Hadron Form Factors from AdS/CFT

Propagation of external perturbation suppressed inside AdS.

F(Q?) - = [ %Pp(2)J(Q,2)P(2)

J(Q,z) = zQK1(2Q)

N@2) — ®(z)

High Q?
from 06
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*) — [
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Sp@cebk@pwwforwvfwotor ﬁfom/Ad/S/CFT

¢2(GeV?) . g2 (GeV'?)

Data Compilation from Baldini, Kloe and Volmer

Harmonic Oscillator Confinement

Truncated Space Confinement

One parameter - set by pion decay constant. Sl e
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Spacelike and Timelike Piow form factor from AdS/CFT

T T T G. de Teramond, sjb
2} 2
- Ix(e%) |
| :_;, Harmonic
ol ‘a;;i Oscillator
ﬁ - Confinement
2y | | '- scale set by pion
nErlg”) | Ere % decay constant
: 3 : " :'E
2| | ! % ;
| f " i k=0.38 GeV
_3f
-10 —I5 O 5 10

q%(GeV?)
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Nucleon Form Factors

e Consider the spin non-flip form factors in the infinite wall approximation
9 3 dz 2
Fo@) = 0B [ S 7Q2) lwaa)
9 3 dz 2
FQ) = oF [ 5@ -,

where the effective charges g1 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 ¥ (z) and ¥ _(z) correspond
to nucleons with J* = +1/2 and —1/2.

e For SU(6) spin-flavor symmetry
P ()2 3 [ dz 2
@) = B[ Lok P

F@) = 3R [ 57Q2) [0 ()F - -]

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

e Large Q) power scaling: F1(Q?) — [1/@2]2.
G. de Teramond, sjb
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G. de Teramond, sjb

FP(Q?)
|k = 0.424 GeV

1t AN =0.2 GeV

QQ (G o\/2 ) Cur1]‘jent quiﬁed
y metric

F1(Q)1—r = [ %0 }(2)J(Q, 2)®)(2)
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Dirac Neutron Form Factor
(Valence Approximation)

Truncated Space Confinement

QIF(Q?) [GeV

-0.35;

1 2 3 4 5 6

Q% [GeV?]

Prediction for Q* F'1*(Q?) for Aqcp = 0.21 GeV in the hard wall approximation. Data analysis from
Diehl (2005).

University of Southern Denmark AdS/ QCD
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Spacelike Pauwli Form Factor

Preliminary
From overlap of L =1 and L =0 LEWF's
' Harmonic Oscillator
_ Confinement
- Normalized to anomalous
1.5 moment
p 2\ |
Fy(Q7)
1t
| k = 0.49 GeV
0.5]
0 1 2 3 4 5 6
QQ(GGVQ) G. de Teramond, sjb
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Light-Front Wavefunclions

Fixed T=t+ z/c

P+:PO_|_PZ A

2, P, 2P| + k|

Pt P

Yoty =

W (zi, ki A

Inwawiant under boosty! Imde)pe/mde/ntoﬂou

> ki ;=0

University of Southern Denmark AdS/ QCD
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e Define effective single particle transverse density by (Soper, Phys. Rev. D 15, 1141 (1977))

/ da / 2i7, Tz, 7))

e From DYW expression for the FF in transverse position space:
27 2
ST [ i 0o zx] ) zm )iy 51
n j=1

e Compare with the the form factor in AdS space for arbitrary ():

F(Q) = F° /OOO L MOBp(2) J(Q,2) (=)

3

e Holographic variable z is expressed in terms of the average transverse separation distance of the

spectator constituents 77 = Z;”:_ll T b1

- n—1 ~
TV ‘ijblj{
7=1
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LF(3+1) AdSs

(z, b)) e O(2)

(= \Jo(l —z)p3 ————

W(2,5,) |5,
(1—x)

(2, ) = Va(l —2)26(C)

Holography: Unique mapping derived from equality of LF
and AdS fornmuda for cuvrent matrix elementy
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tolography:
Map AdS/CFT to- 3+1 LF Theory

Relativistic radial equation: Frame Independent

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

G. de Teramond, sjb

2 _= x(1l — x)bi

Effective conformal v ( C) B 1 —4L7
potential: o 4¢C2

(1-—=x)
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tolography:
Map AdS/CFT to- 3+1 LF Theory

Relatvistic LF radial equatiovw Frame Independent

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

G. de Teramond, sjb

G2 _= x(1l — x)bi

Effective conformal 1 —4L72

4 ~2 T
+K C confuining potential:
%. University of Southern Denmark AdS/ QCD
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(1-—=x)
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Prediction from AdS/CFT: Meson LFWF

- éU 60. 40 . 2
0.2
0“\ L Harmonic
2 0.15] A\ ]
Yur(z, k L> Oscillator model

PR de Teramond, sjb
k| (GeV) 1. S35
7 ou(@,Qo) o \/2(1 — =)
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AdS/CFT Predictions for Meson LFWF ¥(x,b] )

AQCD = 0.32 GeV k= 0.76 GeV.

Truncated Space Harmonic Oscillator
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Guy de Teramond
SJB

2-2006
8721A9

Two-quark holographic LFWF in impact space ¢ (x,(): (a) £ =0, k=1; (b){ =1, k = 1;
) £ =0, k = 2. The variable ( is the holographic variable z = ¢ = |by |1/x(1 — x).
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LFWF peaks at

_ m ] g
€T =
v my
where

mM:\/mQJrki

mininuwun of LF
energy

denominator
k= 0.375 GeV m, = mp = 1.25 GeV
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10.3

| KT >=|us >
me = 95 MeV
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GdT and Sjb

Mesow LFWF (L=0) for massive quawks

47 _ k] 4m?
= ZE, k — € 2k2x(1—x) :
Guage(@.b2) = /2T = 2) exp (~ el — a)b? — -

Key variable for nw-partornw LFWF withv
massive quarks:

n n—1
1 Z m2 | x
2 — 2 —_ L2 p— E . .

1=1
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Hadronigatiow at the Amplitude Level

e

Event amplitude
generator

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

%. University of Southern Denmark AdS/ QCD

Odense May 5 2008 II7 Stan Brodsky, SLAC/IPPP

117



Hadronigatiow at the Amplitude Level

e

Event amplitude
generator

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

%. University of Southern Denmark AdS/ QCD
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Formatiow of Relatvistic Anti-Hydrogen

Measured at CERN-LEAR and FermiLab

Munger, Schmidt, sjb

| Coulomb field N

Wavefunction maximal at small impact separation and equal rapidity
“Hadvronization” at the Amplitude Level

%. University of Southern Denmark AdS/ QCD
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Light-Front Wavefunclions

Fixed T=t+ z/c

QJZ'P+, a?iﬁj_ —|— EJJ;

Z?CBZ =1

Sk =0,

Wi (@i, k14, Ai)
Inwowriant under boosty! Independent of P
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Hadronigationw at the Amplitude Level

Bawyow Production

w(xa EJ_a )‘Z)

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

%. University of Southern Denmark AdS/ QCD
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Jet Hadvronigation at the Amplitude Level

T=t+z/e e A(:E(/)SSD
Event amplitude
generator .
wﬂ (y7 éJ_)
N coalesce if

. - 2 2

Construct helicity amplitude using Light-Front Perturbation
theory; coalesce quarks via Light-Front Wavefunctions
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Hadronigationw at the Amplitude Level

77025? (xiv kJ_ia >"L)

Higher Fock State Coalescence |uudss >

Asymmetric Hadronization! D; p(z) # Ds_,5(2)
B-Q Ma, sjb
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%. Unive

Ds—p(2) # Ds_5(2) B B, g

B _ l ‘ _
- -
0.6 [ - - —
-
— / / “““ =
N /20
I%w OO — / T
<C L _
R4
—0.6 —L / —
o/
| | | | ]
0.96 0 0.2 04 0.6 0.8 1.0
8229A01 Z
pp _ DS—W(Z)_DS—@(Z)
Al (Z> —
Ds—>p(2)‘|‘Ds—>ﬁ(Z)

Consequence of sp(x) # sp(x)

rsity of Southern Denmark
Odense May 5, 2008

luudss >~ [KTA >

AdS/QCD

124 Stan Brodsky, SLAC/IPPP
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AdS/CFET and QCD

e Non-Perturbative Derivation of Dimensional
Counting Rules  (Strassler and Polchinski)

* Light-Front Wavefunctions: Confinement at Long
Distances and Conformal Behavior at short
distances (de Teramond and Sjb)

* Power-law fall-oftf at large transverse momenta

* Hadron Spectra, Regge Trajectories

%’ University of Southern Denmark AdS/ QCD
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Features of Holographic Model

de Teramond sjb
* Ratio of proton to Delta trajectories= ratio of
zeroes of Bessel functions.
o Scale AQCD determines hadron spectrum (slightly
different for mesons and baryons)

* Covariant version of bag model: confinement
+conformal symmetry

* Pion decay constant

* Dominance of Quark Interchange

%. University of Southern Denmark AdS/ QCD
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Diffractive Dissociation of Piow

into- Quawk Jety
E791 Ashery et al.
by ~0 (1/ky)
l . A5 k_l1
T 2 k_lz
0
M o 32k,J_¢7T(337 kJ_)

Measure Light-Front Wowefunctiow of Piow

M inimal momentuwm tronsfer to- nucleus
Nuclews left Intact!

%. University of Southern Denmark AdS/ QCD
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Key Ingredienty inv €791 Experiment

by ~0 (1/ky)

i X1, Kit Brodsky Mueller
T : ( R Frankfurt Miller Strikman
T Xo, Ky o

Small color-dipole moment pion not absorbed;
interacty withy eachy nuucleovw cohervently
QCD COLOR Trawvvsparency

4.-[\_?7(7 MA:AMN

—9- ¢ @ (rA — qqA') = A2 E(xN — qaN') F3(1)

Target left intact

Diffraction, Rapidity gap
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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)

dq;
g X A4/3
205 [ 450 —
- Nuclear coherence =
200 400 - Nuclear coherence
175 Pt 350 f C
150 | LR2 q° 300
: FA(QJ_) ~e 37ATL |
9 125F & o250
C : c C
o : ) -
o 100E D 200
751 150/
S0 100?‘;
25 50—
0 OE T T s s SN Rty ey Y TR U T
0 01 0.2 03 0.4 0 0.2 0.4 0.6 0.8
a2 (GeV/c)? q.2 (GeV/c)?
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Mueller, sjb; Bertsch et al;
Frankfurt, Miller, Strikman

Measwire piow LFWF inv diffractive dijet productionw
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

« (Incoh.) = 0.70 £ 0.1

Covwentionald Glauer Theory Ruled Factor of 7
Ci=

University of Southern Denmark AdS/ QCD
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Kawtar Hafidi

A(r,dijet) data from FNAL

1.B

: Coherent n* diffractive dissociation
M with 500 GeV/c pions on Pt and C.

_T_
| ! Y Fitto o = "“Aul
S 18
14 | o =0.76 from pion-nucleus

total cross-section.

Aitala et al., PRL 86 4773 (2001)

1‘2-||.|...|.. i 0 1 ' T A |

Ky JET (GeV/c)

L. L. Frankfurt, G. A. Miller, and M. Strikman, Found. Of Phys. 30 (2000) 533
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£791 FNAL Diffractive DiJet

by ~0 (1/ky)
i X1s Kiq
>
T > (
T Xo, Ky o
A A’

Gunion, Frankfurt, Mueller, Strikman, sjb
Frankfurt, Miller, Strikman

Two-gluonw exchange measwres the second derivative of the piovw

light-front wawvefunctionw
q 52
—?—q M anLwﬂ'(kaJ_)
|
N N

L/

%. University of Southern Denmark AdS/ QCD
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E~791 Diffractive Di-Jet transverse momentum distribution

T s
" t 4o Two Components
$ 7 |
“ 0% — Gaussian High Transgverse e
momentumwm component kp-
, consistent withy PQCD,
103 ERBL tvolution
j Gaussion component similow
02 \l ‘ to-AdS/CFT HO LFWF
} Shul'yak=
1 12 1.4 1.6 1.8 2 22 24 2.6 28 3 Transitionreflects domain walls
kT (GeV)
University of Southern De 4d8/ QCD
%. Odense May 5, 2008 133 Stan Brodsky, SLAC/IPPP
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Prediction from AdS/CFT: Meson LFWF

Hafmonic oscillator

0.1 model
0.05
0
XS T :
L 1(GeV) 1. 0} z:” 5 de Teramond, sjb
2

dar(z, Qo) o /(1 — )
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70 — =
- 1.25<k <1.5GeV/c - 1.5k 2.5 GeV/c
60 50 [
50 — B
B 40 -
40— -
- 30—
30— N
- 20 —
20 N
10— 10—
B | ;H—
% 1 Y 0.2 0.4 0.6 0.8

1
= Ashery E791
Nawrowing of v 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 < k; < 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 H(x) o \/ (1 — )
Perturbative (ERBL)
Evolution to asymptotic distribution
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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

AdS/QCD

136 Stan Brodsky, SLAC/IPPP
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Measurement of Nuclear Transparency for the A (e, ¢’7w") Reaction

/] __+ B. Clasie, et al, Jlab
eAd —en" X PRL 99, 242502 (2007)

1.2"
i 2H i E 0.8 0.81_27AI
1.0' & L ¢
050.6_ _:‘_“__‘_‘,n% """" (lllllIIICO-h)V
0 8“_120 § ‘—‘r.:‘:.—.r..'..‘..‘..'..'.:: ...... i -+ TVWMW
[ ¢ ___.._.._'._”_-_”_.‘_“_“_“_'i,,‘-‘r\""' ' i PVM{/OW
> e F ] N
§0.6 og- T 0.4
8 — Glanber
c
£06 *cu 0.4

05 — i}

-

....... 0.3
i i ..... ::/,* _____ é -------------
04 | Y EE Lk
S —
0.2
03| | .
2 Y 0% (Geviey? 4
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GPDs & Deeply Virtual Exclusive Processes
- New Insight into Nucleon Structure

%. Unive

hard vertices

H(xE 1), E(x.E.1), ..

X = quark momentum
fraction

&- longitudinal
momentum transfer

\/t - Fourier conjugate
to transverse impact
parameter

“Generalized Parton Distributions”

|

Quark angular momentum (Ji sum rule)

1 G 1
J1= 5 —-Jo = 5 dex [Hq(x,ﬁ,O) +E1 (x,@,O)]
1 X. Ji, Phy.Rev.Lett.78,610(1997)
rsity of Southern Denmark A d/S/ QCD
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Space-time picture of DVCS P. Hoyer

o= %az‘P"’

*

Y
The position of the struck quark differs by x— in the two wave functions

Measure x- distribution from DVCS: 5
Take Fourier transform of skewness, C = Q7
the longitudinal momentum transfer

S. J. Brodsky?, D. Chakrabarti’, A. Harindranath®, A. Mukherjee?, J. P. Vary*®/
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AdS/CFT Holographic Model: &4 gmen
(o, b )

The front form

3 -dimensional photograph
: mesow LFWF at fixed LF Time

%. University of Southern Denmark AdS/ QCD
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S. J. Brodsky?, D. Chakrabarti’, A. Harindranath®, A. Mukherjee?, J. P. Vary®®/

Hadrovw Optics
A(o,b|) = %/dCeiacﬁ(bL,C) o=z Pt (= Q7

80 | T | T | T T |

| ® — b |=0.1] |
—~ Ib =05
“or =P DVES Amplitude using

GeV units

holographic QCD

40 meso LFWF
20
- ~=, \\. | — /\QCD — 0.32
oI, | . | . | N
-20 -10 0 10 20
O

The Fourier Spectrum of the DVCS ampli-
tude in o space for different fixed values of

6] ].
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New Perspectives for QCD fromAdS/CFT

e LFWFs: Fundamental frame-independent description of
hadrons at amplitude level

* Holographic Model from AdS/CFT : Confinement at large

distances and conformal behavior at short distances

* Model for LEFWFs, meson and baryon spectra: many
applications!

* New basis for diagonalizing Light-Front Hamiltonian

* Physics similar to MI'T bag model, but covariant. No
problem with support o < x < 1.

* Quark Interchange dominant force at short distances

%. University of Southern Denmark AdS/ QCD
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CIM: Blankenbecler, Gunion, sjb

KT S KT KT KT

Quawk Interchange Gluon Exchange

(Spinv exchange inv atow- (Vo der Waal - -
atom scaktering) Landshoff)
aoc |M(Sat)|2
dt 52
M(t, U)interchange X u—iz M (s, t)gluonexchange o< sF(t)

MIT Bag Model (de Taw), large N¢, (‘t Hooft), AdS/CFT
all predict dominance of quark interchange:
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I I I
A 770 Gevric
0% +
© K 10 Gevre [
0O K'5 Geve
=== Quark Interchange

o)
o
o
5 10!
=)
=~
2
8]
-
109 L 4
|
- 0
cos Bc.m,
AdS/QCD

rsity of Southern Denmark
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AdS/CFT explaing why
quawk interchange is
dominant
momentunm tronsfer
inv exclusive reactions

1
M (%, w)interchange wt2

Non-linear Regge bebavior:

ap(t) — —1

Stan Brodsky, SLAC/IPPP
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