Applications of AdS/CFT to-QCD

5-Dimensional
Anti-de Sitter
Spacetime

- Black Hole

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

4-Dimensional
Flat Spacetime
(hologram)

in collaboration with Guy de Teramond
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A 01/5 / C FT Anti-de Sitter Space / Conformal Field Theory
Maldacena:

MOLP AdSs; X S5 fO’COVlfOVVVWLZ/N=4 SUSY

* QCD is not conformal; however, it has
manifestations of a scale-invariant theory:
Bjorken scaling, dimensional counting for hard
exclusive processes

o Conformal window: «s(Q?) ~ const at small Q?

» Use mathematical mapping of the conformal
group SO(4,2) to AdS; space
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Conformal window 8(Q2) = das(@®) _ g

Infrared fixed-point dlog Q?
: Shil‘kOV
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$ lattice: Furui, Nakajima (MILC)
- = = = DSE: Alkofer, Fischer, von Smekal et al.
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IR Fired Point for QCD?

Dyson-Schwinger Analysis:  QCD Coupling has IR Fixed Point
Alkofer, Fischer, von Smekal et al.

Evidence from Lattice Gauge Theory Furui, Nakajima

Define coupling from observable: indications of IR
fixed point for QCD effective charges

Confined or massive gluons: Decoupling of QCD vacuum
polarization at small Q> Serber-Uehling

N(Q?) — 1%‘ng Q2 << 4m? e, Q ............

Justifies application of AdS/CFT in strong-coupling
conformal window
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Constituent Counting Rules

A\O/C

Ntot =N A +np+nc+np

do __ F(0cm) — 2
E(S’t)_s[ntot—Q] .

F(Q?) ~ [

Farrar & sjb; Matveev, Muradyan,
Fixed t/s or cosfcm Tavkhelidze

Conformal symmetry and PQCD predict leading-twist
scaling behawior of fixed-CM angle exclusive amplitudes

Chawacteristic scole of QCD: 300 MeV
Marwy new J-PARC, GSI, J-Lab; Belle, Babow testy
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Leading-Twist PQCD Factorigationw for
form factors, exclusive amplitudes Lepage, sjb
q

baryon distribution.
amplitude

M = [ Nda;dy;dp(x;, Q) x T (xs, ys, Q)%; o1(yi, Q)

T If as(Q?) ~ constant

Q*F;(Q?) ~ constant

S ~1/Q
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Featuwres of Howd Exclusive
Processes v PQCD

Factorization of perturbative hard scattering subprocess

amplitude and nonperturbative distribution amplitudes M = | Tg x Ne;

Dimensional counting rules reflect conformal invariance: M ~ gj\%—%
o

Hadron helicity conservation: ™. ... )\7{{ = tinal )\5.{

Color transparency Mueller, sjb;

Hidden color  Ji, Lepage, sjb;

Evolution of Distribution Amplitudes Lepage, sjb; Efremov, Radyushkin
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Q° F_(GeV/c)?

Conformal behavior: Q2F,(Q?) — const

0'8 |+ CERNme scattering ...
* DESY (Ackermann)
| ¢ DESY (Brauel)
@ JLab (Tadevosyan)
0.6 - H this work

pQCD (Bakulev et al, 2004)
—— BSE-DSE (Maris and Tandy, 0)

- Disp. Rel. (Geshkenbein, 20§0)
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s’do/dt (10°GeV' nb/GeV?)

Test of PQCD Scaling

Farrar, sjb; Muradyan, Matveey, Taveklidze

Constituent counting rules
+ JLab E94-104
| YP—=7 N ; Fuﬁletal (1977)

A Anderson et al (1976)
m Clifft et al (1975

O Fischer et al (1972)

v Data taken Before 1970
— SAID (2002)
---- MAID (2001)

s'do/dt(yp — mtn) ~ const
fixed B¢y scaling

PQCD and AdS/CFT:
st 299 (A+ B — C+D) =
FA+B—>C+D(6CM)

s"9(yp — ntn) = F(Bcum)

Mot =1 +34+24+3=9

f@m

4 No sign of running coupling

Conformad inwawioance
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Quawk-Couwnting : 9 (pp — pp) = Flc) n=4x3-2=10
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do/dt (nb/GeV?)

ooo|oo
-:>N ~

AA
OO|
-J> N

Deuteron Photodisintegration.

= 30° = 0 <40° - 40° = 9% <50°
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Why do- dimensional counting
rules work so-well?

* PQCD predicts log corrections from powers of X,
logs, pinch contributions Lepage, sjb; Efremoy;
Radyushkin; Landshoft; Mueller, Duncan

e DSE: QCD coupling (mom scheme) has IR Fixed
point  Alkofer, Fischer, von Smekal et al.

e Lattice results show similar flat behavior  Furui, Nakajima

* PQCD exclusive amplitudes dominated by
integration regime where 0 is large and flat
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Gool:

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

* Analogous to the Schrodinger
Equation for Atomic Physics

o AdS/QCD Holographic Model




Conformad Theories are irwoawriont under the
Poincawre and conformal transformations with

M~ PE, D, K-,
the generators of SO(4,2)

S$O(4,2) has a mathematical representation on AdS;
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5-Dimensional
Anti-de Sitter
Spacetime

AdSI/QCD

Truncated AdS Space

4-Dimensional
Flat Spacetime
(hologram)

Stan Brodsky, SLAC




Polchinski & Strassler: AAS/CFT builds in conformal symmetry at
short distances; counting rules for form factors and hard exclusive
processes; non-perturbative derivation

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

de Teramond, sjb: AdS/QCD Holographic Model: Initial “semi-
classical” approximation to QCD. Predict light-quark hadron
spectroscopy, form factors.

Karch, Katz, Son, Stephanov: Linear Confinement

Mapping of AdS amplitudes to 3+ 1 Light-Front equations,
wavefunctions

Use AdS/CFT wavefunctions as expansion basis for diagonalizing
HLFqcp ; variational methods

APS Jacksonville AdS/QCD Stan Brodsky, SLAC

April 16, 2007

17




Scale Transformations

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

R2 wwaowrtont measure

' — 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.
N LV LI G ¥
2

r° = a:,,;v“: invariant separation between quarks

e The AdS boundary at z — 0 correspond to the () — o0, UV zero separation limit.

cksonville
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Guy de Teramond

AdS/CFT

e Use mapping of conformal group SO(4,2) to AdSs

® Scale Transformations represented by wavefunction (z)

in §th dimension z2 — \2z2 z— Az

* Holographic model: Confinement at large distances
and conformal symmetry in interior 0 < z < zg

e Match solutions at small z to conformal dimension of
hadron wavefunction at short distances (z) ~ 22 at z — 0

* Truncated space simulates “bag” boundary conditions

1
w(ZO) =0 20 — AQCD

cksonville
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Identify hadron by its interpolating operator atz -- >0

5
4 Confinement
in the 5th
imension

0
A =34 L:

Twist dimension “0 = Agep
of baryon

de Teramond, sjb
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®(z) = 23/2¢(z)

AdS Schwodinger Equationw for bound state
of two- scalow constituenty

[— L+ V(@)]é(2) = M24(2)

Truncated space

2
V(z) = _1;;1} $(z=129=4)=0.

Alternative: Harmonic oscillator confinement.

2
V(z) = —1;;121‘ { xdz2 Karch, et al.

Derived fromv vawiatiow of Actiow invAdSE5

cksonville
AKIS)}]; 16? ;07 AdS i?CD Stan Brodsky, SLAC




Madtchv fall-off at small z to- conformal twist dimension
at shovt distonces
e Pseudoscalar mesons: O3y, = ¢y5Dgp, ... Dy 100 (P, = 0 gauge).

e 4-d mass spectrum from boundary conditions on the normalizable string modes at z = 2,

®(z, z,) = 0, given by the zeros of Bessel functions 3, r: Mgk = BarAocD

e Normalizable AdS modes ®(z)

D(z) 0
_ 2 —
-4 ] | 1 | ] IZO
4 0 1 2 3 4
1 z
NQcD

Meson orbital and radial AdS modes for Agcp = 0.32 GeV.
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Light meson orbital spectrum Agcp = 0.32 GeV
Guy de Teramond
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Bawyov Spectvruwm

e Baryon: twist-three, dimension % + L
m
Og,1 =D, - De,$0Deyyy - Doy, L= >
i=1

Wave Equation: |[2° 07 — 320, + 2°M* — L1 +4] fi(2) =0

with L. = L+ 1, L_ = L + 2, and solution
U(z,z) = Ce ;2 {JH_L(ZM) uy (P) + Joyr(zM) u_(P)]

e 4-d mass spectrum U(zx, z,)T =0 = parallel Regge trajectories for baryons !

M = BayAqeob, ok = Bat+1,6MQeD.

e Ratio of eigenvalues determined by the ratio of zeros of Bessel functions !

cksonville
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Entire light

Prediction from Only one kb
uar arvon
AdS/QCD parameter! 1 Y
spectrum
! I ! I ! N (22300) .
8 @ 1=1p ,// B
. N (2250) g
Q 6 N (2190) T
& N 1679 ~
Nv 4 N (1650) //(
§ — EE N (2220) —
2 i 7
¢ a@700) —— 70
N 0 A (1620) e
| ] | ] | ] | ] | ] | ]
°0 2 4 6 0 2 4 6
1-2006 L L

8694A14

Fig: Predictions for the light baryon orbital spectrum for AQC p = 0.25 GeV. The 56 trajectory corre-

sponds to L even P = + states, and the 70 to L. odd P = — states.
Guy de Teramond
SJB
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e SU(6) multiplet structure for N and A orbital states, including internal spin S and L.

SU6) S L Baryon State
56 1 N 17 (939)
3 0 A3 (1232)
70 1 1 N17(1535) N3 (1520)
3 1 N17(1650) N3 7 (1700) N5 (1675)
1 1 AL7(1620) A3 (1700)
56 3 2 N 27T (1720) N5 (1680)
3 2 ALlT(1910) A2T(1920) A3 T (1905) AT T (1950)
O NN
3 3 N3T N3T  NZ7T(2190) N2 (2250)
: 3 AZ7T(1930) AT
56 1 4 NIT N2t (2220)
3 4 AST ATt AStT Allt(2420)
LI N§T NS
3 5 NI7™ N27  Nil7(2600) NL12T
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Hadron Form Factors from AdS/CFT
e Propagation of external perturbation suppressed inside AdS. J(Q,z) = zQKq1(zQ)

® At large Q2 the important integration region

isz~1/Q.

F(Q)—p = [%Pp(2)J(Q,2)P ()
J(Q,z), ®(z)

0.6 Polchinski, Strassler
de Teramond, sjb

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

L General result from
Q? AdS/CFT
mn

where 7 = A,, — 0,,, 0, = Zq;:1 o;. The twist is equal to the number of partons, 7 = n.

] r—1 Dimensional Quark Counting Rules:

FQ) -~ |

cksonville
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Spwceb]c@pmformfmotor fro-wvAd/S/CFT

-1.5 -1

¢°(GeV?)

-6 -4
¢*(GeV?)
Data Compilation from Baldini, Kloe and Volmer

Harmonic Oscillator Confinement

Truncated Space Confinement

One parameter - set by pion decay constant. G. de Teramond, sjb
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Form Factor
k = 0.4 GeV 0

AQCD = 0.2 GeV.

0.
Identical Results for both

confinement models , | | | | ]
-10 -8 -6 -4 -2 0
Q2
APS Jacksonville
April 16, 2007 Ad 82/(92(: D Stan Brodsky, SLAC




Spacelike and Timelike Piow form factor from AdS/CFT

Fw(qz)

-10

APS Jacksonville
April 16, 2007

q%(GeV?)

AdS/QCD
30

G. de Teramond, sjb

Harmonic
Oscillator
Confinement
scale set by pion
decay constant

x = 0.38 GeV

Stan Brodsky, SLAC




Baryon Form Factors

e Coupling of the extended AdS mode with an external gauge field A*(z, 2)

where

and

g5 / d*x dz \/g A, (x,2) U(z, 2)7"U(z, 2),

U(z,2) = e [y (2)us (P) + 9—(2)u—(P)],

Yy (2) = C22J1 (2 M), Y_(2) = C2*Ja(zM),

vi(z) =91(2), ¥-(2) = ¢H(2),

the LC = spin projection along 2.

e Constant C' determined by charge normalization:

APS Jacksonville
April 16, 2007

_ V2Aqep |
R3/2 [—Jo(B1.1)J2(B1.1)]?

AdS?/’ ?CD Stan Brodsky, SLAC




Nucleow Form Factory

Consider the spin non-flip form factors in the infinite wall approximation
9 3 dz 2
Fu@) = 9B [ 57@.9) 0P,
2 g [ dz 2
F@) = 9B [ 5@ -,

where the effective charges g4 and g_ are determined from the spin-flavor structure of the theory.

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

For SU (6) spin-flavor symmetry
d
F@) = B [SIQaePR
1 d

FQ@) = —5B [ 57Q.2) [0+ - lw-G)F,
where FT(0) =1, FJ*(0) = 0.
Large (Q power scaling: Fy(Q?) — [1/@2]2.

G. de Teramond, sjb
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G. de Teramond, sjb

Preliminary
0.
FY(Q%)
0.
= 0.424 GeV
0.
1t AN = 0.2 GeV
0. ]
6
Current modified
by metric
1 (Q2 = [ Lol (2)J ®!
1(Q)1-r = | 3Pp(2)J(Q,2)P(2)
AKIS)}];?:T::;E AdSé?CD Stan Brodsky, SLAC




Dirac Neutron Form Factor
(Valence Approximation)

Truncated Space Confinement

Q4Fn (QZ) [GeV4

Q* [GeV]
Prediction for Q* F*(Q?) for Aqcp = 0.21 GeV in the hard wall approximation. Data analysis from

Diehl (2005).
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DiracsAmaging Idew
The “Front Formwm'’

Evolve in Evolve in
ordinary time A light-front time!
ct o=ct—z A° T=t4+z/c

Instant Form Front Form
APS Jacksonville
Apg§16le(:o7 AdS;?CD Stan Bl‘OdSky, SLAC




Light-Front Wavefunctions

Fixed T=t+ z/c

Pt = pO0 4 pz N

o PT, 2P| + k|

Pt P,

Z?}azz =1

W (x4, k iy Aj)

> ki ;=0

Irwariont under boosts! Independent of P

Agf)}];il;fgﬁ‘;i;le AdSs/gQCD Stan Brodsky, SLAC




Light-Front Wawvefunctions

Dirac’s Front Form: Fixedt=1+2z/c

WP(x, k) -+

Invariant under boosts. Independent of P"

HZ P |y >= M2y >

Remarkable new insights from AdS/CFT, the duality between
conformal field theory and Anti-de Sitter Space

Agf)}];il;fgﬁ‘;i;le AdS 3/ ?CD Stan Brodsky, SLAC




Light-Front Wawvefunctions

Dirac’s Front Form: Fixedt=1+z/c

P,k ) - 0

QCD

)
Yvy

T
YY

v
Yvy

P >= My >

13
Yvy

Intrinsic gluons, sea quarks, asymmetries
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Angular Momentum ow the Light-Front

A*=0 gauge: No unphysical degrees of freedom
J< Z ST+ Z [<. Conserved
i LF Fock state by Fock State
5 i (k i kz k= jig kl ) n-1 orbital angular momenta

Nongzero Anomalous Moment requires
Nongzero orbital angular momentum.

cksonville
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F2 Z / [da][dk, ] Zej = X Drell, sjb

1 1
[ - q—ng*(l’z’a Ky Ai) g (0, K, Aa) + q—R?ﬁi*(%, K5 Ao) ¥4 (0, ks, Az)]

k,J_Z:kJ_Z—ZIZ@qL k/J_j:kJ_j—l—(l—ZCj)ql
U qr,, = q° £ iqY
~ (+) - =
Xjs Ky} xj’klj‘+ql
P, S,=-1/2 p+aq, S,=1/2

Must have A¢, = +1 to have nonzero F»(q%)

cksonville
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Light-Front Representation of Mesow Form Factor

e Drell-Yan-West form factor

2 -
Zeq/ dac/d £y Y (x kJ_—$QJ_)¢p( k).

3
e Fourrier transform to impact parameter space l; n
(k1) = Van / 25, PRz b))
e Find (b = \gﬂ) ;
1 L. ,
F(q®) = / da / d’b 9L |y(z, b)| Soper
0

1 o0 ~
_ 27/ dg;/ bdb Jo (bgx) }w(x,b)fa
0 0
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