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Transversity

Angular Momentum Structure; and
the SpinvDynawmics of Hadvons

® Test Fundamentals of Gauge Structure of QCD
® Fundamental Measures of Hadron Structure

® Angular Momentum of Confined Quarks and Gluons

® Breakdown of Conventional Wisdom
® Breakdown of Factorization ldeas
® Crucial Experiment Tests, Measurements

Remawkable array of theory and experimental talks
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Spin Correlations in Elastic p — p Scattering
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| Production of
S J und ¢ ¢ wnds
gai ;% octoquark resonance
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QCD
Schwinger-Sommerfeld
Enhancement at Heavy 8 quar ks inv S -wave: Odd/PMLfy
Quark Threshold

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).
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Color Transparency fails
when Aq, is large

Mueller, sjb
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Eva P Bunce, Carroll,

Experiment . " —Heppelman...
BNL

06r

04
T

0.2

0.0

eff (Ge V/C ) Rap id Angular Variation!

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC

10



* New QCD physics in proton-proton elastic

scattering at the charm threshold

* Anomalously large charm production at threshold!!?

* Octoquark resonances?

* Color Transparency disappears at charm threshold

* Key physics at GSI: second charm threshold

Transversity 2011

pp — ppJ /¢

pp — PN\cD

Light-Front Holography and
Proton Transversity
IX
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Key QCD Experiment at GSI

J/Y

Total open charm cross section at threshold

o(pp — cX) ~ 1ub
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J/Yv+p

3
g~
g~

Ne + P

3
S
3

DD — Tc(cﬁd)DO (cu)p

Octoquark: |uudceuud >

p

. Light-Front Holography and
Transversity 2011 5 Proton Trans’f,ersig Stan Brodsky, SLAC

12



HULQ&’/NWVVLZ)@V O‘[CT%B/O‘]C & uxs / Mondastam Plang

Trowwversity inv Exclusive o
Reactions e A D)
— - &\‘l\’\ = ,\\".,}' ) !,/ g
do f(‘gcm) PP \ M :}\'\,\.‘,’/' o
— (PP — pp) = =3 Vi \ - .
s | Sivers
Quork Inturchang e T o
/ / /
/
pp — pp
connected qluom IR,
— %m
oM
COMINATES

Landsho¥f process

\ 8 est;mghd reglon
& Riectve Fiold Thaory Estimaiys  OF validdy of EFT

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC

13



Deep Inelastic Electron-Protow Scattering

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC

14



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
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Single-spiny Leading Twist

WWF Les Sivers Effect
€ Hwang,
> Schmidyt, sjb
e-
current

quark jet Collins, Burkardt, Ji,

) Yuan. Pasquini, ...
_
— —
1Sp°q><pq C QCD §- and P-
« Coulomb Phases
Pseudo- T-0dd, T final state ~Wilson Line

Interaction
eractio “Lensing Effect”

Spectator L%dA'/VLgﬁTW%f

system Rescallering
pro:;}r‘; s Violates pQCD
Li -Front Waw Lo y
S and P- Woves! Factorigotion!
Sigw reversal in DY
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and produce

a T-odd effect!

q }7 \q\ |
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) 012002.

Sivers asymmetry from HERMES
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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 ...

Gamberg: Hermes
data compatible with BHS
model

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

and

Stan Brodsky, SLAC
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Final-State Interactions Prodiuce Hwang, Schmid, sib
Pseudo-T-Odd (Sivers Effect) Collins

Leading-Twist Bjorken Scaling!

—

o — —
Requires nonzero orbital angular momentum of quark 1 S ) pjet >< q

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

Burkardt: “Lens Effect’

. . _ - e-
Wilson line effect gauge independent current

quark jet

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

final state

— interaction
QCD phase at soft scale!
spectator>
New window to QCD coupling and running gluon mass in the IR system
proton 11-2001

8624A06

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

Pasquini, Xiao, Yuan, sjb

Alternate: Retarded and Advanced Gauge: Augmented LFWFs .
Mulders, Boer Qiu, Sterman
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Runwning Coupling fromv Light-Front Holography and AdS/QCD

Analytic, defined at all scales, IR Fixed Point

S
Deur, de Teramond, sjb
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FSI phases in TSSAs unsuppressed Gamberg

/E gy = S
diagram vwalid/

Af (CL‘ I{:_]_)—’I,ST (PXk_]_) flT £, kJ_

Unsuppressed reaction mech. Boer PRD 1999 context of DY @ RHIC
Brodsky Hwang Schmidt PLB 2002- SIDIS w/ transverse polarized target

Collins PLB 2002- Gauge link Sivers function doesn’t vanish
Ji, Yuan PLB: 2002 -Sivers fnct. FSI emerge from Color Gauge-links

LG, Goldstein, Oganessyan, Schlegel 2002, 2003 2008 Boer-Mulders Fnct, and Sivers -spectator model

Burkardt Sivers chromdynamic lensing NPA 2004

Bacchetta, Schaefer, Yang, PLB 2004, Bacchetta Conti Radici ... 2008,2010,2011 PRD

LG, M. Schiegel, PLB 2010 & arXiv:1012.3395 B-M, Sivers sum FSIs w/color Chromo Lensing M. Schegel

M

P-g-k |

pg Many more model calcs.
p 0 Pk talk of A. Bacchetta
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Predict Opposite Sign SSA in DY !

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

§ing)le 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

. Light-Front Holography and
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Initial-state interactions and single-spin asymmetries
in Drell-Yan processes *

Stanley J. Brodsky ?, Dae Sung Hwang *°, Ivan Schmidt ®

Nuclear Physics B 642 (2002) 344-356

e1ex 2(AM +m)rl -9 ( . om2 3.2 ):|
P':_ - i ﬂ 1_& _M..-;-

L TR+ A0 A M+ LR Sy

e T =
rf AQl=AN-M>+5% +55)

Here A = f% = H;'T where v 15 the energy of the lepton pair in the target rest frame.
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Sivers

pt L' Gqspr BHS

CPECTATOR MODELS *pproach

gauge-link formalism plus “twi-reversal”
non-zero veswdt rquires L# O inwawe functon”

chamge in $ign DY SIDIS insensrhive o dedails of bound
systam .- reduces o qeometrical arqument (ISI- Fsp)

L1gnt- rromntv rioiograpny ana

Transversity 2011 Proton Transversity Stan Brodsky, SLAC
24



1 1 ~ /()2
f1Tsid,,;S($a kr) = _f1TDY($a kr) Pr kr << V@
EIC conjunction with DY exp. E906-Fermi, RHIC Il, Compass, JPARC

PFOCESS Dependence, Collins PLB 02, Brodsky et al. NPB 02, Boer Mulders Pijlman Bomhoff 03, 04 ...

do = L, W" =

Gamberg

ot (2, pr) = iv' vl (2, pr)in'y?
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Sivers amp itudles fa’z kaons 3
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X x  ftepd) @w DT (214

fl(x, p3) ® pu—T /KT z, k2
M K+ amplitudes are larger in size than the 7 + (%, P) ! (k)
amplitudes

M non-trivial role of sea quarks

T =lud) KT =|us)
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Gardner, sjb
Seav quawrks cawry orbitold angulow momentunm

final state
interaction

spectator >

system

proton

Sivers effect for 71 (ud) reduced by L; at low x

Sivers effect for 7~ (du) reduced by L; at low x

Sivers effect for K (us) increased by Lz !

. Light-Front Holography and
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Estimate of < L, >

Orbital functions Song parameters This paper

u quark 0.150 0.197+0.02

d quark 0.025 -0.012£0.01

s quark 0.025 0.015+0.005
Sum of quarks 0.200 0.200+0.02
Orbital functions Song parameters This paper

u antiquark 0.017 0.015+0.002
67 antiquark 0.058 0.053+0.006
s antiquark 0.025 0.022+0.002
Sum of antiquarks 0.100 0.090+0.01

Chiral Mechanisms Leading to Orbital Quantum Structures in the Nucleon.
Dennis Sivers (Portland Phys. Inst. & Michigan U.) . Apr 2007. 28pp.
e-Print: arXiv:0704.1791 [hep-ph]
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Single-spirv Exclusive

asymmelties invv Sivers Effect
exclusive channels connects to
& e~ Inclusive Effect
— ~ sk _I_
1SN - @ X P ° v pr — KA
iSp-gxpr 7 K" (5u)
et dc)" ark
P -T-odd ™ QCD S- and P-
Coulomb Phases
S ‘ --Wilson Line
®
proton
Light-Front Wawvefunctiow A(Sud)

S and P- Wawves
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3 leading-twist spin-k1. dependent distribution
functions

~

Courtesy of Aram Kotzinian TO'g/Q/'d’\W W'“th/ me’g/
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Light-Front Wavefunctions \If n, ( Ly, k 179 >\’L )

Hadrow Eigenstates
of QCD Hamiltonian/!

Wigner distributions

.
A

A 3
.
A
A\
A
A
+ ‘
A
A 3

‘G‘P;) <; Z)“ Impact-parameter
\ ‘-> . . . "N
L R distributions (z,b )
Transverse charge
. densities (b, )

Bacchetta
—— A =0
->» - [dx
Charge S . j‘ d2]€J_

¥ C. Lorce, B. Pasquini, M. Vanderhaeghen, JHEP 1105 (11) =
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Light-Front Wavefunctions: rigorous representation of
composite systems in quantum field theory

Fixed T=t+4 z/c

||
Y
||
E
E

o, PT,2;P) +k,;

> x; =1

q-—=—=—=—====

\Un(fl?i, EJ_ia )‘Z)

Yk =0,
Inwariant under boosty! Independent of PV

. Light-Front Holography and
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Hoyer

Fixed T =t+4 z/c

A hadron state of momentum P* = PO+ P3 can at fixed x* = x0 + x3
be expanded in terms 1ts quark and gluon Fock states as

Pt P A+ = Z H[/ d; féfg}l(ﬁ%(l — in)(s@)(z k;)

n,A; 1=1

X@n(%‘, k;, )\z’D‘T% v, P x P+ ki, Ni).

The LF wave functions \),,(x;, ki,A;) are independent of P*, P, .
Hadrons can be (trivially) boosted.
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Light-Front Wawefunctions

Dirac’s Front Form: Fixed t =1 +2z/c

Wiz, k4 Ai) i

Direct conmnection to-QCD Lagrangian!
Remawkalble new insighty fromAdS/CFT,

the duadity between conformal field theory
and Anti-de Sitter Space

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Hadvron Distribution Amplitudes

| Lepage, sjb
@ T
9 — — :
¢M(I7Q) :/ d”k q(j(kaJ_) | k< Q?
E Il — 2
Z, Fixed T=t+4 z/c

Fundamental gauge invariant non-perturbative input to hard

exclusive processes, heavy hadron decays. Defined for

Mesons, Baryons

Lepage, sjb
Evolution Equations from PQCD, OPE Efremov, Radyushkin.

Sachrajda, Frishman Lepage, sjb
Conformal Invariance Braun, Gardi

Compute from valence light-front wavefunction in light-
cone gauge

. Light-Front Holography and
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36



A Unified Description of Hadron Structure

Elastic form factors
Parton momentum
distributions

Real Compton
scattering at high-

- Deeply Virtual Meson
roduction

Light Front Wavefunctions Wn(z;, k1, ;)

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC

37



The probability interpretation of PDF’s 1s
expressed in terms of LF wave functions:

fayn (@ n%:k zl_[l {/ dxl%igk }167#”5(1 — ZL:%) 5<2)(; k;)
><5(33 — CEk)‘wn(l’@, ki, )\Z)‘Q

Note: 1. Parton distributions factorize at leading twist (O> — ).

2. The above expression 1s approximate, since rescattering of
the struck parton (the Wilson line) 1s neglected.

Diffractive DIS Shadowing Hoyer



PHYSICS B

ELSEVIER Nuclear Physics B441 (1995) 197-214

QCD constraints on the shape of polarized quark
and gluon distributions *

Stanley J. Brodsky *, Matthias Burkardt ™!, Ivan Schmidt ©

? Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309, USA
® Center for Theoretical Physics, Laboratory for Nuclear Science, and Department of Physics,
Massachusetts Institute of Technology, Cambridge, MA 02139, USA
® Universidad Federico Santa Maria, Casilla 110-V, Valparaiso, Chile

The limiting power-law behavior at x — 1 of the helicity-dependent distribution:
derived from the minimally connected graphs is

p
GIZ[/H r~ (]. —X) ’
where

p=2n—1+2A4S,.

. Light-Front Holography and |
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3 leading-twist spin-k1. dependent distribution
functions

~

Courtesy of Aram Kotzinian TO'g/Q/'d’\W W'“th/ me’g/
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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]

L 1LY ANV VLIV UV LUNL S 1 ) |
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Light-Front Wave Function Overlap Representation

DVCS/GPD .
Diehl, Hwang, sjb, NPB596, 2001
. DGLAP
See also: Diehl, Feldmann, Jakob, Kroll region..,
N Z N
A A T+e —(F-6)
k=4 o k= k+ >
+ * S <z ERBL
—> ) -
/C )\ region.
| ‘ N a4 ]
p=P+2 p=p-2
¢ T (T + &)
\\\c
DGLAP
region.

Z : >
14 A
: 3

Bakker & JI
Lorce
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Example of LFWF representation of
GPDs (n=>n)

Diehl, Hwang, sjb
1 Al —iA?

J—¢ 2M

(\/1_ 2— nZ/I—[dxldﬂCJ_z 16738 I_ij 5(2) Z

X 0(x _xl)W(n)(xlakJ_la i)W(n) (xia kJ_ia )“i)a

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

E(n—>n) (x,¢,1)

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.

. Light-Front Holography and
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Link to DIS and Elastic Form Factors

Form factors (sum rules)
DIS at S=t=0 jdxzw(x en]| =F, (¢) Dirac £
q — o f—
g ()C,0,0) Q(x)a qg x) jdeI:E" I(x, E, Z) =F, (f) Pauli f.f.
H(x,0,0)=Ag(x), Ag(—x)

jdxH‘J(xcit) G 1), jdeq(xit) Gp,( 1)

x [ Verified using LFWFg

NN NN
— Diehl, Hwang, sjb

e

Quark angular momentum (J1’s sum rule)

1 1 jxdxﬁ'{q(x C,0)+E7(x, §O)]

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

2 2

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Close, Gunion, sjb (1972, 1973)

Featuwres of DVCS

® Imaginary part constrained by unitarity: DIS!
® Reggeon Exchange determined by small x DIS

® Phase from C=+ Reggeon Signature Factor
® |=0 Fixed Pole

® |nterference with Bethe-Heitler

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC



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
. Light-Front Holography and
Transversity 2011 5 Proton Transversity Stan Brodsky, SLAC
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0.2
18
16
14
12
0.1
= 0.08

0.06

0.04

0.02

© o oo

Non-singlet 10 ° 10
Regg X behavior

1
Kuti-Weisskopt

. Light-Front Holography and
Transversity 2011 5 Proton Tmns‘g,ersig, Stan Brodsky, SLAC
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Deeply Virtual Comptow Scatlering

Y'p — D
.. o7
- Howrd Reggeon
Domairv
b s >>—t,Q% >> AHep
%
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 2
Br(t) ~ ) CCZ{—(Z ~ 512 t14 ~ Sia at fixed &




TJ=0 Fixed Pole Contribution to-DVCS

* J=o0 fixed pole -- direct test of QCD locality -- from seagull or instantaneous
contribution to Feynman propagator

,y* R fy Szczepaniak, Llanes-Estrada, sjb

Close, Gunion, sjb

Real amplitude, independent of (Q* at fixed ¢

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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J=0 Fired pole inv real and virtual Comptown scattering

Damashek, Gilman;
Close, Gunion, sjb

Y * (q) "y Llanes-Estrada,

Effective two-photon contact term

Seagull for scalar quarks Szczepaniak, sjb
Real phase
0 2
M =" elF,(t)
Independent of Q2 at fixed t D D

<1/x> Moment: Related to Feynman-Hellman Theorem

Fundamental test of local gauge theory = No ambiguity in D-term

Q?-independent contribution to Real DVCS amplitude

do , |
s —(v*p — yp) = F*(1)

. dt Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersig, Stan Brodsky, SLAC
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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, &

Fundamentad test of QCD x



Exclusive Electrobroduction

/
ep — e'mn

T(y'p—7tn)~e-pi Yy sk(t)Br(t)

QR (t) > — 1 Reflects elementary exchange of quarks in t-channel

1 2
/BR (t) t2 dt 87 a;t ﬁXed 5 9 & 52



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 53



tach element of

Aash photograph
itluwminated
at some LF time

T=t+z/c

Evolve i LF time

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

Fixed T=t+4 z/c

||
Y
||
E
E

o, PT,2;P) +k,;

> x; =1

q-—=—=—=—====

\Un(fl?i, EJ_ia )‘Z)

Yk =0,
Inwariant under boosty! Independent of PV

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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P.A.M Dirac, Rev. Mod. Phys. 21, 392 (1949)

Dirac s Amazging Idea

The Front Form
Evolve 1n Evolve 1n
ordinary time light-front time!
Ct o= cl — =z ACI T:t—l—Z/C

Instant Form Front Form

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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"Working with a front is a process that is unfamiliar to physicists.

But still 1 feel that the mathematical simplification that it introduces is all-
important.

I 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)

. Light-Front Holography and
Transversity 2011 5 Proton Transfersig Stan Brodsky, SLAC
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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

ki k) +k
-xi = — =
19+ }X)*'[K P——+—<::
are boost invariant.
n — n .__ n *;____ﬁL
;ki —P ,;x,_l,;kl =0~ . .

[ Intrinsic heavy qowwk&\ [ 5(x) # s(x) |
c(x), b(x) at bigh x ! J| u@) # J(a:))

Mueller: gluon Fock states ssBFKL Pomeron  ftidden Color!

YYYYY

(J\,
VIVVVVV

Fixed LF time




- Heisenberg Matrix
L bg/lf\/t - FV Oﬂ/t QCD Formulation

LQCD s QCD Physical gauge: AT =0

LF e
HEP = 3™ . SI N
i Y
H"t: Matrix in Fock Space W
.
QCD‘\IJ;L >— M? LUy > - %p
Eigerwalues and Eigensolutions give Hadronw i @

Spectirum and Light-Front wawvefunctions!

. Light-Front Holography and
Transversity 2011 Proton Transyersity Stan Brodsky, SLAC
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LIGHT-FRONT SCHRODINGER TQUATION

o T Yeas | [ (g@lV ew {97V lgag) C Wg/n
2, 4 m! - S - |
(ME — Z = - ) Vego/x lqgglV leq) (qa9lViggg) - | Yago/r

t

:

— — p— — i —_ I_ —

S ‘:z@

— L —

Il

Il

Y M

2O | =

] — — — —

A+ — o G.P. Lepage, sjb

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Light-Front QCD

Fo U IWR) = M2 W)

qqqqg

8
qqqaaa

9 10 1 12 13
99499 qq999 | 99qagg |99qqqdg|qaqaqqaq

|

¥

A Y] A A& B

Heisenberg Equationw

n  Sector

KA _

1 qd

> > 2 99
p.s’ p,S _
3 qdg
(a)

4 qqqq
ps oA 5 99¢
;;:;1 6 qdgg
KA S _

P 7 qiqig
(b)
8 qqqqqq
p,s p,S 9 9909
§ 10 qqggg
_ g 11 qiqgog
Ko k,o
12 qqqaqqg
(c)
13 qqqgqqqq
Transversity 2011

Proton Tra6nsversity
I

Light-Front Holography and

Stan Brodsky, SLAC




Light-Front Wawefunctions

Dirac’s Front Form: Fixed T=1+2z/c

Wi (i, ks Ad) N

Direct conmnection to-QCD Lagrangiar

Remoawkalble new insights from AdS/CFT,
the duadity between conformal field theory
and Anti-de Sitter Space

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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consituant Quark Fndong oo
JP: 4% not Dirac Formin a
& %0 (sg(.v:/.o.rbﬂ' structur) Kk 0 e
 olor s
Scalar diquaric
[,7 anhisymnetric i flaws
Jp=z o
o dac
farmion

axial wvector diquark
$,% symmetric W Flavor
T%1* spimsorbit shuctwe

Light-Front Holography and

Sivers

Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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QCD and the LF Hadron Wavefunctions

- Initial and Final State
'AdS/7QCD Rescattering Baryon Excitations
Light-FrontiHolography DDIS, DDIS, T-Odd g
\_lL;R jjl]5(][]” 3:}')
Non-Universal Antishadowing
Heavy Quark Fock States
Intrinsic Charm

P

Yvy

-
\U xX; k ; )\ Y Orbital Angular Momentum
n\Ly, v gy N

Coordinate space P
representation H

Spin, Chiral Froperties
Crewther Relation

YYY

Hard Exclusive Amplitudes
> N Form Factors
".l.lllillt:, i!'llit:
Burkardt, Schmidt, sjb

)
YYVYVYY

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

Distribution amplitude
ERBL Evolution

J-o Fixed Pole ¢p(x17 L2, Q2)

DVCS, GPDs. TMDs

LF Overlap, incl ERBL

Nuclear Modifications
Baryon Anomaly
Color Transparency Baryon Decay




Anguwlar Momentum onw the Light-Front

n n—I1
J? — Z SiZ 4 § : ]% Con§erved by every
. . J Interaction
= = LF Fock state by Fock State

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

Nongero-Anomalous Moment -->Nongero- ovbitad angular momentuny

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Special Featuwres of LF Spinv

® | F Helicity and chirality refer to z direction,

not the particle’s 3-momentum p

1

® LF spinors are eigenstates of 5° =+

® Gluon polarization vectors are eigenstates
with S° ==l

e = (eT,e,€) = (0,2

€ -k
—t

T+ (T +iy)
\/§ y k GM O

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC



G. P. Lepage and sjb

us (P) _ 1 + . x(4)
u,(p)}_w(p thm+ o p*’x{xm’

'Ut(p) L 1 * - X(¥)
v.(p)} =P - Pm e {xm

1] 0
YA B 1] IR 1 Melosh not
X “ﬁ ) » "f‘\/‘z“-o ’ Z Z
0J ‘ -1)

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Anguwlar Momentum ow the Light-Front

f 572 k12 P-Wave Decay

<3 k13 —/ Spin-0 coupling

}k 21 EJ_l to fermion pair
IF=-1 |
0  +3 spinor overlap
ki, ki,
\ 1 <ij >=<i—|j+>=—/2zz€] - ( L l~7)
L7 = +1 , )

_Q'_./ _2 [ ] — < ’L—I—‘]— ~— /225@2_]_( ) (kJ_z kJ_j)
\ _1 <4 <

e Fri kijyo |
<) > [Z]] — ZiZj( ~ Z.J) — M?j |dentity
v J

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Angular Momentum o the Light-Front

Triple-Gluon Coupling

- <9 kJ_Q

z1, k11 L L
—>—o< gz1€| - Uaz = gz1€| - ( )
Z9 <3

<35 ku

—_ —_

a

176 ‘/I;7€J_ — — —
—H< ngé__ - Vog = gé__ .
, r(l — x)
1—:13, —ZJ_
+1 n PO
1 < 1] >= — QZZZJE_T_ ° ( = J_J)
24 < g
L 1< 1

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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G. de Teramond and sjb

M(-1— -14+14+141---4+1)xg"?*=0

JP=—-1=» S 4+L°=n—-2)4+ L7

Nn-1

t LF=—(n—-1)

Vonishes Because Maxinmuumnm ‘Lz‘:n_Q

Light Front Analog of MHV rules

70



<p+qliT0)|p>=20TF(¢°)  tuwraction

picture
? =Q%=—¢ Y Fixed 1=t 4+ z/c
— ‘{ :
gt =0 q1 . Form Factory ave

---,

struck, Ky =k + (1 —2;)qL
Drell &Yan, West

spectators k’m =k,; — 101

Light-Front Holography and
Proton Transversity Stan Br OdSky, SLAC
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txact LF Fornmudav for Paudic Formv Factor

F2 Z/ d;y dsz Zej T ox Drell, sjb
{ o q_Lwa (xia 1 >¢ (1'27kj_7,7>\ ) q_Rwa (.Ii, s )w (gj,“kj_“)\ )}
i = ki — mqy k/J_j:kJ_j_l_(l_xj)qJ_
@ qr,, = 9" £ iq?

XjeKypj Xjo Ky y+a;

—

P, S,= - 1/2 p+q, S,=1/2

Must have A/, = +1 to have nonzero F5(q?)

Nongero- Proton Anomalous Moment -->
Nongero-orbital quawk angular momentum

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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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

= (2)(2/3)k,/, + (—1/3) k4, .
P Ve /2 AY(K™) 26% iLT”‘Df L deik,

~ = —6.6.
Siv ( g0 K°%/d 2
Kn — (2)(_1/3)Ku/p T (2/3)Kd/p g (K ) e%l IJ_Tle / €akd
. Light-Front Hol hy and
Transversity 2011 s pm::: Tr;’n‘;%‘:;‘.ﬁiga“ Stan Brodsky, SLAC
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Using measured form factors, find the

by [fm]

empirical quark
transverse densities
In heutron

po" s pr" 1/ fm’]

-15 =1 -o.sb
b, Lfim]

L5

1

0.5

by

-0.5

-1
Miller (2007)
Carlson and Vanderhaeghen (2008)

=15

b
-15 -1 -o.sbo es 1 1Ls ° /]
X

data : Bradford, Bodek, Budd, Arrington (2006)
Paul Hoyer Losjin 2 September 2011

. Light-Front Holography and
Transversity 2011 5 Proton Trans%,ersig Stan Brodsky, SLAC
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A Transversity Theorem!

Anomalows growvitomagnetic moment B(0)
Terayev, Okun: B(0) Muwst vanishv because of
Equivalence Theovesm
grovitovw
| sum over constituents

—_— e

Xjo Ky y+a;

P, S,= - 1/2 p+q, S,=1/2

Hwang, Schmidt, sjb;

Donoghue,Holstein B ( O) — O E%CZ’\/ FOC]O Statle

LF formalism essential

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersig, Stan Brodsky, SLAC
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-: Wick Theorem

Feynmawv diagrawy =
single: front-form time-ovdered diagram/

Also P — oo observer frame (Weinberg)

. Light-Front Holography and
Transversity 2011 5 Proton Transf,erfig Stan Brodsky, SLAC
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Calculatior of protow form factor in Instant Form

<p+q|J"(0)|p >
p/.*erq

* Need to boost proton wavefunction from p
to p+q: Extremely complicated dynamical
problem; particle number changes

* Need to couple to all currents arising from
vacuum

¢ Each time-ordered contribution i1s frame-
dependent

¢ Divide by disconnected vacuum diagrams

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersié Stan Brodsky, SLAC
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Calcudationw of Hadvonw Form Factorsy
Instont Form

Current matrix elements of hadron include interactions with
vacuum-induced currents arising from infinitely-complex
vacuum

Pair creation from vacuum occurs at any time before probe
acts -- acausal

Knowledge of hadron wavefunction insufficient to compute
current matrix elements

Requires dynamical boost of hadron wavefunction --
unknown except at weak binding
Hoyer, Vantinnen, Primack, sjb

Complex vacuum even for QED

None of these complications occur for quantization at fixed
LF time (front form)

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersié Stan Brodsky, SLAC



Collins;

K%/ QCD EX/]D@V M Hwang, Schmidt.
sjb
Measure single-spin asymmetry Ay P <
In Drell-Yan reactions _
u et
* 4
Leading-twist Bjorken-scaling Ap M
from S, P-wave U - o
Initial-state gluonic interactions .
P4 >
Predict: AN(DY) — —AN(DIS)
Opposite in sign!
ppr — (T0™X

S - q X p correlation

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Drell-Yan angular distribution
Unpolarized DY

® Experimentally, a violation of the
Lam-Tung sum rule is observed by
sizeable cos2® moments

® Several model explanations

lepton plane {cm) o hlghel" tWISt

Lam — Tung SR: 1 - A =2v ® spin correlation due to non-triva

NLO pQCD: A= 1pu=~0v =0 QCD vacuum

® Non-zero Boer Mulders function

1 do 3 1 U

— = 1 4+ \cos’8 + usin20cosd + —sin®Ocos2 )

o df2 Ar A+ 3 ( H ? 2 ?

Experiment: v ~ 0.6 B. Seitz
Transversity 2011 Ligh;;frzzt::,l,z‘gzgg and Stan Brodsky, SLAC
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Boer, Hwang, sjb

= >
P o >
u et
: b
;U e
_é -
P >

DY cos 2¢ correlation at leading twist from double ISI

3 7 2
product of Boer - o (xy,py) X hy (x,k7)
Muldery Functions
Transversity 2011 Lig";;f:ﬁ;“;f;’,‘,‘;%ﬁﬁ’g and Stan Brodsky, SLAC
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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 | - L
} W — X
.t | 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.

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Double Initial- State Interactions

generate anomalous cos 2¢ Boer, Hwang, sib

Drell-Yan planar correlations

1d
- 49 X (1 +)\c0329+usin29 COS @ + Zsin2(90032q5)
o df) 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 .

.
»
.
-
»
»
.
»
»
»
»
»
»
»’
»
.
»
»
»
»
»
.
»
*
R

1 0.35- |
w
0.3} - i
. | '¢"
U v(Qr) R
O . 2 5 B o‘x" N
4
r\f\ ‘u‘"'“""""".," "' ° °
0ol VA -.._~tlard gldon radiation,,
- A ,.": ,~"’x"‘u‘
Q.... ”"" '
K X3
i - ,,,;: " ’¢ooo
W 04
E K ¢oo""'
. .

0.15-

| 0.1r-
= 0.05-

.
.
0
0
0
.
.
e
.
g
o
0
% —_—
. —
‘e —
‘e
‘e
‘e

i Double ISI =~ . .

P, - P . | | | i

, , %"t 2 3 4 5 6 7 .8
Violates Lam-Tung relation! Qr

A e B T o Model: Boer,
. 1ight-kFront Holography an
Transversity 2011 5 Proton Tmns‘g,ersig, Stan Brodsky, SLAC
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Anomalous effect from Double ISI inv
Massive Lepton Production

Boer, Hwang, sjb
COS 2¢ correlation P

Y
® Leading Twist, valence quark dominated % %5\@

® Violates Lam-Tung Relation! e — —_—

P B

® 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

. Light-Front Holography and
Transversity 2011 5 Proton Trans%,ersig Stan Brodsky, SLAC



‘ -

] >
P ? »
S i

..................... (

N R e c

_é _

P >

_

cos 2 ¢ correlation for quarkonium production at
leading twist from double ISI

Enhanced by gluon color charge

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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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.

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersié Stan Brodsky, SLAC
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Problem for factorigation whew botiv ISI and FSI occur

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Important Corvrections from Initial and Final State Covrections

T

R S

o--\

Siversy & Collins Odd-T Spinv Effects, Co-planawrity Correlations

. Light-Front Holography and
Transversity 2011 5 Proton Tmnsf,ersig Stan Brodsky, SLAC
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® Crucial point: Sivers function in inclusive single

particle production contains both ISI and FSI

® Color factors entirely due to color structure
of the partonic subprocess

® consider channel ¢¢ — qq’

5 "b\g . 3/ E 3 % ;

b k ;;12 P g \
: ‘)= B\,ST=(V)/ % . \\(F B, ST=Q ‘)23. ST=( T

(c'l) (b)

Gamberg

. Light-Front Holography and
Transversity 2011 5 Proton Trans%,ersig Stan Brodsky, SLAC
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DDIS e X FNAL:

@ (Goulianas
gap
P P
# |n a large fraction (~ 10-15%) of DIS events, the proton
escapes Intact, keeping a large fraction of its initial
momentum

# This leaves a large rapidity gap between the proton and
the produced particles

#® The t-channel exchange must be color singlet — a
pomeron??

Diffractive Deep Inelastic Lepton-Proton Scattering

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersig Stan Brodsky, SLAC
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de Roeck

10% to-15% of DIS eventy awe diffractive !

Diffractive Structure Function F;2

©
,?_.
™
o
D A b Large Rapidity Gap
NG e
Diffractive inclusive cross section
d*oyl! 27 o’ FP® 3.0
£ p
dep d3dQ? Q4 7 T
EP(xp,3,Q%) = flxp)- - F)(3,Q7%

extract DPDF and ¢ () from scaling violation

Large kinematic domain
Precise measurements

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

10?2

10

10

10

X, = 0.003

e H1Data
w H1 2006 DPDF Fit A
(extrapol, fit)

43 = 0.017
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(x = 0.002)

s B | lljlll A A lllllll A A lllllll | L

10°

Q% [GeV?

10 10°




Hoyer, Marchal, Peigne, Sannino, sjb

QCD Mechanism for Rapidity Gaps

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

Y
q*-OL BX
- g

’LLL -
(1 'B)Xg

>_

Xq oxX~1 } Rap Gap
V
P | P

Reproduces lab-frame color dipole approach

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Final State Interactions inv QCD

i T N
>
Ky K, /k:_/ kzg
Feynman Gauge Light-Cone Gauge
Result is Gauge Independent

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Integration over on-shell domain produces phase 1
Need Imaginary Phase to Generate Pomeron and DDIS

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

Physics of FSI not in Wawefunctiow of Tawrget!

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Anti-Shadowing

1.2
© EMC a4 E136

L1V NMC -« E665

=

~ 1

Ca/F

a (0.9

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

Phys. Rev. C 70, 044905 (2004)

s
0.8- 2 2
* Q"=5GeV
07— ——
0.001 0.01 0.1
Shadowing x and their uncertainties,”
[arXiv:hep-ph/0404093].
. Light-Front Holography and
Transver Slty 2011 Proton Transversity

95
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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

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersig, Stan Brodsky, SLAC
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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 opposite in phase, thus diminishing
N, = the g flux reaching N».

— Shadowing of the DIS nuclear structure
functions.

Observed HERA DDIS produces nuclear shadowing

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersié Stan Brodsky, SLAC
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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 wniversal!

Schmidt, Yang, sjb

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersig, Stan Brodsky, SLAC
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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?\

—> Antz- Shadowing of the DIS nuclear structure
functions.

Schmidt, Yang, sjb

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersig, Stan Brodsky, SLAC
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0.2
18
16
14
12
0.1
= 0.08

0.06

0.04

0.02

© o oo

Non-singlet 10 ° 10
Regg X behavior

1
Kuti-Weisskopt

. Light-Front Holography and
Transversity 2011 5 Proton Tmns‘g,ersig, Stan Brodsky, SLAC
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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

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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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].

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersié Stan Brodsky, SLAC
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F2Fe / FZD

1.3

0.8 |

0.71

1.2f

1.1}

0.9 [

Q% =5 GeV-?

'.

<, /
'~

Extrapolations from NuTeV

| No-anti-shadowing in deep inelastic neutrino- scattering ! -

0 01 02 03 04 05 06 07 08 09
Scheinbein, Yw, KeppelgMorfin, Olness, Owens

Light-Front Holography and

Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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0‘8 H‘ | | \\HH‘ | | \\HH‘ | 0.8

-3 —2 —1 -3 —2 —1
10 10 10 10 10 10 . .
X X Schmidt, Yang; sjb

1.3 1.3 ¢

- W*—Current - W™ —Current
1.2 |- 5 12 b L. 3

: : """"" § " “
1.1 1.1
0 T
3 N N B N [ R SO A
Rl ~ T
0.9 09 [T

B (c) i (d)
0‘8 7\\ | | \\\\H‘ | | \\\\H‘ | O.8 7\\‘ | | \\\\H‘ | | \\\\H‘ |

10°° 10°° T 1077 10°° 107

Nucleowr Antishadowing not universal !

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Shadowing and Antishadowing of DIS
Structure Functions

1.2 1.2
L 2 ~(Eurei (b) S.J. Brodsky, I. Schmidt and J. J. Yang,
11 1 B T y “Nuclear Antishadowing in
. R s Neutrino Deep Inelastic Scattering,”
L\N w { L Phys. Rev. D 70, 116003 (2004)
S R [arXiv:hep-ph/0409279].
0.9 0.9
08 H‘ | | \\HH‘ | | \\HH‘ | 08 7\\‘ | | \\\H\‘ | | \\\\H‘ | MOdlﬁeS
o100 1077 107" T 10°° 107 .
X . NuTeV extraction of
1.2 1.2 .2
B Y\lj-—-CiJrrdemt (©) B W_—Currjmt (d) S]-I]- 9 ‘/‘/
£ N N ~ Test in ﬂavor-tag.gtfd
~ - lepton-nucleus collisions
0.8 0.8 -
7\\‘ | | \\\\H‘ | | \\\\H‘ | 7\\‘ | | \\\\H‘ | | \\\\H‘ |
10° 10°° 10" 107" 10°? 10
X X
. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC

105



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!

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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F2Fe / FZD

1.3

0.8 |

0.71

1.2f

1.1}

0.9 [

Q% =5 GeV-?

'.

<, /
'~

Extrapolations from NuTeV

| No-anti-shadowing in deep inelastic neutrino- scattering ! -

0 01 02 03 04 05 06 07 08 09
Scheinbein, Yw, KeppelgMorfin, Olness, Owens

Light-Front Holography and

Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Static Dznamic

Hwang,
® Square of Target LFWFs Modified by Rescattering: ISI & FSI Schmidt, sjb,
® No Wilson Line Contains Wilson Line, Phases
Mulders, Boer
® Probability Distributions No Probabilistic Interpretation )
Q1u, Sterman
® Process-Independent Process-Dependent - From Collision Collins, Qiu
b
® T-even Observables T-Odd (Sivers, Boer-Mulders, etc.) Pasquini, Xiao,
Y jb
® No Shadowing, Anti-Shadowing | Shadowing, Anti-Shadowing, Saturation uan S
Burkardt
® Sum Rules: Momentum and J* Sum Rules Not Proven
Hoyer

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

® No Diffractive DIS Hard Pomeron and Odderon Diffractive DIS

current
quark jet

final state

L v
interaction %Mfg/
spectator>

system

W (5, k1 5, M)

proton

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Formatiow of Relativistic Anti-Hydroger

Measured at CERN-LEAR and FermiLab

Munger, Schmidt,
sjb
H(pe™)
1
bJ‘ S Myed™
! Coulomb field
S S Yp = Y+

Z

Wavefunction maximal at small impact separation and equal rapidity

“Hadronizationw” at the Amplitude Level

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersig, Stan Brodsky, SLAC
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Hadronigation at the Amplitude Level

PH

generator e
| 5 5 | | ’w(%kLaAi)

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

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersig, Stan Brodsky, SLAC
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Hadvronigatiow at the Amplitude Level

Bawyow Production

¢($7 EJ_a >‘Z)

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

. Light-Front Holography and
Transversity 2011 5 Proton Tmns‘g,ersig, Stan Brodsky, SLAC
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Features of LF T-Matvix Formadism
“Tvent Amplitude Generator”

Hadronization at the Amplitude Level!

o PT 0P| + k|

Same principle as antihydrogen production: off-shell coalescence

coalescence to hadron favored at equal rapidity, small transverse
momenta

leading heavy hadron production: D and B mesons produced at large z
hadron helicity conservation if hadron LFWF has Lz =0

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

Lensing

pT = PO 4 p?

. Light-Front Holography and
Transversity 2011 5 Proton Trans%,ersig Stan Brodsky, SLAC



Bjorken, Kogut, Soper; Blankenbecler, Gunion, sjb;
Blankenbecler,Schmidt

Crucial Test of Leading -Twist QCD:
Scaling at fixed xr

do — F(xTﬁCM) _ 2p£
EdTp(pN — 7TX) — pgeff LT = \/g

Parton model: neg =4

As fundamental as Bjorken scaling 1n DIS

scaling law: neg = 2 Nactive - 4

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersig, Stan Brodsky, SLAC
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u

Nactive = 4

Neff= 2Nactive ~ 4

Neff= 4

114



\/EnE%(pp — ~vX) at fixed xp

1 0193 p+p collisions \'s=20-1800GeV
= ® DO p+p \s=1800GeV
1 018—_ [0 CDF p+p \s=1800GeV
= B UA2 p+p \s=630GeV
17F O UA1 p+p \s=630GeV
10 = A UAT1 p+p s=546GeV
165 A UA6 p+p \s=24.3GeV
10 =
15
10 =
14f
10 =
13F
10 =
12F
10 =
11F
10 =
10F
10 & [p+p collisions Js=20-200GeV
oF ¥ PHENIX-Run3 p+p \s=200GeV
10 = 0 R806 p+p \'s=63GeV
gC * R110 p+p \s=63GeV
10 = 5 E706 p+p \s=38.7GeV
7§ % E706 p+p \s=31.5GeV
10 = + UAG6 p+p \s=24.3GeV
= X NA24 p+p \s=23.75GeV
1 06 C . WA70 p+p (s=22.96GeV
= | e L1

1

N
1

'y

-t
o
-t
o

Tannenbaum

xT-scaling of direct
photon production:
consistent with

PQCD
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s 12 ‘ ‘ ‘ ‘ [ f f f f f
5 ® Vs=38.8/31.6 GeV E706 ‘
- ® Vs=62.4/22.4 GeV PHENIX/FNAL/|.
- ® V/s=62.8/52.7 GeV R806
10 - © Vs=52.7/30.6 GeV R806 .
i Vs=200/62.4 GeV PHENIX
- ® Vs=500/200 GeV UA1
- ® s=900/200 GeV UA1
8 " e Vs=1800/630 GeV CDF )
6
4
~, jets Leading-Twist PQCD
2 W Vs=1800/630 GeVCDFy A CDF jets =
- ® V/s=1800/630 GeV DO v A DO jets
! ! Lo | ! ! Coo oo | ! ! L
-2 -1
Arleo,Hwang, Sickles, sjb 10 10" 7 =2pr/V/s
. ight- lography and
Transversity 2011 e It,rf:z:t;::n:‘g;igigan Stan Brodsky, SLAC
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PHENIX results

Scaling exponents from /s = 500 GeV preliminary data
[ A. Bezilevsky, APS Meeting

RHIC/LHC predictions
PHENIXresults

|ll||l

Aﬂt
o
(=]

[ 1]

0.4

0.2

-0.2 | ] ] 1 1 L1 I [l 1 L 1 1 | 1 1- ’

@ Magnitude of A and its x, -dependence consistent with predictions
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1022
e 1018__
C}'O —
%J 10 -
(5 I
_Q |
E 10"
op
Q. -
O
6 10?2
op]

O
|—LIJ i
o@ 100

108

10°

—|||||
—(a)
°

CMS Preliminary —

JLdt =10.2 nb"

pp(p) — 0-5(h++h') + X (Inl<1.0) |_'
—&— CMS 7 TeV

CDF 1.96 TeV
CDF 1.8 TeV

CDF 0.63 TeV
UA1 0.90 TeV (Inl<2.5)

— 55— UA1 0.50 TeV (Inl<2.5)
| % UA10.20 TeV (li<2.5)

. . . 5.1
Inclusive invariant cross sections, scaled by +/s

107

10°

Xt

107

107

Jet-triggered charged particle transverse momentum
spectra in pp collisions at 7 TeV

The CMS Collaboration

xr scaling fails
at the LHC
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Direct Higher Twist Processes

® QCD predicts that hadrons can interact directly
within hard subprocesses

® Exclusive and quasi-exclusive reactions
® Form factors, deeply virtual meson scattering
® Controlled by the hadron distribution amplitude

Or(xi, Q)

® Satisfies ERBL evolution

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersig Stan Brodsky, SLAC



Direct Contribution to- Hadvron Production

>
)

do 3 2 F(zy,y)
— C\f

No- Fragmentution Function

120



S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
Pawticle ratio- changes witiv centrality!

Protons less absorbed

o 1.8 I proton/pion ] in nuclear collisions than pions
= 16F b because of dominant.
T Of 1 color transparent higher twist process
1.4F .
: I <« Central
1.2 n ~
1 - N 7 O = Au+Au 0-10%
: . : A o Au+Au 20-30%
0.8 h o o Au+Au 60-92%
T A A ] * p+p, Ns =53 GeV, ISR
0.6 [ h ---- e'¢e’, gluon jets, DELPHI
S N 1 v 4 | I I e*e’, quark jets, DELPHI
0-4 :_ ) __ o
; 7‘+ % | ¥ «— Peripheral
0.2¢ —
0 — Tannenbaun

o- (GeV/c) “BawryonwAnomaly”

. Light-Front Holography and
Transversity 2011 5 Proton Trans%,ersig Stan Brodsky, SLAC
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Bawryow canv be made divectly within hawd, subprocess!

Bjorken
Blankenbecler, Gunion, sjb
p Berger, sjb :
Hoyer, et al: Semi-Exclusive
Coalescence 7 yene
T uu — pd
within hard
Sickles: sib
subprocess bp(21, 72, 23) < Adep 5 SJ
Small colov-singlet
Color Transparent
Minimal saume-side energy
unw—————-=-_ |, < u
..... <&
&8 Baryon anomaly
Collisior cowv produce 3 Dactive = 6 qq — Bq
collinear quarks Nefr= 2Nactive ~ 4
\ 4
— neif= 8
d

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Power-law exponent n(x7) for 7” and & spectra in central and peripheral Au+Au collisions at

Vvsyy = 130 and 200 GeV

S. S. Adler, et al., PHENIX Collaboration, Phys. Rev. C 69,034910 (2004) [nucl-ex/0308006].

b+ includes protons

A-IO ] ] I ] I ] I ] ] ] I ] | ] | ] | ] | ] | | | | | |
- | 1L . )
3=<, oL n(x) for x° 1L n(x,) for B ;h l Ceﬂtl’al
: 75 0-10% 1t €50-10% ]
8~ []1 60-80% _ | [160-80% -
7_ — - —]
5\ E] ) - R
LT 1L ipheral
3_ — - —]
2_ R i - s —]
1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 | | | | | | | | | | | | | | |

0O 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Proton power changes with centroality !
Proton production dominated by
color-transparent divect highv neg subprocesses

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersig, Stan Brodsky, SLAC
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Aninp'p — 1 X, the big challenge

~ do! —do!

Ay =
N= dot + dot

®  \5=19.4 GeV/c? E704

®  \/s=62.4 GeV/c?, PHENIX 3.1<1<3.7
0.15 3T \5=200 GeVic?, STAR <i>=3.3 \
\'s=200 GeV/c®, STAR <i>=3.7,

0.1

0.05

|IIII|IIII|IIII|IIII|IIII
b o

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Xp

o
|1

Contributions from
Direct Processes?
7
R e/gg/em/\/ EMM’Q’Q/ : Light-Front Holography and

Transversity 2011 Proton Transversity Stan Brodsky, SLAC
124
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w _N — 1 + 7 - X at 80 Gev / C I‘)z'rectS]ubprol‘essPrIedictioln_, |
1.2k / ~
dO’ 2 . . 2
76&1“‘)\008 6 + p sin20 cos¢ + w sin“6 cos2¢. o.a—+ ’ } | .
0.4}
k2
d’g o< x| (1—x,)?(1+cos’6) + 4 (k1) sin%6|
dx . d cos6 9 M? N oL ?
(k%) =0.62 +0.16 GeV?/c? _0 4k
2 2 -
— Tr = X7
Q*=M . =1
Dramalic change inv angulowr oL
distribution at large w |
i | 1 | 1
_ 04 05 06 07 08 09 |
To = I5
7T q X.n-
Example of a higher-twist CheE SoH AT
P 8 Collaboration

direct Subpl‘ 0CESS Phys.Rev.Lett.55:2649,1985

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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m N — ut u- X at high xp

In the limit where (1-xp)Q? is fixed as Q2 —

Distribution amplitude from AdS/CFT

Entire pion wi

contributes to ..’75

hard process W |
Virtual photon 1s
longitudinally

_ _ polarized
N = h

Berger, sjb
Similar bigher twist terms in jetL. Khoze, Brandenburg, Muller, sf

badronization at large _ Hioyer Vanttinen

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Berger, Lepage, sjb

T 1
*
» g — 7 q
2
_ ¢ .
Initial State
Interaction
p —
1

Pion appears directly in subprocess at large xr
AW of the piow sy momentum is transferred to-the lepton paiv
Lepton Pair iy produced longitudinally polarized

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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w _N — 1 + 7 _X at 80 Gev / C I‘)z'rectgubprol‘essPrIedictiolna |
1.2 / ~
-g-g—oc 1+ X cos?0 + p sin20 cos¢ + w sin®0 cos2¢p.  0.8F | ’ } | -
) 0.4}
d’g o< x| (1—x,)?(1+cos’6) + 4 (k1) sin%6|
dx . d cos6 9 M? !
A OF
(k%) =0.62 +0.16 GeV?/c? _0.ak
2 2 —
Q=M oal Tw = Tg
Dramalic change inv angudar oL
distribution at large xr |
1 1 | 1

|
04 05 06 07 08 09 1

() o X T
Example of a hlghel’ “twist Chicago-Princeton

direct subprocess Collaboration

Phys.Rev.Lett.55:2649,1985

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Light-Front Holography and Now-Perturbative QCD

Goal:
Use AdS/QCD duality to construct
a first approximation to QCD A
Hadrow Spectrum e !EE%EE |
Light-Front Wawvefunctions; ==”,I”’7 /
, . 1Y
Running coupling inv IR =4

1

7

///

\\‘

in collaboration with

\Ijn i ki, A\ Guy de Teramond
1y v 1y M y

Central problem for strongly-coupled gauge theories

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersié Stan Brodsky, SLAC
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Goalx anv analytic furst approximation to- QCD

® As Simple as Schriédinger Theory in Atomic Physics

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

¢ Hadron Spectroscopy

¢ Light-Front Wavefunctions

e Form Factors, Hadronic Observables,
Constituent Counting Rules

¢ Transversity
¢ Insight into QCD Condensates

¢ Systematically improvable de Teramond, sjb

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC



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

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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* de Teramond, sjb

2_2
e®P(2) — K72 Positive-sign dilaton

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

I 0)]6(z) = M26(2)

dz? 42

U(z) = k2> +2c*(L+ S — 1)

Derived from vawiatiow of Actiovw
Dilaton-Modified AdSs

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersig Stan Brodsky, SLAC
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Hadron Form Factors from AdS/CFT
Propagation of external perturbation suppressed inside AdS.

J(Q,z) = 2QK1(2Q)

F(Q?)—r = [ 4Pp(2)J(Q,2)P(2)

High Q2 7(Q, 2) o
1 <
from " | q)(z) Polchinski, Strassler
smallz ~1/Q 0 el de Teramond, sjb
0.4¢
0.2, 1
high QZ/ > 5 3 2 4 5

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

T—1 . .
2 . 1 Dimensional Quark Counting Rules:
@ ||

Q 5 General result from

AdS/CFT and Conformal Invariance
where 7 = A,, — oy, 0y, = Y _.—_ 0;. The twist is equal to the number of partons, 7 = n.

. Light-Front Holography and
Transversity 2011 5 Proton Trans%,ersit? Stan Brodsky, SLAC
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Grawitational Form Factor inAdS space
e Hadronic gravitational form-factor in AdS space

R L Q2 2)18.(2),

A (Q?) =
(Q7) 3 Abidin & Carlson

where H(Q?, 2) = %Q2Z2K2(ZQ)

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

1
H(Q?, 2) :2/0 :cd:I:J()(zQ 1;33)

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 current

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC

134



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

V(x, b)) — ——— d(2)

¢ = \/.:B(l — :Iz)l;i g

|5
(1-a)

P(2,¢) = Va1l — )¢ 2¢(C)

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

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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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

&/ Coulomb- potential
Verr — Ve(r) = —— ’
Bohr Spectrum
Semiclassical first approsimation to- QED 136



Derivatiow of the Light-Front Radial Schwodinger Equation divectly
from LF QCD

A2k SN
/ daz/ 167TJ:; 1 ) (x /ﬁ)| + interactions

—

/0 (1 —a:) /deL¢ (ZE bl) ( Viu) w(:v,lu) + interactions.

Change (0., C= Vol da: w2 1A ((4). L2

variables d¢ d¢ C2 (9902
) d> 1d L?*\ ¢
M= a0V (e it @) R
' / 4¢ §* (U (O)6(C)

_ /dg¢*<<>( dd; 1;§L2 =U(<)) $(0)

. Light-Front Holography and
Transversity 2011 5 Proton Trans%,ersit? Stan Brodsky, SLAC
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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(Ca S, L) — ’434<2 T RZ(L + 5 — 1/2) Confining AdS/QCD
potential

Semiclassical furst approcimation to- QCD 138



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

Relativistic LF radial equatiov Frame Independent
d- |1—4L2|U R
[ dCQ | 4C2 | (C)] ¢(<) — ¢(<)

(2 =2(1—z)b?.

U(C) =rk*"CC+2:%°(L+ S —1)
soft wall
G. de Teramond, sjb ccrmﬁyu}mg/ POfW ol

(1—x)

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC

139



6 T T
5 - —]
0
_5 L _|
| | |
2-2007 0 4 8 2-2007 4 8
8721A20 4 8721A21 Z
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Fig: Orbital and radial AAS modes in the soft wall model for Kk = 0.6 GeV . L
l l l | Model
- () S B ]
—~~~ 4 [ ]
Al
>
(D)
S n ]
S 7t (1300)
S 0 - ,
n (140)
O 1 | 1
4 0 2 4
8-2007
8694A19 L

Light meson orbital (a) and radial (b) spectrum for k = 0.6 GeV.

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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General-Spin Hadrony

e Obtain spin-J mode ®,,, ..., , with all indices along 3+1 coordinates from P by shifting dimensions

>N\ —J
2,(2)= (%) @)
e Substituting in the AdS scalar wave equation for ®
[z28§ — (3-2J — 2/{222) 20, + 22 M* — (,LLR)Q} ;=0

e Upon substitution z— (¢
05(C)~ (P2 B(()

we find the LF wave equation

d? 1 —4L2
(—— — -2 4 262(L+ S — 1)) Gy = M2y

d(? 4(2

X

with (uR)% = —(2 — J)2 + L2

. Light-Front Holography and
Transversity 2011 5 Proton Trans%,ersit? Stan Brodsky, SLAC
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Transversity 2011

Light-Front Holography and
Proton Transversity
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Bosonic Modes and Meson Spectrum

4k% for An =1
M? =4k%*(n+ J/2+ L/2) — 4k*(n+ L + S§/2) wiorar =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 - =
3,(2040)
2 _ﬂ(1§00) | e _p(1700) R, f,(2050) |
’ | n(1300) m,(1670) i , _w(1;50) |
e (1320)
| 0(1420) % ]
L . f,(1270) -
n S =0 ' S =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)

. Light-Front Holography and
Transversity 2011 5 Proton Trans%,ersit? Stan Brodsky, SLAC
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String Theory

Mapping of Poincawe’ and Conformal SO

(4,2) symumetvies of 3+1 space
AOLS/CFT to- AdS5 space
Goal: First Approximant to- QCD
Counting rules for Hard Exclusive
R%%Z%fm Conformal behawior at shovt distonces
+ Confuinement at large distonce
AdS/QCD

QCD at the Amplitude Level

Semi-Classical QCD / Wave Equaltions

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

Hadrow Spectra, Wavefunctions, Dynawmics

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Features of Soft-Wall AdS/QCD

* Single-variable frame-independent radial Schrodinger equation
* Massless pion (mq =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: LEWFs; broad distribution amplitude

* No large Nc limit required

* Add quark masses to LF kinetic energy

* Systematically improvable - diagonalize Hrr on AdS basis

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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e Baryons Spectrum in "bottom-up” holographic QCD
GdT and Brodsky: hep-th/0409074, hep-th/0501022.

Bawyons i Ads/CFT

e Action for massive fermionic modes on AdSs: From Nick Evans

S[W, U] = /d4x dz /g ¥ (z,2) (zTng — ,u) U(x, 2)

e Equation of motion: (iFEDg — ,u) U(z,z) =0
d
[7; (zngmuam + §FZ> + uR] U(zf) =0 Hard Wall

e Solution (uR =v +1/2)

U(z) = C22 [T, (zM)ug + Jyp1 (zM)u_]
e Hadronic mass spectrum determined from IR boundary conditions ¢+ (2 = 1/Aqcp) = 0

M* =B, Agep, MT = By x Aqep

with scale independent mass ratio

e Obtain spin-J mode (I)m-"uj_yz’ J > % with all indices along 3+1 from W by shifting dimensions

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Fermionic Modes and Baryon Spectrum

GdT and sjb, PRL 94, 201601 (2005) |

Yukeawa interaction
in 5 dimensions

From Nick Evans

Action for Dirac field in AdS;. 1 in presence of dilaton background ¢(z)\ [Abidin and Carlson (2009)]

Factor out plane waves along 3+1: Up(x

Solution (v =

U, (2) ~ 2217 W22 LY (152,2),

S = /ddﬂﬁe@(z) (1We TADpy W + hoc + p(2) TV — pTT)

hz) = e T (z)

[z’ (znﬁmrgam + QFZ) + uR + /452,2] U(z*) = 0.

pR— 3, v=L+1)

\If_(Z) N Z§—|—V€—ﬁ: z2/2L1/—|-1( 222)

Eigenvalues (how to fix the overall energy scale, see arXiv:1001.5193)

M? =4x2(n+ L +1) positive parity

Obtain spin-J mode (I)m-"/w_l/w J > % with all indices along 3+1 from W by shifting dimensions

Large N¢:

M? = 4k?(Ng +n+ L —2)

— M~ +/N¢ AQCD
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Non-Conformal Extension of Algebraic Structure (Soft Wall Model)

e We write the Dirac equation

(adI(¢) = M) ¥(¢) =0,

in terms of the matrix-valued operator 11 v=14+1
1
IL,(¢) = —i (d% - ng 25 — leC%) :
and its adjoint I1T, with commutation relations Soft Wall
@ 10)] = (25— -2
e Solutions to the Dirac equation
bi(Q) ~ 2P CLLY(RC),
bo(Q) ~ 2T LI (RER).
e Eigenvalues
M?* = 4x*(n+ v+ 1).
Transversity 2011 Ligh;;frzzt;:::‘z‘ggﬂg and Stan Brodsky, SLAC
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I CHITNVIIILV IVIUUCO dllu Ddl yvil dpouuuiii

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

Nucleon LF modes

¢+(C)n,L

(U (C)n,L

Normalization

Eigenvalues

“Chiral partners”

From Nick Evans

n+ L)

K2+L\/( 2n! C3/2+L6—n2g2/2L£+1 (H2C2)

K

34+L

1 2n! 5oL k20227042 (2,2
e " L K
\/n—I—L—I—Q\/(n—FL)!C W ()

[acvi© = [acu

M%,L,S:1/2 =4k’ (n+ L +1)

M (1535) — /5
M N (940)
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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) |

151

| N(1710) N(1680) |
_ N(1720) 5[ A(1950)
- N(1440) ' A(1905)
' | A(1920)
5[ A(1600) A(1910)
N(940) |
[ A(1232)
L
Parent and daughter 56 Regge trajectories for the N and A baryon families for kK = 0.5 GeV
. Light-Front Holography and
Transversity 2011 5 Proton Tmns‘g,erls)ig, Stan Brodsky, SLAC
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112"
13/2+
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M~ (GeV?) oot op  Di52*(2950)
£ A;1z+(2390) 10 1
Ag,,*(2300)
N=0 A1121(2420) . 712"
6k A,,,*(1910) Ag,~(2223) o2 or2”
—> A,,,+(1920) A, 712 N 11/2°
Ag/,*(1905) 191//22+ A ,,-(2750)
A7,,*(1950) s 32"
4} Ay27(1620) 12 A ,~(2350)
A4,,~(1700) \ 3/; 200 e N=1
A,,,-(1900) 512 7(/2+ ) A,,-(2400)
Ay,*(1232) Ayyy-(1940) €—
2 A, ,+(1750) Ag,~(1930)
A,,*(1600)
L+N
O ] ] ] ] ] ] ] >
0 1 2 3 4 ) 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.

Light-Front Holography and
Proton Transversity
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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 hadrons

Q? (GeV?)

e n-parton holographic mapping

e Heavy flavor mesons

hep-th/0501022

c% hep-ph/0602252
L:L? ] arXiv:0707.3859
arXiv:0802.0514
arXiv:0804.0452

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Spacelike piow form factor fromAdS/CFT

| Data Compilation
| Baldini, Kloe and Volmer

Transversity 2011

Soft Wall: Harmonic Oscillator Confinement

Hard Wall: Truncated Space Confinement

One parameter - set by pion decay constant.
7 VP ) de Teramond, sjb

See also: Radyushkin

Light-Front Hol hy and
B roton Traneeomity Stan Brodsky, SLAC

Proton Transversity
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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
FQ) = [dCIQ.Ow+ (0
Fr@) = —3 [ dCIQ0) [l6+(O)F = [6-(0)F].
where FP(0) = 1, F7(0) = 0.

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Current Matrix Elements in AdS Space (SW) sjb and GdT
Grigoryan and Radyushkin

e Propagation of external current inside AdS space described by the AdS wave equation
[z20§ — 2z (1 + 2/12z2) 0, — QQZQ] Jx(Q, z) = 0.
e Solution bulk-to-boundary propagator

e =r(1+G)u(Emon) (o

where U (a, b, ¢) is the confluent hypergeometric function MOUL@Z/

['(a)U(a,b, z) = / e 101 ) La,
0

e Form factor in presence of the dilaton background ¢ = K22
d
F(Q*) =R’ z_§ e_’i222<I>(z)J,<,(Q, 2)®(2).

e Forlarge Q% > 4k?
Ju(@,2) — 2QK1(2Q) = J(Q, 2),

the external current decouples from the dilaton field.

. Light-Front Holography and
Transversity 2011 5 Proton Trans%,ersit? Stan Brodsky, SLAC
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Dressed soft-wall cuwrvent brings inv higher
Fock states and move vector mesovw poles

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Do

, log | Far(Qz) |
ql 7

'y

‘!
0' A : ";QEE:: ‘I:g::lg ll!lll: 7
3 t

N bt
ol 7
| Q* GeV?
0 i é é b

Spacelike and Timelike Piow Form Factor

Structure of the space- and time-like pion form factor in light-front holography for a truncation of the
pion wave function up to twist four. Triangles are the data compilation from Baldini et al., [42] red squares
are JLAB 1 [43] and green squares are JLAB 2. [44]

|7T >= wch/ﬂm_q > _|_77chchq/7r|qq_(jq >
AdS/QCD K = 0.54 GeV
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QI (Q%)

1.2 -

001111111111111111111111111111111111
.

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.

. Light-Front Holography and
Transversity 2011 5 Proton Trans%,ersig Stan Brodsky, SLAC
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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 kK = 0.424 GeV. Data analysis from M. Diehl et al. Eur. Phys. J. C 39, 1 (2005).

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Form Factory inAdS/QCD

1
F(Q)=——Fr N=2

L+

1

F(Q%) = 2 ~ N=3

(1+ &) (1+ &)

, 1

F(Q7) N

1
Positive Dilaton Background exp (+x%z?) ./\/l,i — 4K° <n + 5)
4Kk (N—1) Q2 — OQ
F(Q*) — (N - 1)!|=5]

QZ Constituent Coumndling

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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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— , (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
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Nucleon Elastic and Transition Form Factors

Q2
1 V2 M2
F{)<Q2) — Q2 Q2 ! Fle—>N* (QQ) — 3 2 Q2 Q> ’
(1+W)(1+M%) (1+m)(1+M%)(1+M2’,>
f o Pl ]

1.2

1 015

1 010

1 o005 L

T O Y T Y T A Y Y SN MY N RO 0.00 I I I I | I I I I | I I I I | I I I I | I I I I
10 15 20 25 30 35 0 1 2 3 4 5

Figure 2: Dirac proton form factors in light-front holographic QCD. Left: scaling of
proton elastic form factor Q*FF(Q?). Right: proton transition form factor FY ,,_ . (Q?)
to the first radial excited state. Data compilation from Diehl [32] (left) and JLAB [33]

ight).
(right) Guy de Teramond, sjb

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Chiral Features 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§~* — _|_1/27 L? =0;5% = —1/27 L7 = +1
JF=+1/2:<L”>=1/2,<5; =0>

Self-Dual Massive Eigenstates: Proton is its own chirz

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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Higher Fock States

* Exposed by timelike form factor through dressed
current.

* Created by confining interaction

_ ~ /{4 / dZC_dQCE)J_ afy_FTaw 1 Efy_FTaw
confinement — P+ ( o / 8¢)4 P+

* Similar to QCD(1+1) in lcg

* No explicit gluons - quark interchange dominates
exlusive reactions

»-’: : ; : de Teramond, sjb

e et <




AdS/QCD and Light-Front Holography

e Hadrons are composites of quark and anti-quark
constituents

* Explicit gluons absent!

* Higher Fock states with extra quark/anti-quark pairs
created by confining potential

* Dominance of Quark Interchange in Hard Exclusive
Reactions

* Short-distance behavior matches twist of
interpolating operator at short distance —- guarantees
dimensional counting rules —-

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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PHYSICAL REVIEW D VOLUME 49, NUMBER 1 1 JANUARY 1994

Comparison of 20 exclusive reactions at large ¢

C. White,%* R. Appel,1>T D. S. Barton,! G. Bunce,! A. S. Carroll,!
H. Courant,* G. Fang,** S. Gushue,! K. J. Heller,* S. Heppelmann,?
K. Johns,*$ M. Kmit, "Il D. I. Lowenstein,! X. Ma,® Y. I. Makdisi,’
M. L. Marshak,* J. J. Russell,3
and M. Shupe*$

! Brookhaven National Laboratory, Upton, New York 11973
2 Pennsylvania State University, University Park, Pennsylvania 16802
3 University of Massachusetts Dartmouth, N. Dartmouth, Massachusetts 02747
4 University of Minnesota, Minneapolis, Minnesota 55455
®New York University, New York, New York 10003
(Received 28 May 1993)

We report a study of 20 exclusive reactions measured at the AGS at 5.9 GeV /¢ incident momentum,
90° center of mass. This experiment confirms the strong quark flow dependence of two-body hadron-
hadron scattering at large angle. At 9.9 GeV/c an upper limit had been set for the ratio of cross
sections for (pp — pp)/(pp — pp) at 90° c.m., with the ratio less than 4%. The present experiment
was performed at lower energy to gain sensitivity, but was still within the fixed angle scaling region.
A ratio R(pp/pp) ~ 1/40 was measured at 5.9 GeV/c, 90° c.m. in comparison to a ratio near 1.7
for small angle scattering. In addition, many other reactions were measured, often for the first time
at 90° c.m. in the scaling region, using beams of #¥, K% p, and p on a hydrogen target. There
are similar large differences in cross sections for other reactions: R(K p - 77X~ /K p — n~XL™F)
~ 1/12, for example. The relative magnitudes of the different cross sections are consistent with the
dominance of quark interchange in these 90° reactions, and indicate that pure gluon exchange and
quark-antiquark annihilation diagrams are much less important. The angular dependence of several
elastic cross sections and the energy dependence at a fixed angle of many of the reactions are also
presented.

. Light-Front Holography and
Transversity 2011 5 Proton Trans%,erﬁig Stan Brodsky, SLAC
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We report a study of 20 exclusive reactions measured at the AGS at 5.9 GeV /c incident momentum,
90° center of mass. This experiment confirms the strong quark flow dependence of two-body hadron-

hadron scattering at large angle.

The relative magnitudes of the different cross sections are consistent with the
dominance of quark interchange in these 90° reactions, and indicate that pure gluon exchange and
quark-antiquark annihilation diagrams are much less important. The angular dependence of several
elastic cross sections and the energy dependence at a fixed angle of many of the reactions are also

presented.

K—I—

K+

. Light-Front Holography and
Transversity 2011 5 Proton Tms%,erﬁig Stan Brodsky, SLAC
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0% | . . .
o - | = Differential cross sections for the 16 meson-
N - | 7 baryon and 4 baryon-baryon measured in this experiment.
; _ | 7 The cross sections are at, or extrapolated from, near 90° cen-
& . & 9 T | ter of mass. The four quark flow diagrams which contribute
g2 ® i to each of the 20 reactions are given in the chart at the top
o - e | ¢ = of the figure. Those reactions which have a contribution from
— - | 7 quark interchange(INT) are given by the solid black points.
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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)]
/ d*x / dz e"MNPC AL 91 ANOp Ag
~ (2m)*8W (pr + g — k) Fry (0%) €7 €,u(q) (D)0 (K) g
e Take A, x ®,(2)/z, D,(2) = \/%/4,226_"%2/2, (Pr|Pr) = Pyg

o Find (d(z) = V3frx(l — ), fr=/Pgr/V2n)

4 (1 o(x) P _02(1_ 2 42
2 2\ . q@°(1—x) /A fZ x
QF””(Q)‘ﬁ/O doy— [1-e |

1l —=x

G.P. Lepage, sjb
r'g

normalized to the asymptotic DA [F,; = 1 — Musatov and Radyushkin (1997)]
e Large (O TFF is identical to first principles asymptotic QCD result Q2FM(Q2 — 00) = 2f;

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

. Light-Front Holography and
Transversity 2011 5 Proton Trans%,ersit? Stan Brodsky, SLAC
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Photon-to-pionw transition form;

foctor

(Chern-Simons)

40

Lepage, sjb Q*Frr(Q? — 00) = 2f5
0.30
0.25 | *
S : o
QJ .
S 0203 _ = FYL. E------- e e
N - O T | p—ee—CRCETee
AN =I'® ] Jee°°""’
@5 L “gtr
\E; ele i é,,g ’I ) m BaBar
~ 0hi . CLEO
o 0.10 =: A CELLO
F.-G. Cao, ------ Free current; Twist 2
0.05 f G.de Teramond, — = Dressed current; Twist 2
S]b — Dressed current; Twist 2+4
0.00 l l l l ] l l l l ] l l l l ] l l l l
0 10 20 30
Q%(GeV?)
Transversityzorr o emeny
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Prediction from AdS/CFT: Mesow LFWF

1.5

ft Wall Model

de Teramond, sjb

drr(x, Qo) o Jz(1 — )

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

. Light-Front Holography and
Transver sity 2011 Proton Transversity
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Prediction from AdS/CFT: Mesow LFWF

de Teramond, sjb

v (z, k9 “Soft Wall”
model
k= 0.375 GeV
Note coupling
> massless quarks
kY, @
47 o
k) = 2n2z(1—2)
Yz, kL) /(1 — m)e

Cornwmection of Confinement to-TMDy

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Hadrow Distribution Amplitudes

Lepage, sjb

kT < Q?

> - -
Fixed T=t+4 z/c

* Fundamental gauge invariant non-perturbative input to hard

exclusive processes, heavy hadron decays. Defined for
Mesons, Baryons

Lepage, sjb
* Evolution Equations from PQCD, OPE, Contormal  Efremov, Radyushkin.
Invariance Sachrajda, Frishman Lepage, sjb

Braun, Gardi
* Compute from valence light-front wavefunction in light-

cone gauge

—

Q —
oz, Q) :/ d°k yg(x, kL)

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Second Moment of Pion Distribution Amplitude

1
<& >= /1d€ 2o (€)

E=1-2x

<& >.=1/5=0.20 Dasympt X (1 — )

< 52 > = 1/4 = (0.25 ¢AdS/QCD X \/33(1 — $)

Lattice (I) < &* >,= 0.28 £ 0.03 Donnellan et al.

Lattice (IT) < &% >,= 0.269 + 0.039 Braun et al.

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Generalized parton distributions in AdS/QCD

Alfredo Vegal!, Ivan Schmidt!, Thomas Gutsche?, Valery E. Lyubovitskij®*

! Departamento de Fisica y Centro Cientifico y Tecnoldgico de Valparaiso,
Universidad Técnica Federico Santa Maria,

Casilla 110-V, Valparaiso, Chile

2 Institut fir Theoretische Physik, Universitit Tibingen,
Kepler Center for Astro and Particle Physics,
Auf der Morgenstelle 14, D-72076 Tiibingen, Germany

(Dated: January 19, 2011)

w(z =0.1,b,) d(z =0.1,b,)
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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

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersié Stan Brodsky, SLAC



Nearly conformal QCD?

Define o s from 1 1 0
.0 7 rp_n = / i f X, QZ 81 X, QZ S T L
Biorkén sum, ' 0 (8 Q) - 81 (x. ) 6% ( T )
T iiI :
v iﬁ i ol = spin dependent structure
i £} functio
05 - H li_ﬁﬁ:
04 A JLab CLAS i Recent J)Lab data from
03 - ¥c JLab PLB 650 4 244 :': Eq1(2008), CLAS, and Hall A
] a Jmworld data [
02 - | TR T
X a | l i s runs only
------ GDH limi I modestly at small Q2
OO()é i pOCD evol. eq.
ggi 6 o, /m OPAL T | & Gribov
0.06 - | | IEEEREENN | I‘ IEREEREE
107 1 0(GeV) Fig. from 08034119, Duer et al.

Deur, de Teramond, sjb 178



Deur, Korsch, et al.

B

- A o /nJLab - GDH limit| — Burkert-Ioffe
3 58

— Fit pOCD evol. eq.

%

Bloch et al.

X
<
L

%
35
53R
%
35
58
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55
25
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b2,
5
&35
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3RS
$RLRS
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25

55
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S35
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KRR
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3XKS
%S
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5
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2
RRL
<5
%
%
%
%
%
%
35
%
%
%
%
%5
%
%

o
o
0

— Godfrey-Isgur

............... Bhagwat et al. ® Lattice QCD

.....

DSE gluon.

10 couplings

107! i
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Ruwnwning Coupling from Modifted 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

__ /{222

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) _ aAdS(O) €—Q2/4/<:2.

iIncorporates the non-conformal dynamics of confinement

180



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

OzAdS

S

(Q)fm =e @/

k = 0.54 GeV

)
0.8 |-
06 . { X
----- Modified AdS 1§ |1 .. il
— AdS | i|:\
04 - — L ||
i Otgl/J'E (pQCD) 0
ocgl/:n: world data '
------- GDH limit X og,/m
02 7¢ o /mnOPAL
A o, /nJLab CLAS
M o, /n Hall A/CLAS
o @ Lattice QCD (2004) (2007)
| | | | | | | | ‘
10" ]

Deur, de Teramond, sjb
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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
T i - g} L T
: RSER s
- o A
; A >‘ 1T ol i //:-__ [ ] {
4 \ i A;: »'“ /
1 '»..,tﬂu\\_‘ / |
i Lattice QCD (2007)
- ¥ From Ol B Froma ol
- - Hall A/CLAS
: ® Lattice QCD (2004) Ut A  From o, CLAS
- —— AdS M ----- From GDH sum
- rule constraint on o
— === Modified AdS From a.,, (PQCD) ‘
107 ] 10
Q (GeV)
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Applications of Nonperturbative Ruvrning
Coupling fromAdS/QCD

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

* Heavy Quark Production at Threshold

AW inwolve gluo exchange at small

momentum transfer

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersig, Stan Brodsky, SLAC
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L+ V(O] 6(0) = M26(0)

de Teramond, sjb

I

(1—=)

¢ =/z(1—2)52  HolographicVariable

d _— ki LF Kinetic Energy irv
d¢? — z(l—x) momentunn space

Assume LFWF iy av dynamical functionw of the quark-
anliquark lowawriant mass squared

2 2
d d m? | ms k% +m3 - kY +m;
? | | — |
d(? d(? X 1 —x 7 1 —x
Transversity 2011 Ligh;;fizzt;::;‘g,zfg and Stan Brodsky, SLAC
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Resudt: Soft-Wall LFWF for massive constituenty

AT e (kL  mi m3
oK) = NG
ky/z(1 — )

LF WF inv impact space: soft-wall model

withv massive guarks
2 2
CK +k2z(1—7)b2 — 5 {721 +%]
Y(x,b) = —=vz(l—x)e ° 2k '
/T
z—(—X
1 m? ma
2 2 1 2
X" =0z(1—2)+ —[— - |
K> X 1l —2x
Transversity 2011 Lig";;f:ﬁ;“;f;’,‘,‘;%ﬁﬁ’g and Stan Brodsky, SLAC

185



.2

k = 0.375 GeV m, =my = 1.25 GeV

. Light-Front Holography and
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Static QQQ Potential

e For heavy quarks LF holographic equations reduce to NR Schrodinger equation in configuration space

V(r)=—s——=4+ Veons(1) de Teramond, sjb

where Veonf o 5Myedw?r?, Myed = mqQmg/(mq +mg) and w = K%/ (mg + mg)

~ 57
£ |
—_ 25
o B
= C
q) [
S 0
A i
@
25 -
2 L
g
2 5=
75 F
10 [}
:;: - Cornell Potential
-12.5 -3 ) 80r JLab (V scheme)
) e Cornell Potential L a0y
-5 é JLab (V scheme) '90§ ----- Anzaietal. # M. Peter (BLM)
— 4oy ®/3r 100,005 .01 0:015 0.02 0025 0.03 0035~
-17.5 | A R S BRI R A R
0.2 04 0.6 0.8 1 1.2 14 1.6

r (fm)
Comparison of Coulomb (Q() potential with Cornell potential

188



Features of Soft-Wall AdS/QCD

® Single-variable frame-independent radial Schrodinger
equation

® Massless pion (mg=0)

® Regge Trajectories: universal slope in nand L

® Valid for all integer J & S.

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

® LF Holography: LFWF's; broad distribution amplitude

® No large Nc limit required

® Add quark masses to LF kinetic energy

® Systematically improvable -- diagonalize Hrr on AdS basis

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersié Stan Brodsky, SLAC



Use AdS/CFT orthonormal Light Front Wavefunctions
as o basis for diagonalizing the QCD LF Hamiltoniawn

* (Good initial approximation

Pauli, Hornbostel,
* Better than plane wave basis e IMCE oL N HabYSEE R b

* DLCQ discretization —- highly successful 1+1
* Use independent HO LFWFs, remove CM motion

e Similar to Shell Model calculations

* Hamiltonian light-front field theory within an AdS/QCD basis.
J.P. Vary, H. Honkanen, Jun Li, P. Maris, A. Harindranath,

G.F. de Teramond, P. Sternberg, E.G. Ng, C. Yang, sjb

. Light-Front Holography and
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“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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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”




Gell-Mawruwv Oakes Revwner Fornmuda 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”




General Form of Bethe-Salpeter Wowvefunctiow

[ (k; P) = ivs Ex(k, P) + 757 - PFx(k; P)
+v57v - kG (k; P) — v50,, k" PY H (k; P)

— P/2+k
Fw(k,P) T ’ P
y /2 — k

Allows bothv < 0|qy57,q|m > and < 0|qysq|m >

§*=-1,L°=+1
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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

u :
T i -

SZ48%=-1/2-1/2=—1

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

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersig, Stan Brodsky, SLAC
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Runwning constituent mass al vertex

P

_ - d - -
I7=41,8"= -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(£2;¢) = B(t%,Q)/A(¢% ) rwwning quork maousy, o



Ruwnwning guark mass irnv QCD

S~ p) =iy-p A(p*) + B(p®)  m(p®) =

I | ! | I !
04 Rapid acquisition of mass is _
. L ,effect of gluon cloud Dyson- Schwinger
0.3 — m=0 (Chiral limit)| | Chang, Cloet
';' — m =30 MeV ’ o ’
3 — m =70 MeV El-Bennich
= o Klahn, Roberts
=
Consistent with EW input
0.1 R Y at high p’
TR TTTTERR b Survives even at m=0!

Spontaneous Chiral
p [GeV] Symmetry Breaking!

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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PHYSICAL REVIEW D VOLUME 9, NUMBER 2 15 JANUARY 1974

Chiral magnetism (or magnetohadrochironics)
Aharon Casher and Leonard Susskind

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

On the other hand an approach to quantum field
theory exists in which the properties of the vacu-

um state are not relevant. This is the parton or y
constituent approach formulated in the infinite- LW' Front
momentum frame. A number of investigations FOVWLO(J/QWVI/

have indicated that in this frame the vacuum may
be regarded as the structureless Fock-space vac-
uum. Hadrons may be described as nonrelativistic
collections of constituents (partons). In this frame-
work the spontaneous symmetry breakdown must be
attributed to the properties of the hadron’s wave
function and not to the vacuum.’

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Is there evidence for a gluonw vacuuum condensate?

< O| G“’”( )G, (0)]0 >

Look for higher-twist correction to current propagator

Shifman, Vainshtein, Zakharov

X X

ete”™ — X, 7 decay, QQ) phenomenology

Re+e—

Transversity 2011

A?
\ Z - 0 AQCeD
— C 63(1 I W | ...)
q

Light-Front Holography and
Proton Transversity
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Determinations of the vacuuwum Glwonw Condensate
< 0/2=G?|0 > [GeV"]

—0.005 £ 0.003 from 7 decay. Davier et al.
0.006 = 0.012 from 7 decay. Geshkenbein, loffe, Zyablyuk

+0.009 £+ 0.007 trom charmonium sum rules
Iofte, Zyablyuk

13 E

Consistent with gero-
vacuuuwm condensate

1.08 |
1.26 |-

1.04 |

- -0.03 -0.02 -0.01 0 0.01 0.02 0.03

. Light-Front Holography and
Transversity 2011 5 Proton Trans%rersitirr Stan Brodsky, SLAC
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tffective Confinement potentiold from soft-wall AdS/QCD gives Regge
Spectroscopy plus higher-twist covrection to- current propagator

M? = 4x? (n+ L+ S/2) light-quark meson spectra

_ Kk~ 0.5 GeV

Rete-(s)=Ne Y er(14+ 0= +---)

mimicsy dimension-4 gluonw condensate < O]%GW(O)GW(O)\O > v

ete”™ — X, 7 decay, QQ phenomenology

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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Suwmmawy onv QCD " Condensates’
* Condensates do not exist as space-time-independent

phenomena

* Property of hadron wavefunctions: Bethe-Salpeter or Light-
Front: “In-Hadron Condensates”

* Find: < 0|gq|0 >
[

< 0|giysq|m > similar to < O|gy*~vysq|m >

= — < 0[iqysq|m >= pr

e Zero contribution to cosmological constant! Included in
hadron mass

® Qx survives for small mq — enhanced running mass from
gluon loops / multiparton Fock states

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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RAPID COMMUNICATIONS

PHYSICAL REVIEW C 82, 022201(R) (2010)

New perspectives on the quark condensate

Stanley J. Brodsky,!? Craig D. Roberts,** Robert Shrock,> and Peter C. Tandy®
ISLAC National Accelerator Laboratory, Stanford University, Stanford, California 94309, USA
2Centre for Particle Physics Phenomenology: CP*-Origins, University of Southern Denmark, Odense 5230 M, Denmark
3 Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
*Department of Physics, Peking University, Beijing 100871, China
SC.N. Yang Institute for Theoretical Physics, Stony Brook University, Stony Brook, New York 11794, USA
®Center for Nuclear Research, Department of Physics, Kent State University, Kent, Ohio 44242, USA
(Received 25 May 2010; published 18 August 2010)

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

L functions.

. Light-Front Holography and
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Quawk and Gluon condensates reside
within hadrons, not vacuuum

Casher and Susskind Maris, Roberts, Tandy Shrock and sjb

* Bound-State Dyson Schwinger Equations
* AdS/QCD

* Implications for cosmological constant --
Eliminates 45 orders of magnitude conflict

. Light-Front Holography and
Transversity 2011 5 Proton Trans%,ersig Stan Brodsky, SLAC
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Features of AdS/QCD LF Holography

¢ Based on Conformal Scaling of Infrared QCD Fixed Point

¢ Conformal template: Use isometries of AdS5

¢ 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 for spacelike observables

¢ 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

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

. Light-Front Holography and
Transversity 2011 5 Proton Trans‘g,ersié Stan Brodsky, SLAC
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Transversity

Angular Momentum Structure; and
the SpinvDynawmics of Hadvons

® Test Fundamentals of Gauge Structure of QCD
® Fundamental Measures of Hadron Structure

® Angular Momentum of Confined Quarks and Gluons

® Breakdown of Conventional Wisdom
® Breakdown of Factorization ldeas
® Crucial Experiment Tests, Measurements

Remawkable array of theory and experimental talks

. Light-Front Holography and
Transversity 2011 Proton Transversity Stan Brodsky, SLAC
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