ddC22 V(O | ¢(¢) = M26(()

de Teramond, sjb

T

(1—x)

¢ =/z(1—2)02  HolographicVariable
d _ ki LF Kinetic Energy inv
¢z — z(1-x) momentunn shace

Assume LFWF s v dynamicald functiow of the
quawk-antiquowk inwariant mass squawed

d 4 m? | m3 k2 +m7 | k2 +m3
ez de2 o oz l1—=x x l1—=x

BNL AdS/QCD
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LFWF peaks at

_ m | 4
€T, =
L2y may
where

mM:\/mQJrki

mininmuuwn of LF
energy
denominator
k = 0.375 GeV

BNL
March 7, 2007

m, = mp = 1.25 GeV

AdS/QCD
45

Stan Brodsky, SLAC
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“

0.2

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

k=375 MeV

46



GdT and Sjb (preliminary)

Mesow LFWF (L=0) for massive quowks

A _ ki +m?
quI/W(ZC7 kJ_) — e 214321:(1—93)7

ky/2(1 — )

~ K 1 2 2 m’
Uoa/x(T,b1) = ﬁ\/x(l — ) exp (—5/{ r(l —x)b| — 2r22(1 — x)>

Key vawriable for nw-partorn LFWF withv
massive quowks:

n n—1
1 Z m> | x Z

1=1

BNL AdS/QCD
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First Moment of Kaon Distribution Amplitude

1
<€>=/_1d€€¢(£)
E=1-2x
§

< & >r=0.04+£0.02 k =375 MeV
Range from mg = 65 4+ 25 MeV (PDG)

< ¢ >x=0.029 =0.002 Donnellan et al.
< € >r=0.0272 %+ 0.0005 Braun et al.
BNL AdS/QCD

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 ivv
Ads/CFT

e Action for massive fermionic modes on AdSg 1:
S[W, U] = /dd+1x VI (z,2) (iFeDg — ,u) U(x, 2).
e Equation of motion: (z’FeDg — ,LL) U(x,z) =0
. fm d 14
[z (zn 'Oy, + §Fz> o ,uR] U(z") = 0.

BNL AdS/QCD
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| | | | | |
N (2600),-

8F @ |21/ / (b)) 1=3/2

. N(@250) s L
(\|> 6 — N (2190) 7 — A (1950) / —
o N (1700) 7 A (1920) il

S -~ A (1910 d

=2 N (1675) 4, ( )

N N (1650) P A (1905)

= 4 — N (1535) //’ N (2220) - _

N (1520)

(I
-

2 |
p 56
A (1700) —_—— 70
A (1620)
N (939)
0 | ! | | | | | | | ! | |
0 2 4 6 0 2 4 6
1-2006
8694A14 L L

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.
BNL AdS/QCD
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SU®B) S L Baryon State
1 1+
56 L 0 N3 " (939)
5 o A2 (1232)
70 1 1 N1 (1535) N2 (1520)
3 1 N3 (1650) N5 (1700) N2 (1675)
1o A3 (1620) A3 (1700)
56 1 2 N37(1720) N27(1680)
32 ALlT(1910) A2T(1920) AST(1905) AIT(1950)
70 1 3 Mg WL
3 3 N2~ N2 NI (2190) N2 (2250)
- o
L3 A2 (1930) AL
56 L 4 NIT  N2T(2220)
% + 7+ 9+ 11+
S 4 A3 Al A2 AL (2420)
70 1 5 N2~ N1 (2600)
3 7 9~ 11— 13—
5 5 Ny Ny Ny Ny
BNL AdS/QCD
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Non-Conformal Extension of Algebraic Structure (Soft Wall Model)

e \We write the Dirac equation
(alI(¢) = M) ¥(¢) =0,

in terms of the matrix-valued operator 11

o+ L
HI/(C) = —1 <dd<- _ 1-— 2/75 — ’%24.’75) ’

and its adjoint HT, with commutation relations

. 10) = (P - 26

e Solutions to the Dirac equation

e Eigenvalues

BNL AdS/QCD
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Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

F(QY) = g. / a¢ J(Q, Q)+ (O

2 2
FL@) = g [ dCIQON- ()P
where the effective charges g+ and g_ are determined from the spin-flavor structure of the theory.

e Choose the struck quark to have S* = +1/2. The two AdS solutions 1/ (() and ¥_(() correspond
to nucleons with J* = +1/2 and —1/2.

e For SU(6) spin-flavor symmetry
F(Q?) = / 4¢ J(Q, Ol ()2,
Fr@) = —3 [ 4010 [6+(OF - 1]

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

BNL
March 7, 2007 AdS;?CD Stan BI’OdSky, SLAC
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e Scaling behavior for large Q*: Q*FP(Q?) — constant | Proton 7 = 3

9-2007
8757A2 Q? (GeV?)

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

BNL AdS/QCD
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Dirac Neutron Form Factor
(Valence Approximation)

Truncated Space Confinement

QIF(Q?) [GeV

-0.35;

Q% [GeV?]

Prediction for Q* F'1*(Q?) for Aqcp = 0.21 GeV in the hard wall approximation. Data analysis from
Diehl (2005).

BNL AdS/QCD
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e Scaling behavior for large Q%: Q*F7*(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).

BNL

AdS/QCD
March 7, 2007
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Spacelike Pauwli Form Factor

Preliminary
From overlap of L =1 and L =0 LEWF's
' Harmonic Oscillator
| Confinement
- Normalized to anomalous
1.5 moment
p 2\ |
F5(Q7) |
1t
| k= 0.49 GeV
0.5/
0 1 2 3 4 5 6
Q2(GeV?) G. de Teramond, sjb
BNL AdS/QCD
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String Theory

* Mapping of Poincawe’ and
Ad/S/CFT Conformal SO (4,2) symumetiies of 3

+1 space
Goal: First Approximant to- QCD to- AdS5 space
Counting rules for Hards Conk L behowior ot short
Exclusive Scattering o Ces
Regge Trajectories Ad/S/QCD + Confinement at lowrge
QCD at the Amplitude Level LAtonCes

Semi-Classical QCD / Wave Equations

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

Hadrow Spectra, Wawefunctions, Dynamics

BNL AdS/QCD

March 7, 2007 58 Stan Bl’OdSky, SLAC
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Light-Front Wavefunctions: rigorous representation of
composite systems in quantum field theory

Fixed T=t+ z/c

kT P+ \
L= E o PO + P33
2, P, 2P| + k|
Pt P,

ZZLZCZ =1

W (zi, ki A

Inwawiant under boosty! Imde)pe/nde/m:'oﬂou

Sk =01

BNL AdS/QCD
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Angular Momentuwm o the Light-Front

n n—1
J? — §% 4+ jZ Conserved
2; : Z; J LF Fock state by Fock State
= J:
Z (1,1 O 2 0 .
[ i —l(k i3 k]2. k F @) n-1 orbital angular momenta

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

BNL AdS/QCD

March 7, 2007 60 Stan Brodsky, SLAC
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A Unified Description of Hadron Structure

Elastic form factors B-Decays
Parton momentum
distributions /
Real Compton
L), scattering at high
W’n(mfw kJ_za )‘z) ga g

- Deeply Virtual Meson
Distribution production

Amplitudes

BNL AdS/QCD
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L W~ FV ont Q CD Heisenberg Matrix

Formulation

D Physical gauge: AT =0
LRCD _, g
LF %%k/;
oco TR e F
Hy Z[ - li + Hip o
‘ A r\/\;/?/w
HYY: Matrix in Fock Space S
(b)
CD .S p,s
HESP |0y, >= M2|Uy, > =
Eigerwalues and Eigensolutions give Hadwons | o

Spectrum and Light-Front wawefunctions

DLCQ: Periodic BC in #—. Discrete k™ ; frame-independent truncation

62



Heisenberg Equatiovw

Light-Front QCD

CD
HEEP W) = M2 |wy)

n  Sector

KA _
1
— N 2 g

1
qq

7 8

2
ag qqg qq4qq 999 qaqqg | 9qqqqq

9 10 1 12 13
9999 | 94999 | q9Aag9 9999 qdg|qqqaqaad

FALA || &

1
S
e
=

S RNE

p,s p,s _
3 qqg

(a)

4 qdqg
D,s k,A
2 s || W

/

Vs —
MNP ° W%
KA S _

P 7 qqqag

(b)

8 qqaqqqq
p.s p,s 9 0999

g 10 qaggg
_ ” 1 qaagge
k,c K,c

12 qqqaqag

13 qqqaqqqq

Use AdS/QC

BNL
March 7, 2007

D basis functions

AdS/QCD
63

Stan Brodsky, SLAC
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Use AdS/CFT ovthonormal LFWFs

as av basis for diagonaliging
the QCD LF Hamiltoniow

* Good initial approximant

* Better than plane wave basis Pauli, Hornbostel, Hiller,
McCartor, sjb

* DLCQ discretization - highly successful 1+1

* Use independent HO LFWFs, remove CM
motion Vary, Harinandrath, Maris, sjb

e Similar to Shell Model calculations

BNL AdS/QCD

March 7, 2007 64 Stan Bl’OdSky, SLAC
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Light-Front QCD

HquD|\Ifh >= M%‘\Ph >

DLCQ

Discretized Light-Cone

Quantization

Heisenberg Matrix
Formulation
6 8
n  Sector qqgg | qaqdg | adqqaqg

99499

10 1
Q4999 | 999a99 (9999 qdg 99qaqqad

p,S p.s
(a)

p,s k,A

——\ /NS
/

/1

’_\/\f\/\f =

KA p,S
(b)

p,s p,s
k,c k,o

(c)

1 aq

2 99

3 qqg

4 qqqo

A A | e

5 999

6 qqg9

7 qaqqg

8 qdqqqg

9 9999

10 qqggg

|1 qacagg

Y Y

12 qdqaqag

13 q9994qqa

5

Eigenvalues and Eigensolutions give Hadron
Spectrum and Light-Front wavefunctions

DLCQ: Frame-independent, No-fermion doubling; Minkowski Space

H.C. Pauli & sjb
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Paulj, sjb

Discretiged Light-Cone Quantization

Periodic boundary condition in x-

discrete positive plus momenta

frame-independent formulation

no fermion doubling

covariant limit on Fock space

BNL
March 7, 2007

AdS/QCD
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27T
Pt ="K

2L
ki = %nz
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Hornbostel, Pauli, sjb

2
BRI

QCD(I+I) Interaction vertices.

-

, .
L g 1 8‘:28‘:3——1—-8638{:2
27 m 2 % ¢ N ‘4 %
Bn +n,,n,t+n ;
X 2 1 2273 4b C4b T dcl
(n,+n )2 ng, “nq,cy705,0000,
n=1/2,3/2,... \MpTHh3
BNL AdS/QCD

Stan Brodsky, SLAC
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e M/g=1.6

I LSS |

SU(3) Meson |
(a)

11.25

% 21 7.50
o
1.4
7
0.7 3.75
Z 0
0 02 04 06 08 1.0
x = k/K
BNL AdS/QCD
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o m/g=0.1

SU(3) Baryon
(b)

Stan Brodsky, SLAC
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21

I I T 1 1 [ T 1 I
|- SU(3) Meson SU(3) Baryon
® mig=16(x10% 7 ,..22.5 p"., qix) ® mig = 16 (x 107}
14 © mig=0.1(x 104 _ .% ;- omg=01(x10?) 7
%= (@) -815.13 ‘1‘ G(x) w mig = 16 (x 103)
o o '*q amig=01{x102) |
7 =
o
0 )
11.25 SU(3) Baryon
® mig=16(x10% ]
- 7
750 o mig=0.1{x107)
£3 (€)
o
3.75
0

04 086
¥ = kiK

0.8

FIG. 4. Higher-Fock contributions to N =3 structure func-
tions. (a) Lightest meson. (b) Lightest baryon, including anti-

quarks. (c) Baryon: contribution from two extra quark pairs.
The curves are intended to guide the eye.

BNL

AdS/QCD
March 7, 2007
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LIGHT-FRONT SCHRODINGER TEQUATION

CYeare | [ (a@l Vg (9@l Viegg) - | Yeg/e
) Yago/r | = | (939l V leq) (q99lV igT9) -+ | | Pgo/n

(ME -5 ki‘; s

- t
L]

O [ o] |3
=l o = ||

AT =0 G.P. Lepage, sjb

BNL AdS/QCD
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Calcudatiow of Form Factory inv Equal-Tiume Theovy

Need vacuum fluctuations

Calcudatiow of Form Factors ivv Light-Front Theory

zero for gt =0  gero !!

BNL AdS/QCD

March 7, 2007 ”1 Stan Brodsky, SLAC
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Fz

|

1
q

Z/dx |[d2k, ] Zej— x

k 1 *
_ —L@bi (5’7737 k/J_’w Ai) wi(ﬂfz‘, ki, )\i) -+ q—RlbclL (-fliz', kli,

Drell, sjb

>\z’> lﬂg(ﬂfz‘, ki, )\7:) }

klz — kJ_i — iqL k/Lj — kJ_j + (1 — $j)(h_
5 5 ) qr,, = q* £ iq¥
q — —q; . (+) EPR—
Xi, K, ¥+
4 xj',k‘u j! .Ll q.l.
q = v
< —p-
>
Py, S,=-1/2 p+q, S,=1/2

Must have A/, = A

-1 to have nonzero F»(qg2)

BNL
March 7, 2007

AdS/QCD

Stan Brodsky, SLAC
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Hadronigatiow at the Amplitude Level

e

Event amplitude | 5 AR A

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

BNL AdS/QCD

March 7, 2007 3 Stan Bl’OdSky, SLAC
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Light-Front Wavefunclions

Fixed T=t+ z/c

z PT, ;P + K,

Z?’CEZ =1

> ki ;=0

Wi (@i, k14, Ai)
Inwawriant under boosty! Independent of P

BNL AdS/QCD

March 7, 2007 4 Stan Brodsky, SLAC
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Direct Subprocesses

* Hadron produced directly in subprocess

* Higher twist in 1/QQ?, but dominant at large x or z

* Observed in Drell-Yan reactions at large xr: dramatic
change in lepton angular distribution

* Merges with exclusive processes at exclusive boundary

e Strength amplified by trigger-bias effect in single-
particle triggers

Berger, Brodsky, Lepage

Brodsky, Hoyer, Mueller,
Tang

* Color transparent

BNL AdS/QCD

March 7, 2007 s Stan BI’OdSky, SLAC
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Berger, Lepage, sjb

|

)

Pion appears directly in subprocess at large xr
AW of the pionw momentum transferred to-the leptonw paiv
Lepton Pair produced longitudinally polarized

BNL AdS/QCD

March 7, 2007 6 Stan Bl’OdSky, SLAC
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m N— uu Xat80 GeV/c

:—gu: 1 + X cos?8 + p sin26 cos¢ + w sin?6 cos2e.
d’o 4 (k7)

x.|(1—x.)%(1+cos’8) +—

cC
dx ,d cosé

(k#) =0.62 +0.16 GeV?/c?

angudaw distribulionw at
lavrge xr

Example of a higher-twist
direct subprocess

BNL AdS/QCD
March 7, 2007 ik

s'nzﬂl
9 M? : X 0OF

T I I I |
Dazrect Subprocess Prediction.

1.2

0.8

0.4

-0 4+

-0 .8+

I | l | ]
04 05 06 07 08 09
X
Chicago-Princeton
Collaboration

Phys.Rev.Lett.55:2649,1985

Stan Brodsky, SLAC
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Parton Correlations contained in LEWFs

N2 _
dedélzadcosg(WN — (T4 X) = A(1—zp)?(14cos? 0)+B(1—zp)° %st 0

* Higher Twist contribution to DY, DIS
* Off-shell corrections to DGLAP atx -1, z -1

¢ Direct Production of Hadrons in Hard
Subprocess

* Proton Decay

BNL
March 7, 2007 AdS;gCD Stan BI’OdSky, SLAC
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S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
Pawticle ratio- changes withy centrality!

o 1.8 i proton/pion ] Protons less absorbed
= 1.6F 1  innuclear collisions than pions
o I ]
1.4F ]
: : <« Central
1.21 .
1 _ ] O = Au+Au 0-10%
i A Ao Au+Au 20-30%
0.8 B N o e Au+Au 60-92%
T * p+p, s =53 GeV, ISR
[ N ---- e'e, gluon jets, DELPHI
0'6: ------ e*e’, quark jets, DELPHI
0.4F : )
: T <«— Peripheral
0.2 ~
ol
0 1 2 3 4
p; (GeV/c)
BNL AdS/QCD

Stan Brodsky, SLAC
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pp — HX at high pPT
Protown created fromv
Jjet fragmentation

Color Opaque

u
\ | &
"/ Nactive = 4
N= 2Nactive - 4
| n=4
BNL U Ads/QCD

Stan Brodsky, SLAC
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Crucial Test of Leading -Twist QCD:
Scaling at fixed xr

d _ F(z7.,0
B4 (pN — 7X) = <p§€ )

Parton model: n.g =4

As fundamental as Bjorken scaling in DIS

Conformal scaling: neg = 2 Nactive ~ 4

BNL AdS/QCD

March 7, 2007 ST Stan Bl’OdSky, SLAC
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QCD prediction: Modificatiow of power fall-off due to-
DGLAP evolution and the Running Coupling

Neff
o Pirner, Raufeisen, sjb
5.75;
5.5 2
dO' F(CBTaQCM) —ﬂ
5.25} E (pN_>7TX)_ pgeff T = \/g
5_
4.5
4.,25¢
5 10 15 20 Pr (GeV)

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

BNL AdS/QCD

March 7, 2007 S2 Stan Brodsky, SLAC



\/E”E%‘p(pp — ~vX) at fixed zp

e
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- -k
o O

p+p collisions \s=20-1800GeV

® DO p+p \s=1800GeV
O CDF p+p \s=1800GeV
B UA2 p+p \s=630GeV
O UAT1 p+p \s=630GeV
A UA1 p+p \s=546GeV
A UAG6 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
s 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
- WAT70 p+p \s=22.96GeV

TR

Tannenbaum

Scaling of direct
photon
production
consistent with

PQCD

Stan Brodsky, SLAC
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v

u

Nactive = 4
Neff= 2Nactive ~ 4

Neff= 4
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o

-k
o

BNL
March 7, 2007

Ed—a(pp — H=X) at fixed xp

—_

o
N
o

— — —h —h —
(0] o N ~ (0)) (00)

(o))

d3 D
P “DE o 1800 GeV.
%%% oii? s 630 GeeV Tannenbaum
9
e % UAT * 900 GeV
%o, o 500 GeV
© %A%A% o 200 GeV
4% PHENIX * 200Gev
O "';.‘:‘ ¢ B3 GeV
' r 23CeV Scaling
inconsistent with
PQCD
V%@
h*+h "
2 ':v
Lol -3. | -2. Lol -1. L
10 10 10 1
x; (GeV/c)
Adsg?CD Stan Brodsky, SLAC
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Protons produced in AuAu collisions at RHIC do not exhibit clear scaling properties in the

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

10 L L I
ntin rise fof with f
3 | % r -
i : ﬂ L
JHS i} 5
.......................... YL TR LR EEEEEERE R SLI XEEEE REEE R R R ET TR E TR TETTTTTFTTT Y -
Nefr =4 ﬁﬁk ]
N f}{ RHIC
; rcpe [ 0-5% —e—i
Leadmgtm“'o:?@.@?%....................
0 0.01 0.02 0.03 0.04 0.05
d Flrrbon)
ag. — LT,9CM
Ed3p(pN — pX) = pl}eff
e Ny AdS/QCD Stan Brodsky, SLAC
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. I
p
4 Cleow evidence
s % for higher-twist

T / 1 contributions

*T xr = 2pr/V/'s i
0 | | | | |
O 0.2 o4 0.6 0.8 .O
J. W. Cronin, SSI 1974

16 ! ! |

el ®7 ¢ -
n 8 )

4 i —

rr = 2pr/V/s
0 | | !
O 0.2 04 0.6 0.8
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