e Baryons Spectrum in "bottom-up” holographic QCD
GdT and Sjb  hep-th/0409074, hep-th/0501022.

See also T. Sakai and S. Sugimoto

Bawyons ivv
Ads/CFT

e Action for massive fermionic modes on AdSg 1:
S[W, U] = /ddHaz V¥ (z,2) (iFeDg — ,u) U(x, 2).
e Equation of motion: (zTng — ,u) U(x,z) =0

[i (znemfgam + ng> + ,uR] W(zt) = 0.
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Bawryons
Holographic Light-Front Integrable Form and Spectrum

e In the conformal limit fermionic spin-3 modes ¢(¢) and spin-2 modes ¢/, (¢)

are two-component spinor solutions of the Dirac light-front equation

aII(C)p () = My(¢),

where H; r = all and the operator

[+ 1
I, (¢) = —i ( d il 2%),

i <

and its adjoint HTL(C ) satisfy the commutation relations

2L +1
T2(O, ()] = =5,
QNPo9 IHEP Beijing AdS/QCD Stan Brodsky
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Linear Holographic Confinement

e Compare with usual Dirac equation in AdS space in presence of a potential V' (2) (CEe = (x¥, z))

d
[z’ (znemFg&m + §FZ> + R+ V(z)] W(z) = 0.
e We consider the linear confining potential V' (z) = k?z.

e Upon substitution W (z, z) = eI %22¢(2), z — ( we find

all(C)1h(C) = My(C)

with

d v+1 1
Hl/ — ) _ — 2 — 2 = —
(<€) l (dg : V5 — K C’Y5> , pR=v+ 5

our previous result.

e Soft-wall model for baryons corresponds to a linear confining potential in the LF transverse variable (!
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SU®6) S L Baryon State
56 1 0 N17(939)
5 0 A2 (1232)
70 1 1 N1 (1535) N2 (1520)
3 9 N3 (1650) N5 (1700) N2 (1675)
1o A3 (1620) A3 (1700)
56 1 2 N37(1720) N27(1680)
32 ALlT(1910) A27(1920) AST(1905) AIT(1950)
70 L1 3 N3~ NI
3 3 N2© N2 NI7(2190) N2 (2250)
13 A2 (1930) AT
56 1 4 NIT N9+(2220)
3y AST AT AZT ALLT(2420)
70 L s N3 N3 (2600)
5 5 N3 N3 Ny NG
QNPo9 IHEP Beijing AdS/QCD Stan Brodsky
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Non-Conformal Extension of Algebraic Structure (Soft Wall Model)

e \We write the Dirac equation

(oII(¢) = M) ¥(¢) = 0,
in terms of the matrix-valued operator 11

d v+3

HI/(C) = —1 <d< T C V5 — K2C75> )

and its adjoint [T, with commutation relations

@) = (25 - 262) v

e Solutions to the Dirac equation
$r(Q) ~ 22T L),
$-(Q) ~ 22T LI ().

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

QNPo9 IHEP Beijing AdS/QCD
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42 for An = 1

4k for AL = 1
2k2for AS =1
M?
6 i 7
n=3 n=2 n= n=0 n=3 n=2 n=1 n=0
5+ 6L
N(2200)
n 5| A(2420) ]
3t 4t
N(1710) N(1680)
| N(1720) 5[ A(1950)
N(1440) A(1905)
A(1920)
i 5[ A(1600) A(1910)
n
N(940)
A(1232)
0 . L 1 1 : L )
0 1 2 3 4 0 1 2 3 4
L

Parent and daughter 56 Regge trajectories for the N and A baryon families for k = 0.5 GeV

QNPo9 IHEP Beijing
September 25,2009
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A ar”

11/2:
M? (GeV?) R _ A 13(/2950)
8 B 5/2 9/2 15/2
A,,*(2390) 11/2°
Aq,,*(2300)
N=0 A44,+(2420) . .
6k A,,*(1910) Ag,~(2223) o2, o2
> A,,*(1920) A,,,~(2200) 2 1172
Ag,,*(1905) oz A,5,-(2750)
A,*(1950) R 3/2” e
4} 21/2‘(1620) 12 Ag,-(2350)
42 (1700) 3/2 - N=1
A, ,+(2200) 2
A, ,-(1900) i Ag/~(2400)
A3/2+(1 232) A:3,/2_(1 940) <
2F A, ,+(1750) Ag/,-(1930)
Ay,*(1600)
L+N
1 1 1 1 1 1 1
0 0 1 2 &) 4 5 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.
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Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

FA(QY) = gs / a¢ J(Q, Q)+ (O

2 2
FL@) = g [ dCIQOI- ()
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 ¢4 (¢) and 1) (() correspond
to nucleons with J* = +1/2 and —1/2.

e For SU(6) spin-flavor symmetry
P(Q?) = / 4¢ J(Q Ol ()2,
Fr@) = —5 [ d0I@Q.0) [6:(OF - 10-(OF]

where F{'(0) =1, FJ*(0) = 0.
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e Scaling behavior for large Q*: Q*FF(Q?) — constant | Proton 7 = 3

—h
N
|
|

o
o

Q*F? (Q%) (GeV?)
o
N

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).

QNPo9 IHEP Beijing AdS/QCD Stan Brodsky
September 25,2009 IOX Q! an

Thursday, September 24, 2009



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).

QNPo9 IHEP Beijing
September 25,2009
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Spacelike Pauli Form Factor

Preliminary
From overlap of L =1 and L = 0 LEWFs
' Harmonic Oscillator
Confinement
. Normalized to anomalous
1.5+ moment
. AdS/QCD No-
FP (QQ ) chiral
2 | divergence!
1] k= 0.49 GeV
| |
Fy(Q%) =1+ 0%
' % in chiral perturbation theory
0.5¢ -
. G. de Teramond, sjb
0 1 2 3 4 5 6
Q?(GeV?)
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Light-Front QCD
Heisenberg Equatiov

M2 W)

1
n  Sector qq

KA _
%\ 1 q
R R 2 g

qqqqg

8
qqqdqq

99499

10
qqggg

11 12
qgq9999 (99q9qag

13
qqqaqaqg

3 qg

4 qdqqo

—— RV || 90

A=

MNP ||® W%

7 qqqag

8 qaqaqq

o
w

O
w

©

9999

g 10 qdqggg

— g |1 qaqagg

ShiRg o RN

PN s ENFS R

12 qGqaqag

13 9949 97 49

YA

u(ye/Ad/S/QCD WWLOM

QNPo9g IHEP Beijing
September 25,2009
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Use AdS/CFT orthonormal LFWFs

M/a/l P ﬁ)_’/‘ Zz Z/ -
the QCD LF Hamiltoniowv

* 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 . L
Vary, Harinandrath, Maris, sjb

e Similar to Shell Model calculations

QNPo9 IHEP Beijing AdS/QCD Stan Brodsky
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Hadronigatiow at the Amplitude Level

PH
generator S R NI Y

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

QNPo9 IHEP Beijing AdS/QCD Stan Brodsky
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Light-Front Wavefunctions

Fixed T=t+ z/c

W (i, k| i Ni)

Inwawiont under boosty! Imdepe/mde/ntofP“
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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. Spectrum is independent of S

¢ Dimensional Counting Rules for Hard Exclusive Processes

* Phenomenology: Space-like and Time-like Form Factors

* LF Holography: LFWFs; broad distribution amplitude

® Nolarge Nclimit

®* Add quark masses to LF kinetic energy

* Systematically improvable -- diagonalize Hyr on AdS basis
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Featwres 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

¢ Dilaton introduces confinement -- positive exponent

® Origin of Linear and HO potentials: Stochastic arguments (Glazek);
General ‘classical’ potential for Dirac Equation (Hoyer)

¢ Conformal Dimensional Counting Rules for Hard Exclusive Processes

® Massless pion (when mq =0); but finite size hadrons -- no chiral

singularity

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

Mapping of Poincawe’ and
AM/CFT Conformal SO (4,2) symmetries of 3+1

é/PO(«CP/

Goal: First Approximant to-QCD to- AdS5 space
Counting rules for Hord Exclusive
Scattering Conformal behawior at short
Regge Trajectories distances
AM/QCD + Confinement at lawge distance
QCD at the Amplitude Level

Semi-Classical QCD [/ Wave Equations

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

Hadron Spectra, Wavefunctions, Dynauwmics

QNPo9 IHEP Beijing AdS/QCD Stan Brodsky
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nt N — ut u- X at high xg

In the limit where (1-xr)Q? is fixed as Q> —

Entire pion wi
contributes to n
hard process

Virtual photon is
longitudinally
polarized

Berger, sjb
Khoze, Brandenburg, Muller, sjb

Hoyer Vanttinen
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™ N — 77 * L N X at 80 GEV/ C Dz]rect S;tbproi‘ess P;edictz['on_.
1.2
:—S-m 1 + A cos?8 + p sin26 cosd + w sin’6 cos2a. 0.8
(k?) 0.4+
dzﬂ' 2 2 4 T -y
1= 1 +cos“9) +— sin“é
dx,dcos&mx”( *a )™ ) 9 M? X\ OF
- 0 4 -
(k#) =0.62 £0.16 GeV?/c?
| -0 .8
Drwniba/ﬁjo dfmmge/ i angulawr sl
distribution at large xr
| | | I ]
04 05 06 07 08 09 |
X7
Example of a higher-twist Chicago-Princeton
; Collaboration
dlre(:t Subp rocess Phys.Rev.Lett.55:2649,1985
QNPog IHEP Beijing AdS/QCD Stan Brodsky
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Crucial Test of Leading -Twist QCD:
Scaling at fuxed xr

d __ F(xp,000)
B4 (pN — 7X) = <p§€ cu

Parton model: n.g =4

As fundamental as Bjorken scaling in DIS

Conformal scaling: neg = 2 Nactive = 4
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pp — yX

A
B (op — 4 X) = F(e(;”%’”)
gu — yu

Nactive = 4

Neff= 2Nactive - 4

Neff = 4

c <«
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\/E”E%‘p(pp — ~vX) at fixed zp

iy
©

p+p collisions \s=20-1800GeV

— -
OOQ —
10 = _
> = ® DO p+p \s=1800GeV
[} 18] O CDF p+p \s=1800GeV
010 = B UA2 p+p \s=630GeV
oS = p+p \s= e
o 17F O UA1 p+p \s=630GeV
10 & A UA1 p+p \s=546GeV
_g. 165 A UA6 p+p \s=24.3GeV
<10 =
O S
B . 150
w10 &
c =
|’7¢E 14f
<10 =
13
10
12F
10 =
1F
10 =
10
10 'g_ p+p collisions \s=20-200GeV
oF ¥ PHENIX-Run3 p+p \s=200GeV
10 E ¢ R806 p+p \s=63GeV
gl * R110 p+p \s=63GeV
10 & s 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 B . WA70 p+p \s=22.96GeV
E | | | | I | I
QNPo 2 1
10 10 X
Septe 115 T

Thursday, September 24, 2009

Tannenbaum

Scaling of direct
photon
production

consistent with
PQCD
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do F(xTa Ocm = 77/2)

3 Neff
d D pT
24 T — s 1 T
o p elastic
20 = o E f_,r. i
8T T 1 Clear evidence
Nefx '2 T f 1 for higher-twist
8 —/ {1  contributions
q xr = 2pr/\/5 :
0O ] | 1 | |
0 0.2 04 0.6 0.8 .0
Fermilab, ISR data
16 I I I
o T Continvwous Rise

il e of Nef

4 —
rr = 2pr/V/'S
0 ] | |
O 0.2 04 0.6 0.8
QNPo9 IHEP Beijing AdS/QCD Stan Brodsky
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B4 (- six) - Fler-low = /2
dp pr

@ Vs=38.8/31.6 GeV E706 ‘
@ Vs=62.4/22.4 GeV PHENIX/FNAL |
@ Vs=62.8/52.7 GeV R806
10~ Vs=52.7/30.6 GeV R806

- o Vs=200/62.4 GeV PHENIX
- ® Vs=500/200 GeV UA1
@ Vs=900/200 GeV UAT
8 e Vs=1800/630 GeV CDF

N
°

Leading-Twist PQCD

7, Jets —— f

2 ®m s=1800/630 GeVCDFy A CDF jets |
- ® V/s=1800/630 GeV DO v A DO jets 1
| | oo | | | oo | | |

10 10" zr =2pr/V/s
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10

- e s=38.8/31.6 GeV E706
"o s=62.4/22.4 GeV PHENIX/FNAL
"o Vs=200/62.4 GeV PHENIX T ,
9 - ® Vs=900/500 GeV UA1 ° -
- o Vs=1800/630 GeV CDF T —
" e Vs=1800/630 GeV CDF 2
~® Vs=1800/630 GeV CDF y 7 ]
g | ™ Vs=1800/630 GeVvDOy o @% T T
- A Vs=1800/630 GeV CDF jets Tl
" 4 Vs=1800/630 GeV DO jets ‘H .

nexP

L e || e
6 e
f Lyl

T Sl
gacddy

@ Significant increase of the hadron n®® with x,
o n®P ~ § at large x|

@ Huge contrast with photons and jets!
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Higher-Twist Contribution to- Hadrow Production

—>» U
—» U,

do 3 2 F(z.,y)
_ . == a
3 6
No- Fragmentation Function
QNPog ITHEP Beijing AdS/QCD Stan Brodsky
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S. S. Adler ef al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
Baryonw Anomaly: Pawticle ratio-changes withy centrality!

o 1.8 i proton/pion ] Protons less absorbed
= 1.6F . in nuclear collisions than pions
o I ]
1.4F .
; L <« Central
1.2 .
1 _ n O m Au+Au 0-10%
: " : A o  Au+Au 20-30%
0.8 - N o o Au+Au 60-92%
L A ] * p+p, s =53 GeV, ISR
6 N T N ---- e'e, gluon jets, DELPHI
0. i L A R e*e’, quark jets, DELPHI
0'4 :_ (4 [ ) _: °
- ¢$%* + +* * <«— Peripheral
0.2 ~
0 [ |
o 1 2 3 4 Sickles, sjb
p; (GeV/c)
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/sy = 130 and 200 GeV

A-lo T T [ T [ T [ T T T [ T T | T | T | T | T [ T [ T [ T
- - - F + - -
% ol n(x,) for x° AL n(x,) for h™+h Central -
- =7 0-10% 1t 77 0-10% l .
8 ] 60-80% - [160-80% ﬂb P
! ] = |
05 1t Do 7
o i R
5 0 r o Tl L -
oL 1 1l Peripheral
3_ —_ - —
2l 1F -
| | | | | | | | | | | | | I | | I | I | I | I | I | I | I |
0 001 002 003 0.04 0.05 006 007 0 001 002 003 004 005 006 0.07
X1 X,
Proton power changes withv centrality !
QNPog IHEP Beijing AdS/QCD Stan Brodsky
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pp — HX at high pp
Protow created fromwv
Jjet fragmentation

Color Opaque

Nactive = 4

N= 2Nactive = 4

u n=4
QNPo9 IHEP Beijing AdS/QCD Stan Brodsky
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Bawyonw cawnv be made divectly within howd sulbbrocess

Bjorken
C()alescence p Blankenbecler, Gunion, sjb
. . Berger, sjb
within hard uU — P d_ Hoyer, et al: Semi-Exclusive
subprocess

Sickles, sjb

§bp(xla L2, $3) X /\éC’D

bJ_ = 1/pT Small colov-singlet

Color Transparent
Minimal soume-side energy
u LR ‘.-- 1 ( u
8 8
Collisiovw canvprodurce 3 Nactive = 6
collinear quarks Neff= 2Nactive ~ 4
~ 8
4 Nefr=
d
QNPo9 IHEP Beijing AdS/QCD Stan Brodsky
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Bawyonw made divectly withinw hawrd subbrocess

Formatiow Time
propovtional to-Energy

QGP

Small color-singlet
Color Travusparent
Minimal soume-side energy

< u

Nactive = O

Neff= 2Nactive ~ 4

Neg=8

Q| <€

QNPo9 IHEP Beijing AdS/QCD Stan Brodsky
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Anne Sickles

- 0.1
S - | -4 protonwtrigger:
L=l B ® meson-meson, near side 1 # soume-side
S o.08— O baryon-meson, near side | owticl
[ B O  meson-meson, away side ~ P th
> i 1 baryon-meson, away side 3 decreases w
B | centrality
0.06 + +
0.04— . ® + —
- " : 1 &~
i O] _
0.02 —g a B 3 % Cb_
B trigger: 2.5 <p_< 4.0 GeV/c I _
0 : i
associated: 1.8 <p_<2.5 GeV/c i
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
0 50 100 150 200 250 300 350
. . part
Proton production dominated by
color-transparent direct high-n.s subprocesses
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S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).
Pawticle ratio- changes withv centrality!

1.8 Protons less absorbed
o proton/pion ] in nuclear collisions than pions
B 1.6F . because of dominant.
a= - 1 color transparent bigher twist process
1.4 -
: - <« Central
1.2¢ g
{E E 0 m  Au+Au 0-10%
i A o Au+Au 20-30%
0 8'_ ] o e Au+Au 60-92%
" * p+p, \s =53 GeV, ISR
0 6-_ h ---- e'e, gluon jets, DELPHI
Sl .- v 4 I N T e*e’, quark jets, DELPHI
0.4F . :
- * ] <«— Peripheral
0.2[ g
of
0 1 2 3 4
p; (GeV/c)
QNPo9 IHEP Beijing AdS/QCD Stan Brodsky
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tvidence for Direct, Higher-Twist
Subprocesses

* Anomalous power behavior at fixed xt

* Protons more likely to come from direct
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

¢ Exclusive-inclusive connection at xr=1

QNPo9 IHEP Beijing AdS/QCD Stan Brodsky
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Chiral Symmetry Breaking in AdS/QCD

® Chiral symmetry breaking effectin AdS/ Erlich
QCD depends on weighted z2 distribution, et al.
not constant condensate

SM?* = —2m, < ip > X /dz ¢°(2)2°

¢ 7> weighting consistent with higher Fock
states at periphery of hadron wavefunction

e AdS/QCD: confined condensate
* Suggests “In-Hadron” Condensates

de Teramond, Shrock, sjb
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Use Dysonw-Schwinger Equation for bound-state gquoark propagator:

9
S
B-Meson
q Shrock, sjb
Roberts, Tandy Maris
Alkofer

< blggq|b > not < 0]gq|0 >
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Quawrk and Gluon condensates reside
within hadrons, not vacuuuwm

Casher and Susskind Roberts et al. Shrock and sjb

°* Bound-State Dyson-Schwinger Equations Rebertsetal.
* AdS/QCD
* Analogous to finite size superconductor

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

QNPo9 IHEP Beijing AdS/QCD Stan Brodsky
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“One of the gravest pusgzles 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

(Q4)qep ~ 107
Qp = 0.76(expt)

(QA) Ew ~ 10°°

QCD Problemv Solved if Quawrk and Gluon condensates reside

within hadrons, not LF vacuuuwmn
Shrock, sjb
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Chiral magnetism (or magnetohadrochironics)
Aharon Casher and Leonard Susskind

Tel Aviv University Ramat Aviv, Tel-Aviv, Israel
(Received 20 March 1973)

I. INTRODUCTION

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
constituent approach formulated in the infinite-
momentum frame.? A number of investigations
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.’®

15 JANUARY 1974

Light-Front

(Front Form)
Formalism



Quawrk and Gluonw condensates reside within
hadvrons, not LF vacuuwumn

° Bound-State Dyson-Schwinger Equations Maris, Roberts,

Tandy
° Spontaneous Chiral Symmetry Breaking within infinite- Casher
component LFWFs Susskind

° Finite size phase transition - infinite # Fock constituents
°* AdS/QCD Description -- CSB is in-hadron Effect
°* Analogous to finite-size superconductor!

° Phase change observed at RHIC within a single-nucleus-nucleus
collisions-- quark gluon plasma!

° Implications for cosmological constant -- reduction by 45 orders of

TR Shrock, sjb
« , b))
Confined QCD Condensates
QNPo9 IHEP Beijing AdS/QCD Stan Brodsky
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¢ Color Confinement: Maximum Wavelength of Quark
and Gluons

¢ Conformal symmetry of QCD coupling in IR
¢ Provides Conformal Template
e Motivation for AdS/QCD

e QCD Condensates inside of hadronic LFWF's

e Technicolor: confined condensates inside of
technihadrons -- alternative to Higgs

e Simple physical solution to cosmological constant
conflict with Standard Model

Shrock and sjb
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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. Spectrum is independent of S

¢ Dimensional Counting Rules for Hard Exclusive Processes

* Phenomenology: Space-like and Time-like Form Factors

* LF Holography: LFWFs; broad distribution amplitude

® Nolarge Nclimit

®* Add quark masses to LF kinetic energy

* Systematically improvable -- diagonalize Hyr on AdS basis
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