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Micro Vertex Detector GEM Detectors
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Proton—-ANTtiproton in DArmstadt (PANDA)

® Anti-Protons from HESR
® Eax= 15 GeV

® Pellet or Gas Jet Targets
® Resolution 10* to 107

o L...=2X102cm2s’
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FAIR

Experimental highlights
HIDETO EiNShiE:

Compressed
Baryonic
Matter

» QCD chiral symmetry
breaking/restoration

EOS at high baryon density
Origin of hadron masses

Quark confinement

V. V. V.

Physics of neutron stars

PANDA
Antiproton Annihilation
at Darmstadt)

» Glueballs and Hybrids
» Charm in Nuclei

» Charmonium

» Hyper nuclei

» D- meson Physics

Impressive array of diverse, fundamental physics @/

S

CALIFA

NUclear

STructure,
Astrophysics and
Reactions

» Super FRS
DESPEC/HISPEC  ELISe
EXL ILIMA
LaSpec MATS

>
>
>
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Novel Testy of QCD at GSI-FAIR

® Drell-Yan: Breakdown of pQCD Factorization

® Violation of Lam-Tung Relation

® Double Drell-Yan Reactions pp — pp T X
® Higher Twist Effects at High xr

® Non-Universal Anti-Shadowing

— _|_ -
® Diffractive Drell-Yan Reactions pp— H H P
® Exclusive Processes
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QED Lagrangian

1 Ty _ 1Y) -
Lopp =—7Tr(F" Fu) + D iU DT+ Yy mel T
/=1 /=1

1DV = 0" — eA"  FFY =0FAM — 0¥ A"

Scale-Invariant Coupling
Renormalizable
Nearly-Conformal
Landau Pole

Yang Mills Gauge Principle:
Phase Invariance at Every
Point of Space and Time
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QCD Lagrangian

quark kinetic energy +

gluon dynamics mass term

\l quark-gluon dynamics /
nf nf

1 = _
»CQC’D — —ZT’I“(G'LWGW) -+ E Z\IffDM’y’u\Iff —+ E mf\IJf\Ilf
f=1 f=1

iDV = 0" — g A* GHY = GFAF — §Y AF — g[A*, AV

Yang Mills Gauge Principle: Scale-Invariant Coupling

i Renormalizable
Color Rotation and Phase
i ) Nearly-Conformal
Invariance at Every Point of A e Freed
Space and Time symptotic Freedaom
P Color Confinement
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QCD Lagrangian

quark kinetic energy +

gluon dynamics

\‘ quark-gluon dynamics

mass term

/

1

LQCD = ——T?“(G

4

F=1 F=1

nf nf
'LWGW/) -+ Zi\IffDFﬂ/'u\Iff -+ me\lff\lff

iDM = 0" — gA*

<

(DF, DY = igGH”

lim No — 0 at fixed a = Cpas,ny =ngp/Cpg

Analytic mit of QCD: Abelion Gauge Theory

Cr

CONZ -1

2N¢

QCD—»QED

P. Huet, sjb



QED: Underlies Atomic Physics, Molecudawr Phyysics,
Chemistry, Electromagnetic Interactions ...

QCD: Underlies Hadron Physics, Nucleowr Physics,
Strong Interactions,; Jels

Theoretical Tools

* Feynman diagrams and perturbation theory

o Bethe Salpeter Equation, Dyson-Schwinger
Equations

o Lattice Gauge Theory

* Frame-Independent Light-Front Dynamics

e Light-Front Holography & AdS/QCD !
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k-|— kO L kS
Y= pr T poy p3
o PT, 2P| +ky,
Pt, P,

wn (miv EJ_@? >‘Z)

Measurements of badron LF v

wavefunction are at fixed LF time €47 =1t+2z/c

Like a flash photograph



tach element of
Aash photograph
idlluwminated

along the light front
at a fixed

T=1t+2z/c

Evolve in LF time




o Light Front Wawefunctions:

Momentum space ki < Z| Position space

W (24, ki Aj)

—

AJ_<—>5J_

z, ki, b1 Transverse density in position
Transverse density in space
momentum space
Z, k 1
Lorce,
Pasquini
Transverse
\\\
- [TMsDs_|
rPT -
4 k1

b

Longitudinal

/




QCD and the LF Hadvon Wavefunctions

AdS/QCD Initial and Final State Barvon Excitations
Light-Front Holography Rescattering y
LF Schrodinger Eqn DDIS, DDIS, T-Odd
Non-Universal Antishadowing
Heavy Quark Fock States
Intrinsic Charm

P

Yyvy

—
\Un(a:z-, k 14 >"i) Orbital Angular Momentum

Spin, Chiral Properties
Coordinate space H P
representation

YVYY

Crewther Relation

T
YYYVYY

<::___{__\:>
YYYYYYY

Distribution amplitude
ERBL Evolution

J-o Fixed Pole ¢ ( Q2)
p\L1, L2,
DVCS, GPDs. TMDs

Nuclear Modifications
Baryon Anomaly
Color Transparency Baryon Decay

LF Overlap, incl ERBL




o LF wavefunctions play the role of Schrodinger wavefunctions
in Atomic Physics

o LFWFs=Hadron Eigensolutions: Direct Connection to QCD
Lagrangian \Vn(iliz', EJ_Z., >\7L)
® Relativistic, frame-independent: no boosts, no disc

contraction, Melosh built into LF spinors

e Hadronic observables computed from LFWFs: Form factors,
Structure Functions, Distribution Amplitudes, GPDs, TMDs,
Weak Decays, .... modulo lensing’ from ISls, FSls

e Cannot compute current matrix elements using instant form
from eigensolutions alone -- need to include vacuum currents!

e Hadron Physics without LFWFs is like Biology without DNA!
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.« Hadrow Physics without LFWFs is like Biology without DNA!
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Advantages of the Dirac's Front Form for Hadronw Physics

® Measurements are made at fixed t

® Causality is automatic

® Structure Functions are squares of LFWF's
® Form Factors are overlap of LFWF's

® LFWTFs are frame-independent -- no boosts!
® No dependence on observer’s frame

® LF Holography: Dual to AdS space

® LF Vacuum trivial -- no condensates!

® Profound implications for Cosmological
Constant
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Angular Momentum o the Light-Front

Conserved

n n—
J? — Z s% 4 Z K LF Fock state by Fock State!
l ]

LF Spinv Suwm Rule

[% —1 ( k n-1 orbital angular momenta

i = k>

J ak2 J 8k1)

Orbital axmgulow momentumn iy v property of Light-Front Wavefunctions

Nonzero Anomalous Moment —>Nonzero orbital angular momentum



([ Light-Front Schwodinger Equation )

G. de Teramond, sjb

Relativistic LF single~-variable radiol
equation for QCD & QED Frame Independent!

2 2 B 2
o T AL 0,8, L)) e (C) = M2 e (C)

d¢?  z(1-—1x)

U(¢) =rk*C*+26*(L+ S —1)
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 M(GeV?)

m(1800)
m2(1670)

7(1300) bi(1235)

m(140)

a4(2040)

Massless pion in Chiral Limit!
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- w(1650) 03(1690)
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- (1270)

w(782) L

0 1 2 3 4

Same slope inn and L!
1 A7

Stan Brodsky i ’=\'\;




Piow Form Factor from AdS/QCD and Light-Front Holography

0.6 —
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Piow Form Factor ﬁ/qud/S/QCD WLWFVWHOW@M

log [F(s)]
spacelike timelike
 ; ' ) f} / Frascati
| # §§§i + * K,
f JLab ‘\ |
BaBar ISR
10 -5 5 10

-
¢*(GeV?)

Dressed AdS/QCD Cuwrent




Prediction from AdS/QCD: Meson LFWF

0 g0.60-40-2 de Teramond,

> Cao, sjb

“Soft Wall” model

ur(z, k2)

0.05]

-,

‘\’; S
ARSI
RS2SRSS

=
N
ARSI

0

Note coupling

3
fr = \/qu\/?—li — 92.4 MeV

Provides Connectiow of Confinement to- Hadvow Structuwre



o |nb]

WECK €nding

PRL 109, 081601 (2012) PHYSICAL REVIEW LETTERS 24 AUGUST 2012

AdS/QCD Holographic Wave Function for the p Meson
and Diffractive p Meson Electroproduction

vy oaxa

15000+ - ) ]
IS(X) - - Som | | I(XX) T T T
10000 =& 2% ?1- i | 4000 T l T

T (b) ZEUS
| o+ EEs, T - Prediction fr
J: R. Forshaw, s - ) g
R. Sandapen of Light-Front Holography
b 5

v'p — p'p
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e Compute Dirac proton form factor using SU(6) flavor symmetry

FI(Q?) = R* / (@) (2)

~4
e Nucleon AdS wave function

2+
Uy(z) =

2n! 7/24+L 7 L+1 (,.2_2\ —kr22%/2
2 \/(n+L)!Z L (IiZ)G
dz
R4/Z4 U2 (z) =1

e Bulk-to-boundary propagator [Grigoryan and Radyushkin (2007)]

e Normalization (F3}7(0)

2 2 | | ]
— x)Q panZ e FZ x/(l—x) ~ 1ol |
<
)
e Find ! %
Q) s 3
(1+ %) (1+ 5% G
with M2 — 4k2%(n + 1/2)
0 10 20

9-200
8757A72 Q2 (GeV?)

30
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Using SU (6) flavor symmetry and normalization to static quantities

2-2012 2 2 2-2012 2 2
8820A18 Q= (GeV?) 8820A17 Q= (GeV?)

2I ! I ! I ! O_I ! | ! 1 ! _

- @)
S Ll 1
CLLC\I
= I A _2 | I | I | I
6 0 2 4 6
S620AB Q? (GeV?) Sao0AY Q? (GeV?)
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Spacelike Paudi Form Factor

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

Harmonic Oscillator Confinement |
Normalized to anomalous '
moment

k= 0.49 GeV

G. de Teramond, sjb
0 L A A
0 1 2 3 4 5 6
Q*(GeV?)
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Nucleon Transition Form Factors

QL
Fln (@)= %2 x -
P ) () (e )
AdS\QCD G. de Teramond, sjb
Light-Front T
ttolography
o4}
1
0 l l l l

Q° (GeV?)

Proton transition form factor to the first radial excited state. Data from JLab



QCD Lagrangiownv

nf

1 L 3
Locp = _ZTT(GWGW) + Z WDy Wy + Mf\pf

f=1 F=1

iDF = iOF — gAM QR = QRAM — QU AR — g[AR, A]

Classical Chiral Lagrangian is Conformally Invariant

Where does the QCD Mass Scale Agcp come from?

How does color confinement arise?
.. Scale can appear in Hamiltonian and EQM
e de Alfaro, Fubini, Furlan: without affecting conformal invariance of action!

Unique confinement potential!



de Teramond, Dosch, sjb

AdS/QCD
Soft-Wall: Model
Single scheme-
independent fundamental Light-Front Holography
mass scale
K 2 = x(1 —a:)bi.
> 1—4L?
: -U —
Light-Front Schrodinger Equation Unique

U(() = kA2 4 2K2 (L+S—1) Confinement Potential!

Conformal Symwumetry.

of the action
k~ 0.6 GeV

Confinement scale:
(mg=0) 1/k~1/3 fm

Scale can appear in Hamiltonian and EQM

e de Alfaro, Fubini, Furlan: ,.p0 affecting conformal invariance of action!



de Teramond, Dosch, sjb

AdS/QCD
Soft-Walll Model

Light-Front Holography

Semi-Classical Approximation to- QCD
Relativistic, frame-independent
Unique color-confining potential

Zero mass pion for massless quarks

Regge trajectories with equal slopes in n and LL
Light-Front Wavefunctions

Conformal Symwunetry
Light-Front Schridinger Equation of the action

)
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physics

physics

1.0
Us
0.8-

0.6

III T

perturbative QCD

Hadron Physics with PANDA

October 16, 2014

g

0

Nuclear
physics

L] 3 Al T

\\\\\\\\\

nucleon radius

0
distance [m]

A 7>
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[ Agrg = 0.5983k = 0.598372 = 0.4231m,, = 0.328 GeV’ ]

E 2 2
S 07" (Q%) = af P (0)e” /T
>
I} 2 5
I g, (Q7) at Olaz]
06 - 1T
| 1
o T
tHix
u || i e
04 : |
oL,/ world data |-\: .
~----- GDH limit XK ag,/n 'i!‘!‘:
02 ¢ o m OPAL < s!ié;;'igsl
LA agl/n JLab CLAS (2008) TR Deur
-V a,/xJLab CLAS (2014) | T de Teramond, sjb
"l a /7 Hall A/CLAS ’
0@ Lattlce QCD (2004) ¥ (2007) .
1

10° 1 10
Q (GeV)



Predict A TG from m,, or mp!
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Exclusive Processes:

New Level of Testing QCD at GSI-FAIR

® Sensitivity to fundamental features of hadron
dynamics, light-front wavefunctions,
confinement mechanism, nonpertubative QCD

® Scattering and production mechanisms

® Gluon exchange (Zweig Rule) vs Quark
Exchange

® QCD and Hadronization at the Amplitude
Level

® Origin of Fundamental Mass Scale of QCD

October 16, 2014 Novel Testy of QCD at FAIR Stan Brodsky :—;' ’%\-3
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Exclusive Hadvonic Processes

pp — L, yy, v op, KT K=, J/, nene, Z3 7~

® Test Fundamental Theorems of QCD

® High pt: Rigorous Factorization Theorems: Convolution of
Hadron Distribution Amplitudes and Hard Scattering
Amplitudes

® Counting Rules;

® Hadron Helicity Conservation

® Color Transparency

® Hadronization at the Amplitude Level

® Color Confinement, Hadron Structure, Production
Mechanisms

® Creation of Heavy Flavors, Open and Hidden Charm,
Exotic States, Gluonium
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High Mass/Width Resolution Panda: 50 KeV Resolution

ee DSY D>, Dr\yliy)>ee

* Invariant mass reconstruction depends
* on the detector resolution = 10 MeV

Formation:

=,y y—yee

Resonance scan: resolution depends
on the beam resolution

p = Jly+X —et e” +X

I T 15+
; M. Andreotti et al., Phys. Lett. B 654, 74
=
= _ (2007).
2 b _ : 10
w0
o
7 5
)
s _ O
0
| 0=
' Constant—orbit scan (stack 1)
o F —
Boclm‘md &Mricnd
1 A
A
60 100 200 400 600
Ey (Mev) \

E760@Fermilab = 240 ke
. PANDA = 50 keV

— — ~—
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Anti-Shadowing

1.2
| © EMC s E136

e NMC + E665

1.1-

=

a1

8&
o 09—

0.8-

Q°=5 GeV?

0.001 0.01 0.1

M. Hirai, S. Kumano and T. H. Nagai,
. “Nuclear parton distribution functions
Shadowmg x and their uncertainties,”
Phys. Rev. C 70, 044905 (2004)
[arXiv:hep-ph/0404093].
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Q? =5 GeV*

1.3

1.2F

1.1]

Scheinbein, Yu, Keppel, Morfin, Olness, Owens

SLAC/NMC data

..!....
|
1

FzFe / F2D

0.9 [}

Non-Universal -- Quark Specific?

0.8 No-anti-shadowing in deep inelastic neutrino- scattering ! .

07 5517

October 16, 2014
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Stodolsky
Pumplin, sjb
Gribov

Nuclear Shadowing inv QCD

Shadowing depends onw understanding leading twist-diffraction in DIS
Nuclear Shadowing not included in nuclear LFWEF!

Dynamical effect due to virtual photon interacting in nucleus

Diffraction via Reggeon gives constructive interference!

Anti-shadowing not universal
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| The one-step and two-step processes in DIS
on a nucleus.

Coherence at small Bjorken zp :
1/ Mzg =2v/Q? > L.

If the scattering on nucleon Ny is via pomeron
exchange, the one-step and two-step ampli-
tudes are opposite in phase, thus diminishing
the g flux reaching No.

N @@= — Shadowing of the DIS nuclear structure
A v A .
—— :/'N/ N, functions.

Diffraction via Pomeron gives destructive interference!
Shadowing

October 16, 2014 Novel Testy of QCD at FAIR Stan Brodsky s:_ ’é\-s



Origivw of Regge Behawior of
D e;/%v?/ nelastic Structuwre Functions

Fo, () — Fop(x) X z1/2

Antiquark interacts with target nucleus at /
0l —»

energy s « 1

37bj

Regge contribution: ozy ~ sarp—1

Nonsinglet Kuti-Weisskoff Fp), — Fp), o \/Ebj
at small zy;.

Landshoft,

Shadowing of oz produces shadowing of Polkinghorne, Short
nuclear structure function.

Close, Gunion, sjb

Schmidt, Yang, Lu,
sjb
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P
2
e rreprereprrerprrrprrrpr ey ety

Now-singlet 2
Reggeon > Kuti-Weisskopf

Exchange behavior
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The one-step and two-step processes in DIS
on a nucleus.

YO

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

| v Regge
- v If the scattering on nucleon N1 is via perreren
q exchange, the one-step and two-step ampli-
(b) ‘_ﬁ tudes are epposttetphase—thusdaHrtshtae
Nq . ' ‘E q - :
v constructive Iin phase
_’A_ N N, p

thus increasing the flux reaching N>

October 16, 2014
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Reggeon
Exchange

Phase of two-step amplitude relative to one
step:

1 o S R
\/5(1 i) X 1 \/5(2 1)
Constructive Interference
Depends on quark flavor!

T hus antishadowing is not universal

Different for couplings of v*, Z0, W=

Critical test: Tagged Drell-Yan at PANDA
pA — pp” X
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Schmidt, Yang; sjb

0'8 H‘ | \\\\\H‘ | \\\\\H‘ | 008 H‘ | \\\\\H‘ | \\\\\H‘ |
- —2 —1 - —2 1
107 0 0 1077 107 10 Modifies
NuTeV extraction of
1.3 1.3 . 9
- W*—Current - W™—Current Sln HW
12 | 5 12 3
B e S S '
1.1 1.1
b N Sl ] Testinflavor-tagged
T T DIS at the EIC
0.9 [ 09 [T
B (c) i (d)
0’8 7\\ | \\\\\H‘ | \\\\\H‘ | 0.8 7\\ | \\\\\H‘ | \\\\\H‘ |
T 10 2 10 T 10 ° 10"
X X
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Shadowing and Antishadowing of DIS

Novel Testy of QCD at FAIR

1.2
u v " —Current (a)
B u
1.1 — ... d
A R — :
i T Frrirrisnsnisdsssesas
AR
0.9 |
0'8 7\\‘ | | \\HH‘ | | \\HH‘ |
107 10 ° 10
X
1.2
B W™ —Current
_____ q (c)
[ e S
ili\‘ n
<\’“ - PR P S
L e
0.8
H‘ | | \\\\H‘ | | \\\\H‘ |
10 7 10 ° 10
X
October 16, 2014

1.2

0.8

Structure Functions

10" 10~ 10
X
n W™ —Current
) (@

1077

T 10"

X

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
Sin2 0 W

Test in flavor-tagged
lepton-nucleus collisions

Stan Brodsky S:_ ’%\'s
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Tag forward fragments
compare nuclear targets

Test flavor-dependence of antishadowing

)

RATOR LABORATORY
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Single-spinv Leading-Twist

asynwunelyies Sivers Effect
e Hwang, Schmidt,
sib
>— |
current

quark jet Collins, Burkardt

N v C Ji, Yuan
15 p 4 X Pg
uark QCD S- and P-
pseudo- T-0dd, ° final state Coulomb Phases
interaction --Wilson Line

o

proton

Light-Front Wavefunctiow
S and P- Wawves

spectator
system

Analog of QED
FSIs

Breakdown of pQCD Factorization Theorems



Final-State Interactions Produce Pseudo T-Odd (Sivers Effect)

—

e Leading-Twist Bjorken Scaling! i S . l_?)jel‘ X é’ Hwang, Scl id t, Sib
Collins

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 -- Ic gauge prescription

e Relate to the quark contribution to the target proton anomalous
magnetic moment and final-state QCD phases

current
quark jet

e QCD phase at soft scale!

final state

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

e Alternate: Retarded and Advanced Gauge: Augmented LFWFs

e Sign Change for SSA for Drell-Yan lepton-pair production

Mulders, Boer Qiu, Sterman
Dae Sung Hwang, Yuri V. Kovchegov,

Ivan Schmidt, Matthew D. Sievert, sjb Pasquini, Xiao, Yuan, sjb



Hwang, Schmidt, sjb
Color interactions in QCD: Collins

- Non-universality of Sivers Function (DIS vs. DY)
- Critical test of TMD Factorization

| Y Both PHENIX and
STAR installing
3 (L\ upgrades for
- | 2015 for direct
Attractls\llg FSI Rep[l)J:ZII\I/-?( eIJ:nSI photon DY
measurement
Siversp,g = - Siverspyzo,, at forward rapidity

Will explore in future 500 GeV Runs
P : . Opportunities at PANDA:

using W's precision studies
q\\\‘ Stony Brook University ,gzlﬁﬁay ‘Desﬁjmndé
October 16, 2014 Novel Tests of QCD at FAIR  Stan Brodsky :—;L ’é\-s



Static DXnamic

® Square of Target LFWFs

® No Wilson Line

® Probability Distributions

® Process-Independent

® T-even Observables

® No Shadowing, Anti-Shadowing

® Sum Rules: Momentum and J

Modified by Rescattering: IS| & FSI
Contains Wilson Line, Phases
| No Probabilistic Interpretation

Process-Dependent - From Collision

T-Odd (Sivers, Boer-Mulders, etc.)

I Shadowing, Anti-Shadowing, Saturation

Sum Rules Not Proven

® DGLAP Evolution; mod. at large x | DGLAP Evolution

® No Diffractive DIS

W (5, k1 5, M)

Hard Pomeron and Odderon Diffractive DIS

current
quark jet

final state
interaction

spectator >

system

proton

Hwang,

Schmidt, sjb,
Mulders, Boer
Qiu, Sterman

Collins, Qiu

Pasquini, Xiao,
Yuan, sjb

October 16, 2014

Novel Testy of QCD at FAIR
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Example of Leading-Twist Lensing Correction

Boer, Hwang, sjb

e+

DY cos 2¢ correlation at leading twist from double ISI

Product of Boer - 1 2 7
Mulders Functions hl(xl’pL)Xhl(xzaki)
October 16, 2014 Novel Testy of QCD at FAIR Stan Brodsky :—;! ‘C



Double Initial- State Interactions

generate anomalous cos2¢ Boer, Hwang, sib

Drell-Yan planar correlations

1d
- 49 X (1 +)\c0329+usin29 cOS @ + Zsin2(90032q5)
o d) 2

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

Y « hi(m)hi(N)
P2 1() 1(P) 7TN—>/L+IU,_X NA10

2 5 2
[ | 0.4 .

3
s
»’
>
»’
.
.
.
-
»
O 35 g
-
—
'ﬂ
td
FF N -
| o
.
0
wv o
4
,,,,,, S 2
; -
- R —
4
4
.
| "
.
\I\J g
i .
O 25 -
- ” —
4
Q
Q
xs
JRETTLL R
ot o °
f R )
0.2+ . ar On 1daidtion
K
. B
B
B
B
K
K ’o
- "
0’ '
0
B Q
B #
B X
O »
1 B xa
Q Q
1 B 0
. Aaws .
1 0
1 Q .
1 . B o
.
1 B Re
1 B
1
1
1

0.15} :

— | — 0.05 - Double ISI ... ]

Pl Pl 0 L | | I I | | |

. . O |"'1 2 3 4 ) 6 7/ 8
Violates Lam-Tung relation! Qr
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Measurement of Angular Distributions of Drell-Yan Dimuons in p + d Interaction at

800 GeV/c
(FNAL E866/NuSea Collaboration)

‘e p+dat800GeVc @ _
v + W at 252 GeV/c . 0
os L 2 n + W at 194 GeV/c _ Huge EﬁeCt 111

| LW — X
- 1 Negligible Effect

Hr e | pd - ,u+,u_X

N, HEH
i

0 0.5 1 1 5 2 5 3 3.5 4

o (GeV/c)

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

and Mc = 2.4 GeV/c? are also shown.
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txclusive Processes at PANDA

® Detailed tests of QCD hadronization at the
amplitude level

® Fundamental production and dynamical mechanisms
® Rigorous Scaling Laws at fixed t/s.

® Regge Trajectories become flat at large momentum
transfer

® Exclusive Amplitudes: convolution of light front
wavefunctions

® Probe color confinement, fundamental QCD scale.

® Color transparency measures color dipole size

October 16, 2014 Novel Testy of QCD at FAIR Stan Brodsky s:_ ’%\-s



Time-like and Space-like EM Form Factory

electron scattering annihilation pp <> e*e
2 2
q° > 4m,
100 | ' ! | ! ! ! I__-: -_ -_ ' ' ! | ! ! |
— S pace lik e — From S. Pacetti, arXiv:1012.1232v1 —
, 10 — Timelik -
- 3 Imelike =N

102 | 3 _
= £ s
] [ : _

103 | =

10

Dispersion relations:
1| 4 ImG(s)ds
Glg® )+ —
v T Lmﬁ s—q°




QCD Prediction: 9 op— pp) = L S(/) )

N=4x3=12n=N—-2=10 dt
1 T 1 T 117 T T /T T TrT17 r T T T
100 L1020
o 75° 68°
103 }- S0 ~10
10°32- _..10'32
10-33- ~107%

% 1073

10-3I - N ’0_3‘
50 4

1073} 18 -10732

103} do F(t/s) <10

E(pp — pp) — $9.7%0.5

10-31.1 i — I T I 1 ! 1
s—»15 20 3040 6080 s»15 20 3040 6080 s-»1520 3040 60 80

1073



Fixed CM angle scaling

Farrar, sjb
dO’ F (t / 3) Matveev, Muradyan, Tavkhelidze

AdS/QCD: Polchinski and Strassler

N =Nyg+ Np+ Nc + Np

do F(t/s) podo o F(t/u)
2 _ S— —
S E(pp — pp) — T 8 0 S At (pp — pp) 3
S <— U
do , _ _ F(t/s)
E(pp — AA) 510
do F(t/s)
— (P K KT) =
October 16, 2014 Novel Tests of QCD at FAIR  Stan Brodsky gL ’é‘-s



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

Quawk Counting Rules for Exclusive Processes

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

* The more composite - the faster the fall-oft

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

* Form factors: probability amplitude to stay intact

Fr(Q) o ¢ Q%,,H n = # elementary constituents

True for Hadrons and Atoms

October 16, 2014 Novel Testy of QCD at FAIR Stan Brodsky



M(ﬁp — pp) — Z MResonances MQCD Background

_Z - (cosBcnr, @) - C
s — M2 4+ i\/sT;  tis

Faip_c+p(t/s)

do
® pQCD Quark Counting Rules ;4 + 5~ C+D) = e

® Crossing Relations
® Hadron-Helicity Conservation

® Quark Interchange dominates Gluon
Exchange

® Interference Patterns; Charm Threshold

October 16, 2014 Novel Tests of QCD at FAIR Stan Brodsky g! A C



Krisch, Crabb, et al
Unexpected
spinv-spinv
correlatiow i pp
elastic scattering

pl

pl

polarizations normal to scattering plane

D.G. Crabb et al.,

L B This Exp.
S - e Ofallon et.al.
4 | T=10.85 GeV
Rnn
[
| ¢
x’.’ "»"\.s ’j old"'
l 4 L 1‘ 1 L
1 2,3 4 5
R’ [GeV/c)’

PRL 41, 1257 (1978)




Spin Correlations in Elastic p — p Scattering

¢ Ratio reaches 4:|
|
. F Pl g
o(11)/o (1) ¢
P
g p
RyN &, !
: polarization normal to scattering plane
N f luud uud cc)
plab(GeV/C)__w ;0. 7
P f e
e RS R R A. Krisch, Sci. Am, 257 (1987)
P m‘ 4 sl % "The results challenge the prevailing theory that describes the
' Lot VAL - proton’s structure and forces"
T P2 (GeV?)
p J_( C I + Breakdown of Color Transparency!
Large Ryn in pp — pp explained by de Teramond and sjb

B =2,J =L =1 |uuduudcc > resonance

at /s ~ 5 GeV



Ann = 1! [Possible: Octoquark resonance uuduude

/M

in pp — pp at /s =5 GeV

)
C

J

AR

A\ 4

———

P

hrwA
\

g \&g )

A4

I\{/ \*/o

Y

/\\U§|C ?‘%
> \/};

|
\ /
\/

AR
\
QCD

Schwinger-Sommerfeld

Enhancement at Heavy Quark
Threshold

YV VvV VY

Hebecker, Kuhn, sjb

S. J. Brodsky and G. F. de Teramond, “Spin
Correlations, QCD Color Transparency And
Heavy Quark Thresholds In Proton Proton

Scattering,” Phys. Rev. Lett. 60, 1924 (1988).

Productiov of
wud, ¢ ¢ ud
octoquark resonance

J=L=S=1, C=-, P=- state

8 quawks ivv S -wowe: odd parity

Large Ryn 1n pp — pp explained by
B =2,J =L =1 |uuduudcc > resonance

at /s ~ b5 GeV

o(pp — ccX) ~ 1 ub at threshold o(yp — ccX) ~ 1 nb at threshold



e — s T —y
o —<
|
:W* Y
' .
e [ue]' ut ¥ Jute
Constituent Interchange Two-Photonw Exchange
Spirv exchange inv atowr- (Vaw der Waals)
alow scotlering
ao |M(Sat)|2
dt 52
M (t,u); 1 M(s,t) x sF(t)
( au)lnterchange X ut2 y LJgluonexchange
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pp — pPp

D d
g el
U
u
1 1
M(pp — pp) < —5 -3
U
d
D o
d ) 1 F(t/s) '
o) S
— (pp — pp) =

g2t44 gl0

Quark Interchange Blankenbecler; Gunion, sjb

dt




Kt

u Analog of
(electron)
spin exchange
in atom atom
scattering

d

o

u

Constituent Interchange

Blankenbecler, Gunion, sjb



| | |
A 710 GeVe
O KT 10 GeVic .

0O K'5 Gewe
=== Quark Interchange »

1
M (¢, w)interchange X 772

Non-linear Regge bebavior:

apr(t) — —1




Quark interchange description of pion-proton scattering

| T T T TTTH T T T 17111
|

\
SLOPE 8.0\~\

P T Tad

e Owen et al.

|

i
]

O.1

UL

T TTTT]

\ R(z) 2

e

[pb/(GeV/c)z]

p
90°
|
——
]

E_2 00 | ‘ -
b+ = \ -
oo - ‘\ ’
i \ -
i \ _
t
0.00| I 0 4oyt 1\ L1111
I 1O 100
s (Gev?)
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Blankenbecler, Gunion, sjb

dO’ — |M(Sat)|2

dt — g2

1

L ip M (t,u)interchange < 12
2
qp = —t
M(s,t) A+B—C+D ri = —u
L (o .
2(277)3f( kf )2 Aok, =xF,, X)pplk, + (1 =x)q,, Wk, —oF, + (1 =2)q, , Wy (K, , %)

A:S_Zkii;mi

()

)

Product of four frame-independent light-front wavefunctions

Agrees with electirov exchange ivv atom-atom scattering
inv novuwelativistic umit



pp — pPp

D d
g el
U
u
1 1
M(pp — pp) < —5 -3
U
d
D o
d ) 1 F(t/s) '
o) S
— (pp — pp) =

g2t44 gl0

Quark Interchange Blankenbecler; Gunion, sjb

dt




=

%&
=

pp — pPp

Landshoff Pinch

~

Gluon exchange: wrong energy and angle
dependence
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PHYSICAL REVIEW LETTERS

21 MARCH 1988

Comparison of Exclusive Reactions at Large ¢

B. R. Baller,® G. C. Blazey, ®) H. Courant, K. J. Heller, S. Heppelmann,(C) M. L. Marshak,
E. A. Peterson, M. A. Shupe, and D. S. Wah]‘®
University of Minnesota, Minneapolis, Minnesota 55455

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

and

S. Gushue‘® and J. J. Russell

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

Cross sections or upper limits are reported for twelve meson-baryon and two baryon-baryon reactions
for an incident momentum of 9.9 GeV/c, near 90° cm.: #¥p—pr T pp T2 tAT K% (AYZO)K®:
K*p—pK7¥; pEtp—pp*. By studying the flavor dependence of the different reactions, we have been
able to isolate the quark-interchange mechanism as dominant over gluon exchange and quark-antiquark

annihilation.

n;p__)p”_'_,
Kip—*pKi,

+ +
TTp—pp,
r¥p—atat,
”ip___K-f-Z-_*',

r " p— A°KO 20k0

+ +
P~ p—pp".

Kts s kT 77 d d
u U i u S

|
u U l u S
P U u P P U u
d GEX d | d ANN d

I
kts s kY| 7774 d
u u | u S

l
U u | u s
P u u pP P d d
d QIN d u coMm U



_ _ 1 1
M(Ppﬁpp)“—g—z
u s 1

s < u from pp — pp

do 11 Flt/s)

Crossing of Quark Interchange



do e 0,02 (1+2)
/ (pp*K K )'""' 9 g6 (1_2)3

(K P -~ K P) (PP*K"K*) 2(1 -z)1.
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Crossing of Constituent Interchange




—(pp — vy) =

dt 86 ““‘v /y

Handbag diagram PP — 7Y,V 7Y



pp — 7y transition form factor!




—(pp — vy) =

“Handbag” diagram




P

gluons not needed!

Crossing of Constituent Interchange

Blankenbecler, Gunion, sjb



Dp — DYDY

=g

Gluons only
within the LFWFs!

C

Crossing of Constituent Interchange

Also pp — Z_ Z T, etc.



How much charm can PANDA produce?

A. Khodjamirian, Ch. Klein, Th. Mannel and Y.-M. Wang

Sy
u
S
~d
u
I

_ ) Dy
T ) u  Ae p g c
U C U
U > < c U >
d C
U . u  Ae p _
Dy
d N d U N U
(a) (0)

Regge exchange model
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How much charm can PANDA produce?

A. Khodjamirian, Ch. Klein, Th. Mannel and Y.-M. Wang

1000 100 -
500 - :
)
a > 1
> S |
%] L
© =
: N’
E 100~ T
—_ [ Q 0.01 -
|< ' E
o 50 - R N
< ' LN
IT = S
S8
2 S| 107
b [
= 10 i
5° ] 107% - -
T I T T S T T (N N T M N Y (N SO SO N BN ER T Y S Y I S Y Y I I Y Y Y N EN SO
1.1 1.2 13 14 15 1.6 1.7 03 04 0.5 0.6 0.7 0.8 0.9
—t (GeV?) —t (GeV?)

Differential cross sections of pp — A.A., and pp — DD at pigp = 15 GeV
calculated in QGS model. The dashed lines indicate the uncertainties causea

by LCSR estimates of strong couplings.
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Dp — DYDY

=g

Gluons appear only
within the LFWFs

C

Test Color Transparency

o(pA) = Zo(pp)




C O.ZO_V‘ Bertsch, Gunion, Goldhaber, sjb

A. H. Mueller, sjb

Transparency

® 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

October 16, 2014 Novel Testy of QCD at FAIR Stan Brodsky s:_ ’é\-s



CCU

Production of Double-Charm Baryons!




Alternative to- OZI 3 -gluon anwnihilation
C

S/

C

pp — e, J /U

pp — 1., 1)’ suppressed

Solution to J/v — pmw problem

Production of Quarkonium from [uud c c>

Intrinsic Charm Fock state




Fixed LF time

Protow 5 -quawk Fock State :
Intrinsic Heavy Quouwks

— Rigovous predictior
: of QCD
Intrinsic Heavy

Quarks at highv ¥/

Minimal off-shellness

v
T X (mé + ki)l/2

Probability (QED) o« - Probability (QCD) o Mlé
14

Collins, Ellis, Gunion, Mueller, sjb
Polyakov, et al.



m ro

Exotics production in pp collisions via OZI

-  Production: all JP¢ accessible
Hybrids
15 0. 0-+ 1++ 1—
2541 13, %, Py %Py %Py %P, 'D, °D, °Dy 'F; °F; na.
T T T T T T T T T | T T 5 35 . 1— ‘ 0+ 0+
11 | — 4 1 1
10 | T % f d % ] ot mmm 1 4 @ 9+
——— i e S
9 i I [ 1 ‘_'Ir'_* . 35
ol _ e e, Ko Mo - g{j JPC exotic
-1'15 J — 13 -
7 c [ ] ) . . .
| = e"pe”m;r; |25 Exotic JPC would be clear signal
o CP-PACS —=—
5 F Columbia —— 4 2
— T oails. m— :
S e {15 G.Bali, EPJA 1 (2004) 1 (PS) Ritman
JF'C 0-+ 17 1+- 0++ 1++ 2++ 2-+ o™ g~ 3+- 3++exotic
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Production of Exotic Quarkonium from
luud ¢ c> Fock state




Non-qq Mesons: Charged cc-like States

- Planned studies with PANDA i
production in pp: % "
pp = Z(4430)* 17 s
Z(4430) > @(2S) T x 15
 formation in pn: e

ﬁd 2 Z(443O)_ pspectator IS
2 LP(ZS) m pspectator é 20000/
must reconstruct the .
spectator proton o
reduced mass resolution 10000~

J. Ritman

October 16, 2014 Novel Testy of QCD at FAIR
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7

X(3872) X(3940) Y(3940) X(39§5-):

PRL 91,262001 (2003) PRL 98,082001 (2007) PRL 94,182002 (2005) PRL 104,092001 (2010)

o) signoal region

o
=

n(28) X(940) |
¥

N/20 MeV/c?

3
= 15

4080 4280
M(wJ/y) (MeV)

Y(4260) Y(4350) Y(4008)

PRL 95,142001 (2005) PRL 98,212001 (2007) PRL 99,182004 (2007)

] B
=

Y(4660)

PRL 99,142002 (2007)

-
(8]

e e e

Events / 20 MeV/c’
[ it o
Entries/25 MeV/c
o

[5.]

” - ‘:E-.‘,:.. gy o u[....u.aﬂlt
45 5 55
M(T* T W(2S)) (GeV/c?)

i ﬁ

o B T e S

o

J L | L
6 48 E E E 55 : :
m(r' ) y) (GeVie?) mi2(e WPy (GeVic) Mim ' diy) (GeVic?)

Z(4430Y Z, &Z, Y(4140) X(4350)

PRL 100,142001 (2008) PRD 78,072004 (2008) PRL 102,242002 (2009) PRL 104,112004 (2010)

40 |

F Il Preliminary, 2.7 fb

Entries/25 MeV/c’

Candidates/10 MeV/c?
[— T X N - B T - - -

ol S i
Ll \HJ\V\\ SR e I NRL 1.1 BEFEE 5 -
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Ritman
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/ ;I_ ( [CU] [ECZ]) — T _I_w/ Diquark-Diquark

Annihilation at large separation: Lebed, Hwang, sjb

Dominance of large size W’ vs J/W decays



k-|— kO L kS
Y= pr T poy p3
o PT, 2P| +ky,
Pt, P,

wn (miv EJ_@? >‘Z)

Measurements of badron LF v

wavefunction are at fixed LF time €47 =1t+2z/c

Like a flash photograph



Light-Front Wavefunctions: rigorous representation of atoms in
quantum field theory

Fixed T=t+4 z/c

ZUP_I_,CEP)J_—I—EJ_

(1—£U)P+,(1—x)ﬁJ_—EJ_

Process Independent
Direct Link to-QED Lagrangian/!

v Cannot measure
wavefunction at
one instant time

Inwawriont under boosts! Indep@nd@mtofPu

Measure wavefunctions of moving atoms, nuclei, hadrons at fixed LF time:

Laser Interactions, Compton scattering, Electron Scattering



LW-FVW QLD Physical gauge: AT =0

Exact frame-independent formulatiov of
nonperturbative QCD!

QCD QCD -
L9l — 1] -

, | xF s
m, _|_ k : p,s p.s
Hpp” =) | — i + Hi¥ .
H"E: Matrix in Fock Space - ] i
QCD‘\IJ;L >= ./\/l ‘\Ifh > i

p.s p,S

|p7 JZ >= an xiakJ_ia Z)|n7$27kJ_27)\7, > ] § :

Ko K,c

n=—
Eigevwalues and Eigensolutions give Hadronic Spectirum ©
and Light-Front wavefunctions

LEWVFs: Off-shell in P- and invariant mass ?M ;@i
Hznt




DLCQ: Solve QCD(1+1) for any quark Wa/nd/ﬂaxvory
4 T T T

B (a) Meson Mass

(b) Baryon Mass

-
-
-
-
-
-
-
-
-
-
-
.
-
o®
.

OL.” 1 1 1 1 1 1

0 0.5 1.0 15
m/g
Extrapolated masses for N = 2,3 and 4 meson and baryon.
m/g = 1.6 mig = 1.b
0.3 | N S S R B Sa e p— T _.r' L L L L
| 0q-3q-3 (x10%) (@ | @ ©q-3q-g (x102) | (a) © 44 ¢q(x10%) I (b) © a9 4q(x102) 7
®q-q ©q-q 1.0 ®a-9-q ® g-9-q
0.2 | - .
| 0.5
~ | (
..-Ox 1 1 | L e m DA O G000 1.0 ° _( 2) L] 6'q B
s I 2 ' (©) © 999 9q{x10°/7F (d) )
L -3 q- 1 o - a
N °q Eq q (x 0 ) q- q q- q‘ Jos 1.0 e gqq = 06'q q-i(x5x102)_ 3
e q-q ® gq-g (x10% | a6qqq(x10%) |
2 !
0 406 <dkdk> 2
. 1 0.5
0.4
: i 1
- 0.2
J - n L) 0 0
= . o 0 02 04 06 08 0 01 02 03 04 05 o6
0.2 0.4 0.6 0.8 0.8 1.0 X = k/K 60853
X = k/K Scamal

a-c) ['irst three states in N = 3 baryon spectrum, 2K=21. d) First B = 2 state.
a-c) First three states in N = 3 meson spectrum for m/g = 1.6, 2K=24. d) Eleventh ) srare

state. Hornbostel, Pauli, sjb



Higher Fock States of the Proton



< P+ C]‘]+(O)|p > = 2p+F(q2) Interaction

picture

Fixed T=1t+4 z/c

Formv Factory are

—)/ — .
Drell &Yan, West struck kJ_i =k1;+ (1 T CCZ)QJ_
Drell, sjb g — .
txact LF formudov spectators ]‘CJ_Z' — kJ_i — Liq 1
Sum over Fock states
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txact LF Formudaw for Poaudic Form Factor
F o

Z/ d$ koJ_ Zej X Drell, sjb

[ N qin*(x“ 14 )wl(sz,ku, ) wl*(fz, 14 )QpT(fz’kJ_“ A )}

J_Z — kJ_z — ;gL k/J_] = kJ_j —+ (1 — $j)(]J_
9 qr,L = q* £ iqY
- (+) - -
XjoKpj Xjo Ky j+ay
et RN
' —>
e : U=
p, S, - 1/2 p+q, S,=1/2
Must have A/¢, = +1 to have nonzero F»(g?)

Nongero- Proton Anomalous Moment -->
Nongero-orbital quark anguwlar momentum
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Calcudatior of proton form factor inv Instant Form

<p+qlJHO)p> »
D )‘6»}7+q

®* Need to boost proton wavefunction: p to p+q.
Extremely complicated dynamical problem.
Particle number changes

* Need to couple to all currents arising from vacuum!!
Remain even after normal-ordering

* Instant-form WFs insufficient to calculate form factors
e Each time-ordered contribution is frame-dependent

® Normal order; Divide by disconnected vacuum diagrams

October 16, 2014 Novel Testy of QCD at FAIR Stan Brodsky



Light-Front QCD

® Light-Front Wavefunctions are frame-independent
® Measurements are at fixed LF time

® No Boost of Colliding Hadrons

® Boosting an instant-form wavefunctions dynamical problem -- extremely
complicated even in QED

® Light-Front Vacuum same as vacuum of free Hamiltonian—(up to k=0
modes; e.g. Higgs VEV is zero mode)

® Causal commutators using LF time; no normal-ordering needed
® Cluster decomposition theorem

® Zero anomalous gravitomagnetic moment

® Few LF t-ordered diagrams since allk* > 0, JZconserved
® Instant-Form Vacuum infinitely complex evenin QED

® n! time-ordered diagrams in Instant Form

Recursion relations and scattering amplitudes in the light-front formalism
C.A. Cruz-Santiago, A.M. Stasto
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http://inspirehep.net/author/profile/Cruz-Santiago%2C%20C.A.?recid=1246383&ln=en
http://inspirehep.net/author/profile/Stasto%2C%20A.M.?recid=1246383&ln=en

Bound States in Relativistic Quantum Field Theory:

Light-Front Wawvefunctions

Dirac’s Front Form: Fixed t=1+z/c

w<xi7ELi7Ai) xi:zlii:

Invariant under boosts. Independent of o
QCD

1
v

Wy >= M|y >

Direct connection to QCD Lagrangian

Remavkable new insights from AdS/CFT,the duality
between conformal field theory and Anti-de Sitter Space
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Goal: anv analytic first approximatiov to-
QCD
®As Simple as Schrédinger Theory in Atomic Physics

® Relativistic, Frame-Independent, Color-Confining

® Confinement in QCD -- What sets the QCD mass scale?

® QCD Coupling at all scales

® Hadron Spectroscopy

® Light-Front Wavefunctions

® Form Factors, Structure Functions,Hadronic Observables
® Constituent Counting Rules

® Hadronization at the Amplitude Level

® Insights into QCD Condensates

October 16, 2014 Novel Testy of QCD at FAIR Stan Brodsky s:_ ’é\-s



H QED QED atoms: positroniwm

l and muonianmy
(HO _|_Hznt) |\If >= F |\If > Coupled Fock states
A? - l
[_ 5 + Veﬁc(,& 77’)] w(rf’) — F ¢(f’) Effective two-particle equation
red
i Includes Lamb Shift, quantum corrections

Spherical Basis T, (9, ¢

Coulomb- potential
Bohr Spectrum

Schwodinger Eq.




Electron transitions for the
Bobr Atom Hydrogen atom

n=
n:
Electron energy © ot Radius Electron - n=
: —13.6¢eV : : T \ : l/{/avelength : e°n”ézgt'°“ ' '
: F = - : :r=n-a, : A =2mna,\ n=5. gy -
: ”3 I \' “ \  n=43z / n=4 Brackett
A grersesnsennnns /_.-- ‘2__\ \ '.. || n=3 -1 5 eV Series
‘-" n= "ll \ \ E(n) to E("Fd)
f / \ \ l | n=2 -3.4eV -
' l" N "q n=3| n=4 ' n=5 . n= 5 ' ' '
'. \ ;;1 ’ | | Paschen series
\ / f 'l E(n) to E(n=3)
; .

\_ _ /(10 = 0.0529nm = Bohr radius Balmer series

~ / [ =t -13.6 eV E(n) to E(n=2)

Lyman series
E(n) to E(r=1)




LW’FV: 1tQCD Fixed T=t+4 z/c

ﬁQCD - g
HE? ;
l [C (1l — x) b ]
(Hip + Hpp)|¥ >= M?|¥ > coupled Focktates
tliminate higher Fock stotes
l and retowrded interactions
[]21_'__7;? + V'] brp(x, k) = M? pp(a, ko) Effective two-panticle equation
2 m2 1441 ) Aglmuthal Basts
AdS/QCD:

Confining AdsS/QCD
[ U(C) = KJ4C2 T+ 2’432([/ +5—1) J effective potential
Semiclassical furst approscimation to-QCD




Heavy Quawk Potential iy IR Divergent inv QCD

(4m)*Cr
02

+ (ca,0 + a1 Ny + ca2N7 + s 3N?)a(Q?)’ +87°C:4 In g—ia(Qz)

V(@) = -

a(Q?) [1 + (c2,0 + c21Np)a(Q?) + (3,0 + 31Ny + C3,2N?)&(Q2)2

Smirnov, Smirnov, Steinhauser;, 2010
>

log k2 (*

<

Summation of H graphs: confining potential

Confinement eliminates IR divergences
Self-corsistent mass scole k



([ Light-Front Schwédinger Equation )

G. de Teramond, sjb

Relativistic LF single-variable radial
equation for QCD & QED Fraome Independent!

d? m? —1+4L%

(2 =2(1 —z)b?.

U is the confining QCD potential
Conjecture: ‘H’-diagrams generate

{ U(C) = k*C* +2-*(L+ S — 1) J

Sum powers of log k°¢”



de Teramond, Dosch, sjb

AdS/QCD
Soft-Wall: Model
Single scheme-
independent fundamental Light-Front Holography
mass scale
K 2 = x(1 —a:)bi.
> 1—4L?
: -U —
Light-Front Schrodinger Equation Unique

U(() = kA2 4 2K2 (L+S—1) Confinement Potential!

Conformal Symwumetry.

of the action
k~ 0.6 GeV

Confinement scale:
(mg=0) 1/k~1/3 fm

Scale can appear in Hamiltonian and EQM

e de Alfaro, Fubini, Furlan: ,.p0 affecting conformal invariance of action!



./\/l,,%/,L,S = 4/4;2(n—|— L+ 5/2)

i | i |
4 _
ok _
>
O
24
QN 2+ —
=
0
Massless pion in Chiral Limait! . Same slope inn and L!
CERN TH New Perspectives for Hadron Physics Stan Brodsky
January 22, 2014 =1 Ay



¢ ( Z) AdSs5: Conformal Template for QCD

- Light-Front Holography

Fixed 7 = ¢+ z/c | Duality of AdS; withLF |

Hamiltonian Theory

with Guy de Teramond and
Hans Guenter Dosch

v

\Ijn(ajia kj_ia Az) i

0

o Light Front Wawvefunctions:

Light-Front Schrodinger Equation
Spectroscopy and Dynamics 1.5



Applications of AdS/CFT to-QCD

5-Dimensional Confinement
Anti-de Sitter Radius
Spacetime

AdS
Boundary

4-Dimensional
Flat Spacetime
(hologram)

in collaboration with Guy de Teramond

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



e |somorphism of SO(4,2) of conformal QCD with the group of (isometries of AdS space
wwowiont measiure

2

~2

xt — Axt, z — Az, maps scale transformations into the holographic coordinate z.

e AdS mode in z is the extension of the hadron wf into the fifth dimension.
e Different values of z correspond to different scales at which the hadron is examined.
r? — N2? 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.



Dilaton-Modifted AdS/QCD

® Soft-wall dilaton profile breaks o
conformal invariance ¢¥\?) = ¢T"'7

® Color Confinement
® Introduces confinement scale .

® Uses AdS; as template for conformal
theory

October 16, 2014 Novel Testy of QCD at FAIR Stan Brodsky



de Teramond, Dosch, sjb

LF(3+]1) - AdSs

V(x, b)) — d(2)

Fixed T=t+ z/c

P(2,¢) = Va1l — )¢ 9(C)

(uR)? = L% — (J — 2)°

Light-Front Holography: Unique mabping derived from equality of LF
and AdS formuda for TM and grovitational current matrix elementy
ond identical equations of motiovw




(690(2) — B—I—HLQZQJ Positive-sign dilaton * Dosch, de Teramond, sjb

AdS Soft-Wall Schwodinger Equation for
bound state of two- scalow covutituenty:

L pe)a) = M2B(2)

dz? 42

U(z) = k*2* +2:*(L+ S — 1)
Derived fromv vawiatiow of Action for Didlaton-Modified AdSs

Identical to Light-Front Bound State Equation!

2 iy (= \/aﬁ(l—at)l_ﬁ



Meson Spectrum in Soft Wall Model

Pion: Negative termv for J=0 cancels
positive terms fromv LFKE and potential

d

Effective potential:  {J((#) = K% + 262 (J — 1)

LF WE

(

d? —4L%
s~ L + R 2R 1)) 9a(Q) = M265(0

Normalized eigenfunctions (¢|¢) = [ d¢ ¢*(2)? =1

Eigenvalues

d)n,L(C) — 1L \/(nzf;;)' <1/2+LQ_RQC2/2LTI{(;§2<-2)

J+ L
M gL = 4K’ (n | ; )

G. de Teramond, H. G. Dosch, sjb



de Teramond, Dosch, sjb

AdS/QCD
Soft-Wall: Model
Single scheme-
independent fundamental Light-Front Holography
mass scale
h 2 = x(1 —a:)bi.
> 1—4L?
: -U —
Light-Front Schrodinger Equation Unique

U(() = kA2 4 2K2 (L+S—1) Confinement Potential!

Conformal Symwumetry.

of the action
k~ 0.6 GeV

Confinement scale:
(mg=0) 1/k~1/3 fm

Scale can appear in Hamiltonian and EQM

e de Alfaro, Fubini, Furlan: ,.p0 affecting conformal invariance of action!



Dilaton-Modified AdS/QCD

® Soft-wall dilaton profile breaks
conformal invariance . ¢(z) — +r°2°

® Color Confinement
® Introduces confinement scale &

® Uses AdS;s as template for conformal
theory

October 16, 2014 Novel Testy of QCD at FAIR Stan Brodsky



@ de Alfaro, Fubini, Furlan

Cho(r) >= i~ fo(r) >

New term

G=ulH+vD+ wK /

2
G=H, =

2
1( ac g |4uw—v$2)
2\ dx? 2?2 4
Retaing conformal iwwariance of actiow despite mass scale/
duw — v* = k* = [M]?
Identical to- LF Hamiltonian withv unique potential and dilaton/

5 ) ® Dosch, de Teramond, sjb
d 1 —4L

| | _ 2
et e TV = MU ()
U(¢) = k*C* +2x*(L+ S —1)
October 16, 2014 Novel Tests of QCD at FAIR  Stan Brodsky g' ’é‘-s



Piow Form Factor from AdS/QCD and Light-Front Holography
0.6 Tt Tt Tt

2 2
Q° F( Q%)
05+ —
04l ) / ]
A
A
‘ i
0% GeV?
| | | | | | | | | | | | | | | | | | | | | | | | | |
2 3 4 5 6 7

Dressed AdS/QCD Cuwrrent



Prediction from AdS/QCD: Meson LFWF

de Teramond,
Cao, sjb

0.15¢

“Soft Wall” model

b2 1

1 X (1—x) at © ~ 1 fr= \/qu§/£:92.4 MeV
Covnwmnection of Confinement to-Hadvow Structuwre



Dirac Equation for Nucleons in Soft-Wall AdS/QCD

de Teramond,sjb
e We write the Dirac equation See also Leutwyler, Stern

(all(¢) = M) #(¢) = 0,

in terms of the matrix-valued operator 11

1
HV(C) = —1 (i T v 2’75 _ K2C75> )

dg s

and its adjoint IIT, with commutation relations

@, 10)] = (25— -2

e Solutions to the Dirac equation

Vr(Q) ~ z3temERLY (522, v=1+1
Y (C) ~ z2tre w2l (g2e?),

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

October 16, 2014 Novel Tests of QCD at FAIR  Stan Brodsky s:_ ’é‘-s



N(2220) -

- N(1710) N(1720)
i N(1680) .
N(1440)
N(940) L
0 1 N 3 R
M?*(GeV?)
(¢) ]
n=2 n=1 n=20
N(1875) i
N(1535) -
N(1520) L |

 M?(GeV?)

N(2600)
v=L+1
(b)
| N(2250)
N(2190)
, N(1700)
I N(1675) N(2220)
N(1650) \
yv=1L

] N(1720)

N(1680)

N(940) 4/4;2 L
o T 2 3 4 5
M?*(GeV _

i ( 2 n—1 "0
- (d)

A(2420)

A(1950)

I 1 I I I I

NA

A(1920)
A(1600) A(1910)

A(1905) ]
A(1232) 7
0 1 2 3 '




Table 1: SU(6) classification of confirmed baryons listed by the PDG. The labels S, L
and n refer to the internal spin, orbital angular momentum and radial quantum number
respectively. The A27(1930) does not fit the SU(6) classification since its mass is too low
compared to other members 70-multiplet for n =0, L = 3.

SU6) S L n Baryon State
56 1 0 0 N1 (940)
5 0 1 N17(1440)
1o 2 N%+(171()) PDG 2012
50 0 A37(1232)
3.0 1 A27(1600
70 1 1 0 N17(1535) N3 (1520)
51 0 N17(1650) N3 (1700) N2 (1675)
3101 Ni~ N3 (1875) N2~
10 AZ7(1620) A2 (1700)
56 1 2 0 N3T(1720) N2T(1680)
1 3+ 5+
12 1 N37(1900) N3
3 2 0 ALT(1910) A3T(1920) AZT(1905) AIT(1950)
1 5~ 7
70 L 3 0 N3 NI
23 0 N3 N3 N27(2190) N3 (2250)
1 5~ 7
130 A2 AT
56 3 4 0 NIT N9 (2220)
34 0 AL ALT AT AL (2420)
1 9— 11—
70 L 5 0 N Ni
55 0 NZ~ N3~ NiT(2600) N




Fermionic Modes and Baryon Spectrum
[Hard wall model: GdT and S. J. Brodsky, PRL 94, 201601 (2005)]
[Soft wall model: GdT and S. J. Brodsky, (2005), arXiv:1001.5193]

From Nick Evans

e Nucleon LF modes

1 2n! 2 ~2
_ 3+L 5/2+L ,~K2C2/2 [ L+2 (.22
Y- (Onr " \/nJrLJrZ\/(nJrL)!C c " (/{ ; )

e Normalization

Chiral Symwmetry of

/ AC Y2 () = / A2 (C) = 1 e

e Eigenvalues
M%&,L,Szl/Q = 4r*(n+ L +1)

e “Chiral partners”

Mn(1535) NG,
M N (940)



Chirval Features of Soft-Wall
AdS/QCD Model

¢ Boost Invariant

® Trivial LF vacuum! No condensate, but consistent with GMOR

® Massless Pion

e Hadron Eigenstates (even the pion) have LF Fock components of different L*

¢ Proton: equalprobabxhty SZ — _|_1/2 LZ — () SZ — _1/2 L7 = +1
|7 = +1/2 < [F >= 1/2 < SZ — 0}

* Self- Dual Mass1ve Elgenstates Proton is its own ch1ra1 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.
No- mass -degenerate parity partners!



AdS/QCD and Light-Front Holography

J+ L
M’IQ%J,L — 4/4/2(71 I 2 )

® Zero mass pion for mg=0 (n=J=L=0)
® Regge trajectories: equal slope inn and LL

® Form Factors at high Q2: Dimensional
counting Q"' F(Q?*) — const

® Space-like and Time-like Meson and Baryon

Form Factors i
Q

® Running Coupling for NPQCD Qg (QZ) X € 4r?

® Meson Distribution Amplitude ¢ (z) o fr\/z(1 — )

October 16, 2014 Novel Testy of QCD at FAIR Stan Brodsky :—;L ’é\-s



Cornwnectiov to-the Lineawr Ivnstoant-Form Potentic

e Compare invariant mass in the instant-form in the hadron center-of-mass system P = 0,
2 _ 2 2
Mz =4m? + 4p
with the invariant mass in the front-form in the constituent rest frame, kq + kg =0

9 9
o kI +my

aq r(l —x)

obtain

U:V2—|—2\/p2—|—mgV—|—2V\/p2—|—m?]

where p? = L _ me(z—1/2) and V is the effective potential in the instant-form
Pl = =)y P3— Ve(la) P

e For small quark masses a linear instant-form potential V' implies a harmonic front-form potential U

and thus linear Regge trajectories

A.P. Trawinski, S.D. Glazek, H. D. Dosch, G. de Teramond, sjb

™

RATOR LABORATORY

October 16, 2014 Novel Testy of QCD at FAIR Stan Brodsky gL A 7>



Cornwnectiov to-the Lineawr Ivnstoant-Form Potentic

Linear instant nonrelativistic form V (r) = Cr for heavy quarks

Harmonic Oscillator U(¢) = k*(? LF Potential for relativistic light quarks

A.P. Trawinski, S.D. Glazek, H. D. Dosch, G. de Teramond, sjb

October 16, 2014 Novel Testy of QCD at FAIR Stan Brodsky s:_ A 7>

ERATOR LABORATORY



Bjorken sum rule defines effective charge [a %8 (QZ)

[ delgi? e, — g1 (e @) = 2y - 2l D)

o
® Can be used as standard QCD coupling

|

® Well measured
® Asymptotic freedom at large Q?

® Computable at large Q? in any pQCD
scheme

® Universal Bo, Bi

October 16, 2014 Novel Testy of QCD at FAIR Stan Brodsky s:_ A C



Ruwnwning Coupling from Modified AdS/QCD

Consider five-dim gauge fields propagating in AdSy space in dilaton background cp( )

Flow equation

9¢(z)  g2(0)

Deur, de Teramond, sjb

S = —1/d4a:dz\/§egp(z) ! G?
4 g5

1 1 2 — K222 92

or gi(z)=e g5(0)

_ o9(2)

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

_ Ii222

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

Coupling measured at momentum scale ()

Solution

where the coupling o

AdS

025 / CACT(CQ) a5 (¢)

N2 K,2
0J95(Q?) = a5 (0) e @/

incorporates the non-conformal dynamics of confinement



Ruwnwning Coupling fromv Light-Front Holography and AdS/QCD
Analytic, defined at all scales, IR Fixed Point

f R ~Q?/4k?
| AdS( Q)/m=e Q* /44
g (Q) - T %
- 06 - {
~-.--- Modified AdS { ~ Ii|
04 | ] L
a,/m (pQCD) )
i ocgl/:rc world data '

------- GDH limit ¥ oyy/m {

02 7¢ a/nOPAL ‘?
A o, /nJLab CLAS e
M o, /nHall AICLAS I r R
o @ Lattice QCD (2004) (2007) 1 |
‘ \ \ \ \ o \ \ R
10" ] 10

Q (GeV)
AdS/QCD dilaton captures the higher twist corrections to effective charges for Q < 1 GeV

P — 6-|—1<3222 Deur, de Teramond, sjb



[ Agrg = 0.5983k = 0.598372 = 0.4231m,, = 0.328 GeV’ ]

E 2 2
S 07" (Q%) = af P (0)e” /T
>
I} 2 5
I g, (Q7) at Olaz]
06 - 1T
| 1
o T
tHix
u || i e
04 : |
oL,/ world data |-\: .
~----- GDH limit XK ag,/n 'i!‘!‘:
02 ¢ o m OPAL < s!ié;;'igsl
LA agl/n JLab CLAS (2008) TR Deur
-V a,/xJLab CLAS (2014) | T de Teramond, sjb
"l a /7 Hall A/CLAS ’
0@ Lattlce QCD (2004) ¥ (2007) .
1

10° 1 10
Q (GeV)



= = 0.5983k = 0.5983% = 0.4231m, = 0.328 GeV

o (Q)/m

pQCD to B;.n=3 and

— A=0.328 and
Bjorken SR.to o>

— A=0.351 and
Bjorken SR.to o *

— A=0.389 and
Bjorken SR.to a3

— A=0.454 and
Bjorken SR.to a2

-— AdS/QCD A=0.585 and
04 Bjorken SR. to o,

. Bjorken SR.to @ 3.2=3 and

S A=0.230 and
02  pPQCDtof,
- e A=0.395 and
I pQCD to f3, .
] T 962%63) ?;l_d Deur, de Teramond, sjb
1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 1 l
107 i 10

Q (GeV)



Deur, de Teramond, sjb

~12 0.7
< 065 B AL (AdS/QCD)
06 - | s N2 (World data)
0.55 -
05
045 .
0.4; n
035%&%@%@%@%&%@%@%@%&%&%@%&%@%@%%%@%@%@&§%&%@%@x
0.3
0 I 2 3 4 5 6

Bjorken Sum Rule order

< = 0.0983Kk = 0. 5983”\}" = 0.4231m, = 0.328 GeV

Connect A7/« = to hadron masses!

October 16, 2014 Novel Testy of QCD at FAIR Stan Brodsky s:_ ’é\-s



de Téramond, Dosch, sjb

Light-Front Holography

Light-Front Schrodinger Equation Unique
Confinement Potential!
U(¢) = k*C* +2x*(L+ S —1) =

Confinement scale:

@ de Alfaro, Fubini, Furlan:

Conformal Symwumetry.

b

of the action
k~ 0.6 GeV

1/k~1/3 fm

Scale can appear in Hamiltonian and EQM
without affecting conformal invariance of action!



Wavefunction at fixed LF time: Arbitrarily Off-Shell in Invariant Mass
tigerytate of LF Hamilfonioww : all Fock states contiribute

‘pa JZ > = an(QjZ)ELH)\ZHn)xZ?EJ_’L))\Z >

Yvy

-
YVYY

YYYVYY

YYYVYVYYY

Higher Fock States of the Proton
Fixed LF time

October 16, 2014 Novel Tests of QCD at FAIR  Stan Brodsky s:_ ’é‘-s



|P> 5, >= Z ‘Pn(xi,]_éu, 7%) \n;lzg, A >
n=3

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

The Light Front Fock State Wavetunctions

¥, (x;, ki, Ai)

are boost invariant; they are independent of the hadron’s energy

and momentum P¥,
The light-cone momentum fraction

K _ Ktk
_p—i— _p0_|_Pz

Xi

are boost 1invariant.

[ Intrinsic heavy quarks

\s(x), c(x), b(x) at bigh x !)

Mueller: gluon Fock states

[ 5(z) # s(z)

@) # d(x),

P

P

Yvy

YYVYYY

-0
~0

Fixed LF time

BFKL Pomeron [HWWVCOLOVJ




Fired LF time

Protow Self tnergy 5 o 5 \1/9
Intrinvsic Heavy Quawks LQ X (mQ T kl) /

Probability (QED) o . Probability (QCD) Mlé
¢ :
Collins, Ellis, Gu:nion, Mueller, sjb
M. Polyakoyv, et al.



Fixed LF time

Protow 5 -quawk Fock State :
Intrinsic Heavy Quouwks

— Rigovous predictior
: of QCD
Intrinsic Heavy

Quarks at highv ¥/

Minimal off-shellness

v
T X (mé + ki)l/2

Probability (QED) o« - Probability (QCD) o Mlé
14

Collins, Ellis, Gunion, Mueller, sjb
Polyakov, et al.



Properties of Novw-Perturbative
Five-Quawk Fock-State

Dominant configuration: same rapidity
Heavy quarks bave most momentum
Correlated with proton quantum numbers
Duality with meson-baryon channels

strangeness asymmetry atx > 0.IFixed T =t+ z/c

Maximally energy efficient

LLie & ~

Intrinsic Heawvy Quawks at highv x



10~ . ; ;

o~
o~
~F

75.

75

] Measuwrement of Chawmw Structure

Funclion!

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

First Evidence for Intrinsic Charm
Hoyer, Peterson, Sakali, sjb

Jactor of’zo0!

"

a )
IC+ICR , 7 \ -
i ) N\ .
7
1 \
-3 ! 7 ...
b A \\ o/
Y +31(IC+ICR) ]
-1 \ ]
I 1
o W
L -
i OIc PGF \
-,.' " WVQPWWLQ/ \ .
i (DGLAP)
10-" : ] [ ! 1
00 01 0.2 0.3 0.4

YYVYYVYY

| 7, o !
DGLAP / Photon-Gluon Fusion: factor of 30 too small
Two- Componenty (separate evolution):

C(CB, QQ) — C($, Qz)extrinsic _I_ C(ajj Q2)intrinsic



PRL 102, 192002 (2009)

PHYSICAL REVIEW LETTERS

week ending
15 MAY 2009

DO

L d ot - . o
s18FDO, L =1.0fb : lyf( |<0.8 = iy <<))(
ﬁ16;— vy s 0 |y9!<1$oe 3 s Y+b+
814 Y+b+ X dT>1 Ok
Reook g e -
o TS T T T o = * + ................................
1 _—- “-. ‘...fi.':-zz*ﬁa.;.;.'. L Top) Lty :—- ':;‘;,j.f:;r:.s;c.z- .
o8 :_ ................................................ _ """""""""
0.6 - —e— data/theory -
T E CTEQ6.6M PDF uncertainty [
04 e = IC BHPS / CTEQ6.6M 3
02 |~ = - IC sea-like / CTEQ6.6M =
oo Scoleuncedaily oy e e s
s Y. .jet . 7. jet
gk Y. >0 e Yy =0
E Y+ C+ X : Yy+C+ X 1
3F | 1 *
2.5F ! 3 |
2F 3 *
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0.5F
PAIAA Bend -IAAAIAAAL--AIA:..l.‘.l.“jAAAIAAAl..Al‘
40 60 80 100 120 140 40 60 80 100 120 140

p, (GeV)

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

pp =+ @+ X

Ao (pp — yeX)
Ao (pp — vbX)
Ratio 1s insensitive

to gluon PDF,
scales




week ending

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

DO Measurement of ¥ + b + X and y + ¢ + X Production Cross Sections

in pp Collisions at \/s = 1.96 TeV —
pp =+ @+ X

£18EDO, L =1.0fb" |y <0.8 -y <0
8 - nt ' s
=16F yy* >0 g9!<:$oGeV . Y+b+X
— — > —_
S14f THD+X T 3 + * Ao (pp — veX)
a S R [N S TR R W SIS e
128 @ | o e R e 1 _
1 E- "“:‘;tv,zggi:_:“.z%s:.sa-?. e e :”'F;‘:-,E-:‘;f:':-ﬁ~l'=immz.ﬂ:r.’i.‘t:::‘.‘.'.'f‘.‘, i AO_ (p p — fbe )
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Signal for
significant intrinsic
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Two- Componenty (separate evolution):

Sedendaniasfieniand PR PR

C(CE7 Qz) — C(CB, QQ)extrinsic + C(CIZ‘, QQ)intrinsic



Hoyer, Peterson, Sakai, sjb
Intrinsic Heawvy-Quawk Fock
TR

P

Rigorous prediction of QCD, OPE

Color-Octet Color-Octet Fock State i G

egeo P _ L ~ _ 2 ~
Probability Q@ <z Pogog ~ 2P0

Large Effect at high x
Greatly increases kinematics of colliders such as

Higgs production (Kopeliovich, Schmidt, Soffer,
sjb)

Underestimated in conventional
parameterizations of heavy quark distributions
(Pumplin, Tung)
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X

Spectator counting rules d— x (1 — gp)2nepect—1
LF

Coalescence of Comoving Charm and Valence Quarks
Produce J /vy, A. and other Charm Hadrons at High xz
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e EMC data: ¢(z,Q?) > 30 x DGLAP
Q? =75 GeV?, x = 0.42

e High zp pp — J/¥X

e High zp pp — J/9J/¢X

e High xr pp — NAcX

e High zp pp — Ny X

e High zp pp — =(ced) X (SELEX)

Explain Tevatron anomalies: pp — veX, ZcX

Interesting spin, charge asymmetry, threshold, spectator effects

Important covrections to-B decays; Quawkonivwm decays

Gardner, Karliner, sjb
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All events have T o > 0.4 |
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Fig. 3. The ¢ 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/¢’s is twice the number

of pairs.

NA3 Data

Excludes PYTHIA
‘color drag’ model!

A — J/yJ /yX

R. Vogt, sjb

The probability distribution for a general n-particle
intrinsic ¢¢ Fock state as a function of x and kr is
written as

ap;
H?:l dxidz kTJ

5( Z?:l kTal)S(l - Z;Ll X;)
(my — Yo, (mf;/x))* 7

= naj:(Mc'E)
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800 GeV p-A (FNAL) o,=0c,*A* M. Leitch
PRL 84 3256 (2000); PRL 72, 2542 (1994)

| . open charm: no A-dep
10 | at mid-rapidity . d:UF (pA — J/QpX)
0s | 1S EEI%ﬁ :
_ Eﬁ ] Remawkably Strong Nuclear
o8 | = | | Dependence for Fast Chawrmonium
| o Jhy = E_—
-g (E783) [];5_- *
07 | - -
ERE6/NUSea | I Violation of PQCD Factorigation
BOD GeV p + A —> Jhy '
0B Lot B
0.0 0.2 0.4 0.6 0.6 1.0
XF - X1 -X2

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
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o Kopeliovich,
High xr Color-Opaque IC Fock stale  gchmidt, Soffer, sjb

interacty ovv nucleawr front suvface

Scattering on front-face nucleow produces color-singlet ccpaiv

Octet-Octet IC Fock State No- absovption of
\ small colov-singlet

C
P Q.

FZ(pA — J/YX) = A3 x 2 (pN — J/¢X)

October 16, 2014 Novel Tests of QCD at FAIR  Stan Brodsky s:_ ’é‘-s




Goldhaber, Kopeliovich, Schmidt, Soffer, sjb

Intrinsic Heavy Quawk Contirtbutt
to- Inclusive Higgs Production

Also: intrinsic strangeness, bottom, top

Higgs can have > 80% of Proton Momentum!

New production mechanism for Higgs al the LHC
AFTER: Higgs production at threshold!



Intrinsic Heavy Quawvk Contributiovn tc

High & Inclusive Higgs Production
o (pp — HX)[f0]

40 -
LHC :v/s = 14TeV

£ 30-

><LL

o

'8 20~ Tevatron \f = 2TeV

-

10 -

- N
0 \
! | ! | ! | ! | ! | ! | ! | ! | ! | ! |

o,/8 080 082 084 086 088 090 092 094 0,9 0,98
X

F
Need High xr Acceptance Goldhaber, Kopeliovich,

Most practical: Higgs to-4 muons Schmidt, Soffer, sjb




Chowmv at Thweshold

® Intrinsic charm Fock state puts §0% of the proton
momentum into the electroproduction process

® 1/velocity enbancement fiom FSI1
® CLEO data for quarkonium production at threshold
® Krisch effect shows B=2 resonance

® all particles produced at small relative rapidity--
resonance production

® Many exotic hidden and open charm resonances will be
produced at PANDA (15 GeV) and fLab (11-12 GeV)



Diffractive Dissociation of Piovw into-
Quawk Jety

E791 Ashery et al.

b; ~0 (1/ky)
¢ X15 Ky 1

Xo, Kio

M o an, wﬂ'(x kJ_)

Measwre Light-Front Wawvefunctiow of Piow

Minimad momentum tronsfer to- nuclews
Nuclews left Intact!

—
Yy




£791 FNAL Diffractive DiJet

by ~0 (1/ky)

!

AN
X1s K11

>
>

T

=\
X0, K1 o

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

Two-gluow exchange measuires the second derivative of the piovw

light-front wawefunction
q 52
" q M o 82]{J_¢7T(ajakj_)
N N




E~791 Diffractive Di-Jet transverse momentum distribution

do/dk, (arb. units)
o
[0]]

o
\\\‘%

10°-

. ,-65
ki

—  Gaussian

b

*\\\‘\\\‘\\\‘\\\‘\\ \\‘\\\‘\\\‘\\\‘\\\
1T 1.2 1.4 16 1.8 2 22 24 26 28 3

kT (GGV)

Two Components

High Travnsverse momentuumw
dependence consistent withy PQCD,
ERBL Evolutiow

Gaussio component similowr
to-AdS/CFT HO LFWF



events

e Fully coherent interactions between pion and nucleons.

e Emerging Di-Jets do not interact with nucleus.
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Key Ingredienty ivv €791 Experiment

b, ~0 (1/ky)
> Brodsky Mueller
" Frankfurt Miller Strikman
Xo, K
2, K19
A A

Small colov-dipole moment piovw not absorbed;
interacty witihveach nucleovw coherently
QCD COLOR Trawvsparency

My=A My

99 (1A — qgA") = A? Y (7N — qgN') F3(t)

Target left intact

Diffraction, Rapidity gap



Mueller, sjb; Bertsch et al;
Frankfurt, Miller, Strikman

Measwre piow LFWF i diffractive dijet production
Confurmatiow of color transparency

A-Dependence results: oo A®
k; range (GeV /c) - a (CT)
1.25 < k< 1.5 1.64 +0.06 -0.12 1.25
1.5 < k< 2.0 1.52 £ 0.12 1.45
Ashery E791

2.0 < k< 2.5 1.55 &+ 0.16 1.60

« (Incoh.) = 0.70 + 0.1

Covwentional Glauber Theory Ruled Out ! Factor of 7

October 16, 2014 Novel Testsy of QCD at FAIR (g A_f.‘



Diffractive Dissociationw of Piovw into-
Quauwk Jety

E791 Ashery et al.

b; ~0 (1/ky)
i X15 Ky 1

T X, Kpo

M

Measwre Light-Front Wawvefunctiow of Piow

Minimad momentum tronsfer to- nuclews
Nucleuws left Intact!

FAIR: Diffractive Dissociation of Antiproton into

Quark Jets




F. Wilczek (XXIV Quark Matter 2014)

Quarks (and Glue) at

Frontiers of Knowledge Emergent Phenomena

Challenges, Opportunities - _

Schizophrenic Protons?

The study of the strong interactions is now a
mature subject - we have a theory of the
fundamentals* (QCD) that is correct™ and

complete™. We have two very different pictures of

protons, in the lab frame (quark model) and in
In that sense, it is akin to atomic physics, the infinite momentum frame (parton model).
condensed matter physics, or chemistry. The ~ Each is very successful.

important questions involve emergent
phenomena and “applications”.

How does one proton manage to become the
other! Are there intermediate pictures!

q\\\\ Stony Brook University ézlﬁﬁay Desﬁpandé
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Abhay Deshpande

F. Wilczek (XXIV Quark Matter 2014)

We have two very different pictures of
protons, in the lab frame (quark model) and in
the infinite momentum frame (parton model).
Each is very successful.

How does one proton manage to become the
other? Are there intermediate pictures!

Answer: Light-Front Wavefunctions are

independent of the observer's Loventy fro

October 16, 2014 Novel Tests of QCD at FAIR  Stan Brodsky gL ’é\-s



QCD Myths

® 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

® QCD gives 104> to the cosmological constant

® Dynamics always from gluon exchange; Zweig Rule
® Higher Twist always nonleading

® Factorization Theorems Rigorous

October 16, 2014 Novel Testy of QCD at FAIR Stan Brodsky s:_ ’é\-s



Novel Testy of QCD at GSI-FAIR

® Drell-Yan: Breakdown of pQCD Factorization

® Violation of Lam-Tung Relation

® Double Drell-Yan Reactions pp— it X
® Higher Twist Effects at High xr

® Non-Universal Anti-Shadowing

e Diffractive Drell-Yan Reactions pp— uuTp

® Exclusive Processes pp — Ha+ Hp

® Crucial tests of fundamental issues in hadron
physics

October 16, 2014 Novel Testy of QCD at FAIR Stan Brodsky :—;L ’%\-s



Novel Testy of QCD at FAIR
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