Holography:
Map AdS/CFT to- 3+1 LF Theory

Relativistic LF radial equation Frame Independent

L+ V(O (0 = M?6(0)

G. de Teramond, sjb

(2 =z(1— :c)bi

Effective conformal 1 — 477
potential; V(C) — 4(2 -
/{4C 2 confuning potential
Stan Brodsky, SLAC
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Consider the AdS5 metric:

ds? = ?—j(nuydx“d:vy — dz?%).

ds? invariant if z# — \xH, z — Az,

Maps scale transformations to scale changes of the the holographic coordinate z.
We define light-front coordinates x+ = 2% + 3.

Then n*dz,dz, = dxo? — dws® —dr |2 = detde™ — dx | 2

and

ds® = — B2 (4 % + d2%) for et = 0 LW~FVOVI1’A01/55 Duadity

o ds?isinvariantif dx | 2 — M\2dz, 2, and z — Az, at equal LF time.
e Maps scale transformations in transverse LF space to scale changes of the holographic coordinate z.

e Holographic connection of Ad.S5 to the light-front.

e The effective wave equation in the two-dim transverse LF plane has the Casimir representation L?
corresponding to the SO(2) rotation group [The Casimir for SO(N) ~ SN~ lis L(L + N — 2) 1.
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Light-front Hamiltonian equation
2
Hip|¢) = M7|¢),

leads to effective LF Schrddinger wave equation (KKSS)

[ d? 1 —4L2

e + 1+ 262(L-1)| ¢(C) = M2(C)

with eigenvalues M? = 4x?(n + L) and eigenfunctions

QSL(C) _ Hl—}—L\/(nQ—'f_n!l;)'él/Q—l—Le,{262/21—/7[; (/{24—2) .

Transverse oscillator in the LF plane with SO(2) rotation subgroup has Casimir L? representing

rotations for the transverse coordinates b | in the LF.

SW model is a remarkable example of integrability to a non-conformal extension of AAS/CFT [Chim
and Zamolodchikov (1992) - Potts Model.]
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Example: Pion LFWF

e Two parton LFWF bound state:

= A vVr(l—x) AGe

HW QCD 2 QCD

— r,b) = Jr(vx(l —x) b |8 A b < —————_
wqq/ﬂ'( ) ) ﬁ 71 L(BL)k) L( ( )‘ J_‘ L.k QCD) - (1 ) N
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Fig: Ground state pion LFWF in impact space. (a) HW model Aqgcp = 0.32 GeV, (b) SW model £ = 0.375 GeV.
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Prediction fromAaS/CFT: Mesow LFWF

de Teramond, sjb

“Soft Wall”

model

k = 0.375 GeV

massless quarks

_ 47-‘- _21123]:(2_11—33)
Vv (z, ki) = NI o1 (z, Qo) o /z(1 — x)
BNL AdS/QCD
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Hadrow Distribution Amplitudes

Lepage, s7b

k< Q7

1l —=x

2 -
Fixed T=t+4 z/c

e Fundamental gauge invariant non-perturbative input to
hard exclusive processes, heavy hadron decays. Defined
for mesons, baryons

Lepage, sjb
* Evolution Equations from PQCD,  Frishman, Lepage, Sachragjda, sjb
OPE, Conformal Invariance Peskin Braun

E fremov, Radyushkin Chernyak etal

* Compute from valence light-front wavefuréction in
light-cone gauge drr(z, Q) = / 2K Yoo, kL)
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Second Moment of Piow Distribution Amplitude
1
<¢o= | e £20(¢)
E=1—-2x

<& >=1/5 Gasympt X (1 — )

<& >=1/4 daas/ocp < Va(l — )

Sachrajda Lattice: < &2 >= 0.28 & 0.02
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Spwceh]ce/pwwfornmfaotw fromAdS/CFT

Data Compilation from Baldini, Kloe and Volmer

SW: Harmonic Oscillator Confinement

HW: Truncated Space Confinement

One parameter - set by pion decay constant. ol ek

BNL AdS/QCD
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Contributions to Mesons Form Factors at Large () in AdS/QCD

Note

e Write form factor in terms of an effective partonic transverse density in impact space b |

z,b,Q),

1
/ dx/db2ﬁ(
0

(z,b)|*and b = |b|.

bQ(L — )] |4

q°)

 (

F

with ﬁ(xa b7 Q) = mJo [

()) is shifted towards small |b | and large x — 1 as () increases.

Y

b

e Contribution from p(zx,

8755A5

1 GeV/c, (b) very large ().

Fig: LF partonic density p(z, b, Q): (a) @

Stan Brodsky, SLAC
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Example: Evaluation of QCD Matrix Elements

e Pion decay constant f,. defined by the matrix element of EW current J;LV:
Pt fr
V2

‘W > = |du) = \/7\[ Z (bl dldl ul bl dei ul) |O>

e Find light-front expression (Lepage and Brodsky '80):

<0‘¢u7 2 (1 =5 %\W >:i
with

e Using relation between AdS modes and QCD LFWF in the ¢ — 0O limit

_ 1 372 1. P(C)
f”_s\[QR 2

e Holographic result (Aqgcp =0.22 GeV and £ =0.375 GeV from pion FF data): Exp: fr =92.4 MeV

aw V3 sw_ V3
A =91.7MeV, f- ——/6—812M6V
™ 8Ji(Box) b J
BNL AdS/QCD
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Diffractive Dissociation of Piow

into- Quawrk Jety
E791 Ashery et al.
by ~0 (1/k; )
¢ _ X1 ki1
T X2, kiz
A A 82

M o @ij_wﬂ(aja kJ_)
Measwre Light-Front Wavefunctiow of Piow

Minimal momentum tronsfer to- nuclews
Nucleuws left Intact!

BNL AdS/QCD
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£791 FNAL Diffractive DiJet

by ~0 (1/ky)
¢ X1, Ky 1
>
T > [
T X2, Kip
A A’

Gunion, Frankfurt, Mueller, Strikman, sjt
Frankfurt, Miller, Strikman

Two-gluow exchange measures the second derivative of the piov

light-front wawefunctiow
q 52
—?—q M aszww(%kL)
|
N \C o
BNL AdS/QCD
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Key Ingredienty ivv €791 Experiment

by, ~0 (1/k; )

¢ X1, Ku 1 Brodsky Mueller
n : ( N Frankfurt Miller Strikman
T Xo, Ky o

Small colov-dipole moment piovw not absovbed;
interacty withv eachv nuucleovw coherently
QCD COLOR Trawvsparency

Mjy= A My

—9- ¢ T (nA — q7A) = A2 (7N — qIN") F3(1)

K? J Target left intact
Diffraction, Rapidity gap

BNL AdS/QCD
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Color Travusparency

Bertsch, Gunion, Goldhaber, sjb
A. H. Mueller, sjb

* Fundamental test of gauge theory in hadron physics
* Small color dipole moments interact weakly in nuclei
* Complete coherence at high energies

* (Clear Demonstration of CT from Diftractive Di-Jets

BNL AdS/QCD
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Mueller, sjb; Bertsch et al;
Frankfurt, Miller, Strikman

Measwre piow LFWF v diffractive dijet production
Confurmatiow of color transparency

A-Dependence results: o ox A“
k; range (GeV/c) - a (CT)
1.25 < k< 1.5 1.64 4+0.06 -0.12 1.25
1.5 < k< 2.0 1.52 + 0.12 1.45
Ashery E791
2.0 < k< 2.5 1.55 + 0.16 1.60

a (Incoh.) = 0.70 + 0.1

Covwentional Glauwber Theory Ruled Factor of 7
out !

BNL AdS/QCD
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e Fully coherent interactions between pion and nucleons.

e Emerging Di-Jets do not interact with nucleus.

M(A) = A- M(N)

Ao o A2 ¢ ~ 0

dgy
g X A4/3
225 [ 450
- Nuclear coherence =
200 |- 400 - Nuclear coherence
175 Pt 350 ff C
150 2¢.2 L Riqi 300 £
2 125 8 250
[ [ = -
S . 5 F
o 100F 3 200
75EL 150 [
S0 1005 -1 T
Be L o sof |
:_____'-_.,___.___.:.ﬂ-_".‘:‘:_.—_-‘.___._,_,____._._._._+_ _++ 1] - Ty
= R e e _| e TS puer S el st i sl o ) ||' SR SOPOTOON NN Mutow el » --l = 1 S R
0 0.1 0.2 0.3 0.4 0 0.2 0.4 0.6 0.8
q.° (GeV/c)® q2 (GeV/c)?
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E~791 Diffractive Di-]Jet transverse momentum distribution

$ 47 Two Components
3 T
8 s _ Gaussian High Trarwverse e
momentuwmn dependence kp~
: consistent with PQCD,
o3 ERBL Evolution
Gaussion component similowr
102 }‘ “ to-AdS/CFT HO LFWF
1712 74 16 18 2 22 24 26 28 3
kT (GeV)
BNL AdS/QCD
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70

1.5k £25GeV/c

|||.||i|.|1%+l+

- 1.25 <k £1.5 GeV/c -
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!
X Ashery E791

Nawrrowing of x distribution at higher jet transverse momentum

x ' distribution of diffractive dijets from the platinum target for 1.25 < k; < 1.5 GeV/c (left) and for
1.5 < ky < 2.5 GeV/c (right). The solid line is a fit to a combination of the asymptotic and CZ distribution amplitudes.
The dashed line shows the contribution from the asymptotic function and the dotted line that of the CZ function.

Possibly two components:

Nonperturbative (AdS/CFT) and  ¢(z) \/93( 1-—x)
Perturbative (ERBL)
Evolution to asymptotic distribution

BNL
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0_(x)

qbasympt ~ 33(1 — x)

/

AdS/CFT:
¢(x, Qo) o< /(1 —x)

Increases PQCD leading twist predictic
Fr(Q2?) by factor 16/9

2 [ [ [ | [ [ [ | [ [ [ | [ [ [ | [ [
I —— Linear potential(m=0.22 GeV,=0.3659 GeV) |
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Lepage, sjb

1 1
Fo(@)= | dxg,(0) | dvéntn

C. Ji, A. Pang, D. Robertson, sjb

Choi, Ji

167Cray(Qy)

0.6 :
0.5
0.4 1
P F(Q) 0.3 F 1% g
(GeV?) i
02 fy
X
0.1
ﬂ |
0 2
AdS/CFT:
BNL

November 20, 2007

Q@* (Gev?)

(I—x)(1—-y)Q°

$(z, Qo) o /z(1 — )

-1 ¢asymptotic x z(1l — )

Normalized to fr

Increases PQCD leading twist prediction for

Fr(Q?) by factor 16/9

AdS/QCD
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Higher Spin Bosonic Modes HW

e Each hadronic state of integer spin S < 2 is dual to a normalizable string mode

—iP-
D(x, 2) 1 popg = €papg-ng € - Ps(2).
with four-momentum PM and spin polarization indices along the 3+1 physical coordinates.

e Wave equation for spin S-mode W. S. I'Yi, Phys. Lett. B 448, 218 (1999)
[zzﬁg — (d+1-25)z0, + zQMQ—(uR)Q} dg(z) =0,

e Solution

~ Z\° —iP.x 4
d(2)g = (E) P(z)g = Ce P z2JA_%(Z./\/l) €<P)M1M2"'Ms>

e We can identify the conformal dimension:

(d+ V(d—28)% + 4% R?).

e Normalization:

BNL AdS/QCD
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Bawyons ivv
Ads/CFT

Baryons in “bottom-up” approach to holographic QCD:
{ GdT and SJ B (2004)}.

“Top-down” Sakai-Sugimoto model:
{ Hong, Rho, Yee and Yi (2007);
Hata, Sakai,Sugimoto, Yamato (2007)}.

BNL AdS/QCD
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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 AdS; 1:
S[W, U] = /dde VI U(z, 2) (z’FeDg — ,u) U(x,z).
e Equation of motion: (Z'FKDg — ,u) U(x,z) =0
: /m d 14
[z (277 I'Op, + §Fz) + ,MR] U(z") = 0.

BNL AdS/QCD
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Bawryons
Holographic Light-Front Integrable Form and Spectrum

e In the conformal limit fermionic spin- modes 1/(¢ ) and spin-2 modes v/, (¢)

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

all(C)h(¢) = My(C),

where H;r = all and the operator

I+ L
L (¢) = —i < i ’ 275) :

dg G
and its adjoint HTL(C ) satisfy the commutation relations

0.0 =25

e Supersymmetric QM between bosonic and fermionic modes in AdS?

5.

BNL AdS/QCD
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Note: in the Weyl representation (zcx
, 0 I
100 =
—1 0

= 750)

0 I
’ 6: ) B =

Baryon: twist-dimension3 + L (v =1L + 1)

OS—I—L — %DD{&

Doy Deyyy - Doy,

I 0
0 —I
1=1

Solution to Dirac eigenvalue equation with UV matching boundary conditions

¥(¢) = CV/C [Tpg1(CM)ug + Jpya(CM)u_] .

Baryonic modes propagating in AdS space have two components: orbital L and L + 1.

Hadronic mass spectrum determined from IR boundary conditions

given by

M = BurAqep,

with a scale independent mass ratio.

BNL
November 20, 2007

Y+ (( =1/Aqcp) =0,

AdS/QCD
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vk = Bv+1,eAQep,
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0

1-2006

8694A14

Fig: Light baryon orbital spectrum for AQCD = 0.25 GeV in the HW model. The 56 trajectory corresponds to L

(@)

| | | |
N (2600),"

| =1/2 /

N (2250

)
N (2190)

N (1700)
N (1675)
N (1650)
N (1535) _
N (1520)

I
7

(b)

A (1232)

| = 3/2

A (1700)
A (1620)

even P = -+ states, and the 70 to L odd P = — states.
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SU6) S L Baryon State
1 1+
56 L 0 N3 (939)
5 o A2T(1232)
70 1 1 N1 (1535) N2 (1520)
31 N3 (1650) NS (1700) N2 (1675)
L A3 (1620) A3 (1700)
+ +
56 1 2 N27(1720) N27(1680)
32 ALT(1910) A3T(1920) AZT(1905) ATT(1950)
70 1 3 N3 NI°
3 3 N2~ N2© NI (2190) N2 (2250)
13 A27(1930) AL
+ +
56 1 4 N1 N27(2220)
+ 7+ 9+ 11+
9~ 11—
70 L s N2 N1 (2600)
7 9~ 11— 13—
5 5 N3 N3 N3 Ny
BNL AdS/QCD
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Non-Conformal Extension of Algebraic Structure (Soft Wall Model)

e We write the Dirac equation
(aII(¢) = M) ¥ (¢) =0,
in terms of the matrix-valued operator 11

o+ L
HZ/(C) = —1 (ddc _ —g 2 Y5 — /{24-’75) )

and its adjoint HT, with commutation relations

@] = (5 -2 ) s

e Solutions to the Dirac equation

() ~ 2zTe LY (52¢2),
3

() ~ 23tV 2L (2¢2),

e Eigenvalues
M? =4k*(n+ v +1).
BNL AdS/QCD

November 20, 2007 1 (1)
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e Baryon: twist-dimension3+ L (v =L + 1)
Osyr =Dy, ... DypDy, ... Dy ytb, L= 4.

e Define the zero point energy (identical as in the meson case) M? — M? — 4x?:

M? = 4k*(n+ L +1).

P

_‘IHF['-.'-:I.‘PHI:'

N{(1720)
N{1630)

N{940)
0 1 2 3 4 5 6

Proton Regge Trajectory ~ = 0.49GeV
BNL AdS/QCD
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Space-Like Dirac Proton Form Factor

e Consider the spin non-flip form factors

F(Q) = gs / 4¢ J(Q, O+ (O
F Q) = g / a¢ J(Q, O)lp—(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 ¥ (() correspond
to nucleons with J? = +1/2 and —1/2.

e For SU(6) spin-flavor symmetry
FIQ) = [dcI@QOlu ()P,
@) = - / a¢ J(Q,¢) [[6+ (O] = v (O],

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

BNL AdS/QCD

November 20, 2007 103

Stan Brodsky, SLAC

103



e Scaling behavior for large Q?: Q*FF(Q?) — constant | Proton 7 = 3

9-2007
8757A2 Q? (G eVZ)

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 Stan Brodsky, SLAC
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Dirac Neutron Form Factor
(Valence Approximation)

Truncated Space Confinement

QIFM(Q?) [GeV

Q° [GeV?]

Prediction for Q4F1”(Q2) for Aqcp = 0.21 GeV in the hard wall approximation. Data analysis from
Diehl (2005).
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e Scaling behavior for large Q%: Q*F*(Q?) — constant | Neutron 7 = 3

Q*F} (Q%) (GeV?)

04——1

9-200
a757M1 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 Stan Brodsky, SLAC
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Spacelike Pauwli Form Factor

From overlap of L =1 and L = 0 LFWF's

Preliminary

2 -
' Harmonic Oscillator
| Confinement
- Normalized to anomalous
Lo _' moment

G. de Teramond, sjb

| k= 0.49 GeV
23
L T S e R R
Q?(GeV?)
BNL AdS/QCD
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Holographic Connection
between LF and AdS/CFT

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

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

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

* Extension to massive quarks

BNL AdS/QCD

November 20, 2007 108

Stan Brodsky, SLAC

108



