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QCD Lagrangionv

1 n ¢ B N ¢ ]
Loop = —7Tr(G" Gy) + Y 0Dy Uy + Mf\pf
f=1 F=1

1DV =10t — gA" GM =0 AF — 0V AF — g[AH, AY]

Chiral Lagrangian is Conformally Invariant

Where does the QCD Mass Scale Agcp come from?

How does color confinement arise?

Scale can appear in Hamiltonian and EQM

e de Alfaro, Fubini, Furlan: without affecting conformal invariance of action!
Unique potential!
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de Teramond, Dosch, sjb
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AdS/QCD
Soft-Wall Model

Light-Front Holography

Semi-Classical Approximation to-QCD
Relativistic, frame-independent
Unique color-confining potential

Zero mass pion for massless quarks

Regge trajectories with equal slopes in n and L
Light-Front Wavefunctions

Conformal
Light-Front Schrodinger Equation of the action
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de Teramond, Dosch, sjb

AdS/QCD
Soft-Wall: Model Light-Front Holography
d* 1—4L?
| - U — M?
RN (O)]¥(¢) = M*¥(¢)
Light-Front Schrodinger Equation
Unique
U(C) — /{4C2 -+ 2/{2 (L + S — 1) nement Potential!

~
.

onformal Symumetry

2 2
¢“ ==x(1—x)b7.
Confinement scale: ~ = 0.5 GeV
1/k~04 fm
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e J =L+ 5,1 =1meson families MnLS—4"'32(n+L+S/2) 4k” for An = 1

4k? for AL =1
mq:O 2k for AS =1
Massless pion itn Chiral Limit! Same slope inn and L!
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|=1 orbital and radial excitations for the  (k = 0.59 GeV) and the p-meson families (x = 0.54 GeV)

e Triplet splitting forthe I = 1, L = 1, J = 0, 1, 2, vector meson a-states

Ma,1320) > Mg, (1260) > M, (980)

Mass ratio of the p and the a1 mesons: coincides with Weinberg sum rules

0
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o Light-Front Holography
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o Light Front Wawvefunctions: 0

Schrodinger Wavefunctions
of Hadron Physics k| (GeV) *

‘e An
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Prediction from AdS/QCD: Mesonw LFWF

de Teramond,

sjb

“Soft Wall”

model

Note coupling
2
kY, @
47 o
:C, k' — e 2k2x(1l—x)
Y@, kL) ky/o(l — )

Provides Corwmectionw of Confinement to-TMDy
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week ending

PRL 109, 081601 (2012) PHYSICAL REVIEW LETTERS 24 AUGUST 2012

AdS/QCD Holographic Wave Function for the p Meson
and Diffractive p Meson Electroproduction

J.R. Forshaw™

Consortium for Fundamental Physics, School of Physics and Astronomy, University of Manchester,
Oxford Road, Manchester M13 9PL, United Kingdom

R. Sandapen’
Département de Physique et d’Astronomie, Université de Moncton, Moncton, New Brunswick EIA3E9, Canada
(Received 5 April 2012; published 20 August 2012)

We show that anti—de Sitter/quantum chromodynamics generates predictions for the rate of diffractive
p-meson electroproduction that are in agreement with data collected at the Hadron Electron Ring
Accelerator electron-oroton collider.

d(x, &) = N ——x(1 — x)exp( — ),
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AdS/QCD Holographic Wave Function for the p Meson

and Diffractive p Meson Electroproduction
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tach element of

Aash photograph
itluwminated
at some LF time

T=t+z/c

Evolve ivv LF time

d
P —
ZCZT

tigerwalue

M? + P?
P
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HZC—;“)F ‘\Ifh > = M%‘\Ph >

P =
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Light-Front Quawnligzation

e LF coordinates
zt =20+ 23  light-front time Pt = PY 4+ P3  |ongitudinal momentum
- =z — 23  longitudinal space variable P~ = PY— P3 |ight-front Hamiltonian

X = (a:l,a:z) transverse space variable P, = (Pl, P2) transverse momentum

e On shell relation P, P* = P~ P"— P? = M? leads to dispersion relation for LF Hamilnotian P~

. P% 4+ M
P = lP+ , P">0
e Hamiltonian equation for the relativistic bound state
MZ

9 _1p(P)) = P|y(P)) = +Pi|¢(P)>

6:v+

where P~ is derived from the QCD Lagrangian: kinetic energy of partons plus confining interaction

e Construct LF Lorentz invariant Hamiltonian P2 = P~ P+ — P‘i

P, PH[(P)) = M*[4(P)) x

e LF quantization is the ideal framework to describe hadronic structure in terms of constituents: simple

vacuum structure allows unambiguous definition of partonic content of a hadron

Causal, Frame-independent, Simple Vacuum,
Current Matrix Elements are overlap of LFWFS

12



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

Fixed T=t+4 z/c

W (i kg Ai) R

Stk ;=0

Inwouriont under boosty! Independent of PV

Bethe-Salpeter WF integrated over k

I3



Hadronw Distribution Amplitudes

Q — —
ot (2, Q) = / 2F o, 1)

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
Efremov, Radyushkin
® Evolution Equations from PQCD, OPE
9 QC O Sachrajda, Frishman Lepage, sjb

® Conformal Expansions Braun, Gardi

® Compute from valence light-front wavefunction in light-cone
gauge
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LW'FVW QCD Physical gauge: AT =0

Exact frame-independent formudlation of
nonperturbative QCD!

QCD QCD -
L — Hp %

2 2 g
m _|_ k : p.s p.s
Hip" =) | — i + Hip o
7} B, kA
H: Matrix in Fock Space ]
@CD|\11h >= M3 |Ty, > o

p,s p,S

p.J. >= Y n(wi ki, A)nsas ki, A > =

K, K,o

n=3
tigerwalues and Eigensolutions give Hadronic o
Spectirum and Light-Front wawefunctions
LFWFs: Off-shell in P- and invariant mass S

5 Hir




Light-Front QCD QCD 5 DLCQ: Solve QCD(1+1) for
y HiEa 7 W) = M3 (W) | any quark mass and flavors
eisenberg Equatiovw . .
gtq Hornbostel, Pauli, sjb
kA 2 3 4 5 6 7 8 9 10 11 12 13
L% n  Sector ag qag qaqq ggg 999 | 99999 | 999dqd | 9999 qdg99 | 9949999 {9999 94 g |qaqaqqaq
> > 1 qq .
p.s’ p,s bTT;
@ 2 g9 N{; 1
3 qig w{( .
p,s’ KA
:’\’:\/‘} i 8’38 \_1 V|4 oqag 1
% 5 999 ~ .
K,A p,S
(b) 6 qdg9 I
p.s p.s
. . 8 q7qaad .
§ 9 99499 I
Ko ko 10 qdggg S
(c) 11 439709 s
12 q7qdadg :
13 999399 qg

wa]cowﬂw;pauce/ frame- wndepe/ndent mfermwdoubbmg/ mghozyty

triviol vacuuum
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LIGHT -FRONT MATRIX EQUATION
Rigorous Method for Solving Now-Perturbative QCD!

. T Yeas | [ (g@lV ew {97V lgag) C Wg/n
2 kit my = 7 g 7 '
MZ=D - Yogorx | = | (9791 V Igq) (999 V igG9) - | | Yago/r
AT =0
0= |0 | =] | T
:EE -;: | U. P ; .. iE:-:

Minkowski space; frame-independent; no-fermiovw doubling; no-ghosty
- Light-Front Vacuuwmw = vacuuw of free Hamiltonion/!

s
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DLCQ: Solve QCD(1+1) for anyy quawk mass and flovors
4 T T T T 1 T I I |
"~ (a) Meson Mass (b) Baryon Mass .
3 .
2 - -
o - 0
= 1 - O .
o 7
- o -~
0 ." //,
- ‘/'
0 r"
- ../
o
0 .. 1 1 1 1 1 1
0 0.5 1.0 15
m/g
Extrapolated masses for N = 2,3 and 4 meson and baryon.
m/g = 1.6 m/g = 1.6
03T T TTTTTTTTTT T TTTTTTTTTTTY -r"I'TT_"7I'j11—I-|‘F
| 0q-3q-q (x10%) @ | ® ©q-3q-9 (x10?) | (a) © 4-9-q 4q(x10%) [~ (p) © 44q a4q(x10%) 7
®q-q 1.0 ¢ q-a-q ® 9-q9-q
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~ - - 1 o . a
i 0q g q-q (‘ 0 ) q- q q- q‘ Jos 1.0 e q-q.q = o 6'q q-i(x5x102) 43
q-q ® g-g (x10%) | 2 69 g-q(x10%)
0.2 T
4 0.6 <dkdk> 2
L 8 0.5
- 0.4
i 1
- 0.2
O—0 O 0 0
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a-c) [irst three states in N = 3 baryon spectrum, 2K=21. d) First B = 2 state.

I8

a-c) First three states in N = 3 meson spectrum for m/g = 1.6, 2K=24. d) Eleventh

Hornbostel, Pauli, sjb

state.



Kinks inv Discrete Light-Cone Quantization

Chakrabarti, Harindranath, Martinovic, Vary

|1 = = = = Constrained Variational

(b)

DLCQ K = 41 '

<K> =41
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Wavefunction at fixed LF time: Arbitrarily Off-Shell in Invariant Mass
Eigenstate, all Fock states contiribute

-
\

-
YVYY

T
YYYYY

T
<:,}\j>
YYYYVYYY

Higher Fock States of the Proton
Fixed LF time
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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

¥, (Xi, zJ_ia 7%‘)

are boost invariant; they are independent of the hadron’s energy

and momentum P,
The light-cone momentum fraction

kb _ Ktk
_p+ PO pr

Xij

are boost invariant.

[ Intrinsic heowy quouks

\s(x), c(x), b(x) at bigh x .')

Mueller: gluon Fock states

[ 5(z) # s(z)

VIVVVVV YYVYYY

@) # d(x),

Yvy

Fixed LF time

BFKL Pomeron [H WCO&WJ




d(x)/u(x) for 0.015 < x < 0.35

W E866/NuSea (Drell-Yan) — MRS12

225
- / B ES66
2 - —A— A NA51

1.75
CTEQ4m

1.5 CTEQG6

J(QE) + ’L_L(,CIZ) 2
ke
1

S(.ﬁlf) # g(ZC) 0.75 \/

0.5

IVL{,—V‘WW seay 0.25 _WE866 Systematic Erroxr

heavy quawks R S B R BV R TR

X

s
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Fixed LF time
Protow Self Energy , ,
Intrinsic Heavy Quanks L X (mQ +k7)

Probability (QED) « # . Probability (QCD)
¢ :
Collins, Ellis, Gu;ion, Mueller, sjb
M. Polyakoy, et al.

1/2

1

2
Mg
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Fixed LF time

Protow 5 -quawk Fock State :

Intrinsic Heavy Quarks
E QCD predicty
- Intrinsic Heavy
=~ Quawks at highv k!
: Minimal off-shellness
\/

TQ X (mé + ki)1/2
Probability (QED) & Probability (QCD) « Mlé

Collins, Ellis, Gunion, Mueller, sjb

Polyakov, et al. 25



HERMES: Two components to s(x,(Q>2)!

BHPS: Hoyer, Sakai,

I’i)\ + + oe HERMES Peterson, sjb
@ 03 —— BHPS (u=0.5 GeV)
¢ + + ++ ----- BHPS (1=0.3 GeV)
Extrinsic (DGLAP)
0.2- 0 4 strangeness!
o b / Intrinsic
ol 7 !
W. C. Chang and , | Strangeness
J .-C. Peng o Loz | 4 Consistent with
arXiV:1105.2381 Ll v LA intrinsic charm
10 data
X

QCD: —; scaling
Comparison of the HERMES z(s(x) + 5(x)) data with the Mg
calculations based on the BHPS model. The solid and dashed curves
are obtained by evolving the BHPS result to Q? = 2.5 GeV? using
= 0.5 GeV and pu = 0.3 GeV, respectively. The normalizations of
the calculations are adjusted to fit the data at x > 0.1 with statistical
errors only, denoted by solid circles.

8(37, QQ) — S(CE, QQ)eXtrinsiC _I_ S(xj QQ)iIltI'iIlSiC 26



QCD (1/mg?) scaling: predict IC !

| Q 0.1

0.08
0.06 ¢
W. C. Chang and :
J.-C. Peng

0.04

0.02

ar X1v:1104.2381

—  BHPS
~~~" BHPS (u=3.0 GeV)
....... BHPS (u=0.5 GeV)

Hoyer, Peterson, Sakai, sjb

-
.
.
S
Y
", .
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®

Intrinsic Charm

04 06 08

1

X

Calculations of the ¢(x) distributions based on the BHPS
model. The solid curve corresponds to the calculation using Eq. 1
and the dashed and dotted curves are obtained by evolving the BHPS
result to Q? = 75 GeV? using = 3.0 GeV, and g = 0.5 GeV,
respectively. The normalization is set at PS¢ = 0.01.

Consistent with EMC

27
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] Measuwwrement of Chowrw Structuwre
3 Function/!
J.J. Aubert et al. [European Muon Collaboration], “Pro-

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

First Evidence for Intrinsic Charm
Hoyer, Peterson, Sakali, sjb

.
IC+ICR /7 7/ s %
- ~ 5 -
/
i ! \ 1|
e/ / N
F 'I' ,I \ +.31(IC+ICR) ] ﬁctgr 0f30 !
-l \ ’
T
- ! \ 1
AN A _
i oIc PGF \ p—>
-,.’ ! gluow splitting \ -
104' : | ] 1
00 01 0.3 0.4

YYVYVYY

| 7y o !
DGLAP / Photon-Gluon Fusion: factor of 30 too small
Two- Componenty (separate evolution):

C(CB, QQ) — C(QZ‘, QQ)eXtrinsiC _I_ C(xy QQ)intI'iDSiC



Goldhaber, Kopeliovich, Schmidt, sjb

Intrinsic Chowrnmv Mechonism for Inclusive
‘Hig}\ﬂ)(]: ‘HW?VOMLOW

>

>
>
's\ . H
\\\g
"

pp — HX

4 ol o

Also: intrinsic bottom, top

Higgs can have 80% of Proton Momentum!

New production mechanism for Higgs

29



Intrinvic Bottom Contributiovnw to-Inclusive

50 -

40 -

10 -

0

Higgs Production

4 (pp — HX)[f0]

LHC :v/5 = 14TeV

Tevatron :v/s = 2TeV

o2 ~
S
| ! | ! | ! | ! | ! | ! | ! | ! | ! |

o/ 080 082 084 086 088 090 092 094 09 0,98

Xe

Goldhaber, Kopeliovich, Schmidt, sjb
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<p+4qlit(0)p>=2p"F(¢*?)  tuerction

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

---,

struck k', =k ;+ (1 —x;)qL
Drell &Yan, West

Exact LF formula! .SPBCtdtOTS kj_ ;= k g — $Z§ 1

7~
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Light-Front Wavefunctions and Electron-Proton Collisions

Fixed T=t+4 z/c Hoyer

IF>

P S a .\

P+q

—

9 w(xwklz)

w(%‘» EJ_Z)

- =0 ¢

Al final states \F> in electroproduction produced
Diagonal n to n overlap of LFWFs

IF> = resonances, multiparticle states.

Confinement:Only Color Singlets! 32



Calcudatiow of Form Factory inv Equal-Tiume Theovy
Instant Form

R

Need vacuum-induced currents

Calcudatiow of Form Factory ivv Light-Front Theory
Front Form

Absent for g7 =0  %€ro 134
No- vacuuuwmw graphy

7~
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Calcudatiow of protow form factor in Instant Form

<p+qJ"O)p> -
p/'é »P T p p+q

® 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!! Remains even after normal-ordering

® Each time-ordered contribution is frame-
dependent

® Divide by disconnected vacuum diagrams
® Instant form: Violates causality

s
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txact LF Fornmudav for Paudic Formv Factor

Z/dl' koJ_ Zej T Drell, sjb

L 1,
[—q—L% (@i, K5, >¢l($27kLzaAi)+q—R¢i (x5, K, ;, )W(ﬂ?z,kmk)}

li:km—%‘(h ij:kL]—F(l—x])qL

Fz

@ qr,, = 9" £ iq?

Xjokyj

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

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

Nongero- ProtonvAnomalous Moment -->
Nongero-orbital quark angular momentuwm

May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky SLAC

35



Voanishing Anomalows gravitomagnetic moment B(0)
Terayev, Okun, etal: B(0) Muwst vanishv because of
Equivalence Theovem
grovitovw

q, sum over constituents

—_— e

Xjo Ky y+a;

p, S,=-1/2 p+q, S,=1/2
Hwang, Schmidt, sjb;
olotein el B(0) = 0 Each Fock State
1 A

May 21,2013 LC2013 AdS/QCD & LF-I%olography Stan Brodsky oS
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Angular Momentum o the Light-Front

_ Conserved
J< = E s+ E [%.  LF Fock-State by Fock- State
¢ J
. . Every Vertex
[* k k 2 0. n-1 orbital angular
2 |
J‘ ( J 8k | J 8kj ) momenta

Pawvke-Taylor Amplitudes Stasto
Nongero-Anomalous Moment < --> Nongero- orbital anguwlar momentum
Drell, sjb
ol Ay

May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky O/
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Advantages of the Dirac's Front Form for Hadvron Physics

® Measurements are made at fixed t

)

{3 . -

&

® Causality is automatic
® Structure Functions are squares of LFWF's
® Form Factors are overlap of LFWF's

® LFWFs are frame-independent -- no boosts
® No dependence on observer’s frame

® Dual to AdS/QCD

® LF Vacuum trivial -- no condensates

® Implications for Cosmological Constant

£
May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky s:_lé\\‘.



Light-Front Wave Function Overlap Representation

DVCS/GPD

Diehl, Hwang, sjb, NPB596, 2001
See also: Diehl, Feldmann, Jakob, Kroll

FAY - FAY
k= | o kA= k<4 5
T
/C )\
b N
p=p+2 p=p-=2
2 2
2
TN
./-‘
\\\C
N
Bakker & JI
Lorce

T+ &
N/ .
1+¢ >
.ZE"-& (2 £)

ERBL
region
1+4¢
€
DGLAP
region
1+¢

May 21,2013 LC2013 AdS/QCD & LF-Holography Stan Brodsky 3._,-\\'.
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o Light Front Wawefunctions:

Momentum space k1L <> Z1  Position space

W (25, k5, M)

—

ALHZ_),_]_

T, ki, b1 Transverse density in position
Transverse density in space
momentum space
Z, k 1
Lorce,
Pasquini
Transverse
S
_ o N
kl. T -
:EP+ —
4 ki
b1
Longitudinal S — f d2 bJ_
—— [dx




Leading-Twist Contiribution to-Real Pawt of DVCS

LF Instantaneous interaction

Origin of ‘D-Term’
in QCD

s-independent
‘J=0 fixed pole’

Damashek, Gilman
Close, Gunion, sjb
Szczepaniak,
Llanes Estrada, sjb

)

| aad
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Static Dznamic

Square of Target LFVWFs

No Wilson Line

Probability Distributions
Process-Independent

T-even Observables

No Shadowing, Anti-Shadowing

Sum Rules: Momentum and J*

DGLAP Evolution; mod. at large x

No Diffractive DIS

W (5, k1 5, M)

Modified by Rescattering: ISI & FSI

Contains Wilson Line, Phases

| No Probabilistic Interpretation

Process-Dependent - From Collision

T-Odd (Sivers, Boer-Mulders, etc.)

| Shadowing, Anti-Shadowing, Saturation

Sum Rules Not Proven

DGLAP Evolution

Hard Pomeron and Odderon Diffractive DIS

current
quark jet

final state
interaction

spectator>

system
proton

Hwang,
Schmidt, sjb,

Mulders, Boer
Q1u, Sterman
Collins, Qiu

Pasquini, Xiao,
Yuan, sjb

May 21, 2013

LC2013

AdS/QCD & LF-Holography

Stan Brodsky
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® LF wavefunctions play the role of Schrodinger wavefunctions
in Atomic Physics

® LFWFs=Hadron Eigensolutions: Direct Connection to QCD
Lagrangian W (24, k14> M)

® Relativistic, frame-independent: no boosts, no disc
contraction, Melosh built into LF spinors

® Hadronic observables computed from LFWFs: Form factors,
Structure Functions, Distribution Amplitudes, GPDs, TMDs,
Weak Decays, .... modulo lensing’ from ISls, FSlis

e Cannot compute current matrix elements using instant form
from eigensolutions alone -- need to include vacuum currents!

® Hadron Physics without LFWFs is like Biology without DNA!

P
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- Hadrow Physics without LFWFs is like Biology without DNA.

o
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Light-Front Wawefunctions

Dirac’s Front Form: Fixed T =1+ z/c

w(l‘i,]gna)\i) = b

Invariant under boosts. Independent of PV
QC D |

I
\4

Y >= M|y >
Direct connection to QCD Lagrangian

Remawvkable new insights fromAdS/CFT,
the duadity between conformal field theory
and Anti-de Sitter Space

May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky SLAC
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HQED QTD al‘%mmmd/

(H() -+ Hznt) ‘\If >=F |\If > Coupled Fock states
A2 ; l
— > + Ve (S, 7)] ¥(7) = E (7) Effective two-pourticle equation
Mired l Includes Lamb Shift, quantum corrections
1 d 1 l(+1 , ,
- 2Myred T2 2Myeg ( 2 ) + Vet (1, S, £)] ¥(r) = E ¥(r) SPMWBW r, 6)7 ¢
@7 )
[ Virr — Volr) = -2 J Coulomb- potential

Semiclassical first approximation to-QED --> Bohr Spectrum



Light-Front QCD

HQCD

l

(H} o+ Hi )| ¥ >= M?*|¥ >

l

k2 +m? S a
[xfl ) + Vo' | Yrr(e, ki) = M? rp(z, kL)
d? m? —1+4L?

dcz :U(l _ a:) + 4C2 + U(C, Sa L)] ¢LF(C)

= M? ¥rr(C)

Coupled Fock states

Effective two-particle equatiov

[(:2 = z(1 —x)b ]

Agimuthal Basis (, @

[ U(C) = k*C* +2r*(L+ S — 1) J Confining Ads/QCD

Semiclassical first approximation to-QCD

potential/
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( Light-Front Schwodinger Equation )

G. de Teramond, sjb

Relativistic LF single-variable radial

equatiowfor QCD & QED Frame Independent!
d? e —1+4L%
@ T ai T aer - T UGS D) Q) = M Yue(Q)
CQ — z(1 — :J:)b2 . > _
)
(1 —x) o
AdS/QCD:

[ U(C) = k*C* +2x*(L+ S — 1) ]

—  —
NATIONAL ACCELE

May 21,2013 LC2013 AdS/QCD & LF-Igolography Stan Brodsky
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2 -
e J =L+ 5,1 =1meson families MnLS—4"'32(n+L+S/2) 4k” for An = 1

4k? for AL =1
mq:O 2k2 for AS =1
Same slope inn and L! Massless pion in Chiral Limit!
T I T I T T T T
n=2 n=1 n=0 N= n=1 n=0
at - 4 -
< S
& x(1800) S
NE 2 - N§ 2 -
~ x(1300) )
(140
0 1 | L 0
0 2
2-2012 2-2012
8820A20 L BB820A24

|=1 orbital and radial excitations for the  (k = 0.59 GeV) and the p-meson families (x = 0.54 GeV)

e Triplet splitting forthe I = 1, L = 1, J = 0, 1, 2, vector meson a-states

Ma,1320) > Mg, (1260) > M, (980)

Mass ratio of the p and the a1 mesons: coincides with Weinberg sum rules

0

May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky :_:L
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( Light-Front Schwodinger Equation )

G. de Teramond, sjb

Relativistic LF single-variable radial

equatiowfor QCD & QED Frame Independent!
2 m?  —1+4L% -
[ R Y FU(C,S, L) ¢rr(C) = M? ¢rp(€)
(2 =2(1—z)b?.
AdS/QCD:

U is the exact QCD potential
Conjecture: ‘H’-diagrams generate

[ U(C) = k*C* +2x*(L+ S — 1) ]

7~
May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky Q%Llé\};
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Remawvkable Features of
Light-Front Schwodinger Eguation

® Relativistic, frame-independent
® QCD scale appears spontaneously - unique LF potential

® Reproduces spectroscopy and dynamics of light-quark hadrons with
one parameter

® Zero-mass pion for zero mass quarks!
® Regge slope same for nand L -- not usual HO

® Splitting in L persists to high mass -- contradicts conventional
wisdom based on breakdown of chiral symmetry

® Phenomenology: LFWFs, Form factors, electroproduction

® Extension to heavy quarks

UC) =rk*"CC+2:°(L+ S —1)

May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky oo



de Teramond, Dosch, sjb

AdS/QCD Ay
Soft-Wall Model B
¢ 1417 o
[~ ga e PO = MA(Q)

Light-Front Schrodinger Equation
U(C) =r*"CC+2:%°(L+ S —1)

Confinement scale: ~ = 0.5 GeV
1/k~04 fm

May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky :—:n_go
52



5-Dimensional Confinement

Anti-de Sitter
Spacetime ]
Changes in
Boﬁr?jary phyS/Ca/
length scale
mapped to

evolution in the
5th dimension z

4-Dimensional
Flat Spacetime
(hologram)

Truncated AdS/CFT (Hard-Wall) model: cut-off at zg = 1 / AQCD breaks conformal invariance and
allows the introduction of the QCD scale (Hard-Wall Model) Polchinski and Strassler (2001).

Smooth cutoff: introduction of a background @ilaton field gp(zD— usual linear Regge dependence can

be obtained (Soft-Wall Model) Karch, Katz, Son and Stephanov (2006).

May 21,2013 LC2013 AdS/QCD & LF-Holography Stan Brodsky T



AdS/CFT

e Isomorphism of SO(4,2) of(conformal QCD) with the group of isometries of AdS space

R2 wwaowriont measure
ds* = — (ndatde” — dz*), -

Z2

xt — Axt, z — Az, maps scale transformations into the holographic coordinate z.

e AdS mode in z is the extension of the hadron wf into the fifth dimension.
e Different values of z correspond to different scales at which the hadron is examined.
2 — N, 2z — Az
2

x® = x,x": invariant separation between quarks

e The AdS boundary at z — 0 correspond to the () — 00, UV zero separation limit.

May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky O
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Bosonic Solutions: Howrd Wall Model

e Conformal metric: ds? = ggdztdz™. x* = (2", 2), Gom — (RQ/Z2) Nem, -

e Action for massive scalar modes on AdS4 1:

1
S[®] = 5 /ddHaz g3 [gfmagcmmcb — ,LLQCPQ} /g — (R/2)*H.

e Equation of motion

10 9
500t V99 g ®) e =0

e Factor out dependence along z#-coordinates , ®p(z, z) = e~ 0% ®(2), P, PH = M?:

e Solution: ®(z) — 2z~ asz — 0,
(I)(Z>:Czd/2JA_d/2(ZM) A:%(d—l—\/dQ—I—ZLMQR?).
A=2+L d=4 (WR)? = L2 — 4

May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky SLAC
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[ecp(Z) _ €-|—HJQZQJ Positive-sign dilaton * de Teramond, sjb

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

[ ’ e U (2)]|@(2) = M*(2)

dz? 42

U(z) = k2> +2c*(L+ S — 1)
Derived from vawiatiovw of Action for Didlaton-Modified AdSs

Identical to Light-Front Bound State Equation!

AR . C:\/a:(l—az)l;i




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

b(2,5,) - P(2)

¢ = \/a?(l —:Iz)l;i e

|5
(1 —x)

(x,¢) = Vol —z)2¢(C)

Light Front Holography: Unique mapping derived from equality of LF
and AdS formuda for TM and gravitational current matrix elementy
ond identical equations of motiow 57



G. de Teramond and sjb, PRL 102 081601 (2009)

S

A P e Bp(e) & [W(P))
ds® = — e ('I]/,,,_,(fl.’]?/(.’[._If — (il::“)
° z—( $y(C) ~ <—3/2+J690(Z)/2 ®7(¢)
| Ld—1-2J 690(z) 1R 2] ,
e (Zd12jaz> T (7> ©(z) = M®;(2)
(d = 4)
d? 1-—4L?
_ — M2
L 1 /" 1 / 2 2J =3 /
( U(Q) = 597 (2) + 3¢/ (2)" + ——¢(2)
(uR)? = —(2—J)* + L?
o (uR)? > —4 L? >0
° T (i)J T =2+ L
1 A7/
May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky O/
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Higher Spin Wave Equations in AdS Space and LF Holographic Mapping
H. G. Dosch, G. de Teramond, sjb PRD 87 (2013)

e Description of higher spin modes in AdS space (Frondsal, Fradkin and Vasiliev)

e Integer spin-.J fields in AdS conveniently described by tensor field @, ... N, with effective action

S d / Z N1 N! N;N’ MM’ *
Seﬁ — /d xdz |g| 899( )g 4% .. .g JVg (g DJ’VI@J\H...J’\r‘I .DAIIQ*.\.'{_“*.\.'"I

2 *
— Hefy (z) Ni..Ny q’N{...N",)
where Dy is the covariant derivative which includes affine connection

e The z-dependent effective AdS mass fL.# (2) can absorb the contribution from different contractions

in the action and is a priori unknown

e Effective mass Liqf (z) allows a separation of kinematical and dynamical effects and is determined by
precise mapping to light-front physics

e Non-trivial geometry of pure AdS encodes the kinematics and the additional deformations of AdS

encode the dynamics, including confinement

May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky $L
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de Teramond, Dosch, sjb

General-Spin Hadrony

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

y(z) = (%)_J%) (ew) — 6%2%

e Substituting in the AdS scalar wave equation for ®
2207 — (3—2J — 26°2%) 20, + 2°M*— (uR)*|®; = 0

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

we find the LF wave equation

d*  1-4L°
<_d—C2 e - R+ 267 (L + S — 1)) Guy oy = M2y,

X

with (uR)? = —(2 — J)? + L?

~
May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky SLAQ

; L AC RATOR LADH



|

( Light-Front Schwédinger Equation )

G. de Teramond, sjb

Relativistic LF single-variable radial

equatiowfor QCD & QED Frame Independent!
d* 2 —1+44L?
dc2 | w(]’_rn_ CB) | Cz | U(C7 S) L)] wLF(C) — M2 wLF(C)
(2 =2z(1—2z)b?.
P
(1—=)
AdS/QCD:
.42 2
U(Q) = k' + 262(L+ S — 1) Confining Ads/QCD
Semiclassical first approximation to-QCD potential

May 21,2013 LC2013 AdS/QCD & LF-Holography Stan Brodsky oo
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Meson Spectrum in Soft Wall Model

Dilaton profile p(2) =

Effective potential:

LF WE

(

+n222

U= r*"C+267(] —

¢ 1-—4L?

Z —

d(? 4(?

Normalized eigenfunctions {¢|¢) =

Eigenvalues

d’n,L(C) = ! \/(

M

I€4 C2

G

26°(J —

[ d¢ ¢%(2)

2n!

2 _
n,J,L —

n+L)!

1)

)) 6(¢) = M*¢5(C)

Cl/2+Le—K;2C2/2LTI{(52<-2)

47 (n |

J+ L
2

G. de Teramond, sjb
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0.8 ! | 1 ] I T | T |
05 '
*E) o(0) ‘
0.4 0
-0.5 - ‘
| | ! ]
2-2012 2-2012 0 4 2
8820A9 8820A10 t.)

LFWFs ¢n, L(C ) in physical space-time: (L) orbital modes and (R) radial modes

~
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Quark separationw g

| |
increases withv L

4
D(z)

2

0
2-2007 0 4 8 2-2007
8721A20 Y4 8721A21 y4

Soft Wall
Model

Fig: Orbital and radial AdS modes in the soft wall model for kK = 0.6 GeV .

| ' | ' | ' | '
C @ S - S =0 1
4l i N
c\n; n(18.00)
()]
2 I Pion mass
= automatically zero!
Pz 2— — ]
Lovw haus 7 (140) 7 (140) m
, —
Zero- mass! L L _ q
40 2 4
8-2007
8694A19 L

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

P o
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J+ L
Mn ]L —_— 4A ( -; ) 2
a1(1260)
1L p(770)
(980) J=0
. \ / L

AAAAAAAAAAAAAAAAAAAA

e Triplet splitting forthe L = 1, J = 0, 1, 2 vector meson a-states
M, (1320) > M, (1260) > M (980)

e Systematics of light meson spectra — orbital and radial excitations as well as important .J — L splitting,

well described by light-front harmonic confinement model

e Linear Regge trajectories, a massless pion and relation between the p and a; mass M, /M p = \/5

usually obtained from Weinberg sum rules [Weinberg (1967)]

May 21,2013 LC2013 AdS/QCD & LF-gIolography Stan Brodsky :—:n_r\go
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Prediction from AdS/CFT: Mesow LFWF

de Teramond,
0.2 Sib
2 0.15;]
Yy (z, k7)) | “Soft Wall”
model
0.05]
k= 0.375 GeV
Note coupling
5 massless quarks
kY, @
47 o
Qj’ k’ p— é 2"‘3235’(1_39)
V(@ kL) ky/o(l — )

Provides Corwmectionw of Confinement to-TMDy

May 21,2013 LC2013 AdS/QCD & LF-6H6010graphy Stan Brodsky oS
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week ending

PRL 109, 081601 (2012) PHYSICAL REVIEW LETTERS 24 AUGUST 2012

AdS/QCD Holographic Wave Function for the p Meson
and Diffractive p Meson Electroproduction

J.R. Forshaw™

Consortium for Fundamental Physics, School of Physics and Astronomy, University of Manchester,
Oxford Road, Manchester M13 9PL, United Kingdom

R. Sandapen’
Département de Physique et d’Astronomie, Université de Moncton, Moncton, New Brunswick EIA3E9, Canada
(Received 5 April 2012; published 20 August 2012)

We show that anti—de Sitter/quantum chromodynamics generates predictions for the rate of diffractive
p-meson electroproduction that are in agreement with data collected at the Hadron Electron Ring
Accelerator electron-oroton collider.

d(x, &) = N ——x(1 — x)exp( — ),

68



o |nb]

week ending

PRL 109, 081601 (2012) PHYSICAL REVIEW LETTERS 24 AUGUST 2012

AdS/QCD Holographic Wave Function for the p Meson
and Diffractive p Meson Electroproduction

20000 l I l z(xx) I I I \Wwy axa
15000+ — - 1

15001~ = 5000 l T 1000 — : :
10000 =& X% Iﬁ— ! | 000 ;}"r l | l

o [nb]

W [GeV]
(a) H o HI(Q010) | | | <‘ (b) ZEUS
8- O-L o ZEUS (2007)
J: R. Forshaw, — | - 1 M2
o T exp(~ 5.4
R. Sandapen .| 9T | Jxd — %) 2K*

Y'p—pp

0 5 10 15 20 25



AdS/QCD Ay
Soft-Wall Model B
¢ 1417 o
[~ ga e PO = MA(Q)

Light-Front Schrodinger Equation

Unique

U (C ) — /{4C 2 -+ 2&2 ( L+ S — 1) Confinement Potential!

Confinement scale: ~ = 0.5 GeV
1/k~04 fm

May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky :—:n_r\}fo
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@ de Alfaro, Fubini, Furlan

Cho(r) >= i~ fo(r) >

G=uH +vD +wKkK

1 d? g Aduw — v?
G=H,=~ | | :
2( dx? = x? 4 v”)
Retoing conformal irwvariance of actiow despite mass scale!

duw —v* = k* = [M]*
Identical to- LF Hamiltoniawn with unique potential and dilaton!
® Dosch, de Teramond, sjb
[ L U(Q)]9(¢) = M*%(C)
d(? 42

U(C) = k*C* +2x*(L+ S —1)

~
May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky SLAQ
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v
u m/q ueness de Teramond, Dosch, sjb

© Cz confinement potential and dilaton profile unique!
@ Linear Regge trajectories in n and L: same slope!
® Massless pion in chiral limit! No vacuum condensate!

® Derive from conformal invariance: conformally invariant action

for massless quarks despite mass scale

® Same principle, equation of motion as de Alfaro, Fubini,

Furlan |

¢ Conformal Invariance in Quantum Mechanics Nuovo Cim.
A34 (1976) 569

72


http://inspirehep.net/record/108211
http://inspirehep.net/record/108211

What determines the QCD mass scole A oo ?

® Mass scale does not appear in the QCD Lagrangian
(massless quarks)

® Dimensional Transmutation? Requires external constraint
suchas a,(My)

® dAFF: Confinement Scale K appears spontaneously via the

Hamiltonian: (G = uH + vD + wkK Auw — 1)2 /14 — [M]4

® The confinement scale regulates infrared divergences,

connects /\ ocp to the confinement scale K

® Only dimensionless mass ratios (and M times R ) predicted

® Mass and time units [GeV] and [sec] from physics external
to QCD

® New feature: bounded frame-independent relative time
between constituents

s
May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky gLA\;



Quigg and Rosner (1979:

Excitation energies of quarkonia appear to be flavor-independent

1.5 N bb
~ _
N CC
> ' . s
2 . A * . logarithmic
0 05 —* 2 ) \ . potential?
&
0 ——
@
0t 17— Fft 1+t 2ttt 2

7~
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Heowvy-Quawrk Systews aond Conformaold Irwwawiownce
H.G. Dosch, G. de Teramond, sjb

e Structure of excitations for heavy quark bound states is largely independent of the reduced mass

e Quigg and Rosner (1979) “For what form of the quark-antiquark potential is the level spacing indepen-
dent of the reduced mass 2" : V (r) = C'In(r/r)

e New perspective from non-relativistic realization of the dAFF construction!

e Consider the operator
Gynp=aH;+bD +cK,

e The corresponding dAFF NR Hamiltonian is

2
9, 9 dac—b* ,
(Q+q2+ 4 q)’

B | —

Hyp =

o= G it (). d(0) =

May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky 5:.1-\}7'
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. , H.G. Dosch, G. de Teramond, sjb (in progress)
e NR dAFF Schrodinger representation

1 .d
Q‘—ﬁ’\/;ﬁ:T, Q'_+ _-V/EiiliT

compatible with canonical commutation relations [q(t), ¢(t)] = ¢

e Find ,
1 d* fe+1) 1 45,
Hyr = - 2m dr? T 2mr? T g T
where g = £(£ + 1) and w? = 4ac — b* /4 w=A=0.28 GeV

e NR Hamiltonian has reduced mass m but level spacing is independent of m as suggested by data

4 ,

1 11 ——

— 3 i -
— &
Ay — 32!
(5()5 — 105 Q)2;
0 — 0 =
0-+ 1-—- 0++ 1++  2++ 0+
0+- 1—- O++ 1++ 2++
state state
Excitation energy E of ¢ (red) and bb (blue) Squared mass M? of light I = 1 mesons

May 21,2013 LC2013 AdS/QCD & LF-I%olography Stan Brodsky sl_r\}fo
7



H.G. Dosch, G. de Teramond, sjb (in progress)

1 /10 ,0 1(1+1)\ 1

H = r + —m A°r?
2m \r20r Or r? 2 ’
15 3
E,=(2n+/¢+-=]| A
| 2
>
&
w A =0.28 GeV
Flavor independent
0,
0 1 5 Universal confinement time!

Excitation energies of c¢ (red boxes) and bb (blue diamonds) with different values of

angular momentum ¢. Only well established states below open flavour threshold are shown.

>
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Hadron Form Factors from AdS/QCD
Propagation of external perturbation suppressed inside AdS.

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

F(Q?)—r = [ 4Pp(2)J(Q,2)P(2)

High Q2 W JQ.2) &y
from " ¢ (Z) Polchinski, Strassler
smallz ~1/Q 0 el de Teramond, sjb
hlgh QQ/ 1 2 3 z 4 5

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

T—1
F 2 . 1 Dimensional Quark Counting Rules:
(Q ) ’ QQ ) General result from
AdS/CFT and Conformal Invariance

where Tt = A, — 0, 0, = Z?’:l o;. The twist is equal to the number of partons, 7 = n.

Vs
May 21,2013 LC2013 AdS/QCD & LF-}golography Stan Brodsky SLA\;
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Holographic Mapping of AdS Modes to QCD LFWFs

Drell-Yon-West: Form Factors awve
e Integrate Soper formula over angles: Corwolutiov O'IC LFWTFs

F(q°) 2277/016156 k) /CdCJo (CQP) p(z,¢),

with ,5(:13, C ) QCD effective transverse charge density.

e T[ransversality variable

¢ = \/ r(1l — x)bi
e Compare AdS and QCD expressions of FFs for arbitrary () using identity:

1 1l —=x
/Oda;Jo(CQ . )—CQKl(CQ),

the solution for J(Q, () = CQK1(CQ) ! de Teramond, sjb

Identical to-Polchinski-Strassler Covwolution of AdS Amplitudes
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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 + 2/122*2) 0, — Q222] Jx(Q, z) = 0.

e Solution bulk-to-boundary propagator DV’%/S@OL
9 2
J+(Q,2) :F(1+Q—2> U(—Q,O,RQZz)a Current
inv Soft-Wall
Model

where U (a, b, ¢) is the confluent hypergeometric function

['(a)U(a,b, z) = / e Fo (1 + )bt
0

e Form factor in presence of the dilaton background ¢ = K22
d
F(Q*) =R’ z_g 6_"3222@(,2){],%(@, 2)®(2).

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

the external current decouples from the dilaton field.

May 21,2013 LC2013 AdS/QCD & LF-8Holography Stan Brodsky oS
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Fermionic Modes and Baryon Spectrum Yukowa interactiovw

GdT and sjb, PRL 94, 201601 (200%) | v S

From Nick Evans

e Action for Dirac field in AdS4. 1 in presence of dilaton background ¢(z)\ [Abidin and Carlson (2009)]
S = / A /g e?@) (U TADy W + h.c+ p(2) T — T )

e Factor out plane waves along 3+1:  Wp(zH, 2) = e oW (2)
[z’ (znﬁmrgam + QFZ) + uR + /4;2,2] U(z*) = 0.
e Solution (v=pR— 3, v=L+1)
U, (2) ~ L3V ok z2/2L1/( 2 2)’ U_(2) ~ L5tk z2/2L1/—|-1( 2z2)
e Eigenvalues (how to fix the overall energy scale, see arXiv:1001.5193)
M? =4k*(n+ L +1) positive parity

e Obtain spin-J mode (I)m-"/w_l/w J > % with all indices along 3+1 from W by shifting dimensions
e Large N¢: M? :4/£2(NC—|—n—|—L—2) — M~ \/NCAQCD
82



Light-Front Mapping
e A physical baryon satisfies the Rarita-Schwinger equation for spinors in physical space-time
(i7" 0 —

M)tUyy(P) =0, Y Uppyosp(P) = 0.

e Upon substitution in AdS wave equation for spin J (ui chiral spinors)

A

o (R\T?
\Ilfl VT((L‘, z)=¢e"" () 10%(2) Ui---uT(P)a

and 2z — ( find LFWE

Cw_

C¢+

provided that |uR| = v + 3 and

a J-independent potential —

May 21,2013 LC2013

AdS/QCD & LF-Holography

’”C” 2y VY. = M,
’”C” 24, — V(O = My
= 104 with effective LF potential
V(Q) = £P(0)

No spin-orbit coupling !

o1 AN
Stan Brodsky :in_l'\\o
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Fermionic Modes and Baryon Spectrum
[Hard wall model: GdT and S. J. Brodsky, PRL 94, 201601 (2005)]
[Soft wall model: GdT and S. J. Brodsky, (2005), arXiv:1001.5193]

From Nick Evans

e Nucleon LF modes

Y+ (COn,r = K2+L\/ ( 2+"7J!L)'<3/2+L6—m2<2/2L5+1 (k*¢?)
n :

1 2n! 202
lb—(C)n,L _ K3+L\/n+L+2\/(n+L)!C5/2—I—L€ ¢ /2L£+2 (HJQCZ)

e Normalization

[acvi© = [acuc) =1

e Eigenvalues
M%,L,Szl/Q = 4k* (n+ L +1)

e “Chiral partners”

M N (1535) /3
M N (940)



May 21, 2013

Table 1: SU(6) classification of confirmed baryons listed by the PDG. The labels S, L
and n refer to the internal spin, orbital angular momentum and radial quantum number
respectively. The A2~ (1930) does not fit the SU(6) classification since its mass is too low
compared to other members 70-multiplet for n =0, L = 3.

SU6) S L n Baryon State
5 1 0 0 N17(940)
1o 1 N17(1440)
1o 2 N1T(1710)
5.0 0 A37(1232)
3.0 1 A27(1600
70 1 1 0 N17(1535) N3 (1520)
510 N3 (1650) N2 (1700) N3 (1675)
3211 Ni~ N3 (1875) N2~
10 A (1620) A2 (1700)
56 1 2 0 N37(1720) N57(1680)
12 1 N3T(1900) N3T
32 0 ALT(1910) A3T(1920) AZT(1905) AIT(1950)
70 1 3 0 N2~ NI~
$ 3 0 N3 N5~ N%7(2190) N5 (2250)
3 0 A3 AL
56 1 4 0 NIT N9 (2220)
3 4 0 AT ALY AT ALLT(2420)
70 L 5 0 N3~ N~
$ 5 0 N2 N3 N4 (2600) N+
LC2013 AdS/QCD & LF-Holography  Stan Brodsky
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Baryon Spectrum

e Choose linear potential V = A(, A >0

e Eigenfunctions
Q) ~ ¢ e 2L (ACD), o (Q) ~ 2P e N 2LEH (AD)
e Eigenvalues

M?=4X\n+v+1)

8 N(2600)
. . M?(GeV?
e Gap scale 4\ determines trajectory slope and ’ ( )
spectrum gap between plus-parity spin-% and
. 6}
minus-parity spin-% nucleon families ! 41
N B L
e Fornucleons v, ,.=L, v,,,=L+1, » N(1700)
1/2 3/2 T al N(1675) N(2220)
where L is the relative LF angular momentum » N(1650) \
v=1L

between the active quark and spectator cluster
N(1720)

e For A < 0 no solution possible (1680)

May 21,2013 LC2013 AdS/QCD & LF-slzolography Stan Brodsky :—:n_r\go




e Phenomenological identification to describe the full baryon spectrum: plus and negative sectors have
internal spin S = % and S =

Identity L. with v

— 4+
| ! 1 T T | ' I T
n=3 =2 n=1 n=0
6 — 6l |
n=3 n=2 n=1 n=0
! ) - / A(2420) -
- / N(2220) —
N> 4 ‘\> 41 —
a [}
o) S
a3 ] . o : A(1950) |
= N(1710) s A(1920)
A(1910)
- N(1680 -
2 N(1430) (1680) o |-A(1600) A(1905) |
a . A(1232)
N{940)
0 — | | | 1 | = 0 | | ] |
2.2012 0 2 4 2.2012 0 2 4
8820A12 L 8820A3 L

Example: Orbital and radial excitations for positive parity N and A baryon families (\/X ~ ().5 GeV)

May 21,2013 LC2013

AdS/QCD & LF-Holography
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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

FY(Q7)

[ ¢ IQ. 0w+ o)
@) = —3 [ dCIQ0) [l6+(O)F ~ ()],

where F7'(0) = 1, F7*(0) = 0.

1 A7

L ALK RATOR LAB

May 21,2013 LC2013 AdS/QCD & LF-S%olography Stan Brodsky 3



e Compute Dirac proton form factor using SU(6) flavor symmetry

FP(Q?) = R* / 9% (@, ) (2)

~4

e Nucleon AdS wave function

T _ AT 2n/! 7/24+L 7 L+1 (,.2,2) ,—r%2%/2
+(2) = E (n+L)!Z ST (k%27 e

e Normalization (F1P(0)=1, V(Q=0,2)=1)
4 [ 4z 5o
R /z4 Ui(z)=1

e Bulk-to-boundary propagator [Grigoryan and Radyushkin (2007)]

]_ 2 | | |
V(Q,2) = ’{2’22/ = xf?e_&%%/(l_x) 1.2 -
o (1—x)? I
> i ]
e Find | (:5:
Q)= o2 )
(1+ %) (1+ %) g

with M2 — 4k2%(n + 1/2)

0 10 20 30

9-2007
8757A2 Q? (GeV?)
f'l ‘KI—’

May 21,2013 LC2013 AdS/QCD & LF- 8Holography Stan Brodsky oS
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Using SU (6) flavor symmetry and normalization to static quantities

e Q? (GeV?) o Q? (GeV?)
2 [ I [ I [ I O || I [ I 1 I _|
&
| @]
N~—" _1 | —
C QN
LL
- I A _2 | I | I | I
6 0 2 4 6
SeR0AE Q? (GeV?) & Q? (GeV?)

May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky Oi.ivo
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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 withv counting rule, twist 3

oI



Nucleon Transition Form Factors

FY none(Q7) = .
- 3 2 Q? Q?
(1) (14 28) (1 58)

T [ I [
&
S o1k
=
f
=z
[0X
i
O ] | ] |
0 2 4
S600A16 Q? (GeV?)

Proton transition form factor to the first radial excited state. Data from JLab

~
May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky o/
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Dressed soft-wall cuwrvent brings inv higher
Fock states and move vector mesovw poles

May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky 3h
93
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Higher Fock Components in LF Holographic QCD
e [Effective interaction leads to qq¢ — qq, qq¢ — qq but also to ¢ — qqq and ¢ — qqq
e Higher Fock states can have any number of extra qq pairs, but surprisingly no dynamical gluons

e Example of relevance of higher Fock states and the absence of dynamical gluons at the hadronic scale
‘T[> — Lquﬁ/T[’CZQ>T:2 + wqqqq‘qaqq>T:4 -+ ...

e Modify form factor formula introducing finite width: ¢* — ¢ + v/2iMT  (Pygqq = 13 %)

0.6
P 1 =
% 0.4 NS
S .
. L
(aV] —
g o
o
™ =
NO 0.2 -
| ] | ] |
6 0 2 4
) 2-2012 2 2
38%%1321 8820A22 q- (GeV®)

>
May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky O/
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Timelike Pion Form Factor from AdS/QCD

and Light-Front Holography

: (1 _ 1 1
) ==Y P
: 0 0 o 0!
% 2 _ g2
=4rk“(1/24+n
log | Fy (s)] M., (1/2 4+ n)
* v =0.17
1 I ]
v~' A
o Prescription for
" 3 S Y7yl ' Timelike poles :
0% AR Twist 2+4 | 1
% / RN i I s— M?2+iy/sT
Twist 2 $
-1+ ~ \—— —
i . =2 14%0 four-quark
Frascati data ~<_] probability
=2 L I | | | I I I I | | [
0.0 0.5 1.0 15 20 25 3.0
S(GGV ) G. de Teramond & sjb
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- Plonw Form Factor from AdS/QCD ang Light-Front Holography

log | Fx(s)

i spacelike

G deTeramond, sjb
Preliminary

timelike

t
i } { NG ﬁ% |
f JLab ! \ -
L BaBar ISR | |
Piwist 2 = 917, Pywist 4 = 3%, Piwist 5 = 6%
x determined by the p mass, PDG widths. I'yv =T,1.
I
2 2
q°(GeV?)



ra

l A A A l A A A l A A A l A A A l

4 6 58 10
¢*(GeV~)
Timelike

~~~~~~~~~~~ °Fr(¢?)] — (1 —~)m;,

B P
B
—
------
---
-
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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 " MNPC AL 0y ANOp Ag
~ (21)* W (pr + q = k) Fry (@) €u(0) (0 )v€n (k) do
e Take A, x D,(2)/2, Pr(2)= \/%RZQ(?_"’QZQ/2, (®r|Pr) = Pyg

o Find (¢(z) = V3fxx(1—1), fr=/Pgr/V2r)

o 4 ! ¢(£E) —PQ%*(1—x)/An? f2 x
Q2F, (Q%) = ﬁ/o do= [1 s ! }

X

normalized to the asymptotic DA [F,; = 1 — Musatov and Radyushkin (1997)]
e Large (9 TFF is identical to first principles asymptotic QCD result Q2FM(Q2 — 00) = 2fr

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



Q2 F,,(Q?)(GeV)

0.30

0.25

0.20

0.15

0.10

0.05

0.00

Phot‘ow-to;péowtraxméﬁow formy;

foctor

Lepage, sjb

F.-G. Cao,
| G. de Teramond,
sjb

Q*Fry(QF — 00) =27

® Belle
B BaBar
¢ CLEO
A CELLO

------ Free current; Twist 2
= = Dressed current; Twist 2
— Dressed current; Twist 2+4

20
Q2(GeV?)

30

40

929



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
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Deur, Korsch, et al.

B

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

— Fit pOCD evol. eq.

00
RS

1000500020

%5

SILRRRS
LKL

RRRILLLKS

050
35
RL

6
&S
5

Godfrey-Isgur

e, T Bhagwat et al. | ® Lattice OCD

DSE gluon

10 couplings

| | \\\\‘ | \'\~W"\-\ | | \\\\‘ | |
107! i 107!

May 21,2013 LC2013 AdS/QCD & LF-Holography Stan Brodsky oo
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Runwning Coupling fromv Light-Front Holography and AdS/QCD
Analytic, defined at all scales, IR Fixed Point

i 1 . 2 .2
7 (X?ds(@)/ﬂ' — Q° /4K
aS (Q) B T ‘k"‘- |
e 0.6 - { [ “
[ onene Modified AdS ~ Ii|
~— AdS - ||i\ k= 0.54 GeV
04 - . o)
a gl/n (pQCD) il
- ocgl/:n: world data \
------- GDH limit ¥ o/m
02 ¢ o /n OPAL { ‘,»
A o /mJLabCLAS ...
M o, /7 Hall AICLAS I r CeES
o @ Lattice QCD (2004) (2007) 1|
| | | | | | | ‘ | | | | ‘
10 ] 10
Q (GeV)

AdS/QCD dilaton captures the higher twist corrections to effective charges for Q < 1 GeV

2 _2
e¥ = eTh 2

Deur, de Teramond, sjb

102



Chiral Features of Soft-Wall
AdS/QCD Model

Boost Invariant

Trivial LF vacuum! No condensate, but consistent with GMOR

Massless Pion

Hadron Eigenstates have LF Fock components of different L~

Proton: equalprobablhty SZ — _|_1/2 Lz — () SZ — —1/2 L7 = +1
[ J7 = +1 / 2 i< [F >=1 / 2 < SZ —0>

Self- Dal Mass1ve Elgenstates Proton is its own clural pner

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.

103



Gell-Mavuwv Oakes Revwner Formudor 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.

vacuuwnmy condensate actually iy novmal piow decay malrix element




AdS/QCD and Light-Front Holography

® AdS/QCD: Incorporates scale transformations
characteristic of QCD with a single scale - RGE

® Light-Front Holography; unique connection of
AdSs to Front-Form

® Profound connection between gravity in sth
dimension and physical 3+1 space time at fixed LF
time T

® (Gives unique interpretation of z in AdS to
physical variable C in 3+1 space-time

s
May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky gLA\;



Light-Front QCD
Heisenberg Equationw

HYP v,y = M2 |wy)
LC h/ — h h

7 8 9 10 11 12 13
n  Sector qqqdg | 999dqq | 9999 qqg99 | 999999 (99994949 |q3qaqqqd

1 qq
kA
% 2 g
_ g 3 qig
P,S pP.S
5
oo A 999
: {igiigu 6 adgg
- 7 qqqqg
K\ P,
(b) 8 qqqqqqg
9 9999
p,s p,S
> > 10 qqggg
§ 11 q3aggg
ko ko |12 qdadqag -
(c) 13 g4 a3 qq qq . . . . . . . ; . . .
BLFQ: Use AdS/QCD basis functions!
ol Ay
May 21,2013 LC2013 AdS/QCD & LF-H6olography Stan Brodsky oS
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Basis Light-Front Quantigationw Approaciv
to- Quantum Field Theory

Use AdS/QCD orthonormal Light Front Wavefunctions
as a basis for diagonalizing the QCD LF Hamiltonian

® Good initial approximation B LFQ Xinsbo Zh
* Xingbo Zhao

® Better than plane wave basis * Anton [lderton,

 Heli Honkanen
* Pieter Maris,

* JamesVary

* Stan Brodsky

® DLCQ discretization -- highly successful |+1
® Use independent HO LFWFs, remove CM motion

® Similar to Shell Model calculations

e Hamiltonian light-front field theory within an AdS/QCD basis.

~
May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky SLAQ



[ Set of transverse 2D HO modes for n =1 ]

P. Sternberg, E.G. Ng, C. Yang, PRC

b

, G.F. de Teramond

Jun Li, P. Maris, S.J. Brodsky, A. Harindranath

J.P. Vary, H. Honkanen,

|
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Hadronigation at the Amplitude Level

PH

generator S O
(kL N)

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

1 AR

May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky sh N
109

B



Off -Shell T-Matrix

Event amplitude generator

Quarks and Gluons Off-Shell

LFPth: Minimal Time-Ordering Diagrams-Only pqsitive k|+ |

J? Conservation at every vertex

Frame-Independent

.
",

Cluster Decomposition  Chueng Ji, sjb
“History”-Numerator structure universal

Renormalization- alternate denominators

LEWTEF takes Off-shell to On-shell

Roskies, Suaya, sjb
Tested in QED: g-2 to three loops

1 AL

L ALK RATOR LAB
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Featwres of LF T-Matrix Formalism
“Tvent Amplitude Generator”

® Same principle as antihydrogen production: off-shell coalescence

® coalescence to hadron favored at equal rapidity, small transverse
momenta

® Jeading heavy hadron production: D and B mesons produced at
large z

® hadron helicity conservation if hadron LEFWEF has Lz =0

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

o PT 0P| + k|
pt =pO 4 p=

~
May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky SLAQ



Hadronigation at the Amplitude Level

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

112



tude Level
at the Amplit
) LOVV

No-gluons
E AdS/QCD

potential

. 1
s+

1
--------------------------------------------------------------------------------------------------------------
1
1
1

ion theor ys
bation
Pertur
. -Front
o nght
. sing ; Fs
helicity amp htu:i:z :“a" Kovia LEW
ct he coales
Constru

|
Appear!
Only H
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Principle of Maximum Conformality

QCD Observables

Q2 m2 A2 A2 m2
OC(Tas(u?)))JrB(ﬁlog )+ D(gs) + B or )+ E S%D I G(m—%)
Running Coupling
Scale-Free . Effects Intrinsic Hea
Conformal Series t Quarks DA/
maeT g g
BLM/PMC: Absorb [-terms into running coupling
0 = Cla.(@) + D(og) + B(292) 4 pRacn) gy
= (C(« + | T T
S Q7 @ mg mg

May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky SLAC

114



Set multiple renormalization scales --
Lensing, DGLAP, ERBL Evolution ...

; ; . R, init
C'hoose renormalization scheme; e.g. a(pup™)

inat.

C'hoose p'i5'"; arbitrary initial renormalization scale

:

Identify {8} — terms using ny — terms

through the PMC' — BLM correspondence principle

:

Shift scale of o, to piMC to eliminate {SE} — terms

Con formal Series

init

Result vs independent of g™ and scheme at fized order

PMC/BLM

No renormalization scale ambiguity!

Result s independent of
Renormalizatiow scheme
and, inittald scale!

Same as QED Scale Setting

Apply to Evolution kernels,
hard subprocesses

‘ Eliminates unnecessary systematic uncertainty

0-scheme
automatically identifies
QCD @ function terms

Principle of Maximum Conformality

Xing-Gang Wu, Matin Mojaza
Leonardo di: Giustino, S¥B

el A

May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky O/
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Contributes to the pp — ttX asymmetry at the Tevatron

Interferes with Born term.
Small value of renormalizatiow scale increases asymmetry
Xing-Gang Wu, sjb

~
May 21,2013 LC2013 AdS/QCD & LF-H6010graphy Stan Brodsky sLlAﬂ-\.o
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Eliminating the Renormalization Scale Ambiguity for Top-Pair Production
Using the ‘Principle of Maximum Conformality’ (PMC)

0.8

0.7

0.6

0.5}

0.4}

0.3

0.2}

0.1}

tt Xing-Gang Wu
Acs (M- > 450 GeV) + o6 SJB

- - -- Experimental asymmetry

PMC Prediction

Conventional: guess for
renormalization scale and range

tt asymmetry predicted by pQCD NNLO within
1 0 of CDF /D0 measurements using PMC/BLM scale setting
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An analytic first approximation to QCD
AdS/QCD + Light-Front Holography

® As Simple as Schridinger Theory in Atomic Physics

¢ LF radial variable ( conjugate to invariant mass squared

¢ Relativistic, Frame-Independent, Color-Confining
¢ Unique confining potential!

¢ QCD Coupling at all scales: Essential for Gauge Link
phenomena

¢ Hadron Spectroscopy and Dynamics from one parameter

e Wave Functions, Form Factors, Hadronic Observables,
Constituent Counting Rules

¢ Insightinto QCD Condensates: Zero cosmological constant!

¢ Systematically improvable with DLCQ-BLFQ Methods

£
May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky s:_lé\\‘.



AdS/QCD Ay
Soft-Wall Model B
¢ 1417 o
[~ ga e PO = MA(Q)

Light-Front Schrodinger Equation
U(C) =r*"CC+2:%°(L+ S —1)

Confinement scale: ~ = 0.5 GeV
1/k~04 fm

May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky :—:n_go
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LF( 3+ 1) e A d55 de Teramond, sjb
Light-Front Holography

V(x, b)) — ——— d(2)

¢ = \/.:B(l — :c)l;i ey

|5
(1-a)

P(2,¢) = Va1l — )¢ 2¢(C)

Light Front Holography: Unique mapping derived from equality
of LF and AdS formudae for bound-states and form factorsy

P ond
May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky :_:)Llé\_\.p
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String Theory

Goal: First Approximant to-QCD +
Mapping of Poincawre and Conformal

SO(4,2) symumetiries of 3+1 space
AOL‘S/CFT to- AdS5 space

Counting rules for Hard Exclusive

Scattering
Regge Trajectories Conformal behawior at short distances
+ Confinement 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

1 A
May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky GLE\%
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( Light-Front Schwédinger Equation )

G. de Teramond, sjb

Relativistic LF single-variable radial

equatiowfor QCD & QED Frame Independent!
d? 4L° -1
[ d<2 | 4(2 | U(Cz’ J’ L’ Mz)] lIIJ,L(CZ) — M2\PJ,L(C2)

(2 =2(1—z)b?.

U is the exact QCD potential
Conjecture: ‘H’-diagrams generate

U((,S,L) =r*C+r*(L+S—1/2)

P ond
May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky :‘::L:é\}fo
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Light-Front Holography

d? 1 —4L7
d(2

Light-Front Schrodinger Equation
U(C) =r*"CC+2:%°(L+ S —1)

Confinement scale: ~ = 0.5 GeV
1/k~04 fm

May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky :—:n_go
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Predict Hadron Properties from First Principles!

- Light-Front

PQCD
& Evolution Equations
/ “. Counting Rules

o ctive Field Theof” -
Methods g
_SCET, ChPT,... S




Basis Light-Front Quantigationw Approaciv
to- Quantum Field Theory

Use AdS/QCD orthonormal Light Front Wavefunctions
as a basis for diagonalizing the QCD LF Hamiltonian

® Good initial approximation B LFQ Xinsbo Zh
* Xingbo Zhao

® Better than plane wave basis * Anton [lderton,

 Heli Honkanen
* Pieter Maris,

* JamesVary

* Stan Brodsky

® DLCQ discretization -- highly successful |+1
® Use independent HO LFWFs, remove CM motion

® Similar to Shell Model calculations

e Hamiltonian light-front field theory within an AdS/QCD basis.

~
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Solving nonperturbalive QCD wsing the Front Formv

® Heisenberg: Diagonalize the QCD LF Hamiltonian FHornbostel; Paudiy sb-
® DLCQ: Complete solutions QCD(1+1): any number of colors, flavors, quark masses

® AdS/QCD and Light-Front Holography: Soft-Wall Model predicts light-quark
spectrum and dynamics de Teramond, s

® BFLQ: Use AdS/QCD orthonormal basis functions Vary, Maris. et al

® RGPEP: Systematically reduce off-diagonal elements; RG equations which evolve

LFQCD in scale Gla%,e,k/

® Reduce QCD to equation for LF valence state with effective potential Pauli

® Reduce QCD to one dimensional LF Schrodinger Equation in radial coordinate
conjugate to the invariant mass. e Teramond, éﬂy

® Lippmann-Schwinger expansion in AU = Ugcp-Uadgs H iller ~{>ﬂ)’

® Cluster expansion methods 7{ LLI,@V~CZ’L0‘/Z73/ shevor

s
May 21,2013 LC2013 AdS/QCD & LF-Holography  Stan Brodsky O



Featwres of AdS/QCD LF Holography

® Based on Conformal Scaling of Infrared QCD Fixed Point
® Conformal template: Use isometries of AdS;5

® Interpolating operator of hadrons based on twist, superfield
dimensions

® Finite Nc = 3: Baryons built on q +(qq) -- Large Nc limit not
required

® Break Conformal symmetry with dilaton
® Dilaton introduces confinement -- positive exponent

® Effective Charge from AdS/QCD at all scales

® Conformal Dimensional Counting Rules for Hard Exclusive
Processes

7
May 21,2013 LC2013 AdS/QCD & LF-Holography Stan Brodsky sl_lé\\.p
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New Diuwrections

Hadronization at the Amplitude Level
LF Confinement potential and LFWF's predicted
Eliminate Factorization Scale: Fracture function determines off-shellness

Eliminate Renormalization Scale Ambiguity: Principle of Maximal
Conformality (PMC)

Exclusive Channels: PQCD Gluon exchange versus Soft Interactions
Different mechanisms at x \to 1 and high k_\perp

Massive quark spectroscopy

Sublimated Gluons: Gluons appear at high virtuality

Hidden Color of Nuclear Wavefunctions

Duality: connection to DIS at high x
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AdS/QCD and,
Light-Front Holography

Fixed T=t+ z/c

1l ARy
b b M\
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