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Fit of the phenomenological ansatz to the form factor

and comparison to the standard dipole fit
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Jorg Friedrich A phenomenological analysis of the four standard nuclear form factors
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Proton Form Factors:
Central objects in hadron physics

* Dynamics and structure of proton at the
amplitude level: multiquark and gluon system,
meson cloud

* Fundamental test of QCD: quark and gluon
structure of matter, confinement

* Underlies nuclear physics

* C(ritical to precision atomic physics: Lamb Shift,
Hfs. (See J. Hiller talk). Input to g2
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Proton Form Factors:
Central objects in hadron physics

* High momentum behavior: Fundamental tests of

PQCD scaling, helicity structure, asymptotic
freedom, conformal scaling, AdS/CFT

* Pauli form factor: requires nonzero orbital
angular momentum

* Information on shape and normalization of
proton distribution amplitude -- proton decay!

* Normalization of PQCD: QCD coupling at small
scales, evidence for IR fixed point

Fr ascIaCt)i_ 11\2{%6501105 New Perspectives 05n the Nucleon in QCD Stan Bro dSky, SLAC



How can we compute proton form factors from first principles?

i i +
gluon dynamics quark kinetic energy mass term

\ guark-gluon dynamics /

nf
Locp = - iz G G,) + Z by, D, y" gy + Z 1 RTTIRTTS
=1

fﬂig \ = v\ f

QCD color charge fiald strength tensor covariant derivative quark field

* Lattice gauge theory
e Transverse lattice

* Discretized light-cone quantization: diagonalize
LF Hamiltonian - LEWFs, spectrum

* AdS/CFT

Frascati NllClCOIlOS New Perspectives on the Nucleon in QCD Stan BI’OdSkY, SLAC
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QCD|\Uh> — M}QL |Wh> ComPUte
LEWES from

first principles

HQCD = p,Pt= p-pt_p2

The hadron state |WV;,) is expanded in a Fock-
state complete basis of non-interacting n-
particle states |n) with an infinite number of
components

‘wh(P+7ﬁJ_)> —
Z/ [dx; dzEu]lbn/h(%Eu,Ai)
TL,AZ'

X |n : xip_l_?xiﬁJ_ + EJ_ia)"i>

> [ Ui PEL ogn o Fie AP
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|p7SZ > = E ‘Pn(xi,zmki) \n;iﬁmki >
n=3

The Light Front Fock State Wavefunctions
W, (x1, k11, N

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

l

p+_p0_|_Pz P

A

X —

are boost invariant.

n

zkl-*:P*, ixizl, iié}:ﬁi. i
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Light-Front Wavefunctions

Dirac’s Front Form: Fixedt=1+z/c

w X, kJ_ o

QCD 2
Y >= M >
Invariant under boosts. Independent of pH
Insights for QCD
Rome Colloquium from AJSICITL Stan Brodsky, SLAC
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A Unified Description of Hadron Structure

Elastic form factors
Parton momentum
distributions

Real Compton
scattering at high

Deeply Virtual Meson
production

Light Front Wavetunctions

- Insights for QCD
RomIeO(_:?Ill_%qSulum from AdS/CFT Stan Brodsky, SLAC
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Gardner, Hwang, sjb,

Light-Cone Wavefunction Representations of
Anomalous Magnetic Moment and Electric Dipole
Moment

In the case of a spin—% composite system, the Dirac and Pauli form factors F}(¢*) and
Fy(q?), electric dipole moment form factor F3(q?) are defined by

(P']J*(0)|P) =

T(P) [ B+ Eo(a?) 570" et Fole)

Dirac and Pauli form factors computed from matrix element of J*

Fi(¢®) =(P+q,1 J7(0) P1)Y=(P+gq,| Pi (48)
1\qg ) = q, 9 P+ 3 — q, 2P+ ) )

Fy(q®) 1 J7(0) J*(0)
M 2|:+_q1_|_1q2 —I_q’/l\ 2P-|— 7\L _|_q1_1_1q2 —I_q’\L 2P_|_ 7T i|7
(49)

F3(q*) i 1 J*(0) 1 J*(0)
=3 P Pl )- P P .

2M 2[+—ql+iq2 tollope | DY) g \U T o apr | O] |
(50)
- Insights f D
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Dirac and Pauli form factors exactly computed from

. )_
convolutions of LFWFs (n’=n) Drell Yan, West, Drell, SJB

A2k, dx
o ;/ 1673 Zej_ %

Drell, sjb,
[ " —q 1+1q ¢T*(x“k’lw ')@bclz(xiagﬂ?)‘i) + q1 —1—1q wl*(%kl@,x) wl(%,:@u,)\z‘)}
4%k, dx
= Ea: / 1673 Zeﬂ 5 = Gardner, Hwang, sjb,
{ T _q11+iq2¢l*<xi’]?ii’)‘i>wcltwi’]gﬂ’)‘) qlilq DACINPPY )%(%;Eg,)\i)} :
Pauli form factor requires nonzero L
Eﬂ_z — IZM + (1 - xz)CTJ_ struck quark ]le = EM‘ — X;q L spectator

- Insights for QCD
RomIeO(_:;)Ill_%qSulum from AdS/CFT Stan Brodsky, SLAC
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Relation between edm and anomalous magnetic moment

CP-violating phase

\

F3(q%) = F>(¢?) x tan ¢

Fock state by Fock state

Gardner, Hwang, sjb,

: Insights f CD
RomIeO(_:;)III_%qulum I}i;gmtz d%r/((ZQFT Stan Brodsky, SLAC
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Weak Exclusive Decay Q

(D][J*(0)|B) a _
V
B — B
Exact Formula D
Hwang, SJB 0 .
v v
v b n=n +2
B + B cC
> > > > =
W DT o DT
Y, 9 v, Wheo g 1,

Annihilation amplitude needed for Lorentz Invariance

Frascati NUCICOI’IOS New Perspectives on the Nucleon in QCD Stan BI‘OdSky, SLAC
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(p' N[ " (2) J¥(0) [p 1)

Large — q2 = Q?

P p'
* /
Y P—YP
Deeply
Given LFWFs, Virtual
compute all Compton
GPDs'! Scattering
.
n=n +2
ERBL Evolution ,
. Required for
Vo .
? W Lorentz Invariance
Frascati NLICICOIIOS New Perspectives on the Nucleon in QCD Stan BI‘OdSky, SLLAC
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XK,
/u{ 1-§-&] /1{

Light-cone wavefunction representation of deeply
virtual Compton scattering *

1-¢-A,

Stanley J. Brodsky #, Markus Diehl !, Dae Sung Hwang °

Frascati NUCIGOI’IOS New Perspectives on the Nucleon in QCD Stan BI’OdSky, SLAC
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Angular Momentum on the Light-Front

J* Z ST =+ Z [, Conserved

i—1 LF Fock state by Fock State

[ ] (k Jj 3 k2 k j5 kl ) n-1 orbital angular momenta

Pauli form factor requlres nonzero L

Rome Colloquium II;SIghtz 2(;1; ((ZQFCTD
IO-1I1-0O 5 rom

I7

Stan Brodsky, SLAC



Form Factors {p— 'p'" {(p'A'| J* (0)|pA)

o h \_/ > \\/p-k\/q,k'
Yn Wh

Lepage, SJB
Efremov, Radyuskin
Q CD FaC tO rlZ atlon Chernyak, Zhltmtsky
*
Y
Xt— %7 >—VY1
Th=x X2—> §§>y2+
X3 > > Y3
o
- a2 XY
Q4
Scaling Laws from PQCD or AdS/CFT
Frascati NUCICOI’IOS New Perspectives on the Nucleon in QCD Stan BI‘OdSky, SLAC
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PQCD and Exclusive Processes v

Efremov, Radyuskin
Chernyak, Zhitnitsky

M = /Hdwz‘dyWF(fE,Q)XTH(ﬂ?i,yi,@W}(yi,Q)

* Iterate kernel of LEWF's when at high virtuality; distribution
amplitude contains all physics below factorization scale

* Rigorous Factorization Formulae: Leading twist
* Underly Exclusive B-decay analyses

* Distribution amplitude: gauge invariant, OPE, evolution
equations, conformal expansions

* BLM scale setting: sum nonconformal contributions in scale
of running coupling

* Derive Dimensional Counting Rules/ Conformal Scaling
Insights for QCD

Romfo@glﬂ_%qsuium rom A Stan Brodsky, SLAC



Test High Momentum Transfer Domain

* pQCD Factorization of hard, soft domains

* Constituent Counting Rules - reflect conformal
invariance of leading twist contributions to Ty

* Hadron helicity Conservation: F2/F1 higher twist

* Cannot postpone validity of leading twist domain:
Higher twist effects controlled by nominal QCD
scales

* Running coupling evaluated at small fraction of

Qz

Frascati NllClCOIlOS New Perspectives on the Nucleon in QCD
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@ LCSR are fully consistent with pQCD:

0.7 : : : : B
Draun
hep-ph/9907495 V.Brau
0.6t :
0.5
!
) %
m@ 0.3 NLO pQCD
0.2t
- /\lﬁﬂ“wﬂsﬁ\
Soft + Hard Highe i
00 2 4 6 82 10 12 14
Q
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Proton Form Factor

1.0
<r%' '
S Conformal Behavior : #2F;(t) = const
g,’_ N=3 |
w 05 —— N=3,4,5 Remarkable scaling
- —-— Gl;iV witha, =13 a | behavior
o F.(t) (Sill etal.)
0 G, (t) (Sill et al.)
0.0 L
0 5 10 15 20 25 30
_ 2
t(GeV?) Non-perturbative model:
Diehl, Kroll
Insights for QCD

Rome Colloquium
10-11-0§ from AdS/CFT
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Primary Test of QCD Factorization,
Scaling

A
=
BEB1AS o

M = | ][ dzidy;pr(x, Q) x T (x4, yi, Q) b1 (yi, Q)

—T\\ Running coupling
11 evaluated at small scales
Resummation ?

Conformal Behavior : #*F;(t) = const

Yy

Rome Colloquium II;SIghtz 3(;1; ((ZQFCTD
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Timelike proton form factor in PQCD

5
C\’l-\ 4 i 7 T s N | P
r .
Q) J N
o I ’-’ N\
J 8/ ] et
) - N *
[/ - Y
—~ ,'/ "\
T 2 —
=) L il
L _
S e 1/Q fit ] e
S 11 — —-(log? @)/Q%fit
—impr. (log® Q%)/Q* fit |
I - =~ IJL fit ] S
0 ) R R R S P
-1 0.5 0 0.5 1 2 o2(Q?) 0 B 4B
S
n,m
2
oy M
X ll—l—O(Oés(Q ),@)] . 1
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Asymptotic Behavior

?_;- i
w E7ED Armstrang et al. l:"".-.""-.".‘.-:l ThE' dEShEd |||"|E |5 a
Z EBZS(I) data Ambrogiani et al. (1999 fit tD thE- PQCD F:IrEdil:,ti'l:ln
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i ' ! 5
HF 1;"2 -]r[2 —zl
i -
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# Castellane st al. (7573) * is reached ':ILlitE earl‘f.-
E O Bassompizrre of al, I:IEI??}_M ! n__T hﬂweyer
| e . :
} & Delcourt et al. (1978) I () ... there is still a factor of 2
¢ Bisella et al. (1983,1900) - } l between timelike and
2l % Bardinetal (1994) h 1 EPECEHHE.
E qb  Aptorel|l et al, (15994
i 1 1 1 ] ] 1 |
4 5 B El 8 8 n 20
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Timelike Proton Form Factor

» Define “Effective” form factor by

4o’ B C I |
e B gy, F =\/\GM\2 + i),
3m -
PP mpﬁ L
@]
13} ® BABAR
« Peak at threshold, sharp dips at 2.25 GeV, S O FEN}CE
3.0 GeV. o (] DM2
« Good fit to pQCD prediction for high m,,.- *5 % [ngél
(e
- -1 w PS170
210 O E835
o ¥ E760
oy

Radiative return from
BaBar

log™2 5~ t+
F(S) X 5 AZ 10" +

o

82

-2
[

4
M (GeVIc®) 5~

N. Berger



30— ;s‘so§o§-097 4.0 L A ‘38‘50?0‘7"096
— 350 =
> 2.5 . r
& | 3.0 ;
52.0 i E 25; b
(\5 - : Preliminary N72 ok E
ELSi gosy - % + # Preliminaryi
% 1.0i { ~~~~~~ # \ %1 5f CLEO E
= %‘#b T 1.0f fip- "% ------------------ b \ .
[ e 1 F i g e T e ¢
0-5¢ T ] 0.5F I k
‘ 54‘1‘ 68 To 12 14 0z 46 T8 i0 iz T4
l0?(Gev?) 02 (Gev?)
Proton timelike form factor. Kaon timelike form factor.
Q?|Fk(13.48 GeV?)| = 0.85 4 0.05(stat) 4 0.02(syst) GeV?
Q*|G%,(13.48 GeV?)|/up, = 0.91 £ 0.13(stat) = 0.06(syst) GeV*
The proton magnetic form factor result agrees with that measured in the reverse
reaction pp — ee~ at Fermilab. The kaon form factor measurement is the first
ever direct measurement at |Q?| > 4 GeV?.
The pion fi f is bei :
e pion form factor is being measured Seth
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s’do/dt (10°GeV™ nb/GeV?)

Test of PQCD Scaling

Constituent counting rules

YP—T h

® JLab E94-104

# Fujii et al (1977)

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

© Fischer et al (1972)

¥ Data taken Before 1970
— SAID (2002)

---- MAID (2001)

>

. I T T N T T T L L
2 2.5 3 3.5
Vs (GeV)

Farrar, sjb; Muradyan, Matveev, Taveklidze

s’do/dt(yp — mtn) ~ const
fixed Oy scaling

PQCD and AdS/CFT:

§'tor ™~ 2dc’(A—I—B —C+D) =
FA+B—>C+D(6CM)

s'9(yp — w'n) = F(Ocy)

M = 143 4243=9

Conformal invariance at high momentum transfers!
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Deuteron Reduced Form Factor

3
Al
Z 0.4
NZ
L % ~ Pion Form Factor X 15%
‘\é- 0.3 —
LLD g
X

—~ 0.2 —
AO
g %’l‘{{¢¢’ . ¢
Nclr 0.1 ’l‘ + =
I I N IR I T |

0 1 2 3 4 5 6 7
;%23%148 —g° (GeV?)

* 15% Hidden Color in the Deuteron

Insights for QCD
from AdS/CFT

29

Rome Colloquium

Stan Brodsky, SLAC
10-1I-0%



Test High Momentum Transfer Domain

* Constituent Counting Rules - reflect conformal
invariance of leading-twist contributions to T

* Hadron helicity conservation: F2/F1 higher-twist:
PQCD analysis Belitsky, Tuan, Ji

e Cannot postpone validity of leading twist domain:

Higher-twist effects controlled by nominal QCD scales
Braun: LC sum Rules

* Normalization: Many issues: fx lext, shape of
distribution amplitude

* Running coupling evaluated at (1/20) Q2 Ji, Robertson, Tang, sjb

* Define effective charge from pion form factor

e ]R Fixed Point for QCD Coupling?

Fr ascIa(gi_ 11\2{%6501105 New Perspectives ;)(r; the Nucleon in QCD Stan Bro dSky, SLAC



QCD Effective Coupling from

hadronic T decay
= 2 I | I I | I I | I i. | I | | I | 1 I T I T T | T I I |

\ -~ B, 11bop
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=9 e 1 H H
1.25 i 2 BY ;
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LI / .
a 3 a 7 ,

T £ | — =~ N\ —es

_-__ -_"_'.“/
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0.5 :—.- /S =]
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L0.25 o S AU S o]

025 | Menke,Merino, Rathsman,SJb 1

= i 1 1 1 | | 1 / 1 | 1 | i | 1 1 | 1 1 1 1 i 1 | 1 | i 1 :
059 0.5 1 1.5 2 2.5 3

s (GeV?)
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New Perspectives on QCD
Phenomena from AdS/CFT

* AdS/CFT: Duality between string theory in Anti-de
Sitter Space and Conformal Field Theory

* New Way to Implement Conformal Symmetry

* Holographic Model: Conformal Symmetry at Short
Distances, Confinement at large distances

* Remarkable predictions for hadronic spectra,
wavefunctions, interactions

* AdS/CFT provides novel insights into the quark

structure of hadrons

Rome Colloquium If;Slghtz (f;;r/ ((ZQFCTD
IO-1I1°0O 5 rom
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AdS35 Metric

Holographic
Model

Mapping of Poincare’ and Conformal
SO(4,2) symmetries of 3+I space to
AdSgs space

J. Maldacena

Rome Colloquium
10-1I-0%

Insights for QCD
from AdS/CFT

String Particle in four dimensions

ETH;E:Q‘ -----’-r--) g
e
e -

e 3
Fifth dimension Four-dimensional
Z space-time

Strings, particles and extra dimensions.
Strings moving in the fifth dimension are
represented in the everyday world by their
projection onto the four-dimensional boundary
of the five-dimensional space-time. The same
string located at different positions along the
fifth dimension corresponds to particles of
different sizes in four dimensions: the further
away the string, the larger the particle. The
projection of a string that is very close to the
boundary of the four-dimensional world can
appear to be a point-like particle.

33
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deTeramond, sjb AdS / CFT z= R?/r

Use mapping of SO(4,2) to AdSs

Scale Transformations represented by

wavefunction W(r) in §th dimension
xﬁ—>>\2:1:/% = r—y =

Holographic model: Confinement at large
distances and conformal symmetry at short

' 1
distances 0<2<20=plto,r>ro="NAgcpR?

Z — Az

Match solutions at large r to conformal
dimension of hadron wavefunction at short

distances
»(r) — r~2 at large r, small z

Truncated space simulates “bag” boundary
conditions b(20) = 1(rg) = 0 r = 12



|
0.3 ! Match fall-off at large r to |
: Conformal Dimension
0.2 | of State at short distances -
o |
o ]
0.1 o —A(n,0) |
A o |
] |
-0.1t |
)
| | Truncated AdSs space
- O ° 2 |
L I'o — AQCDRZ
-0.3F !
, | Y(ro) =0
ﬁ | ,
0.5 1 1.5 2 2.5
I To ‘ T
Rome Collowium " ANGHT Stan Brodsky, SLAC
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Predictions N | o
of AdS/CFT 6
Only one
parameter! T il
T ] Guy de Teramond
Entire light %‘j . Niso SIB
quar k “'v B Phys.Rev.Lett.94:
baryon : | 201601,2005
spectrum . hep-th/0501022
0 ' L ' L I |

1-2005
8694A7 L

Fig: Predictions for the light baryon orbital spectrum for AQCD =0.22 GeV

Rome Colloquium If;Slghtz ggl; CQFCTD
IO-1I1°0O 5 rom
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- (a)
—~ 4 r
Al
=
(0]
g |
o\
S 2o
o (782)
p (770
L 7 f5,(1270)
o a, (1260)
O | I | I | I | I |
0 2 4 0 2 4
5136%910:10 L L

' Light meson orbital spectrum: 4-dim states dual to vector fields in the bulk, Agcp = 0.26 GeV

Guy de Teramond
SJB
: Insights f CD
Rome Colloquium rg:)gm Z d(;jCQFT Stan Brodsky, SLAC
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Prediction of AdS/CFT Holographic Model
One parameter: Agcp = 0.15 GeV.

log Gps(g?) Guy F. de Téramond and sjb
| 1n progress

The space-like current Jg (@), 2) is

B Ko(Q/Aqcp) \

k Tul@2) =24 [Kl(ZQ> " 1o(Q/Aqep) ety

' b , analytic continuation:

Y T Yo(Q/Aqop)
ﬂ / Ja(@,2) = —2Q 5 [Yl(zQ) - 2o/ AQCD)Jl(zQ) .
230 -20  -10 0 10
¢*(GeV?)

, , _ Formalism: Polchinski and Strassler
Space-like and time-like structure of the pro-

ton magnetic form factor in AdS/QCD for

Ngcp = 0.15 GeV. The data are from the
compilation given by Baldini et al. New tool for QCD

r i Nucl New Perspectives on the
rascIaol_I 41{%e§ono5 Nucleog in QCD
3

Stan Brodsky, SLAC



.b
veeb) AdS/CFT
prediction for
meson LEWF
Holographic Model
Guy de Teramond
SIB

Two-parton ground state LFWF in impact space ¢ (x,b) foraforn = 2,{ =0,k = 1.

Rome Colloquium If;SlghtZ (f;;; (?FCTD
IO-1I1-0O 5 rom
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Holographic Model Guy de Teramond AdS/CFT
SJB prediction for

meson LEWE

Figure 1: Two-parton bound state light-front wave function ZZL(ZE, b.) as function of the
constituents longitudinal momentum fraction z and 1 — x and the impact space relative
coordinate b, in a holographic QCD model. The results for the ground state (L = 0) are
shown in (a). The predictions for first orbital exited states (L = 1 and L = 2) are shown in

(b) and (c) respectively.
Compare with Kroll et al., LGTH

: Insights for QCD
Rome Colloquium I;i;gmtz dgr/CQFT Stan Brodsky, SLAC
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