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Light-Front Holography and Non-Perturbative QCD

Main Goal:
Use AdS/QCD duality to construct
a first approximation to QCD

Hadvrow Spectrum

Light-Front Wavefunctions;,
Formv Factors, DVCS, etc

in collaboration with

\Un(aji, kJ.i? >‘Z) Guy de Teramond

AdS/QCD: New interpretatiow of chival symmetry and QCD vacuumwm structre
with Robert Shrock
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* Quarks and Gluons:

Fundamental constituents of hadrons and nuclei

o Quantuwm Chwomodynamics (QCD)

 New Insights from higher space-time dimensions: AdS/QCD

o Light-Front Holography
o Hadronigation at the Amplitude Level

o Light Front Wawefunctions:  analogous to the

Schrodinger wavefunctions of atomic physics

W (24, k35 M)
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P.A.M Dirac, Rev. Mod. Phys. 21, 392 (1949)

Dirac s Amazging Idea

The Front Formwv
Evolve 1n Evolve in
ordinary time 4 light-front time!
ct o=ct—z % T=t+4+ z/c

Instant Form Front Form



tach element of

Aash photograph
itluwminated
at saome LF time

T=1t4 z/c

Evolve inv LF time
d

P —
Zd’]'

tigenstate -- independent of T

Causally -Covwnected Domaing

HELEN BRADLEY - PHOTOGRAPHY




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

Fixed T=t+ z/c

kT KD+ kS
p+ POy p3

€Tr =

toxP| 4k,
pt, P,

Process Independent
Direct Link to-QCD Lagrangian/

W (5, kJ_zv Ai) s

Sk =0
Inwouriont under boosts! Independent of P
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. Heisenberg Matrix
L bg/l’\t - FV O'V\t QCD Formulation

LQCD HQCD Physical gauge: At = 0

2 | 1.2 - :
oo ~m? AR
T e T
2 * i r\/v";/t/\/v
HY: Matrix in Fock Space APV

HECP |1y, >= M|, > §

k,c' ] ] k,c
tigerwalues and Eigensolutions give Hadrow ©
Spectrum and Light-Front wavefunctions
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Light-Front QCD QCD H.C. Pauli & Sib
|\Ijh >= M; h | Uy > : o
Heisenberg Matrix Dlscretlzed.ng. t-Cone
Formulation Quantization
KA 2 3 4 5 6 7 8 9 10 11 12 13
%\ q ag qag | qaqq 999 qdgg9 | 99999 | 999993 | 9999 | 99999 | 9Gadgg |qdqdqdg|adadqdag
s i 1 -k
p,S p.s I ] N{z
® > <
D.s’ k,A G qd .
Lr\/\ﬂ/\f\f\f : - ; o :E
¥ 5 999 . T w<
AP Sl SN HG RS R
it 0. 6 qigg g» ;;tw
(b) 7 qgadg . >M
8 qiqqaq . . .
5’3; _bs o ww [ - | | - P I
g P— ) . ;[’ . ;f” }» ..................
— > 1 qiadgg | - . . ;r’ . ;{’
K,c K,c
12 qGqdqqg . . . . .
(c) 13 q4q9 99 qg

Eigenvalues and Eigensolutions give Hadron Spectrum and Light-Front wavefunctions
DLCQ: Frame-independent, No-fermion doubling; Minkowski Space
DLCQ: Periodic BC in #~. Discrete kT ; frame-independent truncation



Sha; =1 SPE ;=0

Z?:l k,j_ — Z?:l 5’%‘]3_'_ = Pt Z?:l(ﬂfiﬁj_ =+ EJ_z) — ﬁJ_

W (25, k5, M)

o PT,z,P| + k|

pt P
Z'E(EJ_XEJ_)':(EJ_X Z?)
J J ETIRE
n-1 Intrinsic Orbital Angular Momenta
Frame Independent ji=1,2,---(n—1)
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Angular Momentum ow the Light-Front

n n—I1
J? — Z o2 Z s Conserved
i T J LF Fock state by Fock State!
j=1

i=1
LF Spinv Swm Rules
[ j — —1(k]1 82? k? %) n-1 orbital angular momenta

Nongero-Anomalouws Moment -->Nongero- orbital ongudar momentuwmw
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Calcudation of Form Factors inv Equal-Time Theory

Instant Form.
E ".
/.i#llil‘l \

|
| ]
|
+
- [
Need vacuum-induced currents

Calcudation of Form Factory ivv Light-Front Theory

Front Form., ( : : A

: I
J. q + :
. |

|
| q"‘ :
14 :

,..\

Absent for gt =0 gero!!
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F2

Z/ da] koL 263 ox Drell, sjb

b S 1 >k
[ _ q—L¢2 (ajia k/J_za >\Z) wi(ajia kJ_’L'a )\Z) + q—Rwi (xz') k,J_za )\Z) wl(%a kJ_i7 )\z) }
=k — i K\ j=ki;+(1—zj)a

q qr,I, = q* T iqY

Xj, Ky} xj Ky j+ay

—
- >
P, S,= 172 p+aq, S,=1/2

Must have A/, = 41 to have nonzero F>(qg%)

Same matrix elements appear invSivers effect
-- conwmnection to- qu/ammalowy momenty

LC2009 LF Holography and NP-QCD Stan Brodsky
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Anomalows gravitomagnetic moment B(0)
Terayev, Okun, et al: B(0) Must vanish because of

Equivalence Theovem
ow Lo
2?21 L; =0 g/V .
n — 1 independent orbital angular momenta q.l. sum over COﬂS‘I‘lfuenfS
—~ (+) - -
Xjo Kyj xj:klj"'ql
/v
< e
>
P, S,= 172 p+aq, S,=1/2
Hwang, Schmidyt, sjb;
Holstein et al B(O) =0 tach Fock State
LC2009 LF Holography and NP-QCD Stan Brodsky
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Special Features of LF Spin

e LF Helicity and chirality refer to z direction, not the
particle’s 3-momentum p!!

1

* LF spinors are eigenstates of 5% = +5
* Gluon polarization vectors are eigenstates of 5% = +1
€L -k

e = (e, e, )= (0,2 JEL)

fet
_:IZ I 1 AL A
€ = F—=(2 £iy) ke, =0 ¢ =0
V2
Light-Cone Gauge
LC2009 LF Holography and NP-QCD Stan Brodsky
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Light-Cone Spinors §% — -] /2 G.P.Lepage and sjb

Z:Ei;} = -('Fl)'ﬁf (P+ + Bm + @y * pu) X {X(*)

'Ut(f))} _ 1 + - > {X("’)

—1m(p’ - Bm + a X
n(p)f = (Y P = Bmt antp) Xy )
p-]__-\ r 0 O
110 11

XM == |, x(¥)=—= ,
V2 ) x/‘z" "

\.0-- ~..—1.-a
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Angular Momentum o the Light-Front

f _”2 k1o

. P-Wave Decay
23, k|3 49/ |

Spin-0 coupling

N — to fermion pair
f 21, k11
L? = -1 |
0 +§ spinor overlap
ki, ki,
<, 1 <ij>=<i—|j+>=—/ 222 - ( = —i)
—+ — 24 <
2
y __ k i ki
ﬁO \ 2 [ ] <Z+|]_ >= \/QZ’&ZJ_( ) ( = _ﬁ)
1 S
EJ_Z' EJ_ N\ 2 '
.. .. J 2
<ij > [ij] = ZiZj( ) _ Mij |dentity
24 <
LC2009 LF Holography and NP-QCD Stan Brodsky
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Angular Momentum on the Light-Front
q Zz,lgu

" Spin-1 couplin
2. k)3 4/ p pling

to massless fermion pair

q ~ z1,k11

> k Nk
+14>—~< 1 AP Il 2
_ 2

<3
. P-Wave Decay
L = +1 1 . .
e 2 (=) k12 44) ki3
_I_l o \ 1 ‘L <9 LT

<3

Compare CM distribution 1+ cos” Oc

Looks like S and D-Wave Decay

LF Holography and NP-QCD Stan Brodsky
L4 SLAC
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Angular Momentum ow the Light-Front

Triple-Gluon Coupling

— 22, /ﬂz

ZlakJ_l E ]2
-+ - —} 12 13
——_ gz1€] * Vo3 = gz1€| - (— — —)
29 23

<35 kJ_?)

170 xng_ — — —|

Z1€, * Vo3 — (ge | -
< AL oL r(l —x)

1—33,—5J_
+1 n PO
_H< 1 <ij >= —2zz6 - (— — =)
24 <
Lo > 1
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G. de Teramond and sjb

M(—1—>+1—|—1 -+ 1) xg"* =0

:—1_ZSZ+LZ— (n—1)+ L7

+
+
+
i n-1
t F=—n

Tree Graphs
Vanishes Because Maxinmuuw |L°| = n — 2

Renormalizability



G. de Teramond and sjb

1) g™ ?t =0

=(n—-2)+L"
4
+
n-1

t [P=—-(n—-1)

-4

Vanishes Because Maximwm |L7| =n — 2
Tree Graphs
Light Front Helicity Explains MHV rules



n=4 example

Tree Graph M (-1 —=+14141) xg” =0

However:
Loop Graph M (-1 — +1+1+1)ocg*#0
+
] +
Anomalous MHY Total L? = —4 allowed

Amplitude +
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Exact kinematics in the small x evolution of the color dipole and gluon cascade.

Leszek Motyka (Hamburg U. & Jagiellonian U.) , Anna M. Stasto (Penn State U. & RIKEN BNL & Cracow, INP) . Jan 2009. 37pp.
e-Print: arXiv:0901.4949 [hep-ph]
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Exact kinematics in the small x evolution of the color dipole and gluon cascade.
Leszek Motyka (Hamburg U. & Jagiellonian U.) , Anna M. Stasto (Penn State U. & RIKEN BNL & Cracow, INP) . Jan 2009. 37pp.
e-Print: arXiv:0901.4949 [hep-ph]
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Quantuwm Mechanics: Uncertainly invv p, x; spivv

Relativistic Quantum Field Theory:
Uncertainty in particle nuwmber w

Positronium n=2 Hyperfine splitting n=3
e + e e + e y

Lamb Shift n=3

Vacuum Polarization n=4
e+e_7 ete ete

LC2009

LF Holography and NP-QCD Stan Brodsky
July 9, 2009
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\PaSz = E ‘Pn(xiazj_h}\'i) |njéLia7¥i >
n=3

st over states withv n=3, 4, ...constituents

The Light Front Fock State Wavefunctions
lIjn (-xi7 %J_lﬁ 7\1)

-
Yvy

are boost invariant; they are independent of the hadron’s energy
and momentum P¥. P
The light-cone momentum fraction

Vf"

ki KAk
X = =

are boost invariant. C

YYYYY

>~
_|_
|
~
-
e
|
U
04
=l
l_
|
ol
l_
o
(_K/
{V"V"

Intrinsic heavy quarks  5(z) # s(x) ’ :
o(z),b(z) at high x  wu(x) # d(z) AL tme

LC2009 LF Holography and NP-QCD Stan Brodsky
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Light-Front QCD Features and Phenomenology

* Hidden color, Intrinsic glue, sea, Color Transparency

* Physics of spin, orbital angular momentum

* Near Conformal Behavior of LEWFs at Short Distances;
PQCD constraints

* Vanishing anomalous gravitomagnetic moment
* Relation between edm and anomalous magnetic moment

* Cluster Decomposition Theorem for relativistic systems

°* OPE: DGLAP, ERBL evolution; invariant mass scheme

LC2009 LF Holography and NP-QCD Stan Brodsky
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QCD and the LF Hadron Wavefunctions

Initial and Final State
Rescattering
DDIS, DDIS, T-Odd

AdS/QCD
Light-Front Holography
LF Schrodinger Eqn

Baryon Excitations

Non-Universal
Antishadowing

Heavy Quark Fock State

Intrinsic Charm

P

W (24, K gy Ai)

Orbital Angular Momentum
Spin, Chiral Properties
Crewther Relation

—

Hard Exclusive Amplitudes
Form Factors

Counting Rules/

Distribution amplitude
ERBL Evolution

¢p($1,$2, QQ

Coordinate space
representation

J=0 Fixed Pole

DVCS, GPDs. TMDs
F Overlap, incl ERB

Nuclear Modifications
Baryon Anomaly

Color Transparency Baryon Decay



Leading Twist
Sivers Effect

Hwang,
Schmidyt, sjb

current
quark jet  Collins, Burkardt

Ji, Yuan

QCD §- and P-
Coulomb Phases
--Wilson Line

Pseudo- T-odd ™ final state

interaction

spectator
system

proton

Light-Front Wawvefunction
S and P- Waves

LC2009 LF Holography and NP-QCD Stan Brodsky
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Final-State Interactions Produce
Pseudo-T-Odd, (Sivers Effect)

Leading-Twist Bjorken Scaling] i S - ﬁ jet X é)

Requires nonzero orbital angular momentum of quark

Arises from the interference of Final-State QCD >
Coulomb phases in S- and P- waves; Wilson line effect;
independent v

current
quark jet

Relate to the quark contribution to the target proton
anomalous magnetic moment and final-state QCD phases

So

final state
interaction

spectator>

system

11-2001
8624A06

QCD phase at soft scale!

proton

New window to QCD coupling and running gluon mass in the IR

QED S and P Coulomb phases infinite - difference of phases finite!

LC2009 LF Holography and NP-QCD Stan Brodsky
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Example of LFWF representation of
GPDs (n=>n)

Diehl,Hwang, sjb
1 Al —iA?

l—é' M E(n—>n)(xa§,t)

2 n dxld kJ_l 3 k o) . 7
=(V1-¢ Z/]_[ 5 1677 1= x; ) 8@ D Tk
A j=1

X 8x —x )W S (e Ky di )Wy (e K &),

where the arguments of the final-state wavefunction are given by

x| — > > I —x
8 = - ;, K =k — — A, for the struck quark,
X; - - X -
"= — K, =k, ;+——A; forthe spectatorsi =2, ...,n.
1-¢ 1-¢
LC2009 LF Holography and NP-QCD Stan Brodsky
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Link to DIS and Elastic Form Factors

DIS at 52120 Idxz
H ! ()C,0,0) - Q(X), _6(_)6) IJ'de
H*(x,0,0)=Aq(x), Aq(=) q

Form factors (sum rules)

Hi(x50)] =F, (1) Dirac £f

Jax B9(,60)= Gy 1), dxE'(x,60)=Gp,( 1)

E(&0] =F, (1) Pauli£f

v\ /7

Verified using LFWF's

[ HY E'. H*, E*(x.8.1) ]

—

o

Diehl,Hwang, sjb

v

1

2

Quark angular momentum (Ji’s sum rule)

Ji==—JC = % l_[xdxlé'fq(x, C,0)+EY(x, §,O)]

X. Ji, Phy.Rev.Lett.78,610(1997)

LC2009 LF Holography and NP-QCD Stan Brodsky
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o Light-Front Holography

>
A
N>
NROTT22
NRSSISS>
TSR
PRI
’ RS2

‘\\

wn(xia kj_ia A”L) -
o Light Front Wawvefunctions: 0

Schrodinger Wavetunctions
of Hadron Physics k| (GeV)

1.5
LC2009 LF Holography and NP-QCD Stan Brodsky
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Applications of AdS/CFT to-QCD

5-Dimensional Confinement
Anti-de Sitter Radius
Spacetime

AdS
Boundary
Changes in
co physical
\\\\\\\\!MH‘ o , " length scale
N / mapped to

evolution in the
5th dimension z

4-Dimensional
Flat Spacetime
(hologram)

in collaboration with Guy de Teramond

LC2009 LF Holography and NP-QCD Stan Brodsky
July 9, 2009 33 SLAC



Applications of AdS/CFT to-QCD

5-Dimensional Confinement
Anti-de Sitter Radius
Spacetime
Changes in
AdS .
Boundary physical

length scale
mapped to

evolution in the

AN Y
AR . .
N 5th dimension z

R
\‘@:-:

\\ k
Ntewat

4-Dimensional
Flat Spacetime
(hologram)

String Theory

Bottom-Up Top-Down



Gool;

* 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 Theory for
Atomic Physics

o AdS/QCD Light-Front Holography

o Hadvronic Spectraw and Light-Front
Waowvefunctions

LC2009 LF Holography and NP-QCD Stan Brodsky
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Conformal Theories are irnwawriont under the
Poincowe and conformal trovusformations withv

MHAY PH, D, KF,
the generators of SO (4,2)

SO(4,2) has a mathematical representation on AdS;

LC2009 LF Holography and NP-QCD Stan Brodsky
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Scale Transformations

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

R2 wwawtondd measure
d82 _ _2(nled$,udxu . dZQ),/
Z

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 — N2 2 — Az
2

xr° = a;'M:C“: invariant separation between quarks

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

LC2009 LF Holography and NP-QCD Stan Brodsky
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n B




5-Dimensional Confinement
Anti-de Sitter
Spacetime

AdS
Boundary

4-Dimensional
Flat Spacetime
(hologram)

e 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).

e Smooth cutoff: introduction of a background dilaton field gp(z) — usual linear Regge dependence can
be obtained (Soft-Wall Model) Karch, Katz, Son and Stephanov (2006).

LC2009 LF Holography and NP-QCD Stan Brodsky
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AdS / C FT Anti-de Sitter Space / Conformal Field Theory
Maldacena:

MOLP AdSs X S5 fO'CO'VLﬁ)VVVW(J/N=4 SUSY

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

* Conformal window: as(Q?) ~ const at small Q2

» Use mathematical mapping of the conformal
group SO(4,2) to AdS;5 space

LC2009 LF Holography and NP-QCD Stan Brodsky
July 9, 2009 43 SLAC



Deur, Korsch, et al.

SN
3

o, . /m JLab
5,8

— Fit

GDH limit| — Burkert-loffe
pOCD evol. eq.

%

- e
-Bloch et al.
— Godfrey-Isgur

Doy

Bhagwat et al.

® Lattice QCD

i
Fischer et al.}
] " DSE gluon.
10— couplings
: \\\H\ T R I Y \\\\H\ \\iwiwiu
10"’ i 10" i
0 (GeV)
LC2009 LF Holography and NP-QCD Stan Brodsky
July 9, 2009 44 SLAC



IR Conformal Window for QCD?

* Dyson-Schwinger Analysis: QCD gluon coupling has IR
Fixed Point

> Evidence from Lattice Gauge Theory

* Define coupling from observable: indications of IR
fixed point for QCD effective charges
Shrock, de Teramond, sjb
* Confined gluons and quarks have maximum wavelength:

Decoupling of QCD vacuum polarization at small Q2
Serber-Uehling

N(Q?) — 1%}2 Q2 << 4m2 . Q ...............

* Justifies application of AdS/CFT in strong-coupling
conformal window

LC2009 LF Holography and NP-QCD Stan Brodsky
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AdS/CFT

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

* Scale Transformations represented by wavefunction in
sth dimension x4 — N2x? z— Az

e Match solutions at small z to conformal dimension of
hadron wavefunction at short distances  ¥(z) ~ z2 at z — 0

* Hard wall model: Confinement at large distances and
conformal symmetry in interior

* Truncated space simulates “bag” boundary conditions

— 1
0 < z < 2g W(zg) =0 “0 = Agep
LC2009 LF Holography and NP-QCD Stan Brodsky
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Bosonic Solutions: Hovrd Wall Model

e Conformal metric: ds? = ggpdztda™. x° = (zH,2), gom — (R2/z2) Nem, -

e Action for massive scalar modes on AdS1:

1

S[P] = 5 /dde g5 [gem(?g@@mq) — ,uzcbﬂ , /g — (R/2)*H.

e Equation of motion

1o
Vg 0zt

e Factor out dependence along x#-coordinates , ®p(x, 2) = e L% &(z), P,P* = M?:

0

(2202 — (d — 1)20, + 2°M* — (uR)?] ®(2) = 0.

e Solution: ®(z) — 22 asz — 0,

(I)(Z):Czd/QJA_d/Q(ZM) A:%<d+\/d2—|—4M2R2>.
A=2+1L d=4 (WR)* = L* — 4

LC2009 LF Holography and NP-QCD Stan Brodsky
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Let ®(z) = 23/2¢(2)
AdS Schwodinger Equationw for bound state
of two- scalow constituents:
> 1—4L7
dz? 427

[p(z) = MZ¢(2)

L: orbital angular momentum

Derived from vawiatiovw of Action inAdSs
Howrd wall model: truncated space

¢(z =129 =73) =0.

LC2009 LF Holography and NP-QCD Stan Brodsky
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Match fall-off at small = to conformal twist-dimension.
at short distances te0ist,

e Pseudoscalar mesons: Oy 1= ¢y5Dyy, ... Dy vt (P, =0gauge). A =2+ L

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

®(x, z,) = 0, given by the zeros of Bessel functions 3,11 Mqx = BakAocD

e Normalizable AdS modes P(z)

D(z) ®(2)
ol | 0
10 1 2 7
0 = , . | . -4 ] | | | | IZO |
0 1 2 3T 4,0 1 > 3 4
V4 P Z
“0 = Aqco

S = 0 Meson orbital and radial AdS modes for Agcp = 0.32 GeV.

LC2009 LF Holography and NP-QCD Stan Brodsky
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I I I 4 T T T T T T T
3+ _
2 -
(2)
®(2) 2 i 0
1t 1 2
0 | ) | ) | ) -4 l | l | l | l
. 0 1 2 3 4 50007 O 1 2 3 4
8721A18 z 8721A19 V4

Fig: Orbital and radial AdS modes in the hard wall model for AQCD =0.32 GeV .

T ' T '
i f, (2050)
® S =1 a, (2040)
< 4 B p (1700)
S P4 (1690)
8 a, (1450)
= i a, (1320)
oY f1 (1285)
2 = ¢ 1670
S » (782) ‘2?((1 650))
p (770)
a, (1260)
0 | 1 | 1 |
0 4
2135529%%16 L L

Fig: Light meson and vector meson orbital spectrum Agcp = 0.32 GeV
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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) i pops = €ppo-us € - Ps(z).
with four-momentum P,,J 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)
2202 — (d+1-28)2 0, + 2°M* —(uR)*| @5(z) = 0,

e Solution

~ A —iP-x 4
D(z2)g = (E) ®(2)s = Ce P z2JA_%(Z./\/l) €(P) 1 pipis s

e We can identify the conformal dimension:

1
A = 5(d+ Vv (d—285)% + 442 R?).
e Normalization:

—1
Rd—QS—l /AQCD L (I)2 (Z) — 1
0
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Soft-Wall Model

e Soft-wall model [Karch, Katz, Son and Stephanov (2006)] retain conformal AdS metrics but introduce

smooth cutoff wich depends on the profile of a dilaton background field ¢ (z) = + K222
S = /ddx dz \/§e¢(z)£,

e Equation of motion for scalar field L = %(gemagq)(?m(l) — /ﬂ@z)
[z283 —(d—17F 2/%222) 20, + 22 M? — (,LLR)2} d(z) =0
with (uR)? > —4. See also [Metsaev (2002), Andreev (2006)]
e |H holography requires ‘plus dilaton’ o = +Kk22%. Lowest possible state (,uR)2 = —4
M? = 4K*n, O,(2) ~ 226_’{222[/71(/{222)

<I>0(z) a chiral symmetric bound state of two massless quarks with scaling dimension 2: the pion



* Erlich, Karch, Katz, Son, Stephanov * deTeramond, sjb

AdS Soft-Wall Schwodinger Equation for
bound state of two-scalow constituents:

I 0] ée) = M26(2)

dz? 42

U(z) = k*2° +25*(L+ S — 1)

Derived fromv vawiatiow of Actiow

2_2
6(13(2:) — TR 2

Dilatorn-Modified AdSs
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Quawk separationw g
increases with L

22007 O 4 8 2-2007
8721A20 Z 8721A21 4

Soft Wall
Model

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

[ ' [ ' [ ' [ '
@ S=0 T S =0 1
Al Pion mass
= 72157 automatically
oL i
= zero!
o b, (1235)
) S 2f 1 |
PUOW haé/ 7t (140) m . O
zero- . - 7 q
mass! 0 |
0 2 4
8-2007
8694A19 L
Light meson orbital (a) and radial (b) spectrum for kK = 0.6 GeV.
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Quawk separation increases withv L

6 1

f, (2050)
a, (2040)

LC2009
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a4(2040)

| £:(2050)
3 L
I 0)(1650) p3(l690)
1l w3 (1670)
[ p(1350)
[ w(1420) a;(1320)
Ir £(1270)
p(770)
0F w(782)
o i 2 3 4

L

Parent and daughter Regge trajectories for the I = 1 p-meson family (red)

and the I = 0 w-meson family (black) for k = 0.54 GeV
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Current Matrix Elements in AdS Space (HW)

e Hadronic matrix element for EM coupling with string mode ®(z%), x* = (z#, 2)
. 4 14 * =Y
zg;,/d rdz /g A (z,2)Pp (z,2) 0 1 Pp(z, 2).

e Electromagnetic probe polarized along Minkowski coordinates (Q2 = —q2 > 0)
Az, 2), = €, 97 J(Q,2), A, =0.
e Propagation of external current inside AdS space described by the AdS wave equation
2202 — 20, — 2*°Q%] J(Q, 2) = 0,
subject to boundary conditions J(Q = 0,z2) = J(Q,z =0) = 1.

e Solution
J(Q,2z) = 2QK1(2Q).

e Substitute hadronic modes ®(, 2) in the AdS EM matrix element

Op(z,2) =e TTD(2), B(z) — 22, 2 — 0.
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Hadron Form Factors from AdS/CFT
Propagation of external perturbation suppressed inside AdS.

F(Q) = [ 50p(2)T(Q,2)®1(2)

J(Q,2) d(z2)

High Q? -
from o e
small z ~ 1/Q 0.4

Polchinski, Strassler
de Teramond, sjb

Consider a specific AdS mode ®(™ dual to an n partonic Fock state |n). At small z, ®
scales as ®(™ ~ 227 Thus:

1 T—1 Dimensional Quark Counting Rules
F(O?) — | — General result from
(@Q°) (Q)? ’ AdS/CFT

where v = A,, — 0, 0, = 2?21 o;. The twist is equal to the number of partons, 7 = n.
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Current Matrix Elements in AdS Space (SW) - sjb an(cil (Iid(;r oy
rlgoryan an a YLIS 1n

e Propagation of external current inside AdS space described by the AdS wave equation
2202 — 2 (1 +2K%2%) 0, — Q°2%] J4(Q, 2) = 0.

e Solution bulk-to-boundary propagator

p p
J(Q, 2) = F(l + f?) U(f?,(), /<;2z2) :

Soft Wall

where U (a, b, ¢) is the confluent hypergeometric function MOOL@Z/

['(a)U(a,b,z) = / e *te (1 4 1)o7 g,
0

e Form factor in presence of the dilaton background ¢ = K22
dz
F(Q*) = R’ g e_’{QZz(I)(z)J,ﬁ(Q,z)CI)(z).

e For large Q° > 4kK?
JK(Q,Z) — ZQK1<ZQ) — J(Qv Z)7
the external current decouples from the dilaton field.
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Spacelike piow form factor from AdS/CFT

Data Compilation
| Baldini, Kloe and Volmer

-10 -8

_6 _4
q°(GeV?)

Soft Wall: Harmonic Oscillator Confinement

Hard Wall: Truncated Space Confinement

Omne parameter - set by pion decay constant.
? VP J de Teramond, sjb

See also: Radyushkin
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e Analytical continuation to time-like region ¢°> — —q° Mp = 2k = 750 MeV

e Strongly coupled semiclassical gauge/gravity limit hadrons have zero widths (stable).

> (GeV?)
Space and time-like pion form factor for k = 0.375 GeV in the SW model.

e Vector Mesons: Hong, Yoon and Strassler (2004); Grigoryan and Radyushkin (2007).
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Space- and Time Like Pion Form-Factor (HFS)

06, . v
2

Q' Fi(0°)
osf 1
/’,A
04} .
03k
02
o1}
Q* GeV? ]
oo 1 2 B3 R 6

|7r> = ¢Q§/w|qa> gn ¢q6q6/w|qqqa>

M? — 4k%(n +1/2)

k = 0.54 GeV

r', =130, I'y,y =400, I'y» = 300 MeV
Piggg = 13 %

PRELIMINARY

y—

|
Y M,

log | Fx(Q’) |




