E~791 Diffractive Di-Jet transverse momentum distribution

el
5" t oA Two Components
< T —es
3 N High'T. mowwmt
° L : ! romngverse i
10% Gaussian depend o with, k_65
PQCD, ERBL Evolution
103
i Gaussion component similowr
) }l ‘ to-AdS/CFT HO LFWF
102 *
1712 14 16 1.8 2 22 24 26 28 3
kT (GeV)
Arizona, February 26, 2010 Atoms i Flight Stan Brodsky S AL
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Simudated diffractive transverse
momentuim distribution for positroninm

0 Two Components:
>10° 1} do
5 H dkT Low momentum
£ t dependence from
E ) now-relativistic Coulomb- interactionw
104
i HigivT. moment
distribution. o bg/h/ ransverse wi
103 Relatz?zstzc dependence
: tail from relativistic QED
i —5
1“02; k‘T \l L by ~0 (1/ky) o .
- * [6 e ] i - X1, Kpq
1214 96 18 2 25 24 26 28 f %o K
kT / e
Arizona, February 26, 2010 Atoms i Flight Stan Brodsky Si AL
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Positromnivm LFWF

(Mz- - LG ,[ [ay] ) T 3Bre ks yi, 1 MYy, 1)

—16¢&*m?
(= 1% + (x — p)’m’

K~

Non-relativistic limit,

utai s u;ﬁr i ?
~“e———\177, parapositronium,
g\ 647Px1x (2x1%7) |
‘1’=(3E“) R : z—z—ﬂrzx Ur s
m [2.® + (g = xp)"m* +B°] Gouey) 12 ? orthopositronium,
- 1%2
1 oo,
YNR(T, kL) ~ T B =am,/2
kJ_
At large k2 >> m? Y(x, k )NL
g 1 e’ s V| ki
Arizona, February 26, 2010 Atoms in Flight Stan Brodsky S AL
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CIM: Blankenbecler, Gunion, sjb

leTe] et leTe] leTe]
\ |”7*
e N S
pte] ® 7 @ ] pte] © g @ e
Constituent Interchange Two-Photon Exchange
Spinv exchange inv atow- (Vo der Waal )
alow scatlering
do _ |M(s,t)|?
dt ~— 52
M(t,u); 2 M(s,t) x sF'(t)
( au)mterchange o8 =z » L)gluonexchange
Arizona, February 26, 2010 Atoms in Flight Stan Brodsky S AL
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CIM: Blankenbecler, Gunion, sjb

KT 5 KT KT
S —
|
—— /d - S G ———
p W p W
u
Quawk Interchange Gluon Exchange
(Spinvv exchange inv atonm- (Vo der Waal --
atom scattering) Landshoff)
do _ |M(s,1)|?
dt s2
. 1 M(s,t ox sF'(t
M (t,u)interchange X e, (s, t)gluonexchange (2)

MIT Bag Model (de Taw), large Nc¢, (‘t Hooft), AdAS/CFT
all predict dominance of quawk interchange:
Arizona, February 26, 2010 Atoms in Flight Stan Brodsky S AL
oI



A 770 Gelc
0% - +

Q K 10 Gevre
o KY5 Geve

Arizona, February 26, 2010 Atoms inv FW

AdS/CFT explaing why
quawk inferchange iy
dominont
momentum tronsfer
inv exclusive reactions

1
M (%, w)interchange wt2

Non-linear Regge bebavior:

ap(t) — —1

Stan Brodsky S A%



Single-spinv Leading-Twist

asywunetries Sivers Effect
e Hwang,
> Schmidt, sjb
current

quark jet  Collins, Burkardt

. v c Ji, Yuan
i Sp- g X Pg
TER : QCD S- and P-
Pseudo- T-Odd d final state Coulomb Phases
interaction --Wilson Line

S
© spectator
S Analog of QED
proton FSIs
Light-Front Wawefunction
S ond P- Wawves
Arizona, February 26, 2010 Atoms in Flight Stan Brodsky Si AL
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Final-State Interactions Produce
Pseudo-T-Odd (Sivers Effect)

* Leading-Twist Bjorken Scaling! i § g ﬁ jet X é)

* Requires nonzero orbital angular momentum of quark

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

current
quark jet

* Wilson line effect — gauge independent

. . e final state
* Relate to the quark contribution to the target proton interaction
anomalous magnetic moment and final-state QCD phases >
spectator
system
* QCD phase at soft scale! proton 11-2001
8624A06
* New window to QCD coupling and running gluon mass in the IR
°* QED S and P Coulomb phases infinite - difference of phases finite!
Arizona, February 26, 2010 Atoms in Flight Stan Brodsky S AL
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Static

Dynamic

Square of Target LFWFs

No Wilson Line

Probability Distributions
Process-Independent

T-even Observables

No Shadowing, Anti-Shadowing
Sum Rules: Momentum and J*
DGLAP Evolution; mod. at large x

No Diffractive DIS

W (24, k3, M\i)

Modified by Rescattering: IS| & FSI
Contains Wilson Line, Phases

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

DGLAP Evolution

Hard Pomeron and Odderon Diffractive DIS

current
quark jet

final state
interaction

spectator >

system
proton

Arizona, February 26, 2010

Atoms in Flight

Stan Brodsky
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Exclusive Processes
What if we ask for a specific final state?

S = (Ee+ —I— Ee—)Q

R(eTe™ — HH) x |F(s)|?

|F(s)] o [5]a1

Probability decreases with number of constituents!

Arizona, February 26, 2010 Atoms in Flight Stan Brodsky Si AL
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Timelike Proton Form Factor

BABAR
FENICE
DM2
DMl
BES
PS170
E835
E760

10

¥opPDOO@

Proton form factor

Quark counting for 3 quarks in proton

§/BABAR. Nicolas Berger HADRONGS o7

Callaboration Mest oge



e
s=(E4++E,)?
F x + -
(8) & 1 = nhe]
+, - +, - — 1
R:U(ee %[Me]_k[ﬂe]):\F(s)Foc—
oete” — ptu~) 57
Probability decreases with number of constituents
Arizona, February 26, 2010 Atoms in Flight Stan Brodsky S A%
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Covustituent Counting Rules

do _ F(6cm) s — E2
C E(S,t) — s[ntot_z] cm

(@) ~ [l

Ntot = NA +np+nc+np :
Farrar & sjb;
Fixed t/s or cosfem Matveev, Muradyan, Tavkhelidze

QED predicty leading-twist

scaling behawior of fixed-CM

angle exclusive amplitudes
S, —t >> m%

Arizona, February 26, 2010 Atoms inv FLLgJ’\t Stan Brodsky S A%
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s’do/dt (10°GeV' nb/Gev?)

Test of Scaling Laws

Constituent counting rules B W e Riove Gimento, 7 (1973 715°

JLab E94-104

Fujii et al (1977)
Anderson et al (1976)
Clifft et al (1975
Fischer et al (1972)
Data taken Before 1970

A G sho—249(A 4 B — C+ D) =
} FA+B—>C+D(6CM)

YP—% N

d0omE>x0

s"%(yp — wtn) = F (6cum)

ntO[: 1"‘3"‘2—'—3:9

> s % s'do/dt(yp — mtn) ~ const
fixed B¢y, scaling

1|H|1.5HII2IIII25HH3HH3.5HH4
Vs (GeV)

Conformal invariance at high momentum transfers!



T T | T T TTT] T 17 [ I T | |
I s yp—(p +wlp
6 yp—7m"N ] B _ _
|O — ® (8*2900) IOO ; O }’p —TT &++ g
; e SLAC N O YpP—T P .
0% " o MIT Ref.2I B e yp—7 N 2
) x CIT Ref. 22 L s A Fp—=K*h
T . ;:\n\ Ty A=
— od . ~ 1
S 10® | S r e =
© O Vg, TN
~ - o | = b ™ » =
I;E_.‘ ]0 E ":E “\ '\\\ \\ E
_.E; { PP [ \\ ~ —
510 35 [ e T §
\\\
|OD 1 O.I = "‘.\ =
E ~y 3
- + 4
o'+ 5 - N
- \:
IO—E | | | RIS (AN I 0N S N | 0.01 I ! J I l
. 2 4 6 810 20 8 10 12 14 |16
s(GeV?) s(GeV?)
do F(Ocm)
. 40 (np — MB) = “\bem)
Counting Rules: n=9 dt (vp ) S0
Arizona, February 26, 2010 Atoms in Flight Stan Brodsky Si AL



Quark-Counting

n=2X34+2x2-2=28

s(GeVZ)
52 3 4 6 810 20 30
10 = T T T T T 17 T =
j’ + + B
|02 4, Krp—=K'p =
i :
10! & 3 do/p+ 4.\ — F(Ocnr)
C 3 d—(K D — K p) == g
|00 f E
CN 10~ | ]
(3] — =
3 c :
1] i A
S 1072
i0 <€ —
E " F =
o3[ ’
- 10"~ | =
S 2 5
1074 =
1078 & E
1076 | =
- t 3
-7 L 1 W A | ]
|
© | Z 3 4 6 8 10
D,ob(GeV/c)

Arizona, February 26, 2010

Atoms in Flight
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Quawk-Couwnting : 9 (pp — pp) = L) n=4x3-2=10

S10

LI — 1T 1T 1 11 L | rnr ¥ 1T 11 I | L L L

1030 J10-20
o 0 68°
1079 - 80 s 10
10732} 410 Best it
10733+ 1033 n=9.7+0.5
L2
S Lo
ol 5 Reflects
ol lo»  underlying
50 4 £ |
conriorma
10-32_ 35 -] 10-32
scale-free
10-33} 102 . .
interactions
10—3}, | L4 11 | 1 L 1 11 1 | 1 L i 11 10—1’.
s=15 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

Arizona, February 26, 2010 Atoms in Flight Stan Brodsky S AL
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o

[e0)
i
.
L

Q4Fp(Q2) [Gev4 . 8" ggg

0.6 £ | R~ [1/Q]", n=3

g
: measured inv
s | electrov-proton
I elastic scattering
5 10

15 20 25 30 35

2 2
Q [GeV~] From: M. Diehl et al. Eur. Phys. J. C 39, 1 (2005).

e Phenomenological success of dimensional scaling laws for exclusive processes
—2
do/dt ~1/s""%, n=nas+np+nc+np,

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

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

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

Arizona, February 26, 2010 Atoms in Flight Stan Brodsky S AL
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Conformal behavior: Q2F:(Q?) — const

N
© 0.8~ + CERN tteri
~ n-e scattering ... QCD Sum Rules (Nesterenko, 1982)
% * DESY (Ackermann) -.-. pQCD (Bakulev et al, 2004)
g O DESY (Brauel) —— BSE-DSE (Maris and Tandy, 2000)
I.LE' 0 6 @ JLab (Tadevosyan) ---- Disp. Rel. (Geshkenbein, 2000)
NO - Hl this work

Arizona, February 26, 2010

! |
3 3.5 4
2 2
Q“ (GeV/c)
Determination of the Charged Pion Form Factor at
Q2=1.60 and 2.45 (GeVI/c)2.

By Fpi2 Collaboration (T. Horn ef al.). Jul 2006. 4pp.
e-Print Archive: nucl-ex/0607005

Atoms in Flight Stan Brodsky S AL
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Deuteron Photodisintegration.

< sme299(A+ B — C4 D) =
FA+B—>C+D(6CM)

—~~ 41— . sﬂ S B < su 5
% 10 L o 30°< @ <4O><5:3‘29i 40°= 9 <5o>d:1’28 J—Lab
@) 10 :: .‘.'oo ‘. ::
§ 10’25: : ‘
— 4 50° = 0% <60° ﬂ%‘ | 60° = 07 <70°
% 10 :: Xo=4.1 :: o'.‘ =128
10 -
§ | \\ﬂ\ : “\ﬁTT’\.\ PQCD and AdS/CFT:
10 ; ; L L L L ‘ ‘
104 70° s19°“<80 L 80" < 0 <90°
%"-‘ °

7/
7/

L L L
104 90° = 8 <100° 100° = 07 <110°

= 125;"'... x2=1.36
10 - e glldo
= \\ c . - (vd — np) = F(Bcy)
104 T10° = 9 <120° o — T T

¢
°
«

=168 F C=1.31
i Nior — A=

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

130° 519°M <140°

n 140° < 9% <150°
=126 F

X.=1.37

°
o |
&

Wy
/

10 S Reflects conformal invariance
“ \\ z \.T\
6 7 8 910 6 7 8 910 20
s (Gevz) s (GeV?)
Arizona, February 26, 2010 Atoms inv FLLW Stan Brodsky S A%
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* Remarkable Test of Quark Counting Rules

* Deuteron Photo-Disintegration yd — np

do __ F(t/s)

dt = gNtot—2

o Ntot =1 +6+34+3 =13

Scaling characteristic of
scale-invariant theory at short distances

Conformal symmetry

Hidden color: Z—j(yd S AattAa) ~ le—j(*yd — pn)

at high pp

Arizona, February 26, 2010 Atoms in Flight Stan Brodsky
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Primowy Evidence for Quawks

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

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

* Exclusive hard scattering reactions: pp — pp, vp — 77 n, ep — ep

probability that hadron stays intact counts number of its
pointlike constituents:

Quawk Counting Rules

Arizona, February 26, 2010 Atoms in Flight Stan Brodsky S AL
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Define “Reduced” Form Factor e/
e >

| k

.
| q
Y4
>
d
/
B In 2 d
fa(Q?) = —E4 ), p+q
Fp(5 ) Fn(57)
Elastic electrov-deuterow scaltering
Arizona, February 26, 2010 Atoms in Flight Stan Brodsky S AL
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QCD Prediction for Deuteron Form

Factor

e [248] B o 3 o

m,n
:;To‘ 6.0
Define “Reduced” Form Factor = 40
:; 2.0
fo(@) = ) a
‘ 'Fﬂz( Q2/4) € o
Same large momentum transfer =
behavior as pion form factor 0

QE

(Geve)

FIG. 2. (a) Comparison of the asymptotic QCD pre-

fd (Qz) ~ Qz A2

data of Ref. 10 for the reduced deuteron form factor,
where Fy(@% =[1+Q?2/(0.71 GeV?] % The normaliza-

o/ (Qz) 2 \=-(2/5) C.F/B diction f; @)= (1/Q %[ In (Q2%/A%]~1"¢/9CF/B with final
In =
tion is fixed at the @ = 4 GeV*® data point. (b) Compari-

i ‘ son of the prediction [1 + (Q%/m )] f,(@)=<(In @Q%/
Arizona, February 20, 2010 ALOMY LWV UG AD]~1-C/D CF/B with the above data. The value m?

I10

= (0,28 GeV* is used (Ref. 8).



0.5
5 | | | | | |
C:Jg 0.4 i Deuteron Reduced Form Factor
N&Z % ~ Pion Form Factor x 15%
T 03 _
LLD X
X

&E\O 0.2 . | B
= oT|é ¢ ¢ & ¢
NCIJ' 0.1 %&*’fjf 0 i
NI 0 | | | | | Y

0 1 2 3 4 5 6 7
2763M8 —g° (GeV?)

* 15% Hidden Color in the Deuteron

Arizona, February 26, 2010 Atomys in Flight Stan Brodsky S AL
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Hidden Color in QCD  TLepage, Ji, sib

* Deuteron six quark wavefunction:

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

* Components evolve towards equality at short
distances

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

e Predict %(yd — A**A™) ~99(yd — pn) at high Q?

Arizona, February 26, 2010 Atoms inv Flight Stan Brodsky S A%



Define “Reduced” Form Factor e/
e >

| k

2

NS

H>

H>

2\ F(Q2)
fal@%) = () (L)

Elastic electron-molecule scattering!

P+ q

Arizona, February 26, 2010 Atoms in Flight Stan Brodsky S AL
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Brodsky and Farrar, Phys. Rev. Lett. 31 §1973; 115:
Matveeyv et al., Lett. Nuovo Cimento, 7 (1973) 719

Quawk Counting Rules for
Exclusive Processes

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

* The more composite -- the faster the fall-oft

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

* Form factors: probability amplitude to stay intact

*  Fu(Q) x gyt n = # elementary constituents

Arizona, February 26, 2010 Atoms in Flight Stan Brodsky S AL
114



Electron-Electronw Scattering inv QED

8ms 8s
Meeyee(++;++) = —— a(t) + —— a(u)
t @

a0
a(t) = 1—%()@

Gell Mann-Low Effective Charge

Arizona, February 26, 2010 Atoms in Flight Stan Brodsky S AL
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QED tffective Charge

a0
a(t) = 1—%()75)

All-ovders lepton loop corrections to-dressed photow propagator

(,10) = MOFAG

Initial scale t, is arbitrary -- Variation gives RGE Equations
Physical renormalization scale t not arbitrary

Arizona, February 26, 2010 Atoms in Flight Stan Brodsky S AL
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Electron-Electronw Scattering inv QED

81s 8s
Mee——}ee(g =i E)=-—-—£—~a(t) ; y OI(’U,) ‘:t

Gauge Invariant. Dressed photon propagator

Sums all vacuum polarization, non-zero beta terms into running 1 ‘
coupling. :

If one chooses a different scale, one can sum an infinite number of
graphs -- but always recover same result!

Number of active leptons correctly set

Analytic: reproduces correct behavior at lepton mass thresholds

No- renormaligation scale ambiguity!

Two- separate physical scales.

Arizona, February 26, 2010 Atoms in Flight Stan Brodsky S AL
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Scale Setting inv QED: Muonic Atoms

V(g?) = - Zearple)

2 — 2
HRr =

o 0
aqup(e?) = $204)

Scale is unique: Tested to ppm

Gyulassy: Higher Order VP verified to
0.1% precision in u Pb

Arizona, February 26, 2010 Atoms in Flight Stan Brodsky Si AL
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Huet, sjb

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

Analytic Feature of SU(Nc) Gauge Theory
Scale-Setting procedure for QCD
must be applicable to- QED

Arizona, February 26, 2010 Atoms in Flight Stan Brodsky Si AL
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Q

Hoang, Kuhn, Teubner, sjb

@

W&S(Sﬁz)]

se3/4 /4)
0 43

Angular distributions of massive quarks close to threshold.

Fy+ By = [1— 2% ] x [14
Example of Multiple BLM Scales

Need QCD coupling at small scales at
low relative velocity [

Arizona, February 26, 2010 Atoms in Flight Stan Brodsky S AL
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The Renormaligzatiow Scale Problem

® No renormalization scale ambiguity in QED

¢ Gell Mann-Low QED Coupling defined from physical observable
¢ Sums all Vacuum Polarization Contributions

®* Recover conformal series

® Renormalization Scale in QED scheme: Identical to Photon
Virtuality

® Analytic: Reproduces lepton-pair thresholds
* Examples: muonic atoms, g-2, Lamb Shift
* Time-like and Space-like QED Coupling related by analyticity

¢ Uses Dressed Skeleton Expansion

Arizona, February 26, 2010 Atoms inv Flight Stan Brodsky S AL
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nuALoOvYuAAY

(Ho+ Hipy) |V >=FE |U > Coupled Fock states
A2 - l
[— o + Ve (S, 7)) (7)) = E ¥(7) Effective two-particle equatiov
ved l Includes Lamb Shift, quantum corrections
1 d? 1 4(0+1)

[ + Vo (1,8, 0)] (1) = E (r) Spherical Basis T, 0, @

2Myred AT%  2Mypeq T2

V — Ve (T) — _g Couloml- potential
e/ Bohr Spectrum

Semiclassical furst approximation to- QED



Need a First Approximation to-QCD

Comparable in simplicity to
Schrodinger Theory in Atomic Physics

Relativistic, Frame-Independent, Color-Confining

Arizona, February 26, 2010 Atoms in Flight Stan Brodsky S AL
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Derivatiow of the Light-Front Radial Schwodinger Equation
divectly fromv LF QCD

42k | >
x, k
/d$/16773 1—:1: L)

/o z(1 —:z:) /dzb Y (z, bl)( Viu) Y(x, b ) + interactions.

2
-+ interactions

Change (C, ), = \/x(l—x)lgl: v2:1i (gi)+i8_

variables Cd¢ \>d¢ (2 D2
) 2 1d L2\ &
M = facs Ve (it t w) e
+ [ace U0

- /d<¢*(g) <_j—; . ;;LQ +U(<)) (9

Arizona, February 26, 2010 Atoms in Flight Stan Brodsky S AL
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HEE OCD QCD Mesow Spectirum

(Hpp + Hp )|V >= M?|¥ > Coupled Fock states

[Z%t”;) + V&'l bor(m, kL) = M? ¢rp(z, k1) Effective two-pawticle equation
l ¢? =x(l—x)b]
d2 —1+4L? Tl @ _ e , /
[_ dC2 + CQ (Cv 9 )] wLF(C) — wLF(C) Agxt/WlM/ﬁ’Lal/ Basis C, ¢
U(C,S,L) =rk*C+rk*(L+S—1/2) Confining Ads/QCD

Semiclassical first approximation to-QCD potential



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

Relatvistic LF radial equation/! Frame Independent
d> 1—4L?
@ T e TU©8() = M)

(2 =z(1— aj)bi

2
(1-2)

U(C) = Kk*C+2r*(L+ 5 —1)

G. de Teramond, sjb soft wall

confuining potential:

Arizona, February 26, 2010 Atoms in Flight Stan Brodsky Si AL
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The World of Quawks and Gluons:

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

* Remarkable and novel properties

of Quauntuwm Chwomodynamics (QCD)

* New Insights from higher space-time dimensions:

Holography: AdS/CFT

* Need to understand QCD at the Amplitude Level:

Hadron wavefunctions!

Arizona, February 26, 2010 Atoms inv Flight Stan Brodsky S AL
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Light-Front Holography and Now-Perturbative QCD

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

Hadrow Spectrum

Light-Front Wawvefunctions;,
Form Factors, DVCS, etc

in collaboration with

wn(il?i, ]CJ_Z, >\’L> Guy de Teramond

Arizona, February 26, 2010 Atoms inv Flight Stan Brodsky S AL
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Gool;

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

* Analogous to the Schrodinger Theory for Atomic
Physics

o AdS/QCD Light-Front Holography
o Hadvronic Spectra and Light-Front
Wowvefunctions

Arizona, February 26, 2010 Atoms inv Flight Stan Brodsky S AL
129



Conformald Theories awve ivwowrioant under the
Poincore and conformal trovsformations with

MHY PH, D, KF,
the generators of SO (4,2)

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



Applications of AdS/CFT to-QCD

5-Dimensional Confinement
Anti-de Sitter
Spacetime

AdS
Boundary
Changes in
physical
length scale
mapped to

evolution in the
5th dimension z

4-Dimensional
Flat Spacetime
(hologram)

in collaboration with Guy de Teramond

Arizona, February 26, 2010 Atoms inv Flight Stan Brodsky S AL
131



AdS / CFT: Anti-de Sitter Space / Conformal Field Theory
Maldacena:

Map AdSs X S5 to-conformal N=4 SUSY

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

* Conformal window: o,(Q?) ~ const at small Q?

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

Arizona, February 26, 2010 Atoms inv Flight Stan Brodsky S AL
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Deur, Korsch, et al.

(3 o
- A o /nJLab -+ GDH limit| — Burkert-loffe
3 58
, = Fit pOCD evol. eq.
- - Bloch et al.
r %%g%&&”&%ﬁ:‘:&fz?&?%ooooooo \
10 = — Godfrey-Isgur
- Cornwall -
[ ‘ I I I | I | ‘ | | I I |
L e o Bhagwat etal. | ® Lattice QCD
SO Maris-Tandy
1 \
DSE gluon.
] couplings
10—
i | I N I | ‘
107! I
Q (GeV)
Arizona, February 26, 2010 Atoms in Flight Stan Brodsky S AL
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Lesson from QED and Lamb Shift:
maximumn wavelengiiv of bound quarks and gluons

1
k> g A < Agep
Agqecp s

) J
.

B-Meson

gluon and, quawk propbagators cutoff inv IR
because of color confinement
Shrock, sjb

Arizona, February 26, 2010 Atoms in Flight Stan Brodsky Si AL
134



Maximal Wavelengtiv of Confined Fields

2 —2
* Colored fields confined to finite domain (z—y)* < AQC D
e All perturbative calculations regulated in IR
* High momentum calculations unaffected

* Bound-state Dyson-Schwinger Equation

® Analogous to Bethe’s Lamb Shift Calculation

Quark and Gluonw vacuum polawrization insertions
decouple: IR fixed Poinkt Shrock, sjb

A strictly-perturbative space-time region can be defined as one which
J. D. Bjorken, has the property that any straight-line segment lying entirely within the region
L G AL ) has an invariant length small compared to the confinement scale
Cargese Lectures 1989 . . . .
(whether or not the segment is spacelike or timelike).

Arizona, February 26, 2010 Atoms in Flight Stan Brodsky S AL
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5-Dimensional
Anti-de Sitter
Spacetime

4-Dimensional
Flat Spacetime
(hologram)

Arizona, February 26, 2010 Stan Brodsky Si A&
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Arizona, February 26, 2010

5-Dimensional
Anti-de Sitter
Spacetime

Truncated AdS Space

4-Dimensional
Flat Spacetime
(hologram)
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Scale Transformations

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

R2 wwawiont measure
ds® = (mwda: dr¥ — dz?), ——-—_—

' — Azt z — Az, maps scale transformatlons into the holographic coordinate z.
e AdS mode in z is the extension of the hadron wf into the fifth dimension.
e Different values of z correspond to different scales at which the hadron is examined.
2 = Nx? 2> )z
2

x® = x,x": invariant separation between quarks

e The AdS boundary at z — 0 correspond to the () — 00, UV zero separation limit.
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* 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 AAS/CFT to provide models of hadron

structure: confinement at large distances, near
conformal behavior at short distances

* Holographic Model: Initial “classical”
approximation to QCD: Remarkable agreement
with light hadron spectroscopy Guy de Teramond, sib

* Use AdS/CFT wavefunctions as expansion basis
for diagonalizing H¥ocp ; variational methods
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*  Erlich, Karch, Katz, Son, Stephanov * deTeramond,sjb

AdS Soft-Wall Schwodinger Equatiow for
bound state of two- scalow covustituents:

A 5] e) = M2(e)

dz? 472

U(z) = k*2° +26*(L+ S — 1)

M2 =2k2(2n + 2L+ §)  Srmestope

invwand L
Derived from vawiatiow of Actiovw
DMGW-MOWOLAOLS5
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Quawk separation g : : : :
increases witiv L

22007 0 4 8 2-2007
8721A20 z 8721A21 V4

Soft Wall
Model

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

I T T T | . [ '
@ S =0 o S=0 1
. | Pion mass
< , (1670) automatically
o L 7 zero!
N§ b, (1235)
e |
PLO’V\/W 7 (140) m —— O
30" Wm/yé’& - ] q
0 |
0 2 &
8-2007
8694A19 L

Light meson orbital (a) and radial (b) spectrum for kK = 0.6 GeV.
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Quawk separation increases withv L

[ U [ T T
i f, (2050)
a‘: (2040) (b)

—~~ 4 I I
Al
>
(0]
g L
Al
=2 [ (782) B

p (770)

oL | | | | |
L n
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a4(2040)

£:(2050)
3 L
[ w(1650) p3(1690)
2L w3 (1670)
[ p(1450)
- w(1420) a,(1320)
I £(1270)
- p(770)
of w(782)
o0 i 2 3 4

L

Parent and daughter Regge trajectories for the I = 1 p-meson family (red)

and the I = 0 w-meson family (black) for k = 0.54 GeV
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M? = 2k%(2n + 2L + 9).
S=1

M2 (GeV?)

O | I | I

5-2006
8694A20 L n



Hadron Form Factors from AdS/CFT
Propagation of external perturbation suppressed inside AdS.

J(Q,z) = z2QK1(2Q)

F(QY) = [ B p(2)7(Q, 2)P1(2)

High Q? N
from .
small z ~1/Q 0.

Polchinski, Strassler
de Teramond, sjb

Consider a specific AdS mode ®(™ dual to an n partonic Fock state |n). At small z, ®
scales as (™) ~ z2», Thus:

T—1
2 1 Dimensional Quark Counting Rules:
F(Q ) — [Q2] ) General result from
AdS/CFT and Conformal Invariance

where 7 = A,, — 0, 0, = Z?’:l ;. The twist is equal to the number of partons, 7 = n.
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Spacelike piow form factor fromAdS/CFT

| Data Compilation
| Baldini, Kloe and Volmer

Soft Wall: Harmonic Oscillator Confinement

Hard Wall: Truncated Space Confinement

One parameter - set by pion decay constant.
? 7P J de Teramond, sjb

See also: Radyushkin
Arizona, February 26, 2010 Atoms inv FL’“W Stan Brodsky S AL
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$(a,b1) = \/ x(;:f)cb(o

Light-Front Holography: Unique mapping derived from equality of
LF and AdS formuda for cuwrvent matrix elementy
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Prediction from AdS/CFT: Mesow LFWF

de Teramond, sjb

“Soft Wall”
model

k = 0.375 GeV

massless quarks

Covwmnection of Confinement to-TMDy
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Hadronw Distribution Amplitudes

: Lepage, sjb
. k<@’
Om (i, Q)
- Fixed T =t+ z/c
* Fundamental gauge invariant non-perturbative input to
hard exclusive processes, heavy hadron decays. Defined
for Mesons, Baryons
Lepage, sjb
* Evolution Equations from Efiemov, Radyushkin.
PQCD, OPE, Conformal Invariance Sachrajda, Frishman Lepage, sjb

Braun, Gard:

* Compute from valence light-front wavefunction in light-

cone gauge Q e .
ouila, @) = [ PE vyl )
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Second Moment of Pion Distribution Amplitude
1
< £ >=/1d£ Eo(€)

E=1-—-2x

<& >,=1/5=0.20 Dasympt X (1 — )

<€2 > = 1/420.25 ¢AdS/QC’D X \/ZL’(l—QZ')
Lattice (I) < &2 >,=0.28 +0.03 Donnellan et al.

Lattice (IT) < &% >,= 0.269 + 0.039 Braun et al.
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AdS/CFT and QCD

* Non-Perturbative Derivation of Dimensional
Counting Rules  (Strassler and Polchinski)

* Light-Front Wavefunctions: Confinement at Long
Distances and Conformal Behavior at short
distances (de Teramond and Sjb)

* Power-law fall-oft at large transverse momenta

* Hadron Spectra, Regge Trajectories
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Non-Conformal Extension of Algebraic Structure (Soft Wall Model)

e We write the Dirac equation
(all(¢) — M) () =0,

in terms of the matrix-valued operator 11

L1
I1,(¢) = —i ( d il 25 — /<32C’75> ,

¢ ¢

and its adjoint [T, with commutation relations

. 10)] = (¥ - 26 )

2
e Solutions to the Dirac equation

Pi(C) ~ 23te LY (53¢,

B_(C) ~ 2ETreNRCIRLpbL(202)

e Eigenvalues
M? = 4r*(n+ v +1).
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4rk2 for An = 1

(O 287

4k% for AL = 1
252 for AS = 1
M?
6 T
n=3 n=2 n= 1 n=0 n=3 n=2 n=1 n=>0
51 61
N(2200)
4t 5 A(2420) |
3t 4;
N(1710) N(1680)
N N(1720) 5[ A(1950)
N(1440) - A(1905)
[ A(1920)
1 ,[ A(1600) A(1910)
n L
N(940) -
[ A(1232)
0 L L L 5 " 1 N 1 N : : . ! : 2 2 : ! . : 2 2 ! : . . X ! 2
0 1 2 3 4 0 1 2 3 4
L

Parent and daughter 56 Regge trajectories for the /N and A baryon families for k = 0.5 GeV
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2"
11/2+
M? (GeV?) 13/3950
8 5/2 9/2_ 15/2 ( )
7,2 +(2390) =
Ag,,+(2300)
N=0 A44/2%(2420) . .
6 L A1/2+(1 91 0) A5/2_(2223) 5/2+ 92~
_ 712 -
—> A,,*(1920) A;,~(2200) . 1172
Ag»*(1905) oz A,5,"(2750)
A,,,*(1950) oo 1
A4,,~(1700) 3/; 200 85 T N=1
1 »~(1900) Bsio 7(/2 ) Ay,~(2400)
A3/2+(1 232) 3/2 (1 940) <
2r A,,+(1750) As,(1930)
A4,,*(1600)
L+N
1 1 1 1 1 1 1 >
L 0 1 2 8 4 5 6

E. Klempt et al.: A" resonances, quark models, chiral symmetry and AdS/QCD

H. Forkel, M. Beyer and T. Frederico, JHEP 0707 (2007)
077.

H. Forkel, M. Beyer and T. Frederico, Int. J. Mod. Phys.
E 16 (2007) 2794.

Arizona, February 26, 2010 Atoms inv FLLg/ht Stan Brodsky S A%

D M\
158



SU®6) S L Baryon State
56 1 o0 N17(939)
5 9 A37(1232)
70 1 1 N3 (1535) N5 (1520)
2 1 N3 (1650) N2 (1700) N2 (1675)
1oy A3 (1620) As (1700)
56 L1 2 N37(1720) N27(1680)
3 2 ALT(1910) A37(1920) A3T(1905) AZT(1950)
70 1 3 N3~ NI
2 3 N3™  N2© NI (2190) N2 (2250)
13 A27(1930) AL~
56 L1 4 NIT N9+(2220)
5y AST AT AT ALLT(2420)
70 L1 5 N3 N4 (2600)
- NZ~ N3 Ny NP
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Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

Fo(Q) = g. / a¢ J(Q, O+ ()2,

2 2
FAQ) = g [ dCIQON- ()
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 14 (() and ¥_ ({) correspond
to nucleons with J* = +1/2 and —1/2.

e For SU(6) spin-flavor symmetry
FQ) = [ @01+,

F@Q) = - / 4¢ J(Q, ¢) [0+ (O = [9— (O]

where F7'(0) = 1, F{*(0) = 0.
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e Scaling behavior for large Q?: Q*FT(Q?) — constant | Proton 7 = 3

9-2007
8757A2 Q? (G 9V2)

SW model predictions for kK = 0.424 GeV. Data analysis from: M. Diehl et al. Eur. Phys. J. C 39, 1 (2005).

1l A
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e Scaling behavior for large Q%:  Q*F*(Q?) — constant

Neutron 7 =3

< -0.
O
S
% -0
EI_F
-
d -0.
04 A R R
0 10 20 30
9-2007
8757A1 Q? (GGVZ)

SW model predictions for kK = 0.424 GeV. Data analysis from M. Diehl et al. Eur. Phys. J. C 39, 1 (2005).
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Spacelike Paudi Form Factor

Preliminary
From overlap of L =1 and L =0 LEFWF's
' Harmonic Oscillator
Confinement
Normalized to anomalous
1.5¢ moment
' AdS/QCD No-

FY(Q?%) | s ,
’ L k=049 GeV g

F24Q2) =140 Q°

My Mp

' & in chinal perturbation theory
0.5! _ -
G. de Teramond, sjb
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Now-Perturbalive Running Coupling fromv
Modified AdS/QCD

Five dimensional action in presence of dilaton background

Deur, de Teramond, sjb

1 1
S = 7 /d4a:dz\/§ e¢(z)g—§G2 where /g = (%)5 and ¢(z) = +r22*

Define an effective coupling (5 (Z)

1 1
S=—- /d4xdz qg
1 \[93(2)
2 _2

Thus ggl(z) = e?1?) ggl(()) olt gg(Z) =e - g%(O)

G2

Light-Front Holography: 2 — C — bJ_ \/:L“(l — :L“)



Ruwnwning Coubling from AdS/QCD

normalization — :

0.6 —
04 —

02 —

S
\

X[

OH>

AdS/CFT
K=0.54 GeV

pOCD evol. eq. ~
O, /7 world data
O(‘s,F3/J1:

GDH limit

oL J7 OPAL
JLab CLAS PLB 665 249
Hall A/ICLAS PLB 650 4 244
Lattice QCD

10

10

Deur, de Teramond, sjb



=
o ! mesmameeoel b
i
0.8 —
- o, /m(CSR) "ol 17
0.6 ... AdS/QCD with -{ 5
O, extrapolation ¢ | 1§ !II'
- ___ AdS/QCD 1 i)
04 LF Holography | I
a, /T (PQCD) \
i o, /7 world data ’
------- GDH limit \‘.“:
02 - ¢ o J/m OPAL % | ‘?
A o, /nJLab CLAS
B a /v Hall AICLAS f b s
0@ Lattice QCD X o/ >
‘ ‘ Lo ‘ ]
707" ] 10



String Theory

+ Mapping of Poincore and
Ad/S/CFT Conformal SO (4,2) symwmetiies of

3+1 space
Goal: Furst Approximant to-QCD for AdSS space
Counting rules for Hard Conformal behavior at shovt
Exclusive Scattering distonces
Regge Trajectories AdS(QCD + Confinement at lawrge
QCD at the Amplitude Level Listonce

Semi-Classical QCD / Wave Equations

Holography
Boost Inwariant 3+1 Light-Front Wave Equations
J=0,1,1/2,3/2 plus L Integrable!
Hadrow Spectra, Wowefunctions, Dynounics
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New Perspectives for QCD from AdS/CFT

e 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 LFWFs, meson and baryon spectra: many
applications!

* New basis for diagonalizing Light-Front Hamiltonian

* Physics similar to MIT bag model, but covariant. No
problem with support o < x < 1.

* Quark Interchange dominant force at short distances
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Lesson from QED and Lamb Shift:

Consequences of Maximum Quark
and, Gluwon Wavelengtiv

* Infrared integrations regulated by confinement

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

* Bound state quark and gluon Dyson-Schwinger
Equation Roberts et al.

Casher, Susskind
* Quark and Gluon Condensates exist within hadrons

Shrock, sjb
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Use Dyson-Schwinger Equatiow for bound-state quark propagator:

g
00“‘ Bl

) J
.

B-Meson

q Shrock, sjb
Roberts, Tandy Maris
Alkofer

< blgq|b > not < 0|gq|0 >
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“One of the gravest puszszles of
theovetical physics”

DARK ENERGY AND
THE COSMOLOGICAL CONSTANT PARADOX

A. ZEE

Department of Physics, University of California, Santa Barbara, CA 93106, USA
Kawil Institute for Theoretical Physics, University of California,
Santa Barbara, CA 93106, USA
zee@Qkitp.ucsb. edu

(Qn)@ep ~ 107
Qp = 0.76(expt)

(QA) Ew ~ 10°°

QCD Problemv Solved if Quawrk and Gluornw condensates reside

withinw hadrons, not LF vacuuum
Shrock, sjb



¢ Color Confinement: Maximum Wavelength of Quark
and Gluons

¢ Conformal symmetry of QCD coupling in IR
¢ Conformal Template (BLM, CSR,...)
e Motivation for AdS/QCD

¢ QCD Condensates inside of hadronic LFWF's

e Technicolor: confined condensates inside of
technihadrons -- alternative to Higgs

e Simple physical solution to cosmological constant
conflict with Standard Model

Shrock and sjb
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* Although we know the QCD Lagrangian, we
have only begun to understand its remarkable
properties and features.

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

shadowing, antishadowing, QGP, CGC, ...
Trutiv is stranger tha fuction, bul ik is
because Fictiow iy obliged to- stick to-
possibilities. —Mawk Twainv

Arizona, February 26, 2010 Atoms inv Flight Stan Brodsky S AL
173



Moy Analogs: QED/QCD

e Diffractive Dissociation of Atoms/Hadrons
¢ Atomic/Color Transparency

e Light-Front Wavefunctions

¢ Atomic Alchemy/B decay

¢ Atom Formation/Hadronization

¢ Spontaneous pair production/ Confinement
¢ Intrinsic heavy leptons/Intrinsic Charm

¢ True Muonium/Quarkonium
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SCIENCE VOL 265 15 SEPTEMBER 1995

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

% SR K90 | | thought | had
};\'a* VR £ O‘S{i f(‘?‘\}‘:'rﬂﬁ_: o discovered the
o MT\ *'Jr’i.? Ta ,["RT‘E"J rix,;l'\__‘,/ \Theory of Everything
L. )3 ,}_ T‘&‘f[ﬁﬂj 'I:\ But everything
ﬁh |’| " canceled out !
) - TR A A / ﬁlﬁ
I?-I'EHA#E“; J

Copyright (c) 1984 by Thaves. Dustribufed from www. ihecomics.com.
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