Final State Interactions inv QCD

* *

S L
s SN
> >
Feynman Gauge Light-Cone Gauge
Resuldl iy Gauge Independent
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Q|

Integration over on-shell domain produces phase 1

Need Imaginary Phase to Generate Pomeron

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

Physics of FSI not inWawvefunction of Tawrget
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Leading-Twist Diffractive Contribution
to- High Pr Hadrow Production

d 92 F(xz.,y
7) . Color-Singlet Exchange dSpJ/ E (pp — TP X ) — as ( i— ) 7)
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/y Nﬁ\ E /y NNN

~— —> = ¢

I

" Odderon-Pomerovw Interference/

0.15 [ do

— /
- — CC
: . (yp p')
0.1 —0.25
B S 2z, —1
; A(t=0,Mg,z,) =045 (Lf;) 2
0.05 — X Z02+(1_ZC)
0

Measwre chawrm momentuwm asymumetry inv
photow fragmentatiow regiovw

~0.05 F

Only one charm quark needs to be measured

|||||l|||||l||‘|||||JllllJ]-lLl]]]![IlIJIltllJJ]!I

SR W Bk 0l UGl e Merino, Rathsman, sjb
b b

Z
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Leading Twist
Sivers Effect

Hwang,
Schmidet, sjb

current
quark jet  Collins, Burkardt

Ji, Yuan

QCD §- and P-
Coulomb Phases
--Wilson Line

PW. T-Od/d/ quark final state

interaction

spectator
system

proton

Light-Front Wavefunctiow
S and P- Waves
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-EI S
= Pl
i

can interfere

=i

—

with

. S S —
o

'.(

. and produce
a T-odd effect!
(also need L, # 0)

| & T 11:'

o

——

—

P

!':I

HERMES coll., A. Airapetian et al., Phys. Rev. Lett. 94 (2005) 012002.

Sivers asymmetry from HERMES

T
uT

2 <Sin(¢ - q)s»

o
© L
- o

0.05

-0.05
0.1

0.05

-0.05

- x - +
ISR L
e bt
R L -
T o1 02 05 0804 0508
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e First evidence for non-zero
Sivers function!

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

® Positive for ...
Consistent with zero for 1r"...

Gamberg: Hermes
data compatible with BHS
model

Schmidt, Lu: Hermes
charge pattern follow quark
contributions to anomalous

moment

Stan Brodsky

ol AL
T e AN
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Final-State Interactiovs Prodirce
Pseudo-T-Odd (Sivers Effect)

* Leading-Twist Bjorken Scaling! 1 § ' ﬁ jet X ﬁ

* Requires nonzero orbital angular momentum of quark

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

current
quark jet

* Relate to the quark contribution to the target proton quark final state
. final sta
anomalous magnetic moment and final-state QCD phases mieraction

spectator >

system

proton 11-2001
8624A06

* QCD phase at soft scale!

e New window to QCD coupling and running gluon mass in the IR

* QED S and P Coulomb phases infinite - difference of phases finite!

Prague LHC o9 Novel High Pt QCD Physics
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Predict Opposite Sign SSA in DY !

Collins;

— > Hwang, Schmidt.
P > sjb

u . e+

Y
u e
-

P4 >

§ingle Spin Asymmetry In the Drell Yan Process

Sy D X Gy

Quarks Interact in 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

Prague LHC o9 Novel High Pt QCD Physics oA
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Boer, Hwang, sjb

= >
P = . >
U +
Y o
>
P >

DY cos 2¢ correlation at leading twist from double ISI
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Anomadows effect from Doulble ISI in
Massive Lepton Productiovw

Boer, Hwang, sjb

Cos2¢ correlation R , P,
I g ]
* Leading Twist, valence quark dominated 20, A AJ
i"\_j" -l"J .. :'.:}”'-“'.I';-:'i
* Violates Lam-Tung Relation! Bl [

P
* Not obtained from standard PQCD subprocess analysis

* Normalized to the square of the single spin asymmetry in semi-
inclusive DIS

* No polarization required

* Challenge to standard picture of PQCD Factorization

Prague LHC o9 Novel High Pr QCD Physics o1 A
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Double Initial-State Interactions
generate anomalous cos2¢ Boer, Hwang, sjb

Drell-Yan planar correlations

1d
- 4o X (1 —1—)\00328+usin29 cos ¢ + zsilr129(;032q5>
o d§) E

PQCD Factorization Lam Tung): 1 — A — 2v = 0

Y ~ hi(m)hi(N)
- (™) 1(1:.2) N — utu—X NALO,

Hdrd g%on radiation.

'o
-
-
.
o
*
-
.
-
.
&
*
L
»

VAV
%%@m

?:- | ? Doublle 1 S{ I'_
4 5 6 7. 8
Violates Lam-Tung relation! Qr
Model: Boer,
Prague LHC o9 Novel High Pt QCD Physics Stan Brodsky SLAE
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Problemv for factorigation whew botiv ISI and FSI occuwr
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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]

#—\ < < *
\ /
N /
N\
/\ */
\ Ve AN
S < 2 N /
AN - N /
\3/ \3
/ ~ /
Ve ~N / \
7 7 \
s S ) X
\/ \
/
/ \
#_ ’ \*
ya o -

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

tions.
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Importont Corrections from Initial ond Final State Covrections

s

SRS

Swvers & Colling Odd-T Spinv Effects; Co-planarity Correlations

Prague LHC o9 Novel High Pt QCD Physics
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Physics of Rescattering

* Sivers Asymmetry and Diffractive DIS: New
Insights into Final State Interactions in QCD

* Origin of Hard Pomeron

* Structure Functions not Probability
Distributions! Not squawre of LFWFs

* T-odd SSAs, Shadowing, Antishadowing
* Diffractive dijets/ trijets, doubly diftfractive Higgs

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

o1 A~

Prague LHC o9 Novel High Pt QCD Physics Stan Brodsky o
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Light-Front Wawefunctions from AdS/CFT

W (4, | i Aj)

Prague LHC o9 Novel High Pr QCD Physics Sl Arn
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tach element of

Alash photograph
tuwminated,
at same LF time

T=t+4 z/c

Evolve inv LF time
d

P~ — i
ZdT

Eigenstate -- independent of T

HELEN BRADLEY - PHOTOGRAPHY
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Light-Front Wavefunctions: rigorous representation of
composite systems in quantum field theory

L+ 10 4 13 Fixed T=t+ z/c

x:ﬁ_PO_FPiS

2, P, 2P| + k|,
Pt P,

; ZZLZCZ:].

W, (i, k| i Ai)

> ki ;=0

Inwawiant under boosty! Imde)pe/nde/m:'oﬂou
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Angular Momentuwmw o the Light-Front

NE o ]z Conserved
Z; + Z LF Fock state by Fock State
[ —

Z 110 i .
[ i l(k i3 ka k iP5 kl) n-1 orbital angular momenta

Nongero-Anomalouws Moment -->Nongero- orbital angulor momentum

Prague LHC o9 Novel High Pt QCD Physics
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Light-Front Wavefunclions

Dirac’s Front Form: Fixedt =1 +2z/c

P X, K o

Inwowriant under boosty.  Independent of P
HEr [ >= M2y >

Direct conmection to-QCD Lagrangiar
Remowkalble new insighty from AdS/CFT,
the duality between conformal field theory
and Anti-de Sitter Space

Prague LHC o9 Novel High Pt QCD Physics
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Applications of AdS/CFT to-QCD

5-Dimensional Confinement
Anti-de Sitter
Spacetime

AdS
Boundary
Changes in
physical
length scale
mapped to

evolution Iin the
5th dimension z

4-Dimensional
Flat Spacetime
(hologram)

in collaboration with Guy de Teramond

Prague LHC o9 Novel High Pt QCD Physics
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o Light-Front Holography

O
‘\\’;: 5>

NS>
$

0.15

#
0.1
Wn(xi k14, A)
0.0 s

5 DR

o Light Front Wawefunctions: 0
Schrodinger Wavefunctions
of Hadron Physics k1 GeV) *

1.5
Stan Brodsky i~
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LF(3+1) AdSs

V(@b1) g b(2)

W(,5)) |5,
(1—x)

P(z,¢) = Va(l — )¢ ?(C)

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

Prague LHC o9 Novel High Pt QCD Physics
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Light-Front Holography:
Map AdS/CFT to- 3+1 LF Theory

Relatvistic LF radial equatiovw Frame Independent
d? |1—4L2|U o
et a0 = M)

(2 =z(1 — x)bi

T

(1-—=x)

U(¢) = &'¢° o
G. de Teramond, sjb T COV\/ﬁ’/VU’/VLg/ p otentiol;
Prague LHC o9 Novel High Pr QCD Physics o1 A/
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22007 0 4 8 2-2007
8721A20 Z 8721A21 y4

Soft Wall
Model

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

[ ' [ ' [ ' [ '
@ S=0 "o S =0 [
41— _
oL m, (1670)
)
CIE i
S o |
7t (140)
0
0 2 4
2629%%9 L
Light meson orbital (a) and radial (b) spectrum for x = 0.6 GeV.
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Higher Spin Bosonic Modes SW Soft-wall model

e Effective LF Schrodinger wave equation

d2 1 — 4L2 4 2 2 2
T2 T 40 + K254+ 2:°(L+ S—1)| ¢s(2) = M“pg(2)
with eigenvalues M? = 2x?(2n + 2L + S). Same 5/1,0799/ invvand L

e Compare with Nambu string result (rotating flux tube): M2(L) = 2wo (n + L+ 1/2).

S=1

|
4
5-2006
8694A20 L

Vector mesons orbital (a) and radial (b) spectrum for k = 0.54 GeV.

e Glueballs in the bottom-up approach: (HW) Boschi-Filho, Braga and Carrion (2005); (SW) Colangelo,
De Facio, Jugeau and Nicotri( 2007).
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Spacelike piow form factor fromAdS/CFT

| Data Compilation
| Baldini, Kloe and Volmer

—10“‘—18‘ —6“‘—4“
q%(GeV?)

Soft Wall: Harmonic Oscillator Confinement

Hard Wall: Truncated Space Confinement

Omne parameter - set by pion decay constant.
P VP ) de Teramond, sjb

See also: Radyushkin
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Other Applications of Light-Front Holography

e Light baryon spectrum
e Light meson spectrum

e Nucleon form-factors: space-like region

e Pion form-factors: space and time-like regions

e Gravitational form factors of composite hadronss
9-2007 Q2 (GeVz)
. . 8757A2
e n-parton holographic mapping

e Heavy flavor mesons

hep-th/0501022

N% hep-ph/0602252
L_g;? . arXiv:0707.3859
arXiv:0802.0514
arXiv:0804.0452
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Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

FA(QY) = gs / a¢ J(Q, Q)+ (O

2 2
FL@) = g [ dCIQOI- ()
where the effective charges g+ 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
P(Q?) = / 4¢ J(Q Ol ()2,
Fr@) = —5 [ d0I@Q.0) [6:(OF - 10-(OF]

where F{'(0) =1, FJ*(0) = 0.

Prague LHC 09 Novel High Pt QCD Physics o1 A
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e Scaling behavior for large Q*: Q*FF(Q?) — constant | Proton 7 = 3

—h
N
|
|

o
o

Q*F? (Q%) (GeV?)
o
N

0O 10 20 30

9-2007
8757A2 Q? (GeV?)

SW model predictions for k = 0.424 GeV. Data analysis from: M. Diehl et al. Eur. Phys. J. C 39, 1 (2005).
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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 k = 0.424 GeV. Data analysis from M. Diehl et al. Eur. Phys. J. C 39, 1 (2005).
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Prediction from AdS/CFT: Mesow LFWF

Soft Wall Model

W,
> W,
R O
QSIS
> o O @,
SN
IR
\s’q”q’q’b >
N

°d de Teramond, sjb
k‘J_(GeV) 1. .,:::i
601 (z, Qo) o /z(1 — z)

1.5

Increases PQCD prediction for F,(Q?) by 16/9

Novel High Pt QCD Physics
72
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Prague LHC o9 Novel High Pt QCD Physics
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Features of Sofe-Wall AdS/QCD

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

Regge Trajectories: universal slope in n and L

Valid for all integer J & S.

Dimensional Counting Rules for Hard Exclusive Processes
Phenomenology: Space-like and Time-like Form Factors

LF Holography: LFWFs; broad distribution amplitude

No large Nc limit required

Add quark masses to LF kinetic energy

Systematically improvable - diagonalize Hyr on AdS basis

ol A

Stan Brodsky i~
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Use AAS/CFT ovthonormal LFWF

as av basis for diagonaliging
the QCD LF Hamiltoniowmw

* Good initial approximant

* Better than plane wave basis Pauli. Hornbostel. Hiller

. o . McCartor, sjb
* DLCQ discretization — highly successful 1+1

* Use independent HO LFWFs, remove CM

motion
Vary, Harinandrath, Maris, sjb

e Similar to Shell Model calculations

Prague LHC o9 Novel High Pt QCD Physics
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.
.
Y

KT >=|us >

7T >= |ud >

my, = 2 MeV ms = 95 MeV

mg =95 MeV
DT >=|cd > ne >= |cc >

m. = 1.25 GeV

>=|bb >

Bt >=|ub > e |

mp = 4.2 GeV

k=375 MeV
Prague LHC Stan Brodsky SiAC

February 5, 20
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Formatiow of Relatvistic Anti-Hydrogen

Measured at CERN-LEAR and FermiLab

Munger, Schmidt, sjb

: € bJ‘ — Myeqg™
|
| Coulomb field N

Z .

Wavefunction maximal at small impact separation and equal rapidity
“Hadvronization” at the Amplitude Level
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Hadronigatiow at the Amplitude Level

DGLAP Breakdoww

Color Travsparency
Rescaltering

&
Event amplitude | 5 AR A
generator R CX I

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

Prague LHC o9 Novel High Pt QCD Physics o
February 5, 2009 & o y Stan Brodsky Si~C

77



Hadronigatiow at the Amplitude Level

| ! | ('CU kJ_a A )
Capture 1f (2 =2(1 - x)b2 L

2
AQCD

AdS/QCD
Hourd Wall  1.e.,

Confinement: /\/12 x(l ;I;)<AQCD
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Jet Hadvronigation at the Amplitude Level

. . -y mode
Event amplitude
generator —
(U (yv éJ_)

Construct helicity amplitude using Light-Front Perturbation
theory; coalesce quarks via Light-Front Wavefunctions
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Leading-Twist Contribution to-Hadronw Production on Nuclei

dsp/E(pA—>7TX) Aa(ﬂfg)dg, /E(pN—>7TX)

Anti-shadowing iy quawk specific
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