bl‘OdSky, SLAC




AdS/CFT and QCD

Bottom-Up Approach

Nonperturbative derivation of dimensional counting rules of hard exclusive glueball scattering
for gauge theories with mass gap dual to string theories in warped space:
Polchinski and Strassler, hep-th/0109174.

Deep inelastic structure functions at small x:
Polchinski and Strassler, hep-th/0209211.

Derivation of power falloff of hadronic light-front Fock wave functions, including orbital angular
momentum, matching short distance behavior with string modes at AdS boundary:

Brodsky and de Téramond, hep-th/0310227. E. van Beveren et al.

Low lying hadron spectra, chiral symmetry breaking and hadron couplings in AdS/QCD:
Boschi-Filho and Braga, hep-th/0212207; de Téramond and Brodsky, hep-th/0501022; Erlich, Katz,
Son and Stephanov, hep-ph/0501128; Hong, Yong and Strassler, hep-th/0501197; Da Rold and Po-
marol, hep-ph/0501218; Hirn and Sanz, hep-ph/0507049; Boschi-Filho, Braga and Carrion, arXiv:hep-
th/0507063; Katz, Lewandowski and Schwartz, arXiv:hep-ph/0510388.

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI/S?CD Stan Brodsky, SLAC




e Gluonium spectrum (top-bottom):
Csaki, Ooguri, Oz and Terning, hep-th/9806021; de Mello Kock, Jevicki, Mihailescu and Nunez,
hep-th/9806125; Csaki, Oz, Russo and Terning, hep-th/9810186; Minahan, hep-th/9811156; Brower,
Mathur and Tan, hep-th/0003115, Caceres and Nunez, hep-th/0506051.

e D3/D7 branes (top-bottom):

Karch and Katz, hep-th/0205236; Karch, Katz and Weiner, hep-th/0211107; Kruczenski, Mateos,
Myers and Winters, hep-th/0311270; Sakai and Sonnenschein, hep-th/0305049; Babington, Erd-
menger, Evans, Guralnik and Kirsch, hep-th/0312263; Nunhez, Paredes and Ramallo, hep-th/0311201;
Hong, Yoon and Strassler, hep-th/0312071; hep-th/0409118; Kruczenski, Pando Zayas, Sonnen-
schein and Vaman, hep-th/0410035; Sakai and Sugimoto, hep-th/0412141; Paredes and Talavera,
hep-th/0412260; Kirsh and Vaman, hep-th/0505164; Apreda, Erdmenger and Evans, hep-th/0509219;
Casero, Paredes and Sonnenschein, hep-th/0510110.

e Other aspects of high energy scattering in warped spaces:
Giddings, hep-th/0203004; Andreev and Siegel, hep-th/0410131; Siopsis, hep-th/0503245.

e Strongly coupled quark-gluon plasma (n/s = 1/47r):

Policastro, Son and Starinets, hep-th/0104066; Kang and Nastase, hep-th/0410173 ...

K. F. Liu Colloquium
University of Kentucky, April 19, 2007 Ad SI{). CD Stan Br odsky, SLAC
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A Theory of Everything Takes Place

String theorists have broken an impasse and may be
on their way to converting this mathematical
structure — physicists’ best hope for unifying gravity
and quantum theory -- into a single coherent theory.

Frank and Ernest

l + Vx Kk %{'}fi}{' ” av = | thought | had
m VS ¥ (K@ ﬁhﬂlr‘_"ﬂjhx'—_ #  discovered the

;'“ e ﬁ.t& "'-i'r”h:-f Tol(wtR) f:ﬁ,J il ~, Theory of Everything
“ '.3 < \,H But everything

X
"-T;?) !: ﬂﬁi Mﬂ rl }i{/ &Ef canceled out !
/ _ "___._.__...__.,____._______ lg=15
g, e —— § t han i _ TrARER J
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