Prediction for
Single-Spin.
Asymmetry

LC 2008
July 8, 2008

0.5

0.4

sin
U 0.3

0.2—-

0.10-

sing 0.06
AUL |

0.02- &

11-2002
8658A1

Light-Front Holography &im 4. sky
117 SLAC & IPPP

117



pl+ rle
' !
—_— —

can interfere

q
L]

Al
|

with

N T ~r\f\-)
Pt H
{ I

2

. and produce
a T-odd effect!

L

(also need L. # 0)

|
P

p

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

Sivers asymmetry from HERMES
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Light-Front Holography
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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: Hermes
charge pattern follow quark
contributions to anomalous

moment
Stan Brodsky

SLAC & IPPP
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Large K"
asymmeftry!

Difference at
low x from

sea-quark
OAM?

Gardner, sjb

in progress
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Gardner, sjb
Seavw quawks carry ovbitad angular momentunmy

final state
interaction

spectator >

system

proton

Sivers effect for 77 (ud) reduced by L7 at low x
Sivers effect for 7~ (du) reduced by Lz at low x

Sivers effect for K (u3) increased by L !

LC 2008 Stan Brodsky

July 8, 2008 Light-Front Holography i
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S. Levorato, Transversity 2008 May 28-31 - Ferrara, Italy

. mhﬁ:‘f,.: COMPASS |2007 proton data

0.1 B ;

SR A LI

0.1 - -

Lol Lol Lo s | | | | | | |
102 10" 0.2 0.4 0.6 0.8 0.5 1 1.5
Xgj p p, [GeVic]

0.2

Overall systematic error has been evaluated to be 0.5 o, for Sivers asymmetry for this analysis.

Asymmetry small, compatible with zero within present statistical errors

v Unexpected result
~ Of paramount importance

Possible resolution of conflict withvHevrmes: VI, VS. Yt

LC 2008

July 8 q Stan Brodsky
y 8, 200

I2X
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Predict Opposite Sign SSA in DY !

Collins;
= > Hwang,
P > Schmidt. sjb

cl
D
+

-
P4 >

§ing}e Spin Asymmetry In the Drell Yan Process

Sp D X Gy

Quarks Interact in the Initial State

Interference of Coulomb Phases for .S and P states

Produce Single Spin Asymmetry [Siver’s Effect]|Proportional
to the Proton Anomalous Moment and o,.

Opposite Sign to DIS! No Factorization

LC 2008 . Stan Brodsk
Light-Front Holograph y
July 8, 2008 2 Sl Y SLAC & IPPP
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: Boer, Hwang, sjb
> :
- <
g : <
u :
u E
-
=]
> <

DY cos 2¢ correlation at leading twist from double ISI

LC 2008

July s q Stan Brodsky
y 8,200

Light-Front Holography SLAC & IPPP

123

123



Double Initial-State Interactions
generate anomalous cos 2¢ | Boer, Hwang, sib
Drell-Yan planar correlations
1d
~ 27 (1 + Acos® 6 + 11sin 20 cos ¢ + Y gin? Hcos2gb)
o df) 2

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

P N — uTu~X NA1O

2
0.4

I

& e
o d o,
O 1 5 + g i
- & . -
o 4 ‘e
- 0 » o,

) | 0.35
T 0.3f
% oy Qr) )
0.2+

i | _ j Q = 8GeV-
J—— . O 0 5 N "“/‘,." |
Pl P] Pl e | IDOublle ISII | |
. . 05~ > 38 4 5 6 7,8
Violates Lam-Tung relation! Qr
Model: Boer
LC 2008 . Stan Brodsky
Light-Front Holograph
July 8,2008 = Sl SLAC & IPPP
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Anomalous effect from Double ISI inv
Massive Lepton Production

Boer, Hwang, sjb

COS 2¢ correlation p , P,
* Leading Twist, valence quark dominated 00s, A A
fie ~ QU
4 o r
* Violates Lam-Tung Relation! | - L

P '
* Not obtained from standard PQCD subprocess analysis

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

* No polarization required

* Challenge to standard picture of PQCD Factorization

LC 2008

July 8 q Stan Brodsky
y 8,200

Light-Front Holography SLAC & IPPP
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e

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

LC 2008
July 8, 2008

Stan Brodsky

Light-Front Holography SLAC & IPPP

126

126



Ol

o
J

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

Enhanced by gluon color charge

LC 2008

July 8 q Stan Brodsky
y 8,200

Light-Front Holography SLAC & IPPP
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Problem for factorigation whew botiv ISI and FSI occur

LC 2008

July s q Stan Brodsky
y 8,200
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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]

AN
AN /
AN
- N */
N - N
N - Y /
N - N\ /
\3/ \é
/7 ~ /7
Ve ~N / \
Ve ~ \
4 \\ 7/ ¥
N~ L \
/7
Ve \
7 \
=). Z < :).:

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

tions.
50Nk Light-Front Holography S HRpikL gy
July 8, 2008 SLAC & IPPP
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Physics of Rescattering
Diffractive DIS

Non-Unitary Correction to DIS: Structure functions are not
probability distributions

Nuclear Shadowing, Antishadowing- Not in Target WF
Single Spin Asymmetries -- opposite sign in DY and DIS

DY angular distribution at leading twist from double ISI--
not given by PQCD factorization -- breakdown of
factorization!

Wilson Line Effects not | even in LCG

Must correct hard subprocesses for initial and final-state soft
gluon attachments

Corrections to Handbag Approximation in DVCS!

Hoyer, Marchal, Peigne, Sannino, sjb
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N — ut u X at high xr
In the limit where (1-xr)Q? is fixed as Q% —

Hoyer Vanttinen

“Direct” Subprocess
x —0
Entire pion wi
contributes to !
hard process N
U Virtual photon 1s
longitudinally

polarized

Berger, sjb
Khoze, Brandenburg, Muller, sjb

LC 2008

e q Stan Brodsky
y 8, 200

13X
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w N — }L+ I.L_X at 80 GeV/c Dz'relct Su!bprol‘essPlreaﬁl‘icItion.,
|2
d |
ﬁm 1 + A cos?6 + p sin26 cos¢ + w sin’6 cos2¢. 0.8 ?
2 (k) 0.4f }
d o 2 2 4 T/ .2 L
1—x,)2(1+ +2 6
dx ,d cosé sk | (DS Fo0std) 9 Mm? ) A OF |
i), At
2\ __ 252

(k) =0.62 £0.16 GeV*/c Tr = zg
-0.8
Dramatic change ivv el

angular distribution at o
Low 04 05 06 07 08 09
ge xr X
Example of a higher-twist Chicago-Princeton
di b Collaboration
irect su p rocess Phys.Rev.Lett.55:2649,1985
LC 2008 e Stan Brodsk
July 8, 2008 Light FronIt3 ilolography SLAC & IPP;
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S. S. Adler etf al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
Pouticle ratio- changes witihv centrality!

o 1.8 i proton/pion ] Protons less absorbed
B 1.6F 1 innuclear collisions than pions
o I i
1.4} :
: I <« Central
1.2 -
1 _ _ O m Au+Au 0-10%
: " : A o Au+Au 20-30%
0.8 [ ] o e Au+Au 60-92%
= A * p+p, \s =53 GeV, ISR
B 4 T b ---- e'e, gluon jets, DELPHI
0'6: ------ e*e’, quark jets, DELPHI
0.4f o |- :
: #" + +* LE <«— Peripheral
0.2[ -
o | :
0 1 2 3 4 Sickles, sjb
p; (GeV/c)
LC 2008 « - Stan Brodsk
July 8, 2008 Light-Front Holography SLAC & IPP;

133
133



pp — HX at high pr
Proton created from
jet fragmentation

Color Opaque

— | u
\
fj Nactive = 4
N= 2Nactive = 4
| n=4
LC 2008 U Stan Brodsk
Light-Front Holograph y

July 8, 2008 & grapy SLAC & IPPP
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Crucial Test of Leading -Twist QCD:
Scaling at fixed xr

neff

Ec%;(pN = X)) = Herfom)
Pt

Parton model: n.g =4

As fundamental as Bjorken scaling in DIS
Conformal scaling: neg = 2 nactive - 4

LC 2008

July 8 o Stan Brodsky
y 8,200
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QCD prediction: Modificatiow of power fall-off due to-
DGLAP evolution and the Running Coupling

Neff
6/ Pirner, Raufeisen, sjb
5.75!
5.5 2
: dO’ F(mT790M> _ﬂ
5.25¢ E (pN_>7TX) — pgeff VT = \/g
o)
4.5
4 .25}
I | . | | | | . | | | | . | | | | . V
5 10 15 20 Pr (GeV)

Key test of PQCD: power-low fall-off at fixed xr

LC 2008

July 8 o Stan Brodsky
y 8,200

136
136



Jul

(\s)"Ed’c/dp® (pbGeV*c?)

e
©

-t
o

g
©

-t
o

—t
~

-y
o

-y
»

-t
o

e
a

-t
o

-
=Y

-t
o

g
w

-
o

e
N

-t
o

—t
—

-t
o

:|_|'|'|T|T|_|_|_|_|T|'|'|] IIIII|T|'| IIIIII|T| IIIIII|'|]°IIIIII|'|] IIIIII|'|] IIIII|T|'| IIIIII|T| IIIIII|'|] IIIIII|'|] IIIIIIII| IIIII|T|'| IIIIII|'|] TTT

-t
o

©

-
o

o]

-t
o

N

-t
o

D

-t
o

\/gnEj?%'p(pp — vX) at fixed zp

p+p collisions \s=20-1800GeV

® DO p+p \s=1800GeV
[ CDF p+p \s=1800GeV
B UA2 p+p s=630GeV
O UAT1 p+p \s=630GeV
A UAT1 p+p \s=546GeV
A UA6 p+p \s=24.3GeV

p+p collisions \s=20-200GeV
¥ PHENIX-Run3 p+p \s=200GeV
¢ R806 p+p \s=63GeV
* R110 p+p \s=63GeV
u E706 p+p \s=38.7GeV
# E706 p+p \s=31.5GeV
+ UAG6 p+p \s=24.3GeV
X NA24 p+p \s=23.75GeV
- WA70 p+p \s=22.96GeV

-—h

137

Tannenbaum

Scaling of direct
photon
production
consistent with

PQCD

Stan Brodsky
SLAC & IPPP
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pp — yX

B4 (pp — yX) = T p%xT)

gu — yu

Nactive = 4

Neff= 2Nactive -~ 4

v _
v Mefr=4
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\/56'3 X Ed—a(pp — H*X) at fixed xp

d3p

<« '102f @ = CDF  ° 1800GeV -

L 10 0%2% c . e Tannenbaum

Y

% 1020 o UAT - 900 GeV

Q) o 500 GeV

= O Buy, %o o 200 GeV

o 18 &

E W PHENIX = 200Gev
(o) K

o 16 0 o 53 GeV

5 10 * 2oy Scaling

o)
™ ° ) )
© 10 1 inconsistent with
3 1012 PQCD

>

(\5 10 10

g 8 30%

10 h*e h ‘{7",
2 ,
10 ° B
bl -3| Lol -2| Lol -1| L
10 10 10 1
N X+ (GeV/c) T
200 . B Stan Brodsky
July 8, 2008 Light Frorig ;{olography Yy
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Protons produced in AuAu collisions at RHIC do not exhibit clear scaling properties in the

available pp range. Shown are data for central (0 — 5%) and for peripheral (60 — 90% ) collisions.

10 —vv v | v v v v 5 v v v 1
ontinuous rise [of n with xp. T
3 C % > .
o
| : }ﬁ S
@ !% if E
.......................... A ..P..................% I XY CFE CEP PR PP PP PP TP ITTY TP TP ET IR PP PRPRPRPITTTY
Reff =4 hﬁ ]
SR RHIC
2 | -
o Y ode [ 0-5% +—e—
Leading twist. | o092 | | |
0 0.01 0.02 0.03 0.04 0.05
X
do _ Ferbenm)
EdTp(pN — pX) = neff
Pr
LC 2008 e Stan Brodsk
July 8, 2008 Light-Front Holography SLAC&IPP?
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do R F(IL'T, ecm — 7T/2)

d*p pr
24 I T i T T
e P elastic
20 |- o 2
i R (R - i

L A% | Clear evidence
” 8 | / | for higher-twist

;;: contiributions
4 - T = 2pT / \/g &
0 | | l | ]
O 0.2 04 0.6 0.8 .O -
J- W. Cronin, SSI 1974
16 | | I
gl O7 ¢ -
n 8 &
4 -
rr = 2pr/V/'s
0 I | |
O 0.2 04 0.6 0.8
LC 2003 e Stan Brodsky
July 8, 2008 Light-Front Holography TG T DT
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B3Z (pp — HX) = ez fea)

el ]
T
1 | 1 | | | i | T 1 T | [ ! ! T i T [ | T | T ] | | }
s j— . — — ‘ —_
x X i ™ ",.
R Lot B AV S -1 1 1 " .
o[ WA FNAL 1 [ 1 L ?;a 1 FNAL B
- ISR 4 I ISR 4k J
8L|lllll]l I|ILFNAL1|I T O S| A T N SO
40 02 04 06 08 100 02 04 06 08 100 02 |04 06 08 |0
'CUT L L
10 T T T T T ]
,[RHIC I o
: do _F SUT,QCM
o - B (op — pX) = e
i }i _ E% (pp — pX) = ( T78CM)
p Pr
2 - —
' 60-02% o f Trend consistent withv RHIC
O PR S TR T N W S TN TR [ S SN SN SR SN TR TR S T E S T S’
0 0.01 0.02 0.03 0.04 0.05 at smaoll xr
LC 2008 T zht-Front Holography SN HRD KLy
July 8,2008 . SLAC & IPPP

142



n(x;)

vsyy = 130 and 200 GeV

n(x;) for n®

77 0-10%
[160-80%

i

_B_.

| n(x;) for
1+ =r 0-10%
[160-80%

| Gomat

0.01

0.02 0.03 0.04 0.05 0.06 0.07 0

0.01

Xy

0.02 0.03 0.04 0.05 0.06 0.07

Protow power changes withv centrality !

LC 2008
July 8, 2008

Light-Front Holography
143

Stan Brodsky
SLAC & IPPP
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Bawyonw canv be made directly withinw hawd subprocess

Bjorken
Coalescence | Blankenbecler, Gunion, sjb
°c1.® — Berger, sjb
within hard uu — pd Hoyer, et al: Semi-Exclusive
subprocess

¢p(x1,22,23) X /\éCD

by ~1/pr
Small color-singlet
Color Transparent
Minimal saume-side energy
u . e < u
84 8 Sickles, sjb
Collisiov comvproduce 3 Nactive = 6
collinear quarks Neff= 2Nactive ~ 4
\/
(_1 neff= 8
LC 2008 :
July 82, 02(:)0 g Light-Front Holography SSIfaAnCBSI; ()I(:fﬁ;

144
144



Bawyonw made dirvectly within howd sulbbrocess

Formatiow Time
proportional to-Energy

Small color-singlet

Color Transparent
Minimal saume-side energ
u
uu — pd Nactive = O
Neff= 2Nactive - 4
M S
P Neff=
d
50 L0k Light-Front Holography S HRpikL gy
July 8, 2008 SLAC & IPPP
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S. S. Adler etf al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
Pouticle ratio- changes witihv centrality!

1.8 _ Protons less absorbed
o proton/pion 1 innuclear collisions than pions
© 1.6[ . because of dominant.
o 14 i ] color transparent bigher twist process
; 3 <« Central
1.2 ]
i E 0w Au+Au 0-10%
i A Ao Au+Au 20-30%
0 8'_ ] o e Au+Au 60-92%
T * p+p, \Is = 53 GeV, ISR
B h ---- e'e, gluon jets, DELPHI
0'6: ------ e*e’, quark jets, DELPHI
0.4f g .
; LE <«— Peripheral
0.2¢ ]
of
0 1 2 3 4
p; (GeV/c)
LC 2008 « g Stan Brodsky
July 8, 2008 Light-Front Holography i
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Anne Sickles

e 0.1
o) . | i protow
D B o meson-meson, near side ] ) _
% 0.08 B . baryon-meson, near side _ tr Lgger.
© - O  meson-meson, away side 1 # same-side
> i 1  baryon-meson, away side | b owticles
0.06 — T y
i b $ -decreases with
i . m 1 centradity
0.04 — ]
- () W + _
L@ _
. "V
0.02— a ; T ]
L . & SR
= trigger: 2.5 <p_<4.0 GeV/c I -
0 —
associated: 1.8 <p_<2.5 GeV/c l -
T | | | | | I

0 50 100 150 200 250 300 350
art

N
Proton production more dominated by
color-transparent direct high-n.¢ subprocesses

LC 2008 . Stan Brodsk
Light-Front Holograph o
July 8, 2008 2 gy B SLAC & IPPP
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Paul Sorensen

]z A Central Au+Au: PHENIX A A Central Au+tAu: STAR
“ T * Central Au+Au: STAR 2 KO W 40%-60% central: STAR
) 1- ® p+p NSD: STAR L S ® 200 GeV p+p: STAR
§ =e'+e — ggg: ARGUS i 0630 GeV p+p: UA1T

0e'+e — qQq: AR
o e'te — qq GUS A A
S i
>
=
< O
)
<
S
m L
O | | | |
0 8
Transverse Momentum p, (GeVic)
LC 2008 - Stan Brodsky
Light-Front Holograph
July 8, 2008 & srapiy SLAC & IPPP
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Power-law exponent n(xr) for 7° and & spectra in central and peripheral Au+Au collisions at

/syv = 130 and 200 GeV
S. S. Adler, et al., PHENIX Collaboration, Phys. Rev. C 69, 034910 (2004) [nucl-ex/0308006].

b+ includes protons

1 0 I I | I | I | I I I I I | I | I | T | I l

[ 1
n(x,) for h™+h l Centi' al

2

-
i:i n(x) for x°
b 0-10%

[160-80%

i

9
- o7 0-10%

— [160-80%

0
¢ 1eral

r~rrrrT1r 1T T T
T T T N I I ST

| | | | | | | | | | | | | I | | _ | | | | | | | I |
0 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
X

X

T T

Proton production dominated by
colov-transpavent divect highv neg subbrocesses

LC 2008

July 8 q Stan Brodsky
y 8, 200
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Lambda can be made directly within howd sulbbrocess

Coalescence ud — As
within hard
subprocess small color-singlet
Color Trawmusparent
Minimal saume-side energy
. d
B Nactive = 6 . .
S produced on Sickles, sjb
away side Neff= 2Mactive =~ 4
S MNeg=8
LC 2008 e Stan Brodsky
July 8, 2008 Light-Front Holography TG T DT
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BaryonwAnomaly: Evidence for Direct,
Higher-Twist Subprocesses

® Explains anomalous power behavior at fixed xr

® Protons more likely to come from direct higher-twist subprocess
than pions

® Protons less absorbed than pions in central nuclear collisions
because of color transparency

® Predicts increasing proton to pion ratio in central collisions

® Proton power nef increases with centrality since leading twist
contribution absorbed

® Fewer same-side hadrons for proton trigger at high centrality

® Exclusive-inclusive connection at xt = |
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Role of higher twist inv hawd inclusive reactions

¢ Hadron can be produced directly in hard subprocess as in exclusive
reactions

“Semi-Exclusive Reactions”

® Sum over reactions
® Trigger bias: No wasted same-side energy H oyer, Mueller, Tang’ 3] b

¢ Exclusive -inclusive connection important at high xr

e Explanation of n.g=S8, 12 observed at ISR, Fermilab: Chicago-Princeton
experiments

® Direct Hadron Production -- color transparency and reduced same side
absorption

® C(iritical to plot data at fixed xt

® Interpretation of RHIC data is modified if higher twist subprocesses
play an important role
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Some Applications of Light-Front Wavefunctions

LC 2008
July 8, 2008

Exact formulae for form factors, quark and gluon distributions;
vanishing anomalous gravitational moment; edm connection to
anm

Deeply Virtual Compton Scattering, generalized parton
distributions, angular momentum sum rules

Exclusive weak decay amplitudes

Single spin asymmetries: Role of ISI and FSI
Factorization theorems, DGLAP, BFKL, ERBL Evolution
Quark interchange amplitude

Relation of spin, momentum, and other distributions to physics of
the hadron itself.

Stan Brodsky

Light-Front Holography SLAC & IPPP
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SPOLCP/-IZ"UVVW/PLCIZ'WP/ O']C DVCS P. Hoyer

N,

*

N Y
The position of the struck quark differs by x~ in the two wave functions

Measure x- distribution from DVCS:
Take Fourier transform of skewness, £ — QQ—
the longitudinal momentum transfer e

S. J. Brodsky?, D. Chakrabarti’, A. Harindranath®, A. Mukherjee?, J. P. Vary®®/

LC 2008 Stan Brodsky

July 8, 2008 Light-Front Holography SLAC & IPPP
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S. J. Brodsky?, D. Chakrabarti’, A. Harindranath®, A. Mukherjee?, J. P. Vary*®/

Hadvrovw Optics

N -1 - -
A(o,b)) = 2 [dee'257 A(¢,b)) 1 _ Q%
L 2 L O — §ZC P_I_ € 2p.q

80 | T | T T T |

60 DVCS Amplitude using
holographic QCD meson LFWF

40 /\QC p = 0.32

20

0

The Fourier Spectrum of the DVCS ampli-
tude in o space for different fixed values of

b |. GeV units

LC 2008
July 8, 2008

Stan Brodsky
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Hadvronw Dynamics at the
Amplitude Level

* LFWFES are the universal hadronic amplitudes which
underlie structure functions, GPDs, exclusive processes,
distribution amplitudes, direct subprocesses,
hadronization.

* Relation of spin, momentum, and other distributions to

physics of the hadron itself.

* Connections between observables, orbital angular
momentum

e Role of FSI and ISIs—-Sivers effect

LC 2008 . Stan Brodsk
Light-Front Holograph y
July 8, 2008 & graphy SLAC & IPPP
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Remawrkalble observation at HERA
0.20

P

Y

N Q
zfl_/
§

XIP

P

i/

10% to-15%
of DIS eventy

-

e
ffTractive !

r

Yo < 0.0008
0.10f ¢
C‘.O5L

000b—————+———
_ 0.0008 < xp < 0.003

o 20 40 80 80 100
Q% on [GeV7]

Fraction r of events with a large rapidity gap,

nmax < 1.5, as a function of Q%A for two ranges of xpa. No
acceptance corrections have been applied.

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

LC 2008

July 8, 2008

Light-Front Holography

Stan Brodsky

. SLAC & IPPP
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Final-State I nteraction
Produces Diffractive DIS

\ / Quark Rescattering
-

Hoyer, Marchal, Peigne, Sannino, SJB (BHM

Enberg, Hoyer, Ingelman, SJB

.:—
q
Hwang, Schmidt, SJB

D = P’

1-2005
8711A18

Low-Nussinov model of Pomeron

LC 2008

July 8 q Stan Brodsky
y 8,200
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Hoyer, Marchal, Peigne, Sannino, sjb

QCD Mechanism for Rapidity Gaps

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

Reproduces lab-frame color dipole approach

LC 2008

July § o Stan Brodsky
y 8,200

Light-Front Holography SLAC & IPPP

159
159



Final State Interactions inv QCD

* *

VN
e
- -
Feynman Gauge Light-Cone Gauge
Result i Gange Independent

LC 2008

July 8 q Stan Brodsky
y 8, 200
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Q|

Integration over on-shell domain produces phase i

Need Imaginary Phase to Generate Pomeron

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

Physics of FSI not innWavefunction of Target

LC 2008 . Stan Brodsk
Light-Front Holograph y
July 8, 2008 & er ) BraPy SLAC & IPPP
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Physics of Rescattering

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

* Origin of Hard Pomeron

* Structure Functions not Probability
Distributions!

* 'T-odd SSAs, Shadowing, Antishadowing
* Diffractive dijets/ trijets, doubly diffractive Higgs

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

LC 2008
July 8, 2008

Stan Brodsky

Light-Front Holography SLAC & IPPP
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Holographic Connection
between LF and AdS/CFT

* Predictions for hadronic spectra, light-front
wavefunctions, interactions

* Deduce meson and baryon wavefunctions,
distribution amplitude, structure function from
holographic constraint

* Identification of Orbital Angular Momentum
Casimir for SO(2): LF Rotations

* Extension to massive quarks

LC 2008

July 8 o Stan Brodsky
y 8,200
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New Perspectives for QCD fromAdS/CFT

e LFWFs: Fundamental frame-independent description of
hadrons at amplitude level

* Holographic Model from AdS/CFT : Confinement at large

distances and conformal behavior at short distances

* Model for LFWFs, meson and baryon spectra: many
applications!

* New basis for diagonalizing Light-Front Hamiltonian

* Physics similar to MIT bag model, but covariant. No
problem with support o < x < 1.

* Quark Interchange dominant force at short distances

LC 2008

July 8 q Stan Brodsky
y 8,200
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CIM: Blankenbecler, Gunion, sjb

Uu
Quawk Interchange Gluonw Exchange
(Spinv exchange inv atonm- (Vo der Waal - -
atom scattering) Landshoff)
do _ |M(s.t)|?
dt 52
M(t, U)interchange X # M (s, t)gluonexchange ox sF(t)

MIT Bag Model (de Tar), large Nc, (CHooft), AdAS/CFT
all predict dominance of quawk interchange:

LC 2008 Stan Brodsky

July 8, 2008 Light-Front Holography g
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02 L A 70 Gevc
O K'10 Gevkc )
5 e AdS/CFT explaing why
quawk interchange is
dominant
= interaction at highv
L?E i momentuwm tronsfer
5 i exclusive reactions
%
5
= 1
M (t,u)interchange X -2
100 . .
Non-linear Regge bebavior:
' ap(t) — —1
~ 0
cos Bcm,
LC 2008 Light-Front Holography S HRpikL gy
SLAC & IPPP

July 8, 2008
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Comparison of Exclusive Reactions at Large ¢

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

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

and

S. Gushue® and J. J. Russell

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

Cross sections or upper limits are reported for twelve meson-baryon and two baryon-baryon reactions
for an incident momentum of 9.9 GeV/e, near 90° cm.: n~p—pr T pp T a*a* K ¥ (AYZOKO,
K*p—pK* . p*p—pp*. By studying the flavor dependence of the different reactions, we have been
able to isolate the quark-interchange mechanism as dominant over gluon exchange and quark-antiquark

annihilation.
kts s k| T d d K
. - u u U S
rTp—pr—, |
|
Kip—"pxi, L u { v S o
P u u p P U u A
rtp—pp T, d GEXx d : d ANN d
xtp—xta®, kts g gt | md d K°
+ 4 u u | u =
ntp—K*tz*, 1
= o AOEO 0RO u u | u s 3
T p AK1EK+ P u u pP [ P d d lﬁi.
d QIN d U COM u

- +
p—p—pp—.
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Light-Front QCD Phenomenology

* Hidden color, Intrinsic glue, sea, Color Transparency

e Near Conformal Behavior of LFWFs at Short
Distances; PQCD constraints

* Vanishing anomalous gravitomagnetic moment

* Relation between edm and anomalous magnetic
moment

* Cluster Decomposition Theorem for relativistic
systems

e OPE: DGLAP, ERBL evolution; invariant mass scheme

Jlfi}(’jsz 02(:)80 S Light-Front Holography siirn Hrpiklsy

168 SLAC & IPPP
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New Perspectives on QCD
Phenomena from AdS/CFT

* AdS/CFT: Duality between string theory in Anti-de
Sitter Space and Conformal Field Theory

» New Way to Implement Conformal Symmetry

* Holographic Model: Conformal Symmetry at Short
Distances, Confinement at large distances

* Remarkable predictions for hadronic spectra,
wavefunctions, interactions

* AdS/CFT provides novel insights into the quark
structure of hadrons

LC 2008

July 8 o Stan Brodsky
y 8,200

Light-Front Holography SLAC & IPPP
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Challemgzmg/ Covwentional Wisdowy

Renormalization scale is not arbitrary; multiple scales,
unambiguous at given order

* Heavy quark distributions do not derive exclusively from
DGLAP or gluon splitting -- component intrinsic to hadron
wavefunction

* Initial and final-state interactions are not always power
suppressed in a hard QCD reaction

e LFWFS are universal, but measured nuclear parton
distributions are not universal -- antishadowing is flavor
dependent

* Hadroproduction at large transverse momentum does not derive
exclusively from 2 to 2 scattering subprocesses

*  Quark and Gluon condensates reside within hadrons

LC 2008
July 8, 2008

Stan Brodsky

Light-Front Holography SLAC & IPPP
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Lesson from QED and Lamb Shift:
mainuun wowvelengtiv of bound quawks ond, glwons

1
k> g A < Aqep
AQCD ’."""

) J
.

B-Meson

! Shrock, sjb

Use Dyson-Schwinger Equation for bound-state quark
pmpago_ctmf:ﬁ_’/vwbwmﬁvwobwnd@nme/
< blgq|b > not < 0|gq|0 >

LC 2008

s q Stan Brodsky
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Quawk and Gluonw condensates
reside within hadrons, not vacuumm

LC 2008
July 8, 2008

Shrock, sjb
Bound-State Dyson-Schwinger Equations

LF vacuum trivial up to k* =0 zero modes

Analogous to finite size superconductor
Usual picture for M, — 0

Implications for cosmological constant --
reduction by 55 orders of magnitude!

Stan Brodsky

Light-Front Holography SLAC & IPPP
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Determinations of the vacuunm Gluorn Condensate
< 0/2=G?|0 > [GeV?]

—0.005 £ 0.003 from 7 decay. Davier et al.
+0.0006 = 0.012 trom T decay. Geshkenbein, loffe, Zyablyuk

+0.009 4 0.007 from charmonium sum rules
...................... : Iofte, Zyablyuk

1.32 [ m, GeV

§ Consistent withv zero-

1.28_— v Z f&

1.6 [

104 [

! -0.03 -0.02 -0.01 0 0.01 0.02 0.03
LC 2008
July 8, 2008

Stan Brodsky
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String Theovy

* Mapping of Poincawre’ and
'AODS/CFT Conformal SO (4,2) symwmetvies of 3

+1 space
Goal: First Approximant to- QCD for AdSS space
O 7 U2 A7 Conformal behavior at shovt
Exclusive Scattering distonces
Regge Trajectories AdS(QCD + Confinement at lawrge
QCD at the Amplitude Level Listance

Semi-Classical QCD / Wave Equations

Holography
Boost Irnwariant 3+1 Light-Front Wave Equations
J=0,1,1/2,3/2 plus L Integrable!
Hadrow Spectra, Wavefunctions, Dynawmics
Ji}(r:;, 02(:)80 g Light-Front Holography SSIfaAnClez. ()I(:fﬁ;
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