Spacelike piow form factor fromAdS/CFT

| Data Compilation
| Baldini, Kloe and Volmer

INT
November 10, 2009

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
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e Analytical continuation to time-like region ¢°> — —q° M, =2k =750 MeV

e Strongly coupled semiclassical gauge/gravity limit hadrons have zero widths (stable).

> (GeV?)
Space and time-like pion form factor for k = 0.375 GeV in the SW model.

e \ector Mesons: Hong, Yoon and Strassler (2004); Grigoryan and Radyushkin (2007).
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Note: Analytical Form of Hadronic Form Factor for Arbitrary Twist

e Form factor for a string mode with scaling dimension 7, ®.- in the SW model
2

r (1 + 4%)
N

I (7'—|— m)

e Forr=N, T(N+2)=(N—-142)(N—-2+4+2)...(1+2)['(1+ 2).

F(Q*) =T(r)

e Form factor expressed as /N — 1 product of poles

F(Q*) = Hl%, N =2,
_ 2 _
FQ*) = (H%)(H%)’ N=3,
_ (N —1)!
F(Q%) = (1+&)(2+&) - (v-1+2Z)
e For large Q?:
N-—1
F(@) — (N — 1) [‘fQ—]( :
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Spacelike and timelike piow form factor

[T >= 1Y44l00 > + Vqgeql9097 >
I') =120 MeV, F’p = 300 MeV

Pq(iqq = 15%

ML L. I

Preliminary



Light-Front Representatiov
of Two-Body Mesow Form Factor

e Drell-Yan-West form factor

A2k
Zeq/ da:/167$ W (z, k1 —xq ) wp(z, k).

e Fourrier transform to impact parameter space I; L
Wz, ki) = Var / d?b | e F (2, b))

e Find (b= |b.):

1 - = ~
F(q2) — / dx/ d2bL embrfulw(%b)ﬁ Soper
0
1 o0 N
— 277/ da:/ bdb Jo (bgz) |
0 0
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Holographic Mapping of AdS Modes to QCD LFWFs

e Integrate Soper formula over angles:

F(¢?) = 2n /0 dz L =) / <d<JO<<q 1”) 5z, ),

X X

with ﬁ(ac, ¢ ) QCD effective transverse charge density.

e Transversality variable

¢ = \/ x(1l — m)bi
e Compare AdS and QCD expressions of FFs for arbitrary () using identity:

1 1l —=x
/Od:z:Jo<CQ - >=CQK1(CQ),

the solution for J(Q, () = (QK;(¢Q) !




e Electromagnetic form-factor in AdS space:
Foo(@) = B [ 5752 1001 ()

where J(Q?, 2) = 2QK1(2Q).

e Use integral representation for J (Q?, )

1
J(Q2,z)/0deO<CQ 1$x>

e Write the AdS electromagnetic form-factor as

]' J—
R -7 dw/‘ji%(z@ 1f> 20 (2)

e Compare with electromagnetic form-factor in light-front QCD for arbitrary ()

T 2 R3 ‘(I)W(C)‘Q
%q/w(l’,@‘ = o z(1— x)?
with ¢ = z, 0 < ¢ < Aqcp
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$(a,b1) = \/ x(éﬁ}x)cb(o

Light-Front Holography: Unique mapping derived from equality of
LF and AdS formuda for curvent matrix elementy
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Growvitational Form Factor inAdS space

e Hadronic gravitational form-factor in AdS space

dz

H(Q? 2) |2 ()],

A’]‘(‘ 2 _ R3
Q%) 3 Abidin & Carlson

where H(Q?, z) = 1Q*2?K»(2Q)

e Use integral representation for H (Q?, z)

1
H(Q2,z):2/0 :UdacJ()(zQ 1;96)

Write the AdS gravitational form-factor as

1 d 1 —
2>:2R3/0 xda;/z_jj()(zQ x$> B (2)|?

e Compare with gravitational form-factor in light-front QCD for arbitrary ()

2 _ R 2 ()
an(@ Q)| = g (1= 2) T,
Identical to-LF Holography obtained from electromagmnetic cuwrent
INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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Light-Front Holography:
Map AdS/CFT to- 3+1 LF Theory

Relativistic LF radial equation! Frame Independent
> 1-4L% R
@ T i TU©8() = M)

(2 =z(1- a:)bi

|5
(1-2)

U(C) = Kk*C+2r*(L+ S5 —1)

G. de Teramond, sjb é’o'ﬁ_ Wall/
confuining potential:
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Derivatiow of the Light-Front Radial Schwodinger Equation
divectly fromv LF QCD

dsz_ k2 -
x, k
/dx/ 1673 z(1 — x) 1)

/ z(1 .:z:) /dzb Y, bl)( vz )w(ﬂfabﬂ + interactions.
0 _

bl

2
-+ interactions

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

variables cac \bac) T @ e
- Jeron( o)
+ [ace U0
~ [acor© (—j—; LA 0(0)) 6(0

ol AL
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nuLoO YU

(HO —|—Hmt) ‘\Ij >— F |\Ij > Coupled Fock states
A? al
[~ + Ve (S, 7] ¥(7) = E $(7) el el
red l Includes Lamb Shift, quantum corrections
1 d? 1 l(L+1)

[ + Vo (1, S, 0)] (1) = E (r) Sphervical Basisy T, 0, @

2Myred AT%  2Mypeq T2

v N Vc(T) _ _g Couloml- potential
e/ Bohr Spectrum

Semiclassical furst approximation to- QED



HEE OCD QCD Mesow Spectirum

(Hpp + Hpp)|¥ >= M?|¥ > Coupled Fock statey

[i%t”;) + V&'l vor(z ki) = M? ¢rp(z,kl)  Effective two-pawticle equation
l ¢? =x(l —x)b]
d>  —1+4L? 5
U(C,S,L) =k*C+r*(L+S —1/2) Confining Ads/QCD

Semiclassical first approximation to-QCD potential



Prediction from AdS/CFT: Mesonw LFWF

AN
R
2
‘:\ & -
.‘ ::::.Q
DR
e

b s
e
' ' "' s’\\“’s”.’z°~°.
RS

(] ""0 0

55

Covnwmnection of Confinement to-TMDy
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de Teramond, sjb

“Soft Wall”
model

k = 0.375 GeV

massless quarks
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Hadron Distribution Amplitudes

: Lepage, sjb
. k<@
¢ H ( L, 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 _
ouile, @) = [ PE vyl )
INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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Second Moment of Piow DistributionAmplitude

1
<& >= /_1d£ E2p(€)

E=1-—-2x

<& >,=1/5=0.20 Pasympt X (1 — T)

< 52 > = 1/4 = 0.29 ¢AdS/QC’D X \/iL’(l — J’J)

Lattice (I) < &2 >,=0.28 4+0.03 Donnellan et al.
Lattice (IT) < &2 >,= 0.269 + 0.039 Braun et al.
INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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Photon-to-pion transitiow form factor

0.35
- = BaBar
« CLEO
0.25
» CELLO
0.20 .
------ Asymptotic
—  AdS/QCD
0.10 " I, — (CZ
0.05 —  Flat
ooo
0 5 10 15 20 25 30 35 40
QQ
F. Cao, GdT, sjb (preliminary)
INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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ERBL Evolution of Pion Distribution A mplutwole/

d(x,0%)/ f
c o <o <o
ek (\O W -Ik |

O
=

INT

Q2 = 100 GeV?

r(1— )=

= 2 GeV2

\/x
/z

AdS/QCD and Novel QCD Phenomena

November 10, 2009 »8

[
1

10
F. Cao, GdT, sjb (preliminary;

Stan Brodsky
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NLO: Diehl, Kroll
Photon-to-piow transitiow form factor
with TRBL evolutiovw

0.35 |
0.30 « BaBar
: CLEO
0.25 Y
0.20 . CELLO
o1s  AcamET asymptotic
0.10 | F, — AdS, evolved
0.05 — CZ, evolved
Flat,evolved
0 5 10 15 20 25 30 35 40
QQ
F. Cao, GdT, sjb (preliminary)
INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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e Baryons Spectrum in "bottom-up” holographic QCD
GdT and Sjb  hep-th/0409074, hep-th/0501022.

Bawyons ivv
Ads/CFT

e Action for massive fermionic modes on AdS;1:
S[W, U] = /dde VI (z,2) (iFEDg — ,u) U(x, z).
e Equation of motion: (zTng — ,u) U(x,z) =0
: /m d 14
[z (zn I'vOp, + 51}) + ,LLR] U(z") = 0.

INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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Bowyons

Holographic Light-Front Integrable Form and Spectrum

e In the conformal limit fermionic spin-3 modes ¢/(() and spin-3 modes 1, (¢)

are two-component spinor solutions of the Dirac light-front equation

all(C)1h(¢) = My(C),

where H; r = «ll and the operator

[+ 1
I (¢) = —i <dd§_ ?%),

and its adjoint HE(C ) satisfy the commutation relations

ML(O.11,(0)] = =55,

INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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Note: in the Weyl representation (icx = 5/3)

, 0 I 0 [ I 0
10— ) 6 — ) V5 =
—I 0 I 0 0 —1

Baryon: twist-dimension3 + L (v =L + 1)
Osyr =Dy, ... DypDy, ... Dy ytb, L= 4.

Solution to Dirac eigenvalue equation with UV matching boundary conditions

¥(¢) = CV¢ [Tps1(CM)uy + Jrpa(CM)u_].

Baryonic modes propagating in AdS space have two components: orbital L and L + 1.

Hadronic mass spectrum determined from IR boundary conditions

Y+ (¢ =1/Aqep) =0,

given by
M = By rAqcep, ok = Bu1eAqQep,

Y

with a scale independent mass ratio.

INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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S @ =1

— N (2250)
¢ 6 N@190) 7 —
Ve
) N (1700)
S N (1675)
N N (1650)
= 4 - N (1535) _ -
N (1520)

0.7
-

A (1700) ——— 70
A (1620)

0 | ! | ! | ! | ! | ! | !

Fig: Light baryon orbital spectrum for Agcp = 0.25 GeV in the HW model. The 56 trajectory corresponds to L
even P = 4 states, and the 70 to L odd P = — states.
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Non-Conformal Extension of Algebraic Structure (Soft Wall Model)

e We write the Dirac equation
(adII(¢) = M) (C) =0,
in terms of the matrix-valued operator 11

o+ L
HI/(C) = —1 <ddC T —g 275 — I§)2<’)/5> ’

and its adjoint [T, with commutation relations

. 10)] = (¥ - 26 )

e Solutions to the Dirac equation

Pi(C) ~ 23te LY (53¢,
3

W_(C) ~ 22 TYe W 2LrH (g2¢2),

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

INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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4rk2 for An = 1

(287

Ak? for AL =1
2k° for AS =1
M?
-
n=3 n=2 n= 1 n=0 n=3 n=2 n=1 n=>0
6l
N(2200) [ _
] st A(2420) |
4l
N(1710) N(1680)
_ N(1720) 5[ A(1950)
N(1440) - A(1905)
[ A(1920)
ol A(1600) A(1910)
n L
N(940) :
[ A(1232)
0 1 2 3 4 S
L
Parent and daughter 56 Regge trajectories for the /N and A baryon families for k = 0.5 GeV
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A o’

112"
+
M? (GeV?) A, (2950
8| 52" oo Disit( )
A7,,+(2390) 11/2”
Ag),+(2300)
N=0 A44/2%(2420) . .
6 L A1/2+(1 91 0) A5/2_(2223) 5/2+ 92~
—> A;,+(1920) A7,~(2200) A 11727
Ag»*(1905) oz A,5,-(2750)
A,,,*(1950) oo 1
+
4k Aq,2(1620) 2 A ,~(2350)
A4,,~(1700) 3/2 o N=1
Ag,+(2200) =
A,,-(1900) e Agy-(2400)
Ayp*(1232) Ay,(1940) €—
21 A, ,+(1750) Ag,~(1930)
A4,,*(1600)
L+N
O 1 1 1 1 1 1 1 >
0 1 2 3 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.
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SU®6) S L Baryon State
56 1 o0 N17(939)
_|_
3 0 AST(1232)
70 1 1 N3 (1535) N5 (1520)
21 Nz (1650) N2 (1700) N2 (1675)
1y 5 (1620) AS (1700)
+ +
56 1 2 27 (1720) N27(1680)
5 ) 37(1920) A3 (1905) AIT(1950)
70 1 3 N3~ NI
3 3 N2~ NI7(2190) N2 (2250)
13 A2 (1930) AL
56 L1 4 NIT N9+(2220)
+ +
5y Al AS A% (2420)
70 L 5 N3 N (2600)
3 9 11— 13—

INT
November 10, 2009
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Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

Fi(Q) = gs / a¢ J(Q, Ol ()2,

2 2
FQ) = g [ dCIQO- ()
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
F@) = [ @01+ OF,
F@) = -3 [dC1@.0 [0+ (OF - [v-(©)F].
where F?(0) = 1, F7(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).

Stan Brodsky
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e Scaling behavior for large Q%: Q*F!*(Q?) — constant

Neutron 7 =3

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).

INT
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Spacelike Pauli 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-

chiral

k=049 Gev | Aerdence

RQR*)=1+0 Q

MxMp

in chinal perturbation theory

0.5+
. G. de Teramond, sjb
O :I L 1 L A .—k. —A
0 1 2 3 4 5 6
2
Q*(Gev?)
INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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Runwning Coupling fromv Modified AdS/QCD

Deur, de Teramond, sjb

Five dimensional action in presence of dilaton background

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 q
1 VI
2 _2

Thus ggl(z) — 6¢(Z) ggl(()) Or gfz)(z) =e "~ g%(O)

GZ

Light-Front Holography: 2z — ( = b \/x(l — )

as(q?) ~ /OOO Cd¢Io(CQ)as(¢)  Where a(2) = e % a,(0)



Ruwnwning Coupling from AdS/QCD

normalization

1
»
- I AdS(Q>/ﬂ_ _ @ /4K
s
as(Q)
0.6~ AdS/QCD } '
s - LF Holography | i |
- ads/iocDwish || |[H]
- ocs 1 €xtrapolation Ih \
04 /:n: (pQCD) ~ N
- /n world data
- X OLS’F3/J'IS \:
"""" GDH limit |9
02 — < o, /m OPAL I ‘ ‘? 33
A JLab CLAS PLB 665 249 ﬁ el
"M Hall AICLAS PLB 650 4 244 —
- @® Lattice QCD fee
0 L
e -
10" I
0 (GeV)

Deur, de Teramond, sjb,

(preliminary)



(\l‘\ L
SR
bo L
S -
%—0.25
L .05
0.75 -
_] }
125
15 b Ko pm
i B Hall AICLAS PLB
175 F 650 4 244
- @ Lattice OCD | . g%%bzggl‘ AU P
A . AdS/IQCD with — |l|[| - GDH sum rule
i O o) extrapolation constraint on o, o
225 =~ —— AdS/OCD LF Bjorken sum rule
- Holography N constramt on Gsp
0! I 1

Deur, de Teramond, sjb,
(preliminary)



a eff(r)

A

3.5

2.5

1.5

0.5

- —— AdS/QCD LF Holography ~ Lantice QCD
- AdS/QCD with
o, extrapolation

s,g1
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5
02000,
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Applications of Nonperturbative
Ruwwning Coupling from AdS/QCD

e Sivers Effect in SIDIS, Drell-Yan
e Double Boer-Mulders Effect in DY
e Diffractive DIS

* Heavy Quark Production at Threshold

AW irwolve gluow exchange at small

momentuwm tronsfer
INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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Features of Soft-Wall AdS/QCD

® Single-variable frame-independent radial Schrodinger equation
® Massless pion (mg =0)

®* Regge Trajectories: universal slope in nand L

¢ Valid for all integer J & S. Spectrum is independent of S

* Dimensional Counting Rules for Hard Exclusive Processes

¢ Phenomenology: Space-like and Time-like Form Factors

* LF Holography: LFWF's; broad distribution amplitude

® Nolarge Nc limit

* Add quark masses to LF kinetic energy

® Systematically improvable -- diagonalize Hrr on AdS basis

INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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Features of AdS/QCD LF Holography

¢ Based on Conformal Scaling of Infrared QCD Fixed Point

¢ Conformal template: Use isometries of AdS;

¢ Interpolating operator of hadrons based on twist, superfield dimensions
® Finite Nc = 3: Baryons built on 3 quarks -- Large Nc limit not required

¢ Break Conformal symmetry with dilaton

¢ Dilaton introduces confinement -- positive exponent

® Origin of Linear and HO potentials: Stochastic arguments (Glazek); General
‘classical’ potential for Dirac Equation (Hoyer)

e Effective Charge from AdS/QCD
e Conformal Dimensional Counting Rules for Hard Exclusive Processes

e Use CRF (LF Constituent Rest Frame) to reconstruct 3D Image of Hadrons
(Glazek, de Teramond, sjb)

INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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String Theory

Mapping of Poincawe’ and
AM/CFT Conformal SO (4,2) symmetries of 3+1

space
Goal: First Approximant to-QCD to- AdSS5 space
Counting rules for Hawd Exclusive
Scattering Conformal behowior at shovt
Regge Trajectories distances
Ad/S/QCD + Confinement at lawrge distance
QCD at the Amplitude Level

Semi-Classical QCD [/ Wawve Equations

# Holography
Boost Irwawiant 3+1 Light-Front Wave Equations
J=0,1,1/2,3/2 plus L Integrable!

Hadvrow Spectra, Wawvefunctions, Dynamics

INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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L W‘ F v O’V\/t Q CD Heisenberg Matrix

Formulation

LQCD HQCD Physical gauge: AT =0

B
2 | 1.2 A
CD m”~ + k7 t N N
Hl?F = Z[ T s + HY'E .
1 L f\f\f‘((/}C/\f\f
HY mt Matrix in Fock Space o
(b)
CD p,s ps
HEEP 1w, >= M3 |W,, > T
Eigerwalues and Eigensolutions give Hadronw "’ o

Spectruwm and Light-Front wavefunctions



Light-Front QCD

Heisenberg Equation

CD
HEEP W)y = M2 |wy)

8

qqqqg | qqqaqq

99499

10
qqggg

1 12

13

q39999 {9999949|aGqaqgaq

FALA A 8

n  Sector
K, _
1 qq
e 2 gg
p,s’ p,S _
3 qig
(a)
4 qdqq
p,s’ K,A
VY |[5 e
/

Vs —
MWL [|® 9
KA s o

P 7 qiqdg
(b)
8 q0qqqq
p.s p,s 9 9999
§ 10 qgggg
_ " M qaqagg
k,c K,c
12 qdqqqqg
(c)
13 q4 4 q7 qql

UWAODS/QCD bmﬁmd‘m

INT
November 10, 2009

AdS/QCD and Novel QCD Phenomena
I0X

Stan Brodsky

el A

T AN




Use AdS/CFT ovthonormal LFWFs

as v basis for diagonalizing
the QCD LF Hamiltoniown

* Good initial approximant
* Better than Plane wave basis Pauli, Hornbostel, Hiller, McCartor, sjb
* DLCQ discretization — highly successful 1+1

* Use independent HO LEFWFs, remove CM motion
Vary, Harinandrath, Maris, sjb

e Similar to Shell Model calculations

INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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Formatiow of Relativistic Anti-Hydroger

Measured at CERN-LEAR and FermiLab

Munger, Schmidt, sjb

H(pe™t)
1
bJ‘ = MypedX

Yp = Y+

7 I

Wavefunction maximal at small impact separation and equal rapidity

“Hadronigation” at the Amplitude Level

INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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Hadronigationw at the Amplitude Level

generalor

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

INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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Features of LF T-Matvix Formalism
“Event Amplitude Generator”

* Coalesce color-singlet cluster to hadronic state if

— k2. +m?
IV St T

* The coalescence probability amplitude is the LF
wavefunction W (a8, g, Ng)

* No IR divergences: Maximal gluon and quark wavelength from
confinement

o PT, ;P + K, ;
pt = pO 4 pz

INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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Features of LF T-Matvix Formalism
“Event Amplitude Generator”

If M2 > Aéc p use PQCD hard gluon exchange

* Generates PQCD Hard Tail of LEWF at high x and high

fransverse momentum

e Dimensional Counting rules and Color Transparency for Hard
Exclusive Channels

e Counting rules for structure functions and fragmentation
functions at large x and z:

(1 _ :E)Qnspect_]-, (1 _ Z)2nspect_]-

Pt = pO0 4 pz

INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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Features of LF T-Matvix Formalism
“Event Amplitude Generator”

If M2 > AQQC p use PQCD hard gluon exchange
e DGLAP and ERBL Evolution from gluon emission and
exchange

e TFactorization Scale for structure functions and fragmentation
functions set:

Uract = AoeD

pt = pY 4 p?

INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
November 10, 2009 o1 A~
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Features of LF T-Matvix Formalism
“Event Amplitude Generator”

® Same principle as antihydrogen production: off-shell
coalescence

® coalescence to hadron favored at equal rapidity, small
transverse momenta

® leading heavy hadron production: D and B mesons produced
atlarge z

* hadron helicity conservation if hadron LFWF has Lz =0

e Baryon AdS/QCD LFWF has aligned and anti-aligned quark
spin

o PT, ;P + K, ;
pt = pO 4 pz
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Featuwres of LF T-Matrvix Formadismy

® Only positive + momenta; no backward time-ordered
diagrams

® Frame-independent! Independent of P+ and P~
* LC gauge: No ghosts; physical helicity
e Jz= L7+ S%conservation at every vertex

¢ Sum all amplitudes with same initial-and final-state helicity,
then square to get rate

* Renormalize each UV-divergent amplitude using “alternating
denominator” method

¢ Multiple renormalization scales (BLM)

¢ Cluster Decomposition; Unitary Cuts; "History’

INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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Deep Inelastic Electron-Protow Scattering

Gluonic
Bremumstranlung

DGLAP Evolution

2
k2~ - oo at @ — 1 g‘{§

jet
Off-shell Effect: Breakdowwnw of DGLAP at v ~1 |
Off-shell Effect: Breakdoww of DGLAP at z/~1 !
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Hadronigation at the Amplitude Level

VAT ITY

Higher Fock State Coalescence |uudss >

Asymmetric Hadronization! Dgs_,,(2) # D S_>23(z)
B-Q Ma, sjb

INT AdS/QCD and Novel QCD Phenomena Stan Brodsky

e e An
ovemper 10, 2009 IIX oF b A



B-Q Ma, sjb
Ds—>p(z>7éDs—>]3(z) QMa, 5

N ~ .
7~ “ 3
0.6 [ 7 —
7
— / =
E // ......
I%CD OO _ ”“)' ]
< L _
R4
0.6 =/ .
!
1 1 1 1 .
os 0 02 04 06 08 1.0
8229A01 Z
Apﬁ(z) _ Ds—p(2)—Ds—5(2)
° Ds—p(2)+Ds_5(2)
Consequence of sp(z) # sp(x) luudss >~ |[KTA >
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Chiral Symumetry Breaking invAdS/QCD
Erlich et

¢ Chiral symmetry breaking effectin AdS/QCD "

depends on weighted z2 distribution, not
constant condensate

SM? = —2m, < Yip > X /dz ¢°(2)2°

¢ z2weighting consistent with higher Fock states
at periphery of hadron wavefunction

e AdS/QCD: confined condensate

* Suggests “In-Hadron” Condensates

de Teramond, Shrock, sjb

®
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“One of the grawvest puszsgles 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 Gluonw condensates reside

within hadrons, not LF vacuuuwm
Shrock, sjb



PHYSICAL REVIEW D VOLUME 9, NUMBER 2 15 JANUARY 1974

Chiral magnetism (or magnetohadrochironics)
Aharon Casher and Leonard Susskind

Tel Aviv University Ramat Aviv, Tel-Aviv, Israel
(Received 20 March 1973)

I. INTRODUCTION

The spontaneous breakdown of chiral symmetry
in hadron dynamics is generally studied as a vac~-
uum phenomenon.! Because of an instability of the
chirally invariant vacuum, the real vacuum is
“aligned” into a chirally asymmetric configuration.

On the other hand an approach to quantum field
theory exists in which the properties of the vacu-
um state are not relevant. This is the parton or
constituent approach formulated in the infinite=

momentum frame.? A number of investigations Light-Front
have indicated that in this frame the vacuum may (Front Form)
be regarded as the structureless Fock-space vac- Formalismwy

uum. Hadrons may be described as nonrelativistic
collections of constituents (partons). In this frame-
work the spontaneous symmetry breakdown must be
attributed to the properties of the hadron’s wave
function and not to the vacuum.?



Determinations of the vacuuwm Gluon Condensate

—0.000 -

< 0]2=G2|0 > [GeV?

0

- 0.003 fTOIIl T decay. Davier et al.

+0.006 £ 0.012 from 7 decay. Geshkenbein, Toffe, Zyablyuk

+0.009 -

- 0.007 from charmonium sum rules
Iofte, Zyablyuk

1.32 . m, GeV

1.28 |-

1.06 |

104 L

x Consistent wiliv zero-

vacuuuwn condensate

' -0.08 -0.02 -0.01
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Use Dyson-Schwinger Equatiow for bound-state quark propagator:

9
R
B-Meson
q Shrock, sjb
Roberts, Tandy Maris
Alkofer

< blgq|b > not < 0|gq|0 >
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Pion mass and decay constant.

Pieter Maris, Craig D. Roberts (Argonne, PHY) , Peter C. Tandy (Kent State U.) . ANL-PHY-8753-TH-97,
KSUCNR-103-97, Jul 1997. 12pp.

Published in Phys.Lett.B420:267-273,1998.

e-Print: nucl-th/9707003

Pi- and K meson Bethe-Salpeter amplitudes.

Pieter Maris, Craig D. Roberts (Argonne, PHY) . ANL-PHY-8788-TH-97, Aug 1997. 34pp.
Published in Phys.Rev.C56:3369-3383,1997.

e-Print: nucl-th/9708029

Concerning the quark condensate.

K. Langfeld (Tubingen U.) , H. Markum (Vienna, Tech. U.) , R. Pullirsch (Regensburg U.) , C.D. Roberts
(Argonne, PHY & Rostock U.) , S.M. Schmidt (Tubingen U. & HGF, Bonn) . ANL-PHY-10460-TH-2002,
MPG-VT-UR-239-02, Jan 2003. 7pp.

Published in Phys.Rev.C67:065206,2003.
e-Print: nucl-th/0301024

“In-Meson Condensate’

—(qq)¢ = [x(0|qvsq|m) .

Valid even for m, — 0

fx nonzero
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Quawrk and Gluon condensates reside withiv
hadvrons, not LF vacuuwm

° Bound-State Dyson-Schwinger Equations Maris, Roberts,

Tandy
° Spontaneous Chiral Symmetry Breaking within infinite- Casher
component LFWF's Susskind

° Finite size phase transition - infinite # Fock constituents
°* AdS/QCD Description -- CSB is in-hadron Effect
° Analogous to finite-size superconductor!

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

° Implications for cosmological constant -- reduction by 45 orders of

anashitaie Shrock, sjb

“Confined QCD Condensates’

INT AdS/QCD and Novel QCD Phenomena Stan Brodsky
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¢ 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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