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o - HERA Experiments: rq}few tlm?? 10" m
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- Fixed Target Experiments: >
[ 3 wMe €< Large x
104 =2 mBcoms A250323S
- [0 E6es High precision s
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103L <4 of the LHC =
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Beyond the Standard Model
High Energy Physics Opportunities

® | eptoquarks: s-and t-channel effects
e SUSY

® Technicolor

® | epton/quark

® Compositeness

DISz008 Novel ep and eA QCD Phenomena

London, April 9, 2008 Stan Brodsky, SLAC

33



Light-Front Wavefunclions

Fixed T=t+ z/c

pt = pO 4 pz

W (zi, ki A

Inwawiant under boosty! Imde)pe/mde/ntoﬂou

DIS2008 Novel ep and eA QCD Phenomena
London, April 9, 2008 34 Stan Brodsky, SLAC
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Light-Front Wavefunclions

Fixed T=t+ z/c

P+:PO_|_PZ N

—

PT, P,

W (zi, ki A

Inwawiant under boosty! Indepe/mde/ntofPu

DIS2008 Novel ep and eA QCD Phenomena
London, April 9, 2008 35 Stan Brodsky, SLAC
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Angulor Momentuwm ow the Light-Front

NE 5 &S Conserved
Z + Z LF Fock state by Fock State

=1

F=—i(k!-% —k

5 n-1 orbital angular momenta
J J 0k i

]8k1)

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

DIS2008 Novel ep and eA QCD Phenomena

London, April 9, 2008 36 Stan Brodsky, SLAC
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‘paSZ = E ‘Pn(xiazmki) Vl;iﬁmki -
n=>3

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

The Light Front Fock State Wavefunctions
W, (x1, K11, M)

P

Yyvy

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

\

ki KAk

l

p+_p0_|_pz P

Y

{
\

X =

Yy

are boost invariant.

n

Intrinsic heavy quarks | u(z) # d(x) .
Mueller: BFKL DYNAMICS 5(x) # s(x) Fixed LF time

DIS2008 Novel ep and eA QCD Phenomena
London, April 9, 2008 37 Stan Brodsky, SLAC
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Light Antiquark Flavor Asymm-

1(x)/u 015 <z < 0.
Naive Assumption d(af)/u(a:) for 0.015 <z <0.35

from gluon splitting: 25 g
- B 300
» E
- _ “t —— A NAS1
d(z) = u(z) ' — MRS12
CTEQ4m
CTEQ6
B E866/NuSea (Drell-Yan) ! Y /
075 F \_/
0.5 F
025 F E866 Systematic Error
0 :ELEL_J 'I l Ill |]1|| 1 lu |r\| | NN W O [ P00
0 0.1 0.2 0.3 0.4 0.5 0.6

X
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® HERMES
Y Hall-A
ECLAS

Lo by

_15“\ \ \

01 02 03 04 05 06 0.7 08 09 1

Effect of Orbital Angular Momentum on
Valence-Quark Helicity Distributions

f JLabJ 2 (Prqjecteq)

03 04 05 06 07 08 09 1

Avakian, Deur, Yuan, sjb
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Effect of Orbital Angular Momentum on
Valence-Quark Helicity Distributions

(e (= > . g . > (= [« /T
S ik 3 g
P1 3 ,;162 3p§l\ 1
=0 5 L.=0
(a)
—3 — ’l
d 5]{:1 3 gp/QT
P 3 .'762 EpéT\PT
L.=0 5 L.=0
(b)
pl 3 3 > @ o—> 3 3 /l
I i) -
P E :762 EPéT\PT
L.=1 ? L.=1
(c)

Spectator counting rules at r — 1
Avakian, Deur, Yuan, sjb
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Hiddew Color of Deuterovw

Evolution of 5 color-singlet Fock states
d g
Wi (@i, K 1q Ai)

.0
.0
<

deuteron

> ki ;=0

i wi =1

2 2 —
S (z;, Q) = [FLi<C" a2k jhn(zi, k)
J1, Lepage, sjb

5X 5 Matrix Evolution Equation for deuterow
distribution amplitude

DIS2008 Novel ep and eA QCD Phenomena

London, April 9, 2008 41 Stan Brodsky, SLAC
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Remawvkable Features of
Hadvown Structure

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

* Non-zero quark orbital angular momentum!

* Asymmetric sea: u(z) # d(z)relation to meson
cloud

* Non-symmetric strange and antistrange sea 5(x) 7% s(x)

* Intrinsic charm and bottom at high x Asla) 7 Lsla)

e Hidden-Color Fock states of the Deuteron

DIS2008 Novel ep and eA QCD Phenomena
London, April 9, 2008 42 Stan Brodsky, SLAC
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Measure strangeness distribution
fromDIS at EIC

s(x) #s(x)  e»—eEX
* Non-symmetric strange and antistrange sea
* Non-perturbative input; e.g |uudss >~ |A(uds) Kt (5u) >

* Crucial for interpreting Nu'leV anomaly
0

-
A ;
p—> : U\§
> u
S
DIS2008 Novel ep and eA QCD Phenomena

Stan Brodsky, SLAC
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o 3 Measurement of Chowrmy
- 2 .
; ; Structure Function
N E": PR ) “1 1.1 Aubert et al. [European Muon Collaboration], “Pro-

1 duction Of Charmed Particles In 250-Gev Mu+ - Iron In-
teractions,” Nucl. Phys. B 213, 31 (1983).

PGF +IC+ICR

] First Evidence for
[ Intrinsic Charm

.
IC+ICR , ¢
- "‘-.." F

A s
/ .«fjr
I
a3l : 29
VE gt \\ o/ " .
C ;'I ; \:—31“[*Imuﬁctorof3o ! v*
& : ]
o d
[
4 \
I -
C
u
u
d

e A E ‘
_r'f b { PGF \ | P

1 1

N \

10 1 1 1 1
X 03 0.4

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

YYVYYVYY
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Hoyer, Peterson, Sakai, sjb

u B luudcc > Fluctuatlon in Proton
P
[ \ " CLLRE c QCD: Probablhty QCD
>
R
P, Bl ¢ - lete” ("¢~ > Fluctuation in Positroniun
0 4
I, 488 QED: Probability ="
b B 4 C
G OPE derivation - M.Polyakov et al.
G3 4
< p| W\p > VS, < p| W|p ~ c¢ 1n Color Octet
"Q My
T m|;

Distribution peaks at equal rapidity (velocity) Lg — STm | ;
Therefore heavy particles carry the largest mo- 4
mentum fractions

High v charm/! Chawrmv at Thweshold

DIS2008 Novel ep and eA QCD Phenomena
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e EMC data: ¢(z,Q?) > 30 x DGLAP
Q2 =75 GeV?2, r = 0.42

e High zp pp — J/¢ X

e High zp pp — J/YJ/9 X
e High xr pp — AcX
e High zp pp — Ny X

e High zp pp — =(ced) X (SELEX)
IC Structure Function: Critical Measurement for EIC

DIS2008 Novel ep and eA QCD Phenomena

London, April 9,2008 46 Stan Brodsky, SLAC
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Hoyer, Peterson, Sakai, sjb

Intrinsic Heavy -Quawk Fock States
: ‘Q{aé N

. C
A — VR
* Rigorous prediction of QCD, OPE : Zé S
B 5
* (ColorOctet Color-Octet Fock State! 22005 / G
g 1
® Probability Fpg M—é Poood ™~ O‘EPQQ Py 22 176

* Large Effect at high x

* Greatly increases kinematics of colliders such as Higgs production

(Kopeliovich, Schmidt, Soffer, sjb)

* Severely underestimated in conventional parameterizations of
heavy quark distributions (Pumplin, Tung)
* Many empirical tests

DISz2008 Novel ep and eA QCD Phenomena
London, April 9, 2008 47 Stan Brodsky, SLAC



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

DIS2008 Novel ep and eA QCD Phenomena

London, April 9, 2008 48 Stan Brodsky, SLAC
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Light-Front Wavefunctions

Dirac’s Front Form: Fixedt =t +2z/c

WP(x, k) -+

Invariant under boosts. Independent of P"
CD
HZP [y >= M2 |y >

Remawkable new insights from AdS/CFT, the
duality between conformald freld theory and
Anti-de Sikter Space

DIS2008 Novel ep and eA QCD Phenomena

London, April 9, 2008 49 Stan Brodsky, SLAC
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Applications of AdS/CFT to-QCD

5-Dimensional
Anti-de Sitter
Spacetime

— Black Hole

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

4-Dimensional
Flat Spacetime
(hologram)

in collaboration with Guy de Teramond

DIS2008 Novel ep and eA QCD Phenomena

London, April 9, 2008 50 Stan Brodsky, SLAC
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Gool;

 Use AdS/CFT to provide an
approximate, covariant, and
analytic model of hadron structure
with confinement at large
distances, conformal behavior at
short distances

* Analogous to the Schrodinger
Equation for Atomic Physics

o AdS/QCD Holographic Model

51



Deur, Korsch, et al: Effective Charge from Bjorken Sum Rule

o 102
r;"(Q2) = 1 - 219

s
=G ] ST :
Qoo i 1 I i :
3708t
IR Conformal a7 | } F
Window 06 | ; h l
--> AdS/QCD i ]
04 A JLab CLAS
03 ¥ JLab PLB 650 4 244 1l
L o ,,/mworld data
0.2 - ’
Ko/ |t f
------ GDH limit !
0005 B pOCD evol. eq.
0.08
007 ¢« /n OPAL 1| 4
0.06 S |
10" I
Q (GeV)
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Deur, Korsch, et al.

A o, JmJLab - GDH limit| — Burkert-loffe
— Fit

pOCD evol. eq.

P
Bloch et al.

—

Godfrey-Isgur

.
~

RN Maris-Tandy

---------------- Bhagwat et al.

i ® Lattice QCD
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LF(3+1) AdSs

2
(1-=2)

(2, ) = Va(l —2)26(C)

Holography: Unique mapping derived from equality of LF
and AdS fornmuda for current matrix elementy

DIS2008 Novel ep and eA QCD Phenomena
London, April 9, 2008 54
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tolography:
Map AdS/CFT to- 3+1 LF Theory

Relatvistic LT radial equatiovw Frame Independent

— &+ V(O] 60 = M29(0)

G. de Teramond, sjb

(2 =z(1— x)bi

(1-—=x)

Effective conformal 1 —4L72
potential: V(C) = 4C2
1.9 Soft wall hawmonic
+K°C"  oscillator potential:
DIS2008 Novel ep and eA QCD Phenomena

Stan Brodsky, SLAC
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Prediction from AdS/CFT: Mesow LFWF

o (?3.60.40 2
0.2
0“\ L Harmonic
2\ 0.15] A\ .
Yur(z, k L> Oscillator model

| de Teramond, sjb
k 1(GeV) 1. .’32.0’
7 ou(@,Qo) o \/2(1 — =)

1.5
Increases PQCD prediction for F,(Q?) by 16/9

A D Ph
Novel ep and e S%C enomena Stan Brodsky, SLAC
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I I I 4 T T T T T T T
3 _
2 -
@(2)
D) 2| i 0
1F B oL
0 | ) | ) | ) -4 ] | ] | ] | ]
. 0 1 2 3 4 50007 O 1 2 3 4
8721A18 z 8721A19 4

Fig: Orbital and radial AdS modes in the hard wall model for AQCD =0.32 GeV. .

| ' | '
| f. (2050)
(b) S =1 a‘: (2040)
— 4 - 0 (1700)
L p (1690)
8 a, (1450)
= i a, (1320)
N f, (1285)
2 = ¢ 1670
=  (782) 0233((1 650))
p (770)
a, (1260)
0 | 1 | 1 |
0 2 4
23232991%16 L L

Fig: Light meson and vector meson orbital spectrum Agcp = 0.32 GeV
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Sp@oebk@pwwforwvfwotor fromAdS/CFT

q2(GeV2) . QQ(G€V2)

Data Compilation from Baldini, Kloe and Volmer

SW: Harmonic Oscillator Confinement

HW: Truncated Space Confinement

One parameter - set by pion decay constant. de Teramond, sjb
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| =1/2
N (2250)
N (2190)
N (1700) y
N (1675) 4/
N (1650) s
N (1535) //’
N (1520)

(I
-

7/
7/

N (2600), -

| =3/2

A (1950
A (1920
A (1910

)
)
)
A (1905)

A (1700)
A (1620)

|
81 (a)
Y 6
()]
S
Al
4_
-
2_
N (939)
0 |
0
1-2006
8694A14

Fig: Light baryon orbital spectrum for AQCD = 0.25 GeV in the HW model. The 56 trajectory corresponds to L
even P = + states, and the 70 to L odd P = — states.

DIS2008
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“

0.2

o |Kt >= |us >
me = 95 MeV

k=375 MeV
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GdT and Sjb

Meson LFWF (L=0) for massive quarks

47 _ k] 4m?
ijQ/W(aj7 kJ_) — e 214321:(1—93)7
ky/2(1 — )
h K 1, , m2
Yag/x(T,bL) = ﬁ\/x(l — T) exp —5 r(1 —z)b] — e
Key vauwriable for nw-parton LFWF withv
massive quarks:
1 o« m B T |
DIS2008 Novel ep and eA QCD Phenomena

Stan Brodsky, SLAC
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A Unified Description of Hadron Structure

Elastic form factors

B-Decays
Real Compton
scattering at high

A ¥

Parton momentum
distributions

W (24, K gy Ai)
LFWTFs

- Deeply Virtual Meson
Distribution production

Amplitudes

DIS2008 Novel ep and eA QCD Phenomena
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Example of LEWF representation
of GPDs (n => n)

Diehl, Hwang, sjb
1 Al—iA?

— (J1=2¢)>" 7 dxi &K 16738 1 n 52 n k
W [T (15 ) oo (S5,
na Y i=l j=1 j=1

X 8(x — x)W S () K M), (v ki A,

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

X1 — - > I —x1 -
17 = 11 ;, K =k — " {1 A for the struck quark,
X - - X N
X =——, k', =k ;+——A, forthe spectatorsi =2, ...,n.
1=¢ 1=¢
DIS2008 Novel ep and eA QCD Phenomena
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