Leading-Twist

asymumelvies
Sivers Effect
o
> -
current
, quark jet
5,4 X p,
quark P QCD S- and P-
Pseudo-T-Odd nal state oy lomb Phases

interaction

spectator
system

proton

D. S. Hwan
Light-Front Wavefunction SN év’t
S and P- Wawves By )
sjb
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* 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.

e 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
HL¥qcp ; variational methods
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May 12, 2008 43 SLAC & IPPP



AdS/CFT

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

Scale Transformations represented by wavefunctiony (z)

in §th dimension z2 — N2z z— Az

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 <20 Y (zg9) =0 “0 = Aocp
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e Physical AdS modes ®p(x, 2) ~ e "% O(2) are plane waves along the Poincaré coordinates with

four-momentum PP and hadronic invariant mass states P, P* = M2,

e For small-z ®(z) ~ z2. The scaling dimension A of a normalizable string mode, is the same
dimension of the interpolating operator () which creates a hadron out of the vacuum: (P|0|0) # 0.

Confinement
A=2+1L in the 5th
®(2) dimension
Twist dimension
of meson
de Teramond, sjb

Identify hadron by its interpolating operator atz -- >0

Stan Brodsky
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Bosonic Solutions: Howrd Wall Models

e Conformal metric: ds® = gpdatde™. zt = (2", 2), gom — (R2/22) Nem, -

e Action for massive scalar modes on AdS 1:

1
S[@) = - / AR NI [gfmagcbamcp — ﬁqﬂ} . Vg — (R/2)%H

e Equation of motion
1

m
N 2 (Vi e
e Factor out dependence along z*-coordinates , ®p(z, 2) = e % ®(2), P, P* = M?:

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

0

- )+,u2<1>:0.
x

e Solution: ®(2) — 2z~ asz — 0,
(I)(Z):Czd/ZJA_d/Q(ZM) A:%(d—l—\/dZ—l—il,uQR?).
A=2+L d=4 (uR)? = L* — 4
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Let ®(2) = 23/2¢(2)
AdS Schwodinger Equatiow for bound state
of two- scalow constituenty:

[~ &+ V(@)]6(z) = M26(2)

_ 2 Interpret L
V (Z ) - 1 4%1 as orbital angular
4Z momentum

Derived from vawiationw of Action inAdSs
Howrd wall model: truncated shace

¢(Z=Z0=ALC)=0-

Trieste ICTP AdS/QCD Stan Brodsky
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Match fall-off at small = to conformal twist-dimension.
at short distances fwist,

e Pseudoscalar mesons: Oz 1,.= ¥y5 Dy, .. Dy, 100 (@, = 0 gauge). A=2+1T

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 5, 11 Mq . = BarxAocD

e Normalizable AdS modes ®(z2)

| I | ! IZO I

1 2 3 4
z

S = (0 Meson orbital and radial AdS modes for Agep = 0.32 GeV.
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I I I 4 T T T T T T T
3 _
2 -
@(2)
D) 2| i 0
1F B oL
0 | ) | ) | ) -4 ] | ] | ] | ]
. 0 1 2 3 4 50007 O 1 2 3 4
8721A18 z 8721A19 4

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

| ' | '
| f. (2050)
(b) S =1 a‘: (2040)
— 4 - 0 (1700)
L p (1690)
8 a, (1450)
= i a, (1320)
N f, (1285)
S 2 = ¢ 1670
 (782) 0233((1 650))
p (770)
a, (1260)
0 | 1 | 1 |
0 2 4
23232991%16 L L

Fig: Light meson and vector meson orbital spectrum Agcp = 0.32 GeV
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22007 0 4 8 2-2007
8721A20 z 8721A21 z

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

[ ' [ ' [ ' [ U
@ S=0 o S=0 1
41— _
N; n, (1670)
)
o i
S 2oL i
7 (140)
0
0 2 4
2629%%9 L
Light meson orbital (a) and radial (b) spectrum for x = 0.6 GeV.
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Higher Spin Bosonic Modes SW Soft-wall model

e Effective LF Schrodinger wave equation

> 1-4L*> , , ) )
3T e TEE 2L S-1)] ¢s(2) = MT9s(2)
with eigenvalues M? = 2x2(2n + 2L + S). Same 5’1/0199/ irv v ound L

e Compare with Nambu string result (rotating flux tube): M?2(L) = 270 (n+ L +1/2).

D S =1

f, (2050)

' I
(a) S — 1 a, (00

o
N
N
O_

5-2006
8694A20 L

Vector mesons orbital (a) and radial (b) spectrum for kK = 0.54 GeV.

| L
2 4
n

e Glueballs in the bottom-up approach: (HW) Boschi-Filho, Braga and Carrion (2005); (SW) Colangelo,
De Facio, Jugeau and Nicotri( 2007).
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ot) 6 | = [fe], [a]
,"/,X)
S I 7 | ps]
/f
4 | o aa; fa
y'),,
,y’
3 - ‘;HF"’V W3, P3
)y‘)”‘,’,
2 I 7 f2, a0
1
a(t) = 5+ 0.9t
11 . pw ()~ 5+
O |
0 1 2 3 4 S} 6 7 8

t (GeV?)
AdS/QCD Soft Wall Model -- Reproduces Lineoar Regge Trajectories
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Hadron Form Factors from AdS/CFT

Propagation of external perturbation suppressed inside AdS.

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

F(Q)r = [ Gop(2)J(Q,2)P(2)

High Q2 o @) p(z)

from o e
smallz ~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 ®(™ ~ 22 Thus:
1 7—1  Dimensional Quark Counting Rule
@] : General result from

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

F(Q*) — [

Trieste ICTP AdS/QCD Stan Brodsky
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Current Matrix Elements in AdS Space (HW)

e Hadronic matrix element for EM coupling with string mode ® (%), z* = (a2, 2)
- 4 ¢ * Y
zg5/d rdz /g A (x,2)Ppi(z,2) 0 ¢ Pp(x,2).

e Electromagnetic probe polarized along Minkowski coordinates (Q? = —q? > 0)
Az, z), = eue_iQ'xJ(Q, z), 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

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

Dp(z,2) =e TTD(2), ®(z) — 22, z— 0.
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Current Matrix Elements in AdS Space (SW) sjp and GdT

Grigoryan and Radyushkin

e Propagation of external current inside AdS space described by the AdS wave equation
[zzﬁg —z(1+ 2/{2,22) 0, — Q222} J(Q, z) = 0.

e Solution bulk-to-boundary propagator

J(Q, z) = F(l + Q—2> U( i 0, /£2z2> :

4K>2 AK2’

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

(a)U(a,b, 2) = / a1 (1 4 )bt
0

e Form factor in presence of the dilaton background ¢ = K222
d
F(Q?) = R? Z—j e D (2).(Q, 2)®(2).

e For large Q° > 4k?
J&(Qaz) — ZQKl(ZQ) — J(Q,Z),
the external current decouples from the dilaton field.
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May 12, 2008 55 SLAC & IPPP

55



Space and Time-Like Pion Form Factor

e Hadronic string modes ®(2) — 2 as z — 0 (twist T = 2)
V2Agep
oW (2 © 22 Jo (280,1AgeD)
g V2K
W (2) = 7373 7
e F, has analytical solution in the SW model ~ F}(Q?) = %
1.0
0.8
s 0.6
S
L 0.4
0.2
0 | | | | |
25 20 -15 -1.0 -05 0

o (GeV?) 7o

Fig: Fir(q*) for k = 0.375 GeV and Agcp = 0.22 GeV. Continuous line: SW, dashed line: HW.
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Note: Analytical Form of Hadronic Form Factor for Arbitrary Twist

e Form factor for a string mode with scaling dimension 7, ®.- in the SW model

F(Q?) = rmi Elig

e Fortr=N, T(N+2)=(N—-14+2)(N—-2+2)...(14+2)I'(1 + 2).

e Form factor expressed as /N — 1 product of poles

1

F@) = o N=2
4K2
2
F(Q%) (1+ﬁ2>(2+ﬁ1>’ N =3,
F(Q*) = N.

(1+) (2 f—> ( L+ )
e For large Q°:

P(Q?) — (N - 1)! [‘g‘;]w_”.
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e Analytical continuation to time-like region ¢> — —g° M, =2k =750 MeV

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

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

e \ector Mesons: Hong, Yoon and Strassler (2004); Grigoryan and Radyushkin §2007 :
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Light-Front Representation
of Two-Body Mesow Form Factor

e Drell-Yan-West form factor

42k
Zeq/ dx/ 167TJ?: Wiz, k) —xq) vp(z, k).

e Fourrier transform to impact parameter space g L
Y(x, EL) = \/47T/d2l_)l eibrkl{;(x, l_)l)

o Find (b= [b,):

1 - = ~
F(¢°) = /dx/deL embL“W(m,b)\Q Soper
0
1 00
= 27T/ d:U/ bdb Jy (bqx)
0 0
Trieste ICTP AdS/QCD Stan Brodsky
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Holographic Mapping of AdS Modes to QCD LFWFs

/ Cd¢ Ty (@F ) 3(5,€),

with p(x, () QCD effective transverse charge density.

C= \/l—x‘zx]blj

e Compare AdS and QCD expressions of FFs for arbitrary () using identity:

1 1l—=x
/0 dx.Jo (g@ ) = (QK1(¢Q),

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

e Integrate Soper formula over angles:

1
F(¢®) = 27r/0 dx

e Transversality variable

Trieste ICTP AdS/QCD Stan Brodsky
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e Electromagnetic form-factor in AdS space:
P (@)= B [ 5 0@ ) B (9

where J(Q?, 2) = 2QK1(2Q).

e Use integral representation for .J (Q?, 2)

1
J(Q2,Z):/O de()(CQ 133"”)

e Write the AdS electromagnetic form-factor as

1
Fw+(Q2)=RS/O dﬂf/CliJo<2Q 19;) @+ (2)]°

A 3

e Compare with electromagnetic form-factor in light-front QCD for arbitrary ()

|2 R @ (0))?

= — z(1 —x)?

‘77;(]6/71' (CIZ‘, C) 9

with ¢ = z, 0 < ¢ < Aqep
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LF(3+1) AdSs

(= \z(1—2)p2 ————

lb(%gL)

(2, ) = Va(l —2)26(C)

Light-Front Holography: Unique mapping derived from
equality of LF and AdS formuda for cuwrrent matrin elementy
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Gravitational Form Factor of Composite Hadrons

e Gravitational FF defined by matrix elements of the energy momentum tensor © 1 ()
(P'1O7*(0)| P) =2 (P*)" A@")
e OM" is computed for each constituent in the hadron from the QCD Lagrangian
Laop = ¥ (i Dy —m) § — 3G}, G

e Symmetric and gauge invariant ©#” from variation of Sgcp = f d4a:\/§ Lqcp with respect to

2 05qcp .
V9 0guv ()

O = 3i(y"D” +4"DH) ¢ — g (D — m) ¥ — GG + 19" G G

four-dim Minkowski metric g,,,, ©*" (z) =

e Quark contribution in light front gauge (AT = 0, g™ = 0)

Trieste ICTP AdS/QCD Stan Brodsky
May 12, 2008 63 SLAC & IPPP

63



Growitational Form Factor onthe LF

N -

whe/re/~ ) 27 . Extraw factor of x
:?(337 1) = /(27r)2 e qﬂg(az,qL) relative to- charge
n—1 n—1 ]COVVVl/fa»CtOV
:Z H /dxjd2gL35(1—$— Z%)
n j=1 g=1
n—1 5
(2) - h (- B
><5 (j:1 x]bJ—] TIJ—) va’n(x]’ bJ—])‘ FO‘V ea/d\/q k/ i

Integrate over a/nglfz

Alg >—2w/ dx (1 — z) /<d4J0<<q\/m>@<x, )

Trieste ICTP AdS/QCD Stan Brodsky
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Grawvitational Form Factor inwAdS space

e Hadronic gravitational form-factor in AdS space
dZ 2
Ax(Q%) =R’ | 5 H(Q% 2) |2 (2)",
z3 Abidin & Carlson

where H(Q?, 2) = Q%22 K5(2Q)

e Use integral representation for H (2, )

1
H(Q?, 2) :2/ a:de()(zQ 1_$>

0 i

Write the AdS gravitational form-factor as

4@ =28 [adn [ % (z@ — x) ©r(2)]

95

e Compare with gravitational form-factor in light-front QCD for arbitrary ()

- 2R3 P 2
wqa/w<$7<)‘ — %23(1—33)‘ C-(f)‘ 9
Identical to-LF Holography obtained from electromagmnetic cuvvent
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1
H(QQ,z):2/O:Ud:EJO<zQ 1;x>

A(QZ):2R3/azdaz j;JQ<2Q 1_”3> B(2)]° . AdS

X

Compawe with gravitational form factor from LF

(Qz)—Qw/ dr (1 — x) /CdCJ()(CQ 1_33) p(x,() LF
Holography: identify AdS and LF density for all @

Rz |®(Qf
~ _ 9 |
withv .
CEZ ¢ = \/1—x|zx‘7b“
Trieste ICTP AdS /QCD Stan Brodsky
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Holographic result for LFWF identical for electroweak and
gravity couplings! Highly nontrivial consistency test

AdS/QCD cowvpredict

* Momentum fractions for each quark flavor and

he gl
EBMONS 4 (0) =< 2y >, 3" 45(0) = A0) = 1
* Orbital Angular Momentumfor each quark flavor

and the gluons B(0) =< I3 >, 3" By(0) = B(0) = 0

2 : f :
* Vanishing Anomalous Gravitomagnetic Moment

e Shape and Asymptotic Behavior of A;(Q*), Bf(Q?)

Trieste ICTP AdS/QCD Stan Brodsky
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Consider the AdS5 metric:

ds® = f—;(nwdx“dm” — dz?).

ds? invariant if z# — \z*, z — Az,

Maps scale transformations to scale changes of the the holographic coordinate z.

We define light-front coordinates ot = 20 4+ 23,

Then n*’dx,,dx, = dro? — das® —dx | ? = datde™ — dx | ?

and

ds? = —g—j(dez + dz?) forzt = 0. LW~FVWA%5 Dmy
e ds?isinvariantif dz | ? — A2dx |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 AdSs 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~ 1is L(L + N — 2) 1.
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Prediction from AdS/CFT: Mesow LFWF

de Teramond, sjb

“Soft Wall”

model

k = 0.375 GeV

massless quarks

ng (2, k1) = — D (e, Qo) o /2 (1 — x)
ky/o(l —
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Example: Pion LFWF

e Two parton LFWF bound state:

THW (.’L‘,bJ_) _ AQCD V x(l - QJ)J

¢GQ/ 7T

A—2
(\/ z(1 —x) ‘bJ_WL,k:AQCD) 0| b7 < ﬁ :

VTJi+1(BL k) L

21— 2)]7 by [Femam =(0=mPL LL (k25(1 — 2)b?).

(b) b

SRR

il
LR
A \\“:'XOW 0

u”’l

7-2007
8755A1

Fig: Ground state pion LFWF in impact space. (a) HW model Agcp = 0.32 GeV, (b) SW model k = 0.375 GeV.
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Example: Evaluation of QCD Matrix Elements

e Pion decay constant f,. defined by the matrix element of EW current J{{/:

Pt fr
01, 1— T ) =1
(0 ¢y V5)Wa| ™) 7
with
1 1% g ot
7Y = |du (8 4yl 1y = Byl oy ) 10)-
‘ > | > \/N—C\/i; d] T dl l ‘ >
e Find light-front expression (Lepage and Brodsky 80):
_ 2\/N0/ d$/ = wqq/ﬁ T ]ﬂ_).

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

1 572 . P(C)
f”_8\[2R 2

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

HW \/g A SW \/g
- = cp = 91.7MeV, f2" =— Kk = 81.2 MeV,
J 8J1(Bok) 8
Trieste ICTP AdS/QCD Stan Brodsky
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Second Moment of Piow Distribution Amplitude
1
<e?>= [ de o)

E=1—-2x

<& >,=1/5=0.20 Pasympt X (1 — T)

< 52 > = 1/4 = 0.29 ¢AdS/QCD X \/Q’J(l — ZIZ‘)

Lattice (I) < &* >,=0.28 +0.03 Donnellan et al.
Lattice (IT) < &2 >,= 0.269 4 0.039 Braun et al.
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Sp@cebk@pwwforwvfwotor fromAdS/CFT

¢2(GeV?) . g2 (GeV?2)

Data Compilation from Baldini, Kloe and Volmer

SW: Harmonic Oscillator Confinement

HW: Truncated Space Confinement

One parameter - set by pion decay constant. de Teramond, sjb
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AdS/QCD

in

Contributions to Mesons Form Factors at Large () i

Note

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

1
/ dx/deﬁ(
0

(x,b)|*and b = |b_|.

bQ(1 — )] |y

.CE’ b? Q)?

~

q7°)

e (

F.

with 15(337 , Q) = mJo [

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

b

e Contribution from p(z,

=,

#

D
ool

Zan

7-2007
8755A5

2
" QQ
X --~ -~Q§

-~ 9.
oo,
.n#uwnu&#
200
AR
M.w.m%%%ow

VA
7

7
%
.".i o

7

..::
:230
.“.“.“.“.“.“...."o“o"ono
R

ORI
OO

RRRRERERRAS

X

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

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

I
2 o
dI
(=}
5
BC
mA
27
a
3
4
W7
b
= %3
(=]
=«
O N
2 >
(5]
E S
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tolography:
Map AdS/CFT to- 3+1 LF Theory

Relatvistic LT radial equatiovw Frame Independent

V()] 6(0) = M26(0)

G. de Teramond, sjb

2 _= x(1l — x)bi

(1-—=x)

Effective conformal 1 —4L72
—|—/§4(: 2 confining potential:
Trieste ICTP AdS/QCD Stan Brodsky
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Light-front Hamiltonian equation

Hyr|g) = M?|6),
leads to effective LF Schrodinger wave equation (KKSS)
d> 1-—4L?
[—d—CQ TR + £+ 26%(L—1) | ¢(¢) = M?¢(C)

with eigenvalues M2 = 4/{2(72, + L) and eigenfunctions

2n! 2 42
_ 1+L 1/24+L —K%¢2/2 L (.2 -2
= e K :
Transverse oscillator in the LF plane with 50(2) rotation subgroup has Casimir I representing

rotations for the transverse coordinates b | in the LF.

SW model is a remarkable example of integrability to a non-conformal extension of AdS/CFT [Chim
and Zamolodchikov (1992) - Potts Model.]
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ddC22 V(O | ¢(¢) = M26(()

de Teramond, sjb

T

(1—x)

¢ =/z(1—2)B2  HolographicVariable

d _ ki LF Kinetic Energy inv
¢z — z(1-x) momentunm space

Assume LFWF s v dynamicald functiow of the
quawk-antiquowk irwariant mass squawed

2 2 2 2 2 2
d d mi  my _ ki+mi k] +ms
” I I — |
dCQ dCQ L 1 — L €Z 1 —
Trieste ICTP AdS/QCD Stan Brodsky

May 12, 2008 " SLAC & IPPP

77



Result: Soft-Wall LFWF for massive constituenty

%06 —-1 ( k?_L +m%+m%>
CE,k — e 22 \ z(1—2x) x 1—x
vz k) ky/2(1 — )
LF WF inv impact space: soft-wall model
with massive quarks

CRK —1k%z(1-z)b% — L5

vl bi)= NG r(l—z)e | 5 2

z— (=X

2 2
X" =0bz(l—x)+ —| | ]
K* o 1 -2
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LFWF peaks at

_ m | 4
€T; =
L2y may
where

mM:\/mQJrki

mininmuuwn of LF
energy
denominator
k = 0.375 GeV

Trieste ICTP
May 12, 2008
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“

0.2

o |Kt >= |us >
me = 95 MeV

k=375 MeV

80



First Moment of Kaon Distribution Amplitude

1
<€>=/_1d€€¢(€)
E=1—-2x
§

< & >r=0.04+£0.02 k =375 MeV
Range from mg = 65 4+ 25 MeV (PDG)

<& >k=0.029 +0.002 Donnellan et al.
< € >=0.0272 £ 0.0005 Braun et al.
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AdS/QCD ms =65+ 25 MeV (PDG)

M (&) m (&) M

78 0.25

K 0.04 + 0.02 ¢ 0.235 + 0.005“
D 0.71 Adﬁ/QCD 0.54

Ne 0.02

B 0.96 0.91

Mo 0.002

T 0.28 4+ 0.03°
K 0.029 + 0.002° 0.27 + 0.02°
7 Lattices 0.269 £ 0.039¢
K 0.0272 + 0.0005 © 0.260 + 0.006 ©

M. A. Donnellan et al., “Lattice Results for Vector Me- V. M. Braun et al., “Moments of pseudoscalar meson
son Couplings and Parton Distribution Amplitudes,” distribution amplitudes from the lattice,” Phys. Rev. D

arXiv:0710.0869 [hep-lat]. 74, 074501 (2006) [arXiv:hep-lat/0606012].
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Trieste ICTP AdS/QCD Stan Brodsky

May 12, 2008 S> SLAC & IPPP

82



Hadronigatiow at the Amplitude Level

e

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

Fixed T=t+ z/c

z P,z P| +ky;

Z?’CBZ =1

> ki ;=0

Wi (@i, k14, Ai)
Inwawriant under boosty! Independent of P
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