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QCD

® Anti-Shadowing is Universal
® ISI and FSI are higher twist effects and universal

® High transverse momentum hadrons arise only from
jet fragmentation -- baryon anomaly!

® heavy quarks only from gluon splitting
® renormalization scale cannot be fixed
® QCD condensates are vacuum effects
® Infrared Slavery

® Nuclei are composites of nucleons only

® Real part of DVCS arbitrary
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Some Outstonding QCD Problems

® Solving Hadron Spectroscopy and Dynamics Simultaneously
® Proton Spin

® Anti-Shadowing is Not Universal

® Breakdown of QCD Factorization Theorems
® The Baryon Anomaly at RHIC

® The DZero Anomaly: heavy quarks atlarge x
® Setting the Renormalization Scale

® QCD condensates and Dark Energy

® Fixing the D Termin DVCS

o J / Y — pw puzzle

® Anomalous Physics of Sea Quarks

® Hadronization at the Amplitude Level

® QCD Running Coupling in the Infrared
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Move Outstanding QCD Problems

® Single inclusive high-pt hadrons -- wrong scaling !

® Quark Interchange dominance in hadron scattering reactions
® Quarkonium nuclear target dependence

® The Same-Side Ridge at CMS

® How to Find the Odderon?

® Signals of Hidden Color in the Deuteron

® Quark-Gluon Phase of Heavy Ion Collisions

® Quark-Gluon Phase in the Target Frame

® The Top/anti-Top Asymmetry

® Color Transparency and Opaqueness

® BaBar Photon-to-Pion Transition Form Factor

Studies of QCD just beginuning/!
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o Light-Front Holography
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Wi (x5, k155 Ai)

o Light Front Wawvefunctions: 0
Schrodinger Wavefunctions
of Hadron Physics k| (GeV) *

1.5
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Light-Front Wavefunctions: rigorous representation of
composite systems in quantum field theory

Fixed T=t+4 z/c
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QCD and LF Hadron Wawefunctions

: Initial and Final State
~ Ads/QcD Rescattering Baryon Excitations
Light-Front Folography DDIS, DDIS, T-Odd g
jﬂ|]§}[]” 3:}0
Non-Universal Antishadowing
Heavy Quark Fock States
Intrinsic Charm

P

Yvy

—
(U xX; IC ; )\ ) Orbital Angular Momentum
n\<Lqgy V| gy g

Coordinate space P
representation ('_')

Spin, Chiral Froperties
Crewther Relation

YYY

> N Form Factors
Burkardt, Schmidt, sjb

)
YYVYVYY

(t:,_.{__\:)
YYYYYYY

Distribution amplitude
ERBL Evolution

J=o Fixed Pole ¢p(x17x27 Q2)

DVCS, GPDs. TMDs
LF Overlap, incl ERBL

Nuclear Modifications
Baryon Anomaly
Color Transparency Baryon Decay
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Light-Front Wawefunctions

Dirac’s Front Form: Fixed t =1 +2z/c

|\ )C,kj_ (=t

Inwauwriant under boosts. Independent of PH

Direct conmnection to-QCD Lagrangiar

Remuowkable new insighty from AdS/CFT,
the duadity between conformal field theory
and Anti-de Sitter Space
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Light-Front Dynamics

Different possibilities to parametrize space-time [Dirac (1949)]

Parametrizations differ by the hypersurface on which the initial conditions are specified. Each evolve

with different “times” and has its own Hamiltonian, but should give the same physical results
Forms of Relativistic Dynamics: dynamical vs. kinematical generators [Dirac (1949)]

Instant form: hypersurface defined by ¢ = 0, the familiar one

H, K dynamical, L, P kinematical

Point form: hypersurface is an hyperboloid

P* dynamical, M*"" kinematical

Front form: hypersurface is tangent to the light cone at 7 = ¢ + z/c =0

P~, L? LY dynamical, P*, P, L?, K kinematical
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|P> 5, >= z ‘Pn(xi,]_éu, 7%) \n;l_éi,-, Ai >
n=3

st over states withv n=3, 4, ...constituenty

The Light Front Fock State Wavetunctions
(i, zJ_ia Ai)

ﬂ
Yvy

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

kM KK
-xi = — —
19+ }X)*'[K P——+—<::
are boost invariant.
Sit=P* V=1, Vi =04

i Intrinsic heavy qowwk&\ i s(x) #= s(x) A
c(x), b(x) athighx!

Mueller: gluon Fock states BFKL Pomeron 0euteron itidden Color

YYYYY

U
(J\,
VIVVVVV

= — Fixed LF time
8 u(x) # d<33>) Coupled. infinite set




B E866/NuSea (Drell-Yan)

Intrinsic glue, sea,
heavy guowks

CP3, September 16, 2011
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Angular Momentum o the Light-Front

7 __ Z Z Conserved
St = Z Si T Z lj ' LF Fock state by Fock State

[< (k] 8k2 k? 887]1) n-1 orbital angular momenta

Nongero-Anomalous Moment -->Nongero- ovbitad angular momentuny
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Different possibilities to parametrize space-time [Dirac (1949)]

Parametrizations differ by the hypersurface on which the initial conditions are specified. Each evolve

with different “times” and has its own Hamiltonian, but should give the same physical results

‘L‘[

Instant form: hypersurface defined by ¢ = 0, the familiar one

Front form: hypersurface is tangent to the light cone at 7 = ¢ + z/c =0

T =24+ 23  light-front time
r” =20 — 23 longitudinal space variable
kt = kY + k3 longitudinal momentum (kT > 0)

k— =k — k3 light-front energy

k‘CC:%(k+33_—|—k_ZE+)—kJ_'XJ_

On shell relation k% = m? leads to dispersion relation k~ = =

Quantum chromodynamics and other field theories on the light cone.
Stanley J. Brodsky (SLAC), Hans-Christian Pauli (Heidelberg. Max Planck Inst.),

Stephen S. Pinsky (Ohio State U.). SLAC-PUB-7484, MPIH-V1-1997. Apr 1997. 203 pp.
Published in Phys.Rept. 301 (1998) 299-486
e-Print: hep-ph/9705477
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txact LF Fornmudav for Paudic Formv Factor

F2 Z/ d:lf koJ_ Zej T ox Drell, Sib
Lo | L1 |
[ _ _Lwa (xia 14> >¢ (mzvkhfv)‘) _Rwa ('xiv 14> )w (xzvkLza)\ )}
q q
,J_Z' — kJ_z' — ;491 k/J_] — kJ_j —+ (1 — Ij)qJ_
@ qr,, = 9" £ iq?
Xjo k) Xjr Ky jtay
< — - i
p, S,=-1/2 p+a, S,:=1/2
Must have A/¢, = +1 to have nonzero F»(¢?)

Nongero- Proton Anomalous Moment -->
Nongero-orbital quawk angular momentum
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QCD and the LF Hadron Wavefunctions

Hidden Color

Light-Front Holography

LF Schrodinger Eqn .
= Counting Rules
Heavy Quark Fock States
Intrinsic Charm
e UE:
\Un (.’,Uz, kJ_’IJ )\Z) Orbital Angular Momentum

Spin, Chiral Properties

YYY

)
YYVYVYY

(t:j__;{L._\:)
YYYYYYY

Distribution amplitude
ERBL Evolution

J=o Fixed Pole i ¢p( 1,42, Q2)

DVCS, GPDs. I MDs

In-hadron Baryon Decay
condensates
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- Heisenberg Matrix
L lzg’lf\t - FV O.V‘/t QCD Formulation

LQCD HQCD Physical gauge: AT =0

CD m-< -+ kJ_ Nt " "
Hip = Z[ T it Hip ’
p Bs K,A
H"t: Matrix in Fock Space W
(b)
CD D,s’ p,Ss
HOCP |, >= M3 |W,, > )
tigerwalues and Eigensolutions give Hadrov ) © )

Spectruwm and, Light-Front wawefunctions
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Light-Front QCD CD
HEEP W) = M2 |wy)

Heisenberg Equationw
1 2 5 6 7 8 9 10 11 12 13
n  Sector g 99 G99 | 9Gqdg | 99qdqd | 0999 | 99099 | 9dadgg |qdqdad g |qaqGaaag
KA _
1 q L
p,s’ p.s _
3 qdg “{
(a)
4 qiaq@ |~ | | o 1
—,S' k,?\.
P 5 099 “<
6 qa gg g
:\E,x;'; /_\ KM—N,S =
P 7 qiqag }W
(b)
8 qqqqqq ’
p,s p,s 9 9999 {
§ 10 qqggg >’ )
—— 1 Gdgagg 3 T
Ko k,o
12 qqqqqqg * >
(c)
13 q9qqqqqq ;
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Goal: awvv anadytic first approximation to-QCD

As Simple as Schrédinger Theory in Atomic Physics

Relativistic, Frame-Independent, Color-Confining
QCD Coupling at all scales

Hadron Spectroscopy

Light-Front Wavefunctions

Form Factors, Hadronic Observables, Constituent
Counting Rules

Insight into QCD Condensates

Systematically improvable

de Teramond, sjb
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Applications of AAS/CFT to-QCD

5-Dimensional Confinement
Anti-de Sitter Radius
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 and Fu Guang Cao
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Scale Transformations

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

R2 wwaowriont measure
2 2
ds” = ?(nwdaz“daj’/ — d2?) ——-——

xt — Axt, z — Az, maps scale transformations into the holographic coordinate z.
e AdS mode in 2 is the extension of the hadron wf into the fifth dimension.
e Different values of z correspond to different scales at which the hadron is examined.

¥ — Na2? 2 — Az
2

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

e The AdS boundary at z — 0 correspond to the () — 00, UV zero separation limit.

CP3, September 16, 2011 QCDzl;/Iyths Stan Brodsky, SLAC/CP3



Soft-Wall Model

S = /d4x dz \/§e“"(z)£, gO(Z) — __KQZQ

Retain conformal AdS metrics but introduce smooth cutoff
which depends on the profile of a dilaton background field

Karch, Katz, Son and Stephanov (2006)]

e Equation of motion for scalar field £ = %(gemﬁgcb@mq) — ,u2<I>2)

[z25’§ - (37 2&222) 20, + 2°M? — (,LLR)Q] P(z) =0
with (uR)? > —4.

e LH holography requires ‘plus dilaton’ (0 = +x22°. Lowest possible state (R)? = —4

1
M2 =0, ®()~22 "%, (r?) ~ =

A chiral symmetric bound state of two massless quarks with scaling dimension 2:

Massless piov

23



22R2

ds® = e” —
Z

(dzs — dx§ — dzs5 — dxs — dz°)

Gravitational
potential




ds® = e % — (dzg — dry — dz5 — dxs — dz°)

l L) L) L) Ll l Ll L) Ll Ll l Ll L) Ll Ll l Ll L) Ll Ll '

V(z) = mc* \/ goo
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*  Erlich, Karch, Katz, Son, Stephanov * deTeramond,sjb

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

L 50)]ée) = M2e(e)

dz? 42

U(z) = k2> +2c*(L+ S — 1)

Derived from vawiation of Actiovw
Dilaton-Modified AdSs

2 _2
€<I>(z) — o THRTZ

Positive-sign dilaton

CP3, September 16, 2011 QCDZ%/IYthS Stan Brodsky, SLAC/CP3



Quumﬁbgepaw?diovvmereaéeé'6 . . | |
withv L

2-2007 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 .

| ' | ' | ' | '

" S =0 ‘
Pion mass
B x (1800) | automatically zero!
7t (1300)
7wt (140) —_—
| I mgy =0
! I !
40 2 4
2;329%%9 L
Light meson orbital (a) and radial (b) spectrum for kK = 0.6 GeV.
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Quawk separation increases withv L

CP3, September 16, 2011 QCDzlg’Iyths Stan Brodsky, SLAC/CP3



a4(2040)

£,(2050)
w(1420) a;(1320)
LT £(1270)
p(770)
ol w(782)
o0 1 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 kK = 0.54 GeV

CP3, September 16, 2011 QCDzl;/Iyths Stan Brodsky, SLAC/CP3



Bosonic Modes and Meson Spectrum

4k% for An =1
2 2 2
M?* =4r*(n+ J/2+ L/2) — 4k*(n+ L + S/2) 4 iorAL=1
. 2k2 for AS =1
Same slope in n and L
JPC JPC
0-+ 1+- -+ 3+- 4-+ 1-- 2++ 3 4++
g6 | | | | ] 6L | | | I
n=3 n=2 n=1 n=0 n=3 n=2 n=1 n=0
_ / _ _ /Z’ . _
4 - — 4 - =
M2 _n(1§00) _ M2 _p(1700) f,(1950) ?:((228;8)) _
’ | n(1300) m,(1670) i , _w(1;50) |
p(1450) e
| 0(1420) % ]
i L : f,(1270) —
o S o p(770) S T 1
O | | | | | 0 _(D(7|82) | | | |
0 1 2 3 4 0 1 2 3 4
L L

Regge trajectories for the 7w (v = 0.6 GeV) and the [ =1 p-meson and I =0 w-meson families (x = 0.54 GeV)

CP3, September 16, 2011 QCDsl(\)’Iyths Stan Brodsky, SLAC/CP3



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

F(Q2)p = [ 5D p(2)J(Q,2)® ()

. e J(Q, 2)
High Q? ol 7 P (Z ) Polchinski, Strassler
from i de Teramond, sjb
small z ~1/Q ‘
4l
o

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

T—1 o .
9 1 Dimensional Quark Counting Rules:
F(Q ) s General result from
QQ ? AdS/CFT and Conformal Invariance

where Tt = A, — 0, 0, = Z?’:l o;. The twist is equal to the number of partons, 7 = n.

CP3, September 16, 2011 QCDsl}’Iyths Stan Brodsky, SLAC/CP3



Light-Front Representatiov
of Two-Body Mesow Form Factor

e Drell-Yan-West form factor 9 Q2 _ q2

2 -
Zeq/ da:/cllGié Wiz, ki —xq) vp(z, k).

e Fourrier transform to impact parameter space l; L
(. F1) = Var / P25, PR (5 ))

o Find (b= b,]):

]‘ - N ~
F(q) /O dx / b, LTy (x, b)|? Soper

1 0O
= 27‘(‘/ d:z:/ bdb Jy (bgx)
0 0

CP3, September 16, 2011 QCDSIXI)’thS Stan Brodsky, SLAC/CP3



Holographic Mapping of AdS Modes to QCD LFWFs

e Integrate Soper formula over angles:

F(q°) 227?/016133 k) /CdCJo (CQP) p(z,¢),

with ,5(:13, C ) QCD effective transverse charge density.

e T[ransversality variable

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

1 1l —=x
/Oda:Jo(CQ . )—CQKl(CQ),

the solution for J(Q, () = CQK1(CQ) !

33



Spacelike piow form factor fromAdS/CFT

1 Data Compilation
{1 Baldini, Kloe and Volmer

Soft Wall: Harmonic Oscillator Confinement

Hard Wall: Truncated Space Confinement

de Teramond, sjb

One parameter - set by pion decay constant. Sce also: Radyushhin

CP3, September 16, 2011 QCD;XIYthS Stan Brodsky, SLAC/CP3



Grawvitational Form Factor inAdS space

e Hadronic gravitational form-factor in AdS space

dz

23

A (@) = R*| = H(Q%2)|®(2)|,

Abidin & Carlson
where H (Q?, z) = 2Q%2° K1 (2Q)

e Use integral representation for H ()2, z)

1
H(Q?, 2) :2/0 :cd:z:J()(zQ 1;$>

e Write the AdS gravitational form-factor as

1
A(Q) = 2R3/0 v [ 5 0 <z@ 1;"”) B (2)

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

Identical to-LF Holography obtained from electromagnetic cuwrrent

CP3, September 16, 2011 QCDslglyths Stan Brodsky, SLAC/CP3



LF( 3+ 1) e A d55 de Teramond, sjb

W(x,b|) — ——— d(2)

¢ = \/.:B(l — :c)l;i ey

P(2,¢) = Va1l — )¢ 2¢(C)

Light Front Holography: Unique mapping derived from equality of LF
and AdS formuda for cuwrrent matrix elementy

(1—-2x)

CP3, September 16, 2011 QCDslg’Iyths Stan Brodsky, SLAC/CP3



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

Relativistic LF radial equatiov Frame Independent
d*> 1 —4L?
[ dCQ | 4C2 | U(C)} ¢(<) — M2¢(<)

(2 =2z(1—2z)b?.

U(z) = k2> +2:*(L+ S — 1)
soft wall
confuning potential;

I

(1—x)

G. de Teramond, sjb
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Prediction from AdS/CFT: Mesow LFWF

de Teramond, sjb

v (z, k) || “Soft Wall”
| model
k= 0.375 GeV
Note coupling
5 massless quarks
kY, @
47 o
k) = 2n2z(1—2)
Y@, kL) /(1 — m)e

Cornwmection of Confinement to-TMDy

CP3, September 16, 2011 QCDS%/[ythS Stan Brodsky, SLAC/CP3



HQED QED at%&mwvmd/

(H() _l_Hznt) ‘\If >=F |\If > Coupled Fock states
A? - l
- > + Ver (S, 7)] ¥(r) = E ¢(7) Effective two-pawticle equation
Mhred l Includes Lamb Shift, quantum corrections
1 d? 1 ((0+1)

[ + Vg (1, S, 0)] b(r) = E o(r) Spherical Basis 1,0, @

2Myped AT2 2Mypeq T2

Ve =V (7“) _ @ Couloml- potential
el ] ¢ Bohr Spectrum

Semiclassical furst approximation to- QED D



H5E OCD QCD Mesow Spectrum

l

(Hip + Hpp)|¥ >= M?*|U > Coupled Fock statey
[i%ltn;j + VI Yrp(e, kL) = M? Yrp(z, kL) Effective two-particle equation
l (*=z(1 —x)b5
d* —1+4+4L° ) / /
[—d—CQ‘F 2 U(C, S, L) Yrr(C) =M™ Yrr(C) Azimuthal Basis (, @
U(Cv S, L) — /4242 + /“32([/ + 5 — 1/2) Confining AdS/QCD
Semiclassical first approximation to- QCD potential

de Teramond, sjb 40



Non-Conformal Extension of Algebraic Structure (Soft Wall Model)

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

1
HV(C) = —1 (d% - —g 2’Y5 — KZC%) ;

and its adjoint I1T, with commutation relations

@ 10)] = (25— -2

e Solutions to the Dirac equation
1 Y2
Y+(() ~ 23T CLI(R (),
b(Q) ~ 22T LI (),

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

v=1L+1

41



A spectrum identical to Forkel and Kilempt, Phys. Lett. B 6/7?9, 77 (2009)

4k2 for An = 1

Ak? for AL = 1
Same multiplicity of states for mesons and baryons! 22 for AS = 1
M?
— 7
n=3 n=72 n= 1 n=0 | n = n=2 n=1 n=0
6L
N(2200) 1

A(2420) |

N(1710) N(1680) |
_ N(1720) 5| A(1950)
- N(1440) - A(1905)
' . A(1920)
5[ A(1600) A(1910)
[} L
N(940) -
- A(1232)
0 ! 2 3 —— o 1 2 3 4

Parent and daughter 56 Regge trajectories for the N and A baryon families for kK = 0.5 GeV

CP3, September 16, 2011

QCD41¥Iyths
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A 92"
112"
132"
2 2 ®
M? (GeV?) - Aygs(2950)
° A;,+(2390) 11/2” !
A9/2+(2300)
o A,,,*(2420) ] -
6k A5*(1910) Agp(2223) o2 9/2”
—> A,,,+(1920) A, 712 N 11/2°
Ag/,*(1905) o A ,,-(2750)
A-,+(1950) 2
. A,,,~(1620) 112" A.,.~(2350
: A4,,~(1700) 32" 572 ) N=1
AL ,+(22 -
A, ,-(1900) 52"(2200) (2400
7/2
Ay,*(1232) Ay,(1940) €—
2r A, ,+(1750) Ag,-(1930)
Aq,*(1600)
L+N
O 1 1 1 1 1 >
0 1 3 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.

CP3, September 16, 2011
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Positive Parity Nucleons Negative Pawity Nucleons
2 2 2 2
M* =4r*(n+ L+ 1) M= =4k"*(n+ L + 2)
87 12 N(2600) 1
- N(2250) ,// %
N(Q2190) .-
~ odd L "7
V N(1700) ,/#
s N(1675) >‘/
I N(1650) - |
']
* N(1680)
2" N(1720) AdS Light Baryon Spectrum -
Soft Wall Model *
o
 N©40) toO Lo k= 0.5 GeV L
"o 2 3 s s s

L+1=v=puR—-1/2 (even P) L+1=v=puR+1/2 (odd P)
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e Nucleon LF modes

1 2n! 2,2
_ . 3+L 5/2+L,~k>C?/2 7 L+2 (.2 -2
YO,z " \/TL—|—L—|-2\/(7?/—|—L)!C © W (5

e Normalization

[acuro) = [ acu? ) =1

e Eigenvalues
M%,L,S:1/2 =4 (n+ L+ 1)

e “Chiral partners”

Mpn(1535) /2
M N (940)



Chiral Features of Soft-Wall
AdS/QCD Model

Boost Invariant
TP T Protov spinv
i vacuum. cawried by quark angular momentum/

Massless Pion

Hadron Eigenstates have LF Fock components of different L~

Proton: equal probability S§~* — _|_1/27 7 = 0; S* = —1/27 L7 = +1
JF=+1/2:<L”>=1/2,<5; =0>

Self-Dual Massive Eigenstates: Proton is its own chiral partner.

Label State by minimum L as in Atomic Physics

Minimum L dominates at short distances

AdS/QCD Dictionary: Match to Interpolating Operator Twist at z=o0.
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Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

Fi(QY) = gs / 4¢ J(Q, Ol (O
F QY = g / 4¢ J(Q, Ol (O

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 ¥4 ({) and 1_ ({) correspond
to nucleons with J? = +1/2 and —1/2.

e For SU(6) spin-flavor symmetry

FY(Q7)

[ ¢ IQ. 0w+ o)
Fr@) = —3 [ dCIQ0) [l6+(O)F = [6-(0)F].

where F7'(0) = 1, F7*(0) = 0.

CP3, September 16, 2011 QCD41;/IythS Stan Brodsky, SLAC/CP3



1.2 - -

0011111111111111[1111111111111111111
.

0 5 10 15 20 25 30 35

Q*F,(Q?) in a negative (dashed line, x = 0.3877 GeV) and positive dilaton backgrounds

(continuous line, k = 0.5484 GeV). The data compilation is from Diehl.

CP3, September 16, 2011 QCD41§’Iyths Stan Brodsky, SLAC/CP3



e Scaling behavior for large Q%: Q*F(Q?) — constant | Neutron 7 = 3

0 10 20 30
9-2007
8757A1 Q? (GeVZ)

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

CP3, September 16, 2011 QCD4IXIYthS Stan Brodsky, SLAC/CP3



e Scaling behavior for large Q?: Q4Ff(Q2) — constant |Proton 7 =3

9-2007
8757A2 Q? (GeVZ)

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

CP3, September 16, 2011 QCDSIXIYthS Stan Brodsky, SLAC/CP3



Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

Fi(QY) = gs / 4¢ J(Q, Ol (O
F QY = g / 4¢ J(Q, Ol (O

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 ¥4 ({) and 1_ ({) correspond
to nucleons with J? = +1/2 and —1/2.

e For SU(6) spin-flavor symmetry

FY(Q7)

[ ¢ IQ. 0w+ o)
Fr@) = —3 [ dCIQ0) [l6+(O)F = [6-(0)F].

where F7'(0) = 1, F7*(0) = 0.

CP3, September 16, 2011 QCDSI}/Iyths Stan Brodsky, SLAC/CP3



e Scaling behavior for large Q%: Q*F(Q?) — constant | Neutron 7 = 3

0 10 20 30
9-2007
8757A1 Q? (GeVZ)

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

CP3, September 16, 2011 QCDSI;/IYthS Stan Brodsky, SLAC/CP3



Spacelike Paudi Form Factor

From overlap of L =1 and L = 0 LEWF's

Preliminary

Harmonic Oscillator Confinement
Normalized to anomalous moment

k= 0.49 GeV

G. de Teramond, sjb

CP3, September 16, 2011 QCDsl;/Iyths Stan Brodsky, SLAC/CP3



Chivald Featuwres of Soft-Wall AdS/
QCD Model

Boost Invariant

Trivial LF vacuum.

Massless Pion

Hadron Eigenstates have LF Fock components of different L

Proton: equal probability  S* =+1/2,L* =0;5* = —1/2,L* = +1
Self-Dual Massive Eigenstates: Proton is its own chiral partner.

Label State by minimum L as in Atomic Physics

Minimum L dominates at short distances

AdS/QCD Dictionary: Match to Interpolating Operator Twist at z —> o
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Nucleon Transition Form Factors
: : . * _ n=0,L=0 n=1,L=0
e Compute spin non-flip EM transition N (940) — N*(1440): W7 — Wl

e Transition form factor
dz _n=11=0 n=0, =0
Fl%]?\f_g\[* (QQ) — R4/¥ \Ij—l— 7 (Z)V(sz)\p—l— (Z)
e Orthonormality of Laguerre functions  (Fih < (0) =0, V(Q =0,2) =1)

dz n',L n,L
R4/?\I}+’ (Z)\If_|_ (Z): n,n’

e Find
Q
iy n-(Q%) = 22 Y
N—N* 3 2 Q2 Q2
(1 &) (1+ 3 (1+ 5%
p p

with M ,> — 4k?(n +1/2)
de Teramond, sjb

Consistent with couwnting rule, twist 3
CP3, September 16, 2011 QCDSI;/[ythS Stan Brodsky, SLAC/CP3



0.20

0.15

0.10

0.05 -

0.00
0

Data from I. Aznauryan, et al. CLAS (2009)

Fl?\f—d\f* <Q2> —

DN

F B )
p/

2 )
M?2,,
P

with M2 — 4k2(n + 1/2)

CP3, September 16, 2011

QCDSIXIyths

Stan Brodsky, SLAC/CP3



AdS/QCD predicty Higher Fock States

* Exposed by timelike form factor through dressed
current.

* Created by confining interaction

ol —I—Taw 1 @,Y—I—Taw
P ~ kt | de=d*% v
confinement K / L L P+ ( o / (9J_)4 P+

e Similar to QCD(+1) in lcg

»-': : ; : de Teramond, sjb

9 e Ty

57



Space- and Time Like Pion Form-Factor (HFS)

06, . R T R ‘

05

™) = Yag/x99) + Vqgqa/=|9999)

M? — 4k*(n +1/2)

k = 0.54 GeV

I') =130, I')y =400, I')» = 300 MeV

Pigqq = 13 %

PRELIMINARY

T
Y M,

log | F+(Q7) |

vvvvv




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

T (1+ 4%)

I' (7'+ %)

e Forr=N, T(N+2)=(N—-14+2)(N—-2+2)...(1+2)'(1+ 2).

F(Q*) =I(r)

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

e For large Q*:

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3



Meson Transition Form-Factors

[S. J. Brodsky, Fu-Guang Cao and GdT, arXiv:1005.39XX]

e Pion TFF from 5-dim Chern-Simons structure [Hill and Zachos (2005), Grigoryan and Radyushkin (2008)]
/d4CL‘ / dz ELMNPQALﬁMANapAQ
~ (2m)*6W (pr + ¢ — k) Fry (¢*) "7 €,(q) (P )vp (k) g0

e Take A, x ®,(2)/2z, Pr(2) = \/2qu/<;z2e_"‘2z2/2, (Pr|Pr) = Pz
e Find (¢(x) = V3frz(l —x), fr=+/Pgr/V2r)

4 /1 gb(:lj) P _0O2(1_ 2 £2
2 2 Q“(1—x)/4An“ f2 x
QFy(Q7) = —= dx [1 — e 1aa
’Y( ) \/§ 0 1l —=x
normalized to the asymptotic DA [F,; = 1 — Musatov and Radyushkin (1997)] G.P. Lepage, sjb

e Large (Q? TFF is identical to first principles asymptotic QCD result QZFM(Q2 — 00) = 2fr 74

e The CS form is local in AdS space and projects out only the asymptotic form of the pion DA

CP3, September 16, 2011 QCDGIXI)’thS Stan Brodsky, SLAC/CP3



Photon-to-piow transitiow form factor
QQva(QQ — OO) — 2f7r

0.30
0.25 | *
S : o .
q) -
" 0203 - - FYL. E ------- Netiriirrierierirrirrit
N - O T | p—ee—CRCETee
c i T
2 0.15 E.{f; A
B £ A!i.
N (¥ e CLEO
o 0.10 & s CELLO
' F.-G.Cao, |~ Free current; Twist 2 (CHern-Simons)
0.05 f G. de Teramond, — = Dressed current; Twist 2
S]b — Dressed current; Twist 2+4
oo b
0 10 20 30 40

Q2(GeV?)

CP3, September 16, 2011 QCDGI}/IythS Stan Brodsky, SLAC/CP3



Ruwnwning Coupling from Modified AdS/QCD

Consider five-dim gauge fields propagating in AdS5 space in dilaton background (z) =

Flow equation

Deur, de Teramond, sjb

1
S = /d4:1: dz \/§e‘p(z) G2
4 g5
1 1 2.2
= ¢#?) or g2(z) =e "% g2(0
20 " @ 5% 5(0)

where the coupling g5(z) Incorporates the non-conformal dynamics of confinement

__ 143222

YM coupling as(¢) = g%M(C)/ZLW is the five dim coupling up to a factor: g5(z) — gy ar(()

Coupling measured at momentum scale ())

Solution

where the coupling o

AdS

025 / CACT(CQ) @S (¢)

@SAdS(Q2) _ CvAdS(O) €—Q2/4/<:2.

iIncorporates the non-conformal dynamics of confinement
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Ruwnwning Coupling from Light-Front Holography and AdS/QCD
Analytic, defined at all scales, IR Fixed Point

| 3
08 ey 2
| N i Q)=
as(Q) TR
7T 0.6 - { 13
~---- Modified AdS ¢ X
o AdS LMl '|:\ k = 0.54 GeV
04 4 1 18t
i a gl/ﬂ: (pQCD) \
i ocgl/:n: world data '
------- GDH limit X a,/n \[ 4!
02 - o /m OPAL ] ‘,,
A o, /n]JLab CLAS iE....
B o, /nHall A/CLAS I j ST
) @ Lattice QCD (2004) ¥  (2007) |
| | | | | | | ‘ | | | | ‘
10" ] 10
Q (GeV)

CP3, September 16, 2011

Deur, J%}%ﬁ-}%nd, sjb

Stan Brodsky, SLAC/CP3



A o /m CLAS JLab

B o /% Hall AICLAS JLab

® Lattice QCD
— AdS/CFT

(norm. to m,

Bhagwat et al.

e
S
R .
3 3
=~ -
~
S N\
~
B O
_ Q
~s
Sal
-m qo. | |
m V
=~
H Q
SN
D )
QO
QA
A
~
~
~ W
3 <
N
R RHXKRK ﬂw
Y N

10

Q (GeV)

)

b, (preliminary

» S

Deur, de Teramond



BQ)

-0.25

-0.5

-0.75

-1.25

-1.5

-1.75

-2.25

Deur, de Teramond, sjb

2
AdS [ 2 AdS [ 2 u® Q2 /4k?
p— Qv — —— ¢
ﬁ (Q ) d 1 0 g QQ S ( ) 4/{/2
— o - i) T T
B ) LA
; A >‘ 1T ol i //:-__ [ ] {
E | | A‘.‘;- x ::TF A;iv" “-h /
1 '»..,tﬂu\\_‘ / |
i Lattice QCD (2007)
- X From Ol B Froma ol
o B Hall A/CLAS
: ® Lattice QCD (2004) Ut A  From o, CLAS
- —— AdS 1 ------ From GDH sum
- rule constraint on o
— -.------- Modified AdS From a.,, (PQCD) ‘
10 ] 10
Q (GeV)



Featwres of AdS/QCD LF Holography

® Based on Conformal Scaling of Infrared QCD Fixed Point
® C(Conformal template: Use isometries of AdS35

® 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)

® Effective Charge from AdS/QCD at all scales

® Conformal Dimensional Counting Rules for Hard Exclusive
Processes

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3



GPDs & Deeply Virtual Exclusive Processes
- New Insight into Nucleon Structure

hard vertices

X - quark momentum

&- longitudinal
momentum transfer

t - Fourier conjugate
to tfransverse impact
parameter

CH(x,E 1), E(xE 1), ..

“Generalized Parton Distributions”

e Generalized Parton Distributions in gauge/gravity duals
[Vega, Schmidt, Gutsche and Lyubovitskij, Phys.Rev. D83 (2011) 036001]
[Nishio and Watari, arXiv:1105.290]

1 LXxe Jlg L LLY ANV V. A/VLL./ UV LU\ L/ [ ) ]

CP3, September 16, 2011 QCD61¥I)’thS Stan Brodsky, SLAC/CP3



Light-Front Wave Function Overlap Representation

DVCS/GPD __ .
Diehl, Hwang, sjb, NPB596, 2001
DGLAP
See also: Diehl, Feldmann, Jakob, Kroll region..,
)3 :
A . A T+¢
k=4 o k= k+ >
+ * S <z ERBL
—> ) -
/C )\ N region.
" : 1+¢
p=P+2 p=p-2
¢ T (T + &)
\\\c
DGLAP
region.

2.
N +¢

Bakker & JI
Lorce

CP3, September 16, 2011 QCD61§’Iyths Stan Brodsky, SLAC/CP3



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

Diehl, Hwang, sjb
1 Al —iA?

J1—-¢ 2M

_ L dx; 2k - ”.
=(VT—=¢) ”Z/]_[ x{ﬁjl 16738 1= x; ) 6@ ky;
n,A; =1 j=1 '

E(n—>n) (x,¢,1)

x 8(x — XY (5] Ky i)Wy (xi ki, ),

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

X1 — > - 1—
x| = 11_;, K\ =k ,— _xlAl for the struck quark,
Xi - - =
xlle_l{, kli:kh—l—l_l{AL for the spectators i =2, ..., n.

CP3, September 16, 2011 QCDGI;/IythS Stan Brodsky, SLAC/CP3



Link to DIS and Elastic Form Factors

Form factors (sum rules)

DIS at S=t=0 jdxzw(x en]| =F, (¢) Dirac £

H* ()C,0,0) N Q(X), _6(_)6) jdeIEE (x, 6, t) =F, (t) Pauli f.f.
H(x,0,0) = Aq(x), Ag(—x)

\

jdxH‘J(xcit) G 1), jdeq(xit) Gp,( 1)

[ Verified using LFWFg

[ H? E? H E'(x.&.1) ]

e Diehl, Hwang, sjb

-

Jq :l_JG —

2

Quark angular momentum (J1’s sum rule)

1
27

jxdxﬁ'{q(x C,0)+E7(x, §O)]

X. Ji, Phy.Rev.Lett.78,610(1997)

CP3, September 16, 2011

QCD Myths Stan Brodsky, SLAC/CP3



J=0 Fixed Pole Contribution to-DVCS

* J=o fixed pole -- direct test of QCD locality -- from seagull or
instantaneous contribution to Feynman propagator

’7/ S « ’Y Szczepaniak, Llanes-Estrada, sjb

Close, Gunion, sjb

Real amplitude, independent of Q% at fixed ¢

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3



Deeply Virtual Comptow Scatlering

Y'p — D

o A 7
~ Howrd Reggeow
Domairv
P s >>—t,Q% >> AHep
p
T(v(q)p — v(k) +p) ~e- ) sE(t)Br(t)
R
apr(t) — 0 Reflects elementary couplz'ng of two photons to qudrks
1
Or(?) t2 dt s2 t4 36 at ﬁxed s 7 s



Deeply Virtual Comptow Scatlering

Y'p — D

* «
7 \‘x‘ ' Seagull interaction.
) (instantaneous quark_
exchange or Z-graph)
: s >>—t,Q° >> Ajop
Hard Reggeon
P Domaivv
T(v(q)p — v(k) +p) ~e- ) sE(t)Br(t)
R
apr(t) — 0 Reflects elementary coupling of two photons to quarks
1 d 11 1 2 ¢
ﬁR(t)Nt—Q d_(z-NS_2t_4N8_6at ﬁxed %,g s



Regge domairv

T(v*p — 7T+n) ~ € D; Z S%(t)ﬁ}g(t) g >> —t, Q2

R
ar(t) ap(t) — 0att — —oo
J=0 fixed pole
1.O Reflects elementary coupling
0.5 of two photons to quarks
1
-0.§ / ﬁR(t) ~ t_Q
ap(t) > 0att — —oc 1

2
9 (y*p — p) = =PBE(t) ~ = ~ 2 at fixed L, &

Fundamentold test of QCD »



J=0 Fired pole inv real and virtual Comptow scattering

Damashek, Gilman;
Close, Gunion, sjb

,y* ( Q)‘ r‘y Llanes-Estrada, Szczepan
Effective two-photon contact term sjb

Seagull for scalar quarks
Real phase
_ .0 2
M = s " e2F,(t)

Independent of Q? at fixed t

<|/x> Moment: Related to Feynman-Hellman Theorem

Fundamental test of local gauge theory

No ambiguity in D-term

()?-independent contribution to Real DVCS amplitude

5 do

— (7" = F°(t
Sdt(vp%w) ()

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3



Exclusive Electirobroduction

/
ep — e'mn

Iterate kernel of LFWF to expose hard-scattering amplitude

CP3, September 16, 2011 QCD,%/IYthS Stan Brodsky, SLAC/CP3



QCD Factorigaliov
Exclusive Electroproduction

/
ep — e'mn

¢p(xiaA)
K2 < A2 kD> A

/ d:c/ dy/ 4 (e, )T (2,1, 2 Q2 5, )b (1, ) (=

~ = at fixed Q?/s,t/s

dt 37

Universal distribution amplitudes. Renormalization Group Invariance:
The factorization scale A is arbitrary. The renormalization scale is unambiguous

A)

77



Exclusive Electrobroduction

/
ep — e'mn

T(y'p—7tn)~e-pi Yy sk(t)Br(t)

R
QR (t) > — 1 Reflects elementary exchange of quarks in t-channel
1 2
~ — do ., L1 Q¢
ﬁR (t) 2 a1 o7 at fixed s 9 g 8



Gunion, Blankenbecler, Savit, sjb

Regge domairv

T(v*p — 7 n) ~ € p; Z s (t)Br(t) s >> —t, (Q?
R
agp(t) ap(t) — —latt— —oc

Reflects elementary exchange
of quarks in t-channel

1.0
0.5
1
Br(t) ~
()4 7 — | t
apr(t) — — do 1
E(W p— T n) 3 7 (t)
d 1 1 1 2 ¢
d—iNS—gthﬁatﬁXGd %,g

Fundamental test of QCD 79



Q4FP(Q2) [GeV4 0.8} A TLL}_‘_# ]

0.6 5 ‘ Fl(Qz)N[l/QZ}n_la n=3

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

e Phenomenological success of dimensional scaling laws for exclusive processes
—2
do/dt ~1/s"7*, 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).

CP3, September 16, 2011 QCDSIXI)’thS Stan Brodsky, SLAC/CP3



Proof from AdS/QCD: Polchinski and Strassler

do _ F(fcm) — E2
C E(S7t) T S[ntot—Q] ’ -

Fi(Q?) ~ [ o]

Ntot = NA+NB +NC +Np .
Farrar & sjb;

Fixed t/s or cosOem Matveev, Muradyan, Tavkhelidze

QCD predicty leading-twist scaling
behowior of fixed-CM angle

exclusive amplitudes
S, —t >> m%

Extension to soft pions: Strikman, Pobylitsa, Polyakov D : N —+ T
CP3, September 16, 2011 QCDSI yths Stan Brodsky, SLAC/CP3



s’do/dt (10°GeV'™ nb/GeV?)

Test of Scaling Laws

Constituent counting rules

YP—=® N

p ==

JLab E94-104

Fujii et al (1977)
Anderson et al (1976)
Clifft et al (1975
Fischer et al (1972)
Data taken Before 1970
— SAID (2002)

-—-- MAID (2001)

=

AdCE>XY%e

e
.
—e—

i

| 1 | | | | | | | | | | | | 1 | | 1 1 | |
1.5 2 2.5 3 3.5

Vs (GeV)

Brodsky and Farrar, Phys. Rev. Lett. 31 519733 1153
Matveev et al., Lett. Nuovo Cimento, 7 (1973) 719

s’dc /dt(yp — wn) ~ const
fixed B¢y scaling

Conformal invariance at high momentum transfers!
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do/dt [nb/(Gevre)2]
o
N

T T T T T 1

yp—"7T+N
(6*~90°)

e SLAC
o0 MIT Ref. 2]
x CIT Ref. 22

8-7

]
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Compton Scattering Cross Section on the Proton at High Momentum Transfer

Cornell

(The Jefferson Lab Hall A Collaboration)

9

I I I I I I I I I

AT

—0—

~
III|III|III

lll|l

(0))
T | | |¥
—(O

lll|lll

4 | 1 1 1 | 1 1 1 | 1 1 1 |
60 80 100 120

O.m (deg)

FIG. 5: Scaling of the RCS cross section at fixed 6.,,. Open
points are results from Cornell experiment [1]. Closed points
are results from the present experiment. The line at n =
6 is the prediction of asymptotic perturbative QCD, while
the shaded area shows the fit range obtained from the cross
sections of GPDs-based handbag calculation [8].

“Handbag
Model”

AdS/QCD

«— and

Counting
Rules



Deuteron Photodisintegration and Dimensional Counting

P.Rossi et al, P.R.L. 94, 012301 (2005)

30° = ¥ <40°

40° = 3 <50°

N | <]
N - %o - g,
= = P, X=320F  °® X=1.28
S 10 F e, d
N = i
a 2k B
C 10 47 | | F | | |
) g ° < [§Y] o
o 10 - g %. 60° = 9, <70 ol
O | E Yoy Xv= 1
N 10 | %,
b = —
© -2 =
10 4j | | = | | | “%
10 - r!ﬁf_fjJe-m o - o < )
i = ey, t xi=1.05
10 | L i
1O= :: | | ‘ : | \\W\,\
104, 90°§19§M<WIOO° — o4 1OO°§19§M<MO°
%... X=1.25 F 'o.. x’=1.36
10 | T d 0
10= :: L : | \‘\T\
10°F ., 0P8 <120° . 120° < 9% <130°
= o... x§=],68: ... =1.31
10 ; -c L .000
o ‘ \«7\ : \‘"\
104, 130° = 0 <140° |- 140° = 8% <150°
5/,,7 O o =126 | X=1.37
— = ...
10 | = %
=5 .... —
) = ‘ "
10 - | | | ‘ L
6 7 8 910 20 6 7 8 910
T s (GeV?) T s (Ge\/)

CP3, September 16, 2011

CD Myth
QCD Myths

PQCD and AdS/CFT:

sha=299(A+ B — C+D) =
FA+B—>C+D(9CM)

lldo(

Yd — np) = F(Ocu)

Riot — 2 =

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

~vd — (uuddduss) — np
at s ~ 9 GeV?

~vd — (uuddducc) — np
at s ~ 25 GeV?

Stan Brodsky, SLAC/CP3



vd — np

~vd — (uuddduss) — np at s = 9 GeV? ~

Fit of do/dt data for E

the central angles and <

Py21.1 GeV/c with 5

~

A s 9

For all but two of the fits R
v°<1.34

‘Bettery? at 55° and 75° if different data
sets are renormalized to each other

‘No data at Py21.1 GeV/c at forward and
backward angles

-Clear s !! behaviour for last 3 points at 35°

Data consistent with CCR

P.Rossi et al, P.R.L. 94, 012301 (2005)
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e Remarkable Test of Quark Counting Rules

* Deuteron Photo-Disintegration yd — np

do __ F(t/s)
dt = gntot—2

. niot =1 +64+3+3=13

Scaling characteristic of
scale-invariant theory at short distances

Conformal symmetry

' d d
Hidden color: d—:(fyd S Aatta) ~ d—:(fyd — pn)

at high pr Ratio predicted to approach 2:5

CP3, September 16, 2011 QCDSI;/[ythS Stan Brodsky, SLAC/CP3



Properties of Hard Exclusive Reactions

® Dimensional Counting Rules at fixed CM angle
® Hadron Helicity Conservation
® Color Transparency

® Hidden color

® s>>-t>>Aqcp: Reggeons have negative-integer intercepts at large
-t

® J-0 Fixed pole in DVCS

® Quark interchange

® Renormalization group invariance

® No renormalization scale ambiguity

® Exclusive inclusive connection with spectator counting rules

® Diffractive reactions from pomeron, Reggeon, odderon

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3



Deuterow Light-Front Wawvefunctior

Fixed T=t+4 z/c
Pt = PO_I_PZ \ ) )
n E xiP+,xiPJ_—|—kM

deuteron
pt P
Weak binding: P
- ___  body Stz =1
Va(xi, k1) =, 7 X pp X Pp

Two- colov-singlet combinations of thwee 3¢ 2i ki =01

CP3, September 16, 2011 QCDSIXIYthS Stan Brodsky, SLAC/CP3



Evolution of 5 color-singlet Fock states
d —
Wi (xi k1, Ai)

.0
L 4
L 4
.0
*

deuteron

> o =1

2 2 —
P (z;, Q) = [FLi<C" MVd2k | jipn (a4, k1 )

5X 5 Matrix Evolution Equation for deuterovw
distribulion amplitude

CP3, September 16, 2011 QCD91(\)’Iyths Stan Brodsky, SLAC/CP3



Hidderv Color in QCD

Lepage, Ji, sjb

* Deuteron six-quark wavefunction

* 5 color-singlet combinations of 6 color-triplets -- only
one state 1s |n p>

* Components evolve towards equality at short distances

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

e Predict

cfi_?(yd N A++A—) d_G(*yd — pn) at high Q2

CP3, September 16, 2011 QCI;IMythS Stan Brodsky, SLAC/CP3



Hidden Color of Deuteron

Deuteron six-quark state has five color - singlet configurations, only
one of which is n-p.

Asymptotic Solution has Expansion

Yre1{ss} = ("3")1/2 Gy +( %)1/2 Yant (%)1/2 Yee

Look for strong transition to Delta-Delta

CP3, September 16, 2011 QCD91;4yths Stan Brodsky, SLAC/CP3



Test of Hidden Color in Deuteron Photodisintegration

do (’yd—>A++A__)

R = dt & ) Ratio predicted to approach 2:5
77 (ya—pn

Ratio should grow with transverse momentum as the hidden color
component of the deuteron grows in strength.

p d

Possible contribution from pion charge exchange at small t.

CP3, September 16, 2011 QCDgl\sflyths Stan Brodsky, SLAC/CP3



Deep Inelastic Electron-Protow Scattering

CP3, September 16, 2011 QCDgl‘\t/Iyths Stan Brodsky, SLAC/CP3



Deep Inelastic Electron-Protow Scattering

U
> Final-State QCD
0 U Interaction
d
jet
Corwentionald wisdom

Final-state inferactions of struck quawk conv be neglected

CP3, September 16, 2011 QCD91}’Iyths Stan Brodsky, SLAC/CP3



Single-spiny Leading Twist

C ries Sivers Effect
0
> Dae Sung
© current Hwang, Ivan

quark jet Schmidt, S]b

Y
iS5 p 4 X Pg C
k QCD §- and P-
Pwuolm T-Odd/ quar final state Coulo_mb Ph_ases
interaction --Wilson Line

spectator”~ Leading-Twist
system Rescattering

proton olat
Light-Front Wawefunctiow v %/ PQCD
S and P- Waves Factorigotion/!

CP3, September 16, 2011 QCI9) 6Myths Stan Brodsky, SLAC/CP3



Final-State Interactions Produce e,
Pseudo T-Odd, (Sivers Effect) & i )

—

iS'ﬁjetxé)

e Leading-Twist Bjorken Scaling!
e Requires nonzero orbital angular momentum of quark

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

e Wilson line effect -- gauge independent

current

e Relate to the quark contribution to the target proton quark jet

anomalous magnetic moment and final-state QCD phases

e QCD phase at soft scale! final state

interaction
¢ New window to QCD coupling and running gluon mass in the IR spectator>
system
roton i
e QED S and P Coulomb phases infinite -- difference of phases finite! > 8161222825

e Alternate: Retarded and Advanced Gauge: Augmented LFWFs
Pasquini, Xiao, Yuan, sjb

Mulders, Boer Qiu, Sterman

CP3, September 16, 2011 QCI9)7MYthS Stan Brodsky, SLAC/CP3



Final State Interactions Prodiurce

T-0dd, (SiversEffect) /

current
quark jet

* Bjorken Scaling!

final state
interaction

spectator >

system

11-2001
8624A06

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

proton

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

* Sum of Sivers Functions for all quarks and gluons
vanishes. (Zero anomalous gavitomagnetic moment)

S PDijet X
Pjet 4 Hwang, Schmidt. sjb

CP3, September 16, 2011 QCIg)SMYthS Stan Brodsky, SLAC/CP3



and produce

a T-odd effect!

q /gﬁ x&\ |
can interfere % ;
i Iy with -8

(also need L, # 0)

—_—

p

HERMES coll., A. Aira]g;etian et al., f)hys./Rev. Lett. 94 (2005)

Sivers asymmetry from HERMES
50.15

% 01l " L |
< 005 | | : A
- S TS S S L SR
~ 005 E..1. | PO PO P T
0.1 - =
0.05 - + - +
ofprtp ot fo oy
.0.05 - .
04 02 03 03 04 05 0.6
X Z

CP3, September 16, 2011 QCD91;’I)’thS

| P
012002.

e First evidence for non-zero
Sivers function!

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

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

Gamberg: Hermes
data compatible with BHS
model

Schmidt, Lu:
Asymmetry ratios should follow
quark contributions to anomalous
moment.,

Stan Brodsky, SLAC/CP3



PHYSICAL REVIEW D 75, 073008 (2007)

Connection between the Sivers function and the anomalous magnetic moment

Zhun Lu™ and Ivan Schmidt’

Departamento de Fisica, Universidad Técnica Federico, Santa Maria, Casilla 110-V, Valparaiso, Chile
and Center of Subatomic Physics, Valparaiso, Chile
(Received 8 January 2007; revised manuscript received 14 February 2007; published 9 April 2007)

The same light-front wave functions of the proton are involved in both the anomalous magnetic moment
of the nucleon and the Sivers function. Using the diquark model, we derive a simple relation between the
anomalous magnetic moment and the Sivers function, which should hold in general with good approxi-
mation. This relation can be used to provide constraints on the Sivers single spin asymmetries from the
data on anomalous magnetic moments. Moreover, the relation can be viewed as a direct connection
between the quark orbital angular momentum and the Sivers function.

SlV(77'+) Zeuf1 “DY [ 26%Ku

= —3.3
SlV ~/d p) T
e (7T ) 63 f‘TdDiT/ €de
>
current
quark jet
d
A (ar0) 2euf Dﬂ/"‘—l—edf DW/
final state Sl ~/d
interaction V(7T ) efl f‘TdDiT /
spectator> ~ ZB%KM T e?ZKd — —115
system == 5 5 — LD,
proton 11-2001 ed K/

8624A06

p = 2)2/3) Ky + (=1/3)kayp,

~ —~ — —6.6.
ke = Q(=1/3)K,7, + (2/3)k4/p AVHKD) kD i
CP3, September 16, 2011 QCI} %}’ths Stan Brodsky, SLAC/CP3



Single-spirv Exclusive

asymumeliies inv Sivers Effect
exclusive choawrnels connects to
e- Inclusive Effect
— — e— s K A
1OA "G X DK Y P
g X P K™ (su)
QCD S- and P-
Coulomb Phases
--Wilson Line
Light-Front Wawvefunctiow A(Sud)

S and P- Wawves

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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Predict Opposite Sign SSA in DY !

_ > Collins
P —> <
u ) o+ Hwang
Y Schmidt
sjb
u e
pA—> -

Single Spin Asymmetry In the Drell Yan Process
Sy D X gy
Quarks Interact 1n the Initial State
Interference of Coulomb Phases for S and P states
Produce Single Spin Asymmetry [Siver’s Effect]Proportional

to the Proton Anomalous Moment and o,.
Opposite Sign to DIS! No Factorization

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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Collins;

K%/ QCD EX/]D@V ument Hwang, Schmidt.
sjb
Measure single-spin asymmetry Ay P <
In Drell-Yan reactions _
u e+
' v
VN
'
Leading-twist Bjorken-scaling Ay u o
from S, P-wave pA >
Initial-state gluonic interactions g
ppr — (T0™X

Predict: Ay(DY) = —AnN(DIS)
Opposite in sign!

S - q X p correlation

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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Boer, Hwang, sjb

— >
P o >
u et
: &
;U e
_é -
P >

DY cos2¢correlation at leading twist from double ISI

Product of Boer - hL 2 T 2

X X hy(xy,k
Mulders Functions 1 (X¥1,P1) 1 (X2,K7)
CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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Remowrkable observation at HERA

e 0.20F %o < 0.0008 1

r ]

\ [ | L

e 1 /9 0.10f ¢ :

Ve i

ﬁ 0.05 4

_ M, , i

= 0. 0O 08 < v < 0.003 |

Xp 0.15}

| ]

P & P 0.10} + ; ]

\ t / 0.05F o + | ]

0.00— : : ‘ ‘ P U -

0 20 40 60 80 100

10% to-15% Q% [GeV]
OfDI‘S everiy Fraction r of events with a large rapidity gap,
e Mmax < 1.5, as a function of Q%) 4 for two ranges of xpa. No

d/{ﬁq,.me/ ! acceptance corrections have been applied.

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

CP3, September 16, 2011 QCIZ })\;Iyths Stan Brodsky, SLAC/CP3



Hoyer, Marchal, Peigne, Sannino, sjb

QCD Mechanism for Rapidity Gaps

Y :
x Wilson Line: (y) / dx 4%y (0)
0

q*= BX
1rl’t i_

=

(1 'B)Xg

>_

X
g oxX~1 } Rap Gap
Vv
p | F
Reproduces lab-frame color dipole approach
CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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de Roeck

e

J

D y/ b Large Rapidity Gap

NG

Diffractive inclusive cross section

dPoyl! 2w’ | p(a) )
> 1 1'2 (ZBP, :39 Q )
depd3dQ xQ
FP(zp.3,Q%) = f(xzp)-  FF(3,Q%

extract DPDF and g (x) from scaling violation

Large kinematic domain
Precise measurements

3 < Q% < 1600 GeV?
sys 5%. stat 5-20%

10

10+

10

® H1Data

w H1 2006 DPDF Fit A

43 = 0.017
(.l? = 5. 10-5)

Xsoz v

[ 027 (i=T)

BR X

X
T
¢
o’ﬁ

BELL

! .

,u/é{"'_‘

! o
. oB
S !”/Q( ’—i

i—é-‘-.—rr‘—f-

x=0 00013
p0.043 (™€)

xe0 0002
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P=0

=~ ool Lo tranad
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[H1 LRG|

=0 00002
Pr0.11 (™8
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x=0.0013
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Final-State Interactiovw
Produces Diffractive DIS

/ Quark Rescattering
0 —»

,y*
LLLLL > Hoyer, Marchal, Peigne, Sannino, SJB (BHM
q
/ g Enberg, Hovyer, Ingelman, SJB

’—
q
Hwang, Schmidt, SJB

p Q —
1-2005
8711A18
Low-Nussinov model of Pomeron
CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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Hoyer, Marchal, Peigne, Sannino, sjb

QCD Mechanism for Rapidity Gaps

Y :
x Wilson Line: (y) / dx 4%y (0)
0

q*= BX
1rl’t i_

=

(1 'B)Xg

>_

X
g oxX~1 } Rap Gap
Vv
p | F
Reproduces lab-frame color dipole approach
CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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Final State Interactions inv QCD

* *

T
-
K, Ko K, kzég

Feynman Gauge Light-Cone Gauge
Result is Gauge Independent

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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Predict: Reduced DDIS/DIS for Heavy Quowks

11* b, = O(1/Mg)
qr= Bxg Higher Twist Diffraction
XLL Q Fraction
9 (1 -B)Xg +(DDIS) _ Nocp
j o(DIS) — Mé
X oxX~1 } Rap Gap
V

I

P

See also: Bartels et al

Kopeliovitch, Schmidt, sjb

Reproduces lab-frame color dipole approach

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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Physics of Rescattering
* Sivers Asymmetry and Diffractive DIS: New Insights
into Final State Interactions in QCD
* Origin of Hard Pomeron
e Structure Functions not Probability Distributions!

Not sguare of LFWFs
* T-odd SSAs, Shadowing, Antishadowing

* Diftractive dijets/ trijets, doubly diftractive Higgs

* Novel Effects: Color Transparency, Color
Opaqueness, Intrinsic Charm, Odderon

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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Factorization is violated in production of high-transverse-momentum particles in
hadron-hadron collisions

John Collins, Jian-Wei Qiu . ANL-HEP-PR-07-25, May 2007 .

e-Print: arXiv:0705.2141 [hep-ph]

—Pp— < < ——
N /
\ N /
N
\ -7 S 4
N \ 7
N N/
/ ~ 7/
~ \
d - « \
~ 7 *
A
/ g \
, \
—Pp—ort < < P

The exchange of two extra gluons, as in this graph,
will tend to give non-factorization in unpolarized cross sec-
tions.

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Qiu%2C%20Jian%2DWei%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Qiu%2C%20Jian%2DWei%22

Recent COMPASS data on deuteron:
small Sivers effect

o The anomalous magnetic moment, the Sivers function,
and the generalized parton distribution E can all be
connected to matrix elements involving the orbital
angular momentum of the nucleon's constituents.

@ The SSA can be generated by either a quark or gluon
mechanism, and the isospin structure of the two
mechanisms is distinct. The approximate cancellation of
the SSA measured on a deuterium target suggests that
the gluon mechanism, and thus the orbital angular
momentum carried by gluons in the nucleon, is small.

o Studies of the SSA in ¢ or K* K~ production, via
v*g — 8§ — ¢ + X or v*g — ss — KTK~ + X should provide
additional constraints on the gluon mechanism.

Gardner, sjb

CP3, September 16, 2011 QCDI Myths Stan Brodsky, SLAC/CP3



3 leading-twist spin-k1. dependent distribution
functions

Courtesy of Aram Kotzinian

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3



Boer, Hwang, sjb

— >
P o >
u et
: &
;U e
_é -
P >

DY cos 2¢ correlation at leading twist from double ISI

oduwct . 2 — 0
)\fu:lderyf% h%(xl’pL)Xhl(x%kL)

CP3, September 16, 2011 QCDI %\gyths Stan Brodsky, SLAC/CP3



Measurement of Angular Distributions of Drell-Yan Dimuons in p 4+ d Interaction at

800 GeV/c
(FNAL E866/NuSea Collaboration)

e p+dat800GeVc @ _
m 1 + W at 252 GeV/c : :
s v +W at 194 GeV/c Huge Effect in

08 | J L
} W — X
.t 1 Negligible Effect

0.4 - T - L
: P P e | pd — pp” X

L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4

p; (GeV/c)

Parameter v vs. pr in the Collins-Soper frame for
three Drell-Yan measurements. Fits to the data using Eq. 3

and M¢c = 2.4 GeV/ c? are also shown.

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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Double Initial-State Interactions
generate anomalous cos2¢

_ Boer, Hwang, sjb
Drell-Yan planar correlations
1d
~ %7« (1 + Acos? 6 + 11sin 260 cos ¢ + ~ sin? (9C082q5)
o dS? 2

PQCD Factorization Lam Tung): 1 — A — 2 = ()

Y ~ hi(m)hi(N)
p2 1,( ) 1(1») 7TN—>,u'|'u_X NA1O

2 5 _2
[ | 0.4 .

2.
3
s
.
-
-
.
.
.
.
.
.
.
.
.
03
-
.
.
.
.
0
.
o
o’

| 0.35+ |
w
0.3F - |
L] n ""
.Y v(Qr) R
0.25 ]
o .,"" Q . .
05 .. ~FHard gldon radiation,
N A .~”J ,o":x'"'.
.....o "",¢ (o
] ~': ¢"
. .
E g ""oo¢
I ‘b d

o / Q = 8GeV-
Double IST ... l

. . T
Violates Lam-Tung relation! Qr

Model: Boer,

CP3, September 16, 2011 QCDI %\élyths Stan Brodsky, SLAC/CP3
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Anti-Shadowing

1.2
© EMC 4 E136
L1V NMC -« E665
= :
(@\| 1
=
@)

L‘N 0.9

0.8-

Q=5 GeV?

0.001 0.01 0.1

M. Hirai, S. Kumano and T. H. Nagai,
“Nuclear parton distribution functions

Shadowing x and their uncertainties,”
Phys. Rev. C 70, 044905 (2004)
[arXiv:hep-ph/0404093].

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3



Q% =5 GeV-?

1.3_""I""I""I""I" | | N DL LA
12k Scheinbein, Yuw; Keppel, Morfin, Olness, Owens
: SLAC/NMC data
1.1}
a -
s :
s 1 !
[ .
N
[T -,".. .."~~._____ /j{ .
0.9 ; I 2'.':.: --------- .'/." -
Extrapolations from NuTeV '
0.8 i
: Ncramﬁ/-yhfwlmumg/z}wdeep inelastic neutrino- scattering !
O7"""lll
O 01 02 03 04 05 06 07 08 09
X
CP3, September 16, 2011 QCIl %\(’)Iyths Stan Brodsky, SLAC/CP3



Stodolsky
Pumplin, sjb

Gribov
Nuclear Shadowing inv QCD

Shadowing depends on understanding leading twist-diffractiovw inv DIS

Nuclear Shadowing not included in nuclear LEFWEF'!

Dynamical effect due to virtual photon interacting in nucleus

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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L. Shadowing depends on leading-
twist DDIS

Integration over on-shell domain produces phase @

Need Imaginary Phase to Generate Pomeron.

Need Imaginary Phase to Generate T-
Odd Single-Spin Asymmetry

Physics of FSI not in Wawefunctiow of Tawget
Antishadowing (Reggeow exchange) is not universal/

Schmidt, Yang, sjb

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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The one-step and two-step processes in DIS
ONn a nucleus.

YO

Coherence at small Bjorken zp :
1/Mzp =2v/Q? > Ly.

If the scattering on nucleon Ny is via pomeron
exchange, the one-step and two-step ampli-

|
v
(b) _T'— tudes are opposu.te in phase, thus diminishing
N, = the g flux reaching N».

— Shadowing of the DIS nuclear structure
functions.

Observed HERA DDIS produces nuclear shadowing

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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. The one-step and two-step processes in DIS
ONn a nucleus.

\\ q’
>

Coherence at small Bjorken zp :
1/Mxg =2v/Q? > Ly.

| v Reggeon.
> A If the scattering on nucleon Nq IS via pekaeken
q exchange, the one-step and two-step ampli-
(b) r»— tudes are eppesite in phase, thus cimarisiatrg
g ©——@= the g flux reaching No. increasing

_’A_%ﬁ?\

—3 Antiz- Shadowing of the DIS nuclear structure
functions.

Schmidt, Yang, sjb

CP3, September 16, 2011 QCE i\’lyths Stan Brodsky, SLAC/CP3



Origivw of Regge Behawior of
D eZ/%MI/V nelastic Structure Functions

Fo, () — Fop(x) X r1/2

Antiquark interacts with target nucleus at /
0l —»

energy s « 1

.Cij

Regge contribution: ogy ~ sarp—1

Nonsinglet Kuti-Weisskoff Fp), — Fpj, o \/Ebj
at small xy,.

Landshoft,
Shadowing of ogz), produces shadowing of Polkinghorne, Short
nuclear structure function.

Close, Gunion, sjb
Schmidt, Yang, Lu,
sjb

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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P
2
ey rrryprrrprrrprrerprrrprrrp et rrprr

Now-singlet 10 10
R v Kuti-Weisskopf
g9 behavior

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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Reggeon
Exchange

Phase of two-step amplitude relative to one
step:

1 o - 1
\/5(1 i) X 1 \/5(7, 1)
Constructive Interference
Depends on quark flavor!

T hus antishadowing is not universal

Different for couplings of ~*, Z0, W=

Critical test: Tagged Drell-Yarv

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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1.2

EVAT

0.6 |~

[ | lll‘ [ | lll‘
0.4 —
10 10

Predicted nuclear shadowing and and antishadowingat ()2 — | Gey?

S.J. Brodsky, I. Schmidt and J. J. Yang,
“Nuclear Antishadowing in

Neutrino Deep Inelastic Scattering,”
Phys. Rev. D 70, 116003 (2004)
[arXiv:hep-ph/0409279].

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3

128



0‘8 H‘ | | \\HH‘ | | \\HH‘ | 0.8

-3 -2 —1 -3 -2 —
10 10 10 10 10 10 . .
X X Schmidt, Yang; sjb
1.3 ¢ 1.3 ¢
- W*—Current - W~ —Current
12 |- J 12 B 3
: : """"" § " “
1.1 1.1
0 T
N b A D [ S A
Rl ~ 0
09 F 0.9 7T
i (c) i (d)
0.8 7\\ | | \\\\H‘ | | \\\\H‘ | O.8 7\\‘ | | \\\\H‘ | | \\\\H‘ |
1077 10 % 107" 10> 10 ° T
X X
Nuclear Antishadowing not universal !
CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3

129



1.2

1.1

?ZA/ '_=2N0

0.9

0.8

1.2

FZA/ FZNIO

0.8

Shadowing and Antishadowing of DIS
Structure Functions

R R RN R L e P

H‘ | | [ \H‘ | | | 1 \H‘ |

1077 102 107"
X

B W*—Current

_____ b (©)

T S

H‘ | | L1 \H‘ | | L 11 \H‘ |

1073 102 107"
X

CP3, September 16, 2011

1.2

0.8

Z —Current (b)

1077 1077 107"
X
B W™ —Current
) (@

10>

102 10"

X

QCD Myths

130

S.J. Brodsky, I. Schmidt and J. J. Yang,
“Nuclear Antishadowing in

Neutrino Deep Inelastic Scattering,”
Phys. Rev. D 70, 116003 (2004)
[arXiv:hep-ph/0409279].

Modlifies
NuTeV extraction of

SiIl2 HW

Test in flavor-tagged
lepton-nucleus collisions

Stan Brodsky, SLAC/CP3



Q% =5 GeV-?
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| SLAC/NMC data
1.1}
a -
oo ;
o1 !
s o
N
[T -,".. .."~~._____ /j{ .
0.9 I; " 2'.':.: --------- ;’/." -
Extrapolations from NuTeV '
0.8 i
- No-anti-shadowing v deep inelastic neutrino- scattering !
O7"""lll
0O 01 02 03 04 05 06 07 08 09
X
CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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Shadowing and Antishadowing inv Lepton-Nuclews Scattering

e Shadowing: Destructive Interference
of Two-Step and One-Step Processes

Pomeron Exchange Jian-Jun Yang

e Antishadowing: Constructive Interference Ivan Schmidt

of Two-Step and One-Step Processes!

Reggeon and Odderon Exchange Hungjung Lu
sjb

e Antishadowing is Not Universall

Electromagnetic and weak currents:

different nuclear effects |

Cawv explainv NurleV resuldt!

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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Physics of Rescattering
* Sivers Asymmetry and Diffractive DIS: New Insights
into Final State Interactions in QCD
* Origin of Hard Pomeron
e Structure Functions not Probability Distributions!

Not squawe of LFWFs
* T-odd SSAs, Shadowing, Antishadowing

* Diftractive dijets/ trijets, doubly diftractive Higgs

* Novel Effects: Color Transparency, Color
Opaqueness, Intrinsic Charm, Odderon

CP3, September 16, 2011 ch é\’lyths Stan Brodsky, SLAC/CP3



Static Dznamic

Square of Target LFVWFs

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 (5, k1 5, M)

Modified by Rescattering: ISI & 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

Hwang,
Schmidt, sjb,
Mulders, Boer
Q1iu, Sterman

Collins, Qiu

Pasquini, Xiao,
Yuan, sjb

CP3, September 16, 2011

QCD Myths
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Stan Brodsky, SLAC/CP3



Remowkable Features of
Hadvrow Structure

® Valence quark helicity represents less than half of
the proton’s spin and momentum

® Non-zero quark orbital angular momentum!

® Asymmetric sea: U(z) 7 d() relation to meson
cloud

® Non-symmetric strange and anti-strange sea s(x) #* s(x)
® Intrinsic charm and bottom at high x As(z) # As(z)

® Hidden-Color Fock states of the Deuteron

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3



B E866/NuSea (Drell-Yan)

Intrinsic glue, sea,
heavy guowks

CP3, September 16, 2011
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Stan Brodsky, SLAC/CP3



Measure strangeness distribution
from DIS at EIC

s(x) # s(x)

* Non-symmetric strange and antistrange sea

* Non-perturbative input; e.g luudss >~ |A(uds) KT (5u) >

* Crucial for interpreting Nu'TeV anomaly

0 —»

Ma, sjb [\
v

o)

r*rr )
=2
Q_CC7 * =

YYVYYVYY

137



m =~ o
m m o~
-— o~ ~F

75.

Measuwrement of Chawrmw
Structuwre Functiow

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

Jactorof3o!

N Easy

YYVYYVYY

. R
IC+ICR , \ —
" ~v // \ -
L
!l 7 - \
3 ! /7 I
L A \\ PGF/ ]
Y +31IC+ICR) ]
=N ‘I ’ :
-1
- ! \ 1
AN A _
i oIc PGF \
A N
o \
! |
107! I 1 | !
00 01 0.2 0.3 :
X 0.4

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

CP3, September 16, 2011

QCD %yths

Stan Brodsky, SLAC/CP3



Fixed LF time

Protow Self Energy 3 5 5 \1/9
Intrinvic Heavy Quawks b X (mQ + k1) /

Probability (QED) & . Probability (QCD) « 7
¢ : Q@
Collins, Ellis, Gu;ion, Mueller, sjb
M. Polyakov 139



Hoyer, Peterson, Sakai, sjb

4 o luudcc > Fluctuation in Proton
. > 2
R = : 100 ~Nocp
[\® A8 o QCD:Probability “y2
BhA - N L. L
P, C, lete” ¢ ¢~ > Fluctuation in Positroniumn
= 4
2 C QED: Probability =%

Vi ’
B g G

G OPE derivation - M.Polyakov et al.
G3I/ F4V
<p m% p>vs. <pllalp> c¢ in Color Octet
Distribution peaks at equal rapidity (velocity) T = et
Zj Uiy

Theretore heavy particles carry the largest mo-
mentum fractions

High v chawrm/! Chowmwv at Thureshold

Action Principle: Minimum KE, maximal potential

CP3, September 16, 2011 QCI} %yths Stan Brodsky, SLAC/CP3



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

e High zp pp — J/¢¥X
e High zp pp — J/YJ/9X
e High zr pp — N X

e High zp pp — Ny X

e High xp pp — =(ced) X (SELEX)

IC Structure Function: Critical Measurement for EIC

Many interesting spin, charge asymmetry, spectator effects

CP3, September 16, 2011 QCB %\’Iyths Stan Brodsky, SLAC/CP3



week endin

PRL 102, 192002 (2009) PHYSICAL REVIEW LETTERS 15 MAY 2009

Measurement of ¥y + b + X and y + ¢ + X Production Cross Sections
in pp Collisions at \/s = 1.96 TeV

£18-DO, L _=1.01fb" y*1<08 F yy* <O Ag(ﬁp — ’VCX)
E16F vy =0 ¥|<10  E y+b+X
:.§1_4 Y+b+ X pr > 15 GeV _ Ag(pp — /be)

I Y B T —
tv ’ ] + + s’ Y .
s a P o
?- S z*‘: 157314 il f..’.‘:-?-"m- = A uﬂa'.-z.-:'.".';.‘.:::‘.‘.'.'f‘_‘, }

.......
................

)

Ratio insensitive

—e— data / theory

0.6 -k
CTEQ6.6M PDF uncertainty [
e to gluon PDF,
0.2 - « |C sea-like / CTEQ6.6M -
. Scaleuncenalnty PR E‘.l;;.l;;;l.;;l;;;l;;;l‘ SCMeS
asf VY >0
Y+C+ X

o
o8
YYY]IIYVI"V T‘IIITYTI'YI'YIIY ‘[TYYIYY'IYYT]’YTY]YTTIT

25F .

oF Signal for
15F significant I1C

U3 atx>0.1?
0.5F -

a0 60 80 100 120 140 40 60 80 100 120 140
p, (GeV)
CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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Extraction of Various Five-Quark Components of the Nucleons

Wen-Chen Chang?®, Jen-Chieh Peng®P

% Institute of Physics, Academia Sinica, Taiper 11529, Taiwan
b Department of Physics, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA

N
o 0 | —— BHPS
: ---- BHPS (u=0.5 GeV)
0.08 — """" BHPS (1u=0.3 GeV)
0.06 [
0.04 - -\
0.02( /
O | ."':;1\-7.?.?:.:-.- |
0 0.2 04 06 0.8 1

X

Figure 4: Calculations of the ¢(x) distributions based on the BHPS
model. The solid curve corresponds to the calculation using Eq. 1
and the dashed and dotted curves are obtained by evolving the BHPS
result to Q2 = 10 GeV? using u = 0.5 GeV and p = 0.3 GeV,
respectively. The normalization is set at Pga = 0.01.
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Extraction of Various Five-Quark Components of the Nucleons

Wen-Chen Chang?, Jen-Chieh Peng®P®

@ Institute of Physics, Academia Sinica, Taiper 11529, Tairwan
b Department of Physics, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA

= T e E866 O HERMES

| \
) 1 |- = BHPS (1=0.5 GeV, Q*=54 GeV?)
4 = = BHPS (1=0.3 GeV, Q°=54 GeV?)
‘-i = = = = BHPS (u=0.5 GeV, Q°=2.5 GeV?)
=+ = ' BHPS (u=0.3 GeV, @%=2.5 GeV?)

Figure 1: Comparison of the d(z)—1(z) data from Fermilab E866 and
HERMES with the calculations based on the BHPS model. Eq. 1
and Eq. 3 were used to calculate the d(z) — u(z) distribution at
the initial scale. The distribution was then evolved to the Q2 of
the experiments and shown as various curves. Two different initial
scales, u = 0.5 and 0.3 GeV, were used for the E866 calculations in
order to illustrate the dependence on the choice of the initial scale.

+ + Oe® HERMES

0.3 —— BHPS (u=0.5 GeV)
+ + ‘If """ BHPS (11=0.3 GeV)

Figure 2: Comparison of the HERMES z(s(x) — §(z)) data with the
calculations based on the BHPS model. The solid and dashed curves
are obtained by evolving the BHPS result to Q2 = 2.5 GeV? using
pw = 0.5 GeV and pu = 0.3 GeV, respectively. The normalizations of
the calculations are adjusted to fit the data at x > 0.1 with statistical
errors only, denoted by solid circles.
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e IC Explains Anomalous a(xgp) not a(xs)
dependence of pA — J/¢Y X
(Mueller, Gunion, Tang, SJB)

e Color Octet IC Explains A2/3 behavior at
high zr (NA3, Fermilab) Color Opaqueness
(Kopeliovitch, Schmidt, Soffer, SJB)

o IC Explains J/i¢ — pm puzzle
(Karliner, SJB)

e IC |leads to new effects in B decay
(Gardner, SJB)

Higgs production at xr = 0.8

CP3, September 16, 2011 QCH ;\’Iyths Stan Brodsky, SLAC/CP3



e a— JLAbL-12
—%' \ v
T ~— *D(Eu) Expe/run/w/nt
6/ A\ .

Dissociate proton to high xr heavy-quark pair

v*p — Ac(cdd) + D(cu)

Test intrinsic chowrmwy

CP3, September 16, 2011 QCI} i\gyths Stan Brodsky, SLAC/CP3



—» D Lansberg, sjb

€ €
Dissociate proton to high xr Quarkonium:

Y'p— J/+p

- U
—#— ‘I_’ _C
'I
2
Butl d,{/gfa/\/ore,d/ since’ Collins, Ellis, Haber,
Mueller, sjb
‘p ~= |(UUd)SC (CC)SC - M. Polyakov et al.

Test intrinsic chowm,, bottom e



Look for D (¢s) vs. DI (cs) asymmetry

Reflects s vs. 5 asymmetry in proton |uudss > Fock LF state.

Asymmetry natural from |KTA > excitation Ma, sjb

Assumes symmetric charm and anti-charm distributions

CP3, September 16, 2011 QCIi i\gyths Stan Brodsky, SLAC/CP3



800 GeV p-A (FNAL) o,=0,*A" M. Leitch
PRL 84 3256 (2000); PRL 72, 2542 (1994)

T open charm: no A-dep
1.0 | at mid-rapidity I dxF (pA — J/@DX)
| T EEI%ﬁ :
o I Eﬁ ] Remawkably Strong Nuclear
.| = | | Dependence for Fast Chawrmonium
| & iy = E__
E{E?EQJ L&
07 | D
EAB6/NUSea —1 I | Violation of PQCD Factorization
BOO Ge¥ p + A —» Jhy
0 T
0.0 0.2 0.4 0.6 0.8 1.0 Huce A2/3 effect at larce r
XF — X1 -X2 5 ° g

Violation of factorization in charm hadroproduction.

P. Hoyer, M. Vanttinen (Helsinki U.) , U. Sukhatme (lllinois U., Chicago) . HU-TFT-90-14, May 1990. 7pp.
Published in Phys.Lett.B246:217-220,1990

IC Explains large excess of quarkonia at large xr, A-dependence

CP3, September 16, 2011 QCB é\’lyths Stan Brodsky, SLAC/CP3


http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Hoyer,%20P.%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Hoyer,%20P.%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Vanttinen,%20M.%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Vanttinen,%20M.%22
http://www.slac.stanford.edu/spires/find/inst/www?icncp=Helsinki+U.
http://www.slac.stanford.edu/spires/find/inst/www?icncp=Helsinki+U.
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Sukhatme,U.%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Sukhatme,U.%22
http://www.slac.stanford.edu/spires/find/inst/www?icncp=Illinois+U.,+Chicago
http://www.slac.stanford.edu/spires/find/inst/www?icncp=Illinois+U.,+Chicago

J/w nuclear dependence vrs rapidity, XAy XF M Leitch

PHENIX compared to lower energy measurements

JM s pp PHENIX Preluminary

1.1 1.1
E866: PRL 84, 3256 (2000)
NA3: ZP C20, 101 (1983)
10 | r < E
| . i 10 - @
o - -
09 + | - . e
e o
09
~ oL
0.7 i 08 -
OEUN
\’f.__, 19 :'.I"
06 I . 'MENIX .A-!: — .‘."
W PHENIX @'e (2 0.7 NAS (19
@ FPHENIX b \
W PHENIX
05 ¢ ———t
10 X 10
g 06 ~—

Klein,Vogt, PRL 91:142301,2003 X
Kopeliovich, NP A696:669,2001 ‘

Violates PQCD
factorigation

Hoyer, Sukhatme, Vanttinen
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Kopeliovich,
Color-Opaque IC Fock state Schmidt, Soffer, sjb

interacty ovv nucleow front suurface

Scattering o front-face nucleonw produces color-singlet ccpaiv

Octet-Octet IC Fock State No- absovption of
small color-singlet

G (pA — J/YX) = A3 x 2 (pN — J/¢X)
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Production of v Double-Choavrm Baryor
SELEX highxr < zp >= 0.33

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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Production of Two- Chowwrmoniov
at Highv xr

Al

I O

JY

/\\ c %—»J/\P
B :
n >
d

CP3, September 16, 2011 ch 3Myths Stan Brodsky, SLAC/CP3



All events have zfl, > 0.4 !  Excludes "color drag’ model

/ P

5.0 T [ 10.0
.} (a) ‘JTN'WW/ B (b) TN-y 1 78 2
o ke
g \- g
325 - — - 50 %
z \ Z
o - \ 4 25
0.0 { / 0.0
2 6(c) pN-yY - (d) pN-y
jg — — 10 ;-
ST : J
% B 1 ° z:
o R o
0 ‘ ‘ 0
0.0 0.5 1.0 0.0 0.5 1.0

Xyy Xy

Fig. 3. The 44/ pair distributions are shown in (a) and (c¢) for the
pion and proton projectiles. Similarly, the distributions of J/¢’s
from the pairs are shown in (b) and (d). Our calculations are
compared with the 7= N data at 150 and 280 GeV/c [1]. The
Xy distributions are normalized to the number of pairs from both
pion beams (a) and the number of pairs from the 400 GeV proton
measurement (c). The number of single J/i’s is twice the number

of pairs.
NAj3 Data

A — J/yJ /yX

Intrinsic charm contribution to double quarkonium
hadroproduction *

R. Vogt?, S.J. Brodsky®

The probability distribution for a general n-parti
intrinsic ¢¢ Fock state as a function of x and k7
written as

ap;
H?:l dx,'dzkr,,'

S(Z:;l kTa!)a(l - Zil X;)
(mj — > iy Omi /X))

= Nyt (M3)

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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e IC Explains Anomalous a(xgp) not a(xs)
dependence of pA — J/¢Y X
(Mueller, Gunion, Tang, SJB)

e Color Octet IC Explains A2/3 behavior at
high zr (NA3, Fermilab) Color Opaqueness
(Kopeliovitch, Schmidt, Soffer, SJB)

o IC Explains J/i¢ — pm puzzle
(Karliner, SJB)

e IC |leads to new effects in B decay
(Gardner, SJB)

Higgs production at xr = 0.8
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Yp — J / w D Chudakov, Hoyer, Laget, sjb
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CP3, September 16, 2011 QCIZ ;\élyths Stan Brodsky, SLAC/CP3



Use extreme caution when using
Yg — CC Or gg — CC
to tag gluon dynamics

CP3, September 16, 2011 QCDI ;\;Iyths Stan Brodsky, SLAC/CP3



Interpret Electiroproduction as Coulombic Excitation

Moy possible B= 1 final states can reveal
electric-dipole structure of protonw LFWF

d —
TocZej yr ’wn(xi,kﬂ,)\
J L

® baryon resonances

® 3 jets 46//‘\ ‘6

¢ exclusive meson-barvon: barvon-meson-meson
9

* exclusive charm and bottom pairs; charmed and bottom
baryons; heavy quarkonium from heavy quark intrinsic
sea

e “hidden-color states from deuteron suchas A A
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Color Travsparency

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

® Clear Demonstration of CT from Diffractive Di-Jets

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3



Kawtar Hafidi

T 0.6 ¢
Fe . 5 GeV CLAS Preliminary
(.55 -- CT Model Prediction (PRC 65 (2002) 035201)
0.5 8 Glauber Model By H. Lee & B. Mustapha (Preliminary)
0.45
=
0.4 -
0.35
§ P
0.3 '
0.25 |
ﬂ'.z ;“”I”"l""""'l""""'l'"""lllIIII|||||||||||||||
0.5 1 1.5 2 2.5 3 3.5
Theory: Q2 (GeV?)

Kopeliovich et al., PRC 65 (2002) 035201

CP3, September 16, 2011 QCI} %\(’)Iyths Stan Brodsky, SLAC/CP3



Color Transparency Ratio

proton;
proton;
do/dt for / proton,
12C _--V
Tpp‘
Z do/dt for

\ / proton:
proton; .g\

J. L. S. Aclander et al., proton,
“Nuclear transparency in 0g)r = 900

quasielastic A(p,2p) reactions,”

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

CP3, September 16, 2011 QCDI é\llyths Stan Brodsky, SLAC/CP3



Color Transparency fails
when Ay, is large

07 ' | ' | ' | ' | ' | T I '
_ T Mardor [1] +a-
Leksanov [2] @+
0.6 _ Carroll-C [3] v&+ -
= _ Carroll-Al [3] +A-
- @ 1/R(s) —
= o5 | (s) _
>
&)
-
()
s 0.4 r -
O
\n
&
= 0.3 l i
§ 0.2 - | S
0.1 a ‘ —— [ =
O Q2 I5 I 8 I 1OI I -~ I 15

4 6 8 10 12 14 16 18
P.s, Effective beam momentum [GeV/c]

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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Eva g Bunce, Carroll,

Experiment e 1 —Heppelman...
BNL

T

O~ | |
16 14 12 4
Q.o

P 0 8 ¢ o
eff (Ge V/C) Rapid Angular Variation!

CP3, September 16, 2011 QCIi é\élyths Stan Brodsky, SLAC/CP3



v*(q)=====>-
(q) 4}—> 1, Ney M
D4 . g

Odderon has never beevv observed/
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Pertuwrbative QCD Analysis of
Structuwre Functliony al v ~ 1

l

1l —x

e Struck quark far oft-shell at large x k %w ~
* Lowest-order connected PQCD diagrams dominate
* Spectator counting rules (1 — ZE) 2ns —14+2A5;

* Helicity retention at large x

e Exclusive-Inclusive Connection

CP3, September 16, 2011 QCIz é\;lyths Stan Brodsky, SLAC/CP3



J g Jﬁ I p/QT
@) (-3 PT\Upl S b, 3\ P
L, = 5 L.=0
(a)
3 3 = 0 3 3 |
J S Jﬁ g 3 p/QT
: ke g p’gT\ P
5 L,=0
: b
g (z) x (1 —x)°log?(1 — z)
From nongero- ovbital L | g 4!
angulor momentuim q o *kl g dph
. . : fCQ : péﬂ P
Avakian, sjb, Deur, Yuan '

CP3, September 16, 2011 QCIz é\gyths Stan Brodsky, SLAC/CP3



Features of Howd Exclusive
Processes inv PQCD

Lepage, sjb; Duncan, Mueller

® Factorization of perturbative hard scattering subprocess amplitMe: J T X T¢;
and nonperturbative distribution amplitudes

M ~ fCOcnr)
® Dimensional counting rules reflect conformal invariance: QNtot =4

® Hadron helicity conservation: > initial Afl = Zfz’nal >‘3H
® Color transparency Mueller, sjb;
® Hidden color Ji, Lepage, sjb;

® Evolution of Distribution Amplitudes

Lepage, sjb; Efremoyv, Radyushkin

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3



Formatiow of Relativistic Anti-Hydroger

Measured at CERN-LEAR and FermiLab

Munger, Schmidt, sjb

: Coulomb field

A

Wavefunction maximal at small impact separation and equal rapidity

“Hadronizationw” at the Amplitude Level

CP3, September 16, 2011 QCI} %\élyths Stan Brodsky, SLAC/CP3



Hadronigation at the Amplitude Level

PH

generator S O
(kL N)

Construct helicity amplitude using Light-Front Perturbation

theory; coalesce quarks via LFWF's
Simidawr method for hadronigatiovw in DIS

CP3, September 16, 2011 QCIl é\;lyths Stan Brodsky, SLAC/CP3



Hadronigation at the Amplitude Level

PH

generator S O
(kL N)

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

CP3, September 16, 2011 QCIl ;\(’)Iyths Stan Brodsky, SLAC/CP3



Hadvronigatiow at the Amplitude Level

Bawyow Production

¢($7 EJ_a >‘Z)

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

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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Featwres of LF T-Matrix Formadism
“Tvent A Wlphl'ude/ Generator”

* Coalesce color-singlet cluster to hadronic state if

n

k3. +m3?

:E.
i=1 ¢

* The coalescence probability amplitude is the LF
wavefunction Uy, (25, k1, Ai)

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

2, PT, ;P + k| ;
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Featuwres of LF T-Matrix Formalism
“Tvent Amplitude Generator”

® Same principle as antihydrogen production: off-shell coalescence

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

® Jeading heavy hadron production: D and B mesons produced at
large z

® hadron helicity conservation if hadron LFWEF has Lz =0

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

o PT 0P| + k|
pT = PO 4 p?

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3



Off -Shell T-Matrix

tvent amplitude generator
¢ Quarks and Gluons Off-Shell

¢ LFPth: Minimal Time-Ordering Diagrams-Only pqsitive k|+ |

¢ JzConservation at every vertex

¢ Frame-Independent

.
",

¢ (Cluster Decomposition  Chueng Ji, sjb
o “History”-Numerator structure universal

¢ Renormalization- alternate denominators

e LEFWTF takes Off-shell to On-shell

Roskies, Suaya, sjb
* Tested in QED: g-2 to three loops

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3



“One of the grawvest pugszles 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@kitp.ucsb.edu

(Q2)qop ~ 107
Qp = 0.76(expt)

(Qp) Ew ~ 10°°

(Q)gcp x< 0lqq|0 >*

QCD Problem Solved if quark and gluon condensates reside within hadrons, not vacuum!

R. Shrock, sjb Proc.Nat.Acad.Sci. 108 (2011) 45-50 “Condensates in Quantum Chromodynamics and the Cosmological Constant”

C. Roberts, R. Shrock, P. Tandy, sjb Phys.Rev. C82 (2010) 022201 “New Perspectives on the Quark Condensate”
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Time
(~15 billion years)

74 % DARK ENERGY

‘ -

SN
Accelerating )\ /4 1
Farthest T
Slowing supernova
expansion - r—_— :
. Dark energy/cosmological constant
B causes accelerating expansion
“ - >
Expanding universe
ld—Za =A/3 = (87)GnpAr/3
a dt

If the vacumw energy p Uy due to- QCD condensates

CD 4 45 ob

obs 3H2
Qp = PA_ ~ 0.76 Pe = 9
Pc 8TG N 176




Instant Form Vacuumm inv QED

el

® | oop diagrams of all orders contribute

Q 10120

° Huge vacuum energy

&
/ \/ P+m>  Cutoff quad div at Mppn.

° .Normal order. prescription
® Divide S-matrix by disconnected vacuum diagrams

® Contrast: Light-Front Vacuum empty since plus momenta are positi
and conserved:

KT =KV + k% >0

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3



Gell-Mawvuwv Oakes Revwner Formudar inv QCD

s (Mg +mg) ) current al.gebra:
My = [z < 0[gq|0 > effective pion field
m2 = (M + ma) < 0igysq|m > QCD: composite pion

I Bethe-Salpeter Eq.

vacuuwm condensate actually iy o “in-hadron condensate”




Wowd-Takahashi Identity for axial curvent

PFTs,(k, P) + 2imDs(k, P) = S~ (k + P/2)iys + iv5S~ ' (k — P/2)

B(¢?)
A(02)

STHE) =iy - LA(L?) + B(2)  m(l?) =

21y,
plus non-pole

2

T

Identify pion pole at P? =m

P* < 0|gysyHqlm >= 2m < 0|qiysq|m >

fﬂ'm72r — _(mu T md)pw
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Light-Front Pionw Valence Wavefunctions

SE 4 8% =41/2-1/2=0
Couples to
L7 =0, =0 <7|3"qy5q|0 > ~ fx

—>

S Ruwrwming covnustituent mass al vertex

(7 :
T dr - b: —>

SZ48%=-1/2-1/2=—1

Angular n n—1
Momentum. J” = Z Si + Z L;
Conservation. i i

CP3, September 16, 2011 QCIZ%YthS Stan Brodsky, SLAC/CP3



Runwning constituent mass al vertex

P

_ - d - -
L =+1,8 =1

L? =0,5% =0 LF wavefunction couples to < 7|7y qv5q|0 >

L7 = +1,5* = —1 LF wavefunction couples to < m|qv54|0 >

m(€%;¢) = B(t% Q) /A% ) ruwnwning quawks massg,



Ruwnwning guark mass irnv QCD

S~ (p) =iv-p A(p*) + B(p?)

! I ! I ! I
Rapid acquisition of mass is

0.4

”
f’
-

0.3 — m =0 (Chiral limit)
% — m =30 MeV
2 — m =70 MeV
20.2
=

0.1

CP3, September 16, 2011 QCD é\’[yths

Dyson-Schwinger

Chang, Cloet,
El-Bennich
Klahn, Roberts

Consistent with EW input
at high p2

Survives even at m=0!

Spontaneous Chiral
Symmetry Breaking!

Stan Brodsky, SLAC/CP3
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New perspectives on the quark condensate
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We show that the chiral-limit vacuum quark condensate is qualitatively equivalent to the pseudoscalar meson
leptonic decay constant in the sense that they are both obtained as the chiral-limit value of well-defined gauge-
invariant hadron-to-vacuum transition amplitudes that possess a spectral representation in terms of the current-

quark mass. Thus, whereas it might sometimes be convenient to imagine otherwise, neither is essentially a constant )
mass-scale that fills all spacetime. This means, in particular, that the quark condensate can be understood as a
property of hadrons themselves, which is expressed, for example, in their Bethe-Salpeter or light-front wave
functions.

_J

QCD: Zero Contribution to Dark Energy, Cosmological Constant!

CP3, September 16, 2011 QCDI%I)’thS Stan Brodsky, SLAC/CP3
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theovetical physics”
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(Q2)qop ~ 107
Qp = 0.76(expt)

(Qp) Ew ~ 10°°

(Q)gcp x< 0lqq|0 >*

QCD Problem Solved if quark and gluon condensates reside within hadrons, not vacuum!
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Goals

* Test QCD to maximum precision
* High precision determination of os(Q?) at all scales

e Relate observable to observable ——no scheme or scale

ambiguity

* Eliminate renormalization scale ambiguity in a
scheme-independent manner

* Relate renormalization schemes without ambiguity

* Maximize sensitivity to new physics at the colliders
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Next-to-Leading Order QCD Predictions for W + 3-Jet Distributions at Hadron Colliders

pr = pr = Ep

0 50 100 150 200 250 300 350 400 450 500
[ I — p— | | I | I | I | I | I | I | I | I ]
! — - W +3jets + X —- LO
_10'E - - — NLO =
> - 1 Vs = 14 TeV .
L - —— n
O - l_l -
A _ _ -
o ) | - 1
= 0’ . 1 E
~ C Mg = M = Ep = ]
Eg B . . i I_I_n_._l n
Z ~ | B > 30Gev, I <3 | —— il
b B e e —I—-—- ]
ho] sl ET >20GeV, Inl <25 NW& V'M-&
10" E i w 3
- . >30GeV, M, > 20GeV 3
_ R = 04 [siscone] BlackHat+Sherpa i I J N
R T N T e :
7F --- LO/NLO [ NLO scale dependence
g - %% LO scale dependen
4 :
=
2
[ 2essrmaausddim
O | | | | |
0 50 100 150 200 250 300 350 400 450 500

Second Jet ET [ GeV |

Black Hat.
wr = pur = Hr

0 50 100 150 200 250 300 350 400 450 500
[ I | I | I | I | I | I | I | I | I | I |
I e W +3jets+X  —- LO ]
10 F — _ — NLO 3
> - Vs = 14 TeV ]
(D] - I -
@) L — -
2 l __ i
— 107 E A ] E
= C Mg = Mg = Hp ]
£ . | | -
g ~ | B> 30Gev, 11 <3 i
at%\}{.@' ES >20GeV, In'l <25
0" | £ >30Gev, M¥ > 20Gev E
_ R = 04 [siscone] BlackHat+Sherpa 7]
I ST S S [ S A |
15 [ --- LO/NLO [ NLO scale dependence _
i %5 LO scale dependence
: .: ‘:
1 -
- A U R R R R N
0 50 100 150 200 250 300 350 400 450 500

Second Jet ET [ GeV ]

. F. Berger, Z. Bern, L. J. Dixon, F. Febres Cordero, D. Forde, T. Gleisberg, H. Ita, D. A. Kosower, and D. Maitre

CP3, September 16, 2011

QCIZ é\é[yths

Stan Brodsky, SLAC/CP3



Electron-Electrow Scaltering inv QED

81s 81s
Mee——}ee(++;++) — "'"'"t"""' O!(t) | a(u)

t‘ “‘\

a0
a(t) = 1—%()@

Gell-Mann--Low Effective Charge



QED tffective Charge

o(0O
a(t) = 1255

Al-orders lepton-loop corrections to-dressed photon propagator

(6, 10) = NOFAG

Initial scale t, 1s arbitrary -- Variation gives RGE Equations
Physical renormalization scale t not arbitrary!

CP3, September 16, 2011 QCIlé\éIyths Stan Brodsky, SLAC/CP3



Electron-Electrow Scaltering inv QED

81s 87Ss

Meeﬁee(++;++) — """"t"""' a(t) | a(u)

— s

Two separate physical scales: t, u = photon virtuality

. @ @
auge Invariant. Dressed photon propagator : \

Sums all vacuum polarization, non-zero beta terms into running
coupling. | This is the purpose of the running coupling!

If one chooses a different initial scale, one must 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 renormalization scale ambiguity!
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Another Example inv QED: Muonic Atoms

7 2
V(g?) = —ZeEple)
uR = q°
o) O
agrp(q®) = 1?%12;2))

Scale 1s unique: Tested to ppm

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

CP3, September 16, 2011 QCI; %}’ths Stan Brodsky, SLAC/CP3



@

Hoang, Kuhn, Teubner, sjb

N
................. —
Q
s (se3/4 /4) T (sv?)
Fi+F,=1-2 - | x |14 " ]

Angular distributions of massive quarks close to threshold.

Example of Multiple BLM Scales

Need QCD coupling at small scales atlow
relative velocity v

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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Relation between scales of the
Gell -Mann--Low and MS schemes

2 1 2 2
1 _
log Ho _ / (1l —x)log my + Qor(l — )
0

>
my

D. S. Hwang, sjb

M. Binger

Can use MS scheme in QED; answers awe scheme independent
Analytic extension: coupling iy complex for timelike argument

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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QCD Observables

Q? m, AQQCD AQQC’D m;
O = Clas(u?)) + B(Blog - D(—2)+ E - F - G(—&
(T (1)) + B( ,<) (gz) T Bl—5a) (m% (mé)
Running Coupling
Scale-Free , Effects Intrinsic Heavy
Conformal Series
Quarks
Higher Twist from Light by Light
Hadron Dynamics Loops
BLM: Absorb 5 terms
into running couplin
g coupling 2 A2 A2 m2
O = C(as(Q* D B(—2y + (2 4+ @
— C(0u(@) + D(5) + B(=252) + F(=952) + G4
@ @
CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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The Renormaldigation Scale Problem

® No renormalization scale ambiguity in QED

® Gell Mann-Low QED Coupling defined from physical observable

® Sums allVacuum Polarization Contributions

® Recover conformal series

® Renormalization Scale in QED scheme: Identical to Photon Virtuality

® Analytic: Reproduces lepton-pair thresholds -- number of active leptons set
® Examples: muonic atoms, g-2, Lamb Shift

® Time-like and Space-like QED Coupling related by analyticity

® Uses Dressed Skeleton Expansion

® Results are scheme independent!

+ Predictions for physical observables
cavmnot be scheme dependent

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3



Features of BLM Scale Setting

On The Elimination Of Scale Ambiguities In Perturbative Quantum Chromodynamics.

Lepage, Mackenzie, sjb Phys.Rev.D28:228,1983
o “Principle of Maximum Conformality” Di Giustino, sjb

e All terms associated with nonzero beta function summed 1into
running coupling

¢ Standard procedure in QED
* Resulting series identical to conformal series

* Renormalon n! growth of PQCD coefficients from beta function
eliminated!

* Scheme Independent!!!
* Ingeneral, BLM/PMC scales depend on all invariants

o Single Effective PMC scale at NLO
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Relate Observalbles to-Each Other

® Eliminate intermediate scheme

® No scale ambiguity

® Transitive!

® Commensurate Scale Relations

® Conformal Template

® Example: Generalized Crewther Relation

R, (0H=3 3 e?|1+

[ dola7(@.Q%) - o1"(2,QY)] =

CP3, September 16, 2011

flavors

QCD Myths

C!R(Q) |

- .
_]; g_A -1 . agl (Q)
3igv|| /3

Stan Brodsky, SLAC/CP3



Define QCD Coupling from Observalbles

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

R+ . (s)= 3qug [1 + OéRW(S)]

F(r — Xev)(m2) = Mo(r — udev) x [1 aT(:L%)]

Commensurate scale relations:
Relate observable to observable at commensurate scales

H.Lu, Rathsman, sjb

CP3, September 16, 2011 QCIz ;\;Iyths Stan Brodsky, SLAC/CP3



aR7(rQ) — _—i.(Q) 4 ( _i(Q)) [(? . —‘“CS) CA . lcF 4 (__i_;_ + 43) fJ
axrs(Q) 90445 2737 121 127 143
( - ) {(2592 BT Cs—“—Cs—@W )Ci—F (--{Ié—“—l—z-Cs —Cs) CACF“:.))ECF
970 224 11 29 19, 1
(-5 b g6+ 15m) Cat (55 + S 5 ) orls
2
(151 1 f2 11 1, dobedede (Zf Qf) |
162 G~ 08" ) + (m B ECS) Crd(R) >,Q% [
ag, (Q) a—-—s(Q) aps (@) 23 7 1
— > - CA SCF f
5437 1241 11 1 .,
{ 648 “Cs) (_ 32 _9{3) Calr 5yCr

3535 1 133 115
+ (3o - 56+ 5% ) Cut (o + 5% ) Or| 7+ -@fz}

Eliminate M Sbar,
Find Amazing Simplification

CP3, September 16, 2011 QCI} é\gyths Stan Brodsky, SLAC/CP3



Lu, Kataev, Gabadadze, Sjb

Generalised Crewther Relation

1+ ozR7(Ts*)][1 Ozgl(qz)] — 1

T

Vs* ~ 0.52Q

Conformal relation true to- all ovdersy irv
perturbation theory

No- radiative corrections to- axiold anomaly

Nonconformal terms set relative scales (BLM)
Analytic matching at quark thresholds
No renormalization scale ambiguity!

CP3, September 16, 2011 QCIz g\;lyths Stan Brodsky, SLAC/CP3



Relate Observalbles to-Each Other

® Eliminate intermediate scheme
® No scale ambiguity

® Transitive!

® Commensurate Scale Relations
® Conformal Template

® Example: Generalized Crewther Relation

Re+e~—(Q2)E3 2 eqz 1+ aR(Q) .
flavors h T ]
/1d3’ 077 (2,Q%) - g5™(2,Q%)] = 3 |2 1 2al(@
0 1 ) 1 3 = 3 av || -

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3



aR7(rQ) — _—i.(Q) 4 ( _i(Q)) [(? . —‘“CS) CA . lcF 4 (__i_;_ + 43) fJ
a5rs(Q) 90445 2737 121 127 143
( - ) {(2592 BT Cs—“—Cs—@W )Ci—F (--{Ié—“—l—z-Cs —Cs) CACF“:.))ECF
970 224 11 29 19 1
[( —Cs 168 2) Ca+ (_55 + ?Cs — ?Cs) CFJf
2
151 1 , (11 1, debedete (Zf Qf) |
(162 G~ 08" ) ;o (m B ECS) Crd(R) >,Q% [
Xg, (Q) a__S(Q) S(Q) 230 . ZCF _ lf
T T T 48
5437 1241 11 1 .,
{ 648 “Cs) (_ 32 _9{3) Calr 5yCr

3535 1 133 115
+ (3o - 56+ 5% ) Cut (o + 5% ) Or| 7+ -@fz}

Eliminate MS
Find Amazing Simplification

CP3, September 16, 2011 QCD2 (l)\llyths Stan Brodsky, SLAC/CP3



O!R(Q) |

R . _(Q)=3 3 e |1+

flavors T
: 1lgal], ag(Q)
d ep T, 2y en T, 2 = _ |24 1 gi
/0 33[9’1( Q7) — g7 ( Q)] 3 gv|| T

([ T s T

ag, (Q) _ ar(Q*) (aR(Q**))Z N (aR(Q***))3

Geometric Series inv Conformad QCD

Generaliged Crewther Relation

Lu, Kataev, Gabadadze, Sjb

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3
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Lu, Kataev, Gabadadze, Sjb

Generalised Crewther Relation

1+ aR7(TS*)][1 Ozgl(qz)] — 1

T

Vs* ~ 0.52Q

Conformal relation true to- all ovdersy irv
perturbation theory

No- radiative corrections to- axiold anomaly

Nonconformal terms set relative scales (BLM)
No renormalization scale ambiguity!

Both observables go through new quark thresholds
at commensurate scales!

CP3, September 16, 2011 QCI; (l)\élyths Stan Brodsky, SLAC/CP3



O
*
|
S
®
»
T
1

19 169 ag(M.;)
24 128 (e

CP3, September 16, 2011 QCI; Myths Stan Brodsky, SLAC/CP3



o, (1.67Q) ay (2.77Q)
Y
aT(1.36Q) /t :\ av(Q) { }aR(O.614Q)
VAR BN

CP3, September 16, 2011 QCI; (l)\’slyths Stan Brodsky, SLAC/CP3



Transitivity Property of Renormalization Group
Relatiow of observables nmuut be independent of intermediate scheme

A B

C

AmpC

CwyB identicalto AwspB
Violated by PMS!

CP3, September 16, 2011 QCI; (1)\/6[)’13115 Stan Brodsky, SLAC/CP3



Myths concerning scale setting

* Renormalization scale “unphysical”: No optimal physical scale
* Can ignore possibility of multiple physical scales

* Accuracy of PQCD prediction can be judged by taking arbitrary
guess up = @ with an arbitrary range Q/2 < pr < 2Q

* Factorization scale should be taken equal to renormalization
scale np = MR

These assumptions are untrue in QED
and thus they cannot be true for QCD

Clearly heuristic. Wrong in QED. Scheme dependent!
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Novel JLab-12 Topics

e DVCS, DVYMS, Hard Exclusive Processes at the
Amplitude Level

® |=0 Fixed Pole
® Diffractive DIS
® Hidden Color in Deuteron
® x> | in Nuclei

® Nuclear Form Factors, Exclusive Amplitudes at large
Q2

® Shadowing, antishadowing, EMC

® |et Energy Loss, LPM Non-Abelian Effect

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3



Ke/y Experimenty at JLalb-12 GeV

Non-Universal Antishadowing
® Charm at Highx
® J-o Fixed Pole in DVCS
® Neutron Form Factors
® Compton Scaling at fixed t/s
® Quarkonium nuclear target dependence
® Color Transparency in high Q Electroproduction, Quasielastic Processes
® Direct Production of Hadrons at High pr
® Signals of Hidden Color in the Deuteron: x > 1
® Sivers Effect
® Generalized Crewther Relation

® True Muonium Production
Studies of QCD just beginuning/!

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3



Outstonding QCD Problems

® Solving Hadron Spectroscopy and Dynamics Simultaneously
® Proton Spin

® Anti-Shadowing is Not Universal

® Breakdown of QCD Factorization Theorems
® The Baryon Anomaly at RHIC

® The DZero Anomaly: heavy quarks atlarge x
® Setting the Renormalization Scale

® QCD condensates and Dark Energy

® Fixing the D Termin DVCS

o J / Y — pw puzzle

® Anomalous Physics of Sea Quarks

® Hadronization at the Amplitude Level

® QCD Running Coupling in the Infrared

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3



Move Outstanding QCD Problems

® Single inclusive high-pt hadrons -- wrong scaling !

® Quark Interchange dominance in hadron scattering reactions
® Quarkonium nuclear target dependence

® The Same-Side Ridge at CMS

® How to Find the Odderon?

® Signals of Hidden Color in the Deuteron

® Quark-Gluon Phase of Heavy Ion Collisions

® Quark-Gluon Phase in the Target Frame

® The Top/anti-Top Asymmetry

® Color Transparency and Opaqueness

® KrischAnN

CP3, September 16, 2011 QCD Myths Stan Brodsky, SLAC/CP3



CP3, September 16, 2011

1-2011 1-2011
8811A1 8811A2 8811A3

“Working with a front is a process that is unfamiliar to physicists.

But still | feel that the mathematical simplification that it introduces

is all-important. | consider the method to be promising and have recently
been making an extensive study of it. It offers new opportunities,

while the familiar instant form seems to be played out ”

PA.M. Dirac (1977)

QCD Myths Stan Brodsky, SLAC/CP3
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Fuluwre Dwreclions Vary

BLFQ -- use AdS/QCD basis to diagonalize Hr Hoentkg’"e"

Lippmann-Schwinger -- perturbatively generate higher Fock States and

systematically approach QCD Hiller and Chabysheva

Burkardt
Dalley
Hiller

Transverse Lattice

Hadronization at the Amplitude Level -- Off-Shell T-matrix convoluted
with AdS/QCD LFWFs

Hidden Color C. Ji, Lepage, sjb
Intrinsic Heavy Quarks from confinement interaction

BLM/PMC -- Automatic Scale Setting -- pinch scheme

Binosi,
Cornwall,
Popavassiliu
Binger
di Giustino

Direct Processes at the LHC
Dynamic vs. Static Structure Functions sjb
AdS/QCD for DVCS, Hadrons with Heavy Quarks

LF Vacuum, In-Hadron Condensates, Zero-Modes, and the Cosmological Constant
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QCD Myths

Fixed T=t+4 z/c

3 . " | A S
CP™-Origins  stan Brodsky ol — O

NATIONAL ACCELERATOR LABORATORY
Particle Physics & Origin of Mass
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