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M otivations I

The investigation of hadron EM form factors in the space- and
time-like regions, within the light-front dynamics,

e Opens aunigue possibility to study the hadronic state, in both
the valence and the nonvalence sector (Brodsky, Pauli &
Pinsky, Phys. Rep. 301 (1998) 299 )

Imeson) = |qq) + |qq@qq) + |qq g).....

\baryon) = |qqq) + |9qq @) + |qqq g)-....
v . ~ _y

valence nonvalence

% A meaningful Fock expansion within LF framework
%% Zero modes — X'SB for fermions

e Yieldsthe possibility to address the vast phenomenology of
hadronic resonances (Vector Meson propagation...) in the
time-like region, and then to impose strong constraints on
dynamical models pointing to a microscopical description of
hadrons

e alows one to obtain insights into the two-body currents
associated to the gq pair production, (very important in
reference frameswhere g™ # 0).
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The Mandelstam Formula for the EM current .

Our guidance = the Mandelstam formula, that yields a covariant
expression for the em current of the hadron.

For aglobal investigation of SL and TL regions we need to change
frame, fromthe g™ = 0 frame (a standard choice within LF) to a
gt # 0 frame (FM. Lev, Pace and G.S. NPA 641 (1998) 229).

Inthe TL region

j“’ — —ze/ (;Zﬂ_]; Tr [SQ(]G — Ph))\ﬁ(k — Ph, Pﬁ) S(lﬁ — q) X

" (k,q) S(k)An(k, Pr)]

e S(p) = , with m the mass of the constituent quark
p—m+ e

struck by the virtual photon

e So(p) isthe propagator of the spectator constituent quark or
diquark (in asimple picture of baryons)

o \n(k, Pr) isthe hadron vertex function; P, and P, arethe
hadron momenta. Very important: it contains a Dirac structure,
I.e. aproper combination of Dirac matrices.

o ['*(k,q) isthe quark-photon vertex (¢* the virtua photon
momentum)

TL — SL P — — P
( Theinitial hadron vertex becomes A\, (—k, Pr)).
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A first application =  Pion.

Inthe TL region one has

Y

gt = z2e ~(k — Pr, Px)Ar(k, Pr) X

Tr[S(k — Px )’Y S(k—q F”’(/~€ q) S(k) ]

vs isthe Dirac structure in A (k, Py ), from asimple effective
guark-pion Lagrangian

‘ Projecting out the Mandelstam Formula on the Light Front I

..through a £~ integration, (only the poles of the Dirac propagators
taken into account), in areference frame where

gt >0, q =0

Time-like region

(va)0o < kT < PF Pr <kt <q" (nonva)

x = konitsmassshdl: k., = (m* +k3)/k"



Space-like region

P Pr

0<kt+PF <Pt 0<kt <q™

In (b), aqq pair is produced by the virtual photon.

* First Problem: How to model the quark-photon vertex ? x

* % Second Problem: How to connect the Fock language with the
Bethe-Salpeter one, e.g. how to describe the amplitude for the
emission or absorption of a pion by a quark, l( non valence
component) , and the gg-pion vertex,® (valence component)? x x

In the limit m, — 0, only one diagram contributes both in TL and
SL regions: the one where where the non valence component
(higher Fock components) is acting. Then, the quark-photon vertex
Is dominated by the gg production.



* A Vector Meson Dominance approximation has been applied to
the quark-photon vertex, when a qq pair is produced

T (kyq) = V2> [e,\-f}n(k,k—q)} An(k, Pn) X

[eX]" fvn

e fv, isthedecay constant of the n-th vector meson into a
virtual photon (to be calculated in our model !), M,, the mass,
I'.(¢°) =Tnq® /M7 (for ¢ > 0) the corresponding total
decay width and ¢, isthe VM polarization

o [@\ Vb, k — q)] A (k,q) = VM vertex function.

kgn o (q o k)'loLn
Mo(k*,ki;qt,q1) +2m

Vnu(kak - Q) — /YM o

generates the proper Melosh rotations for 2.5 states. My isthe
standard light-front free mass. [Jaus PRD 41 (1990) 3394)]

Ay (k, q) 1sthe momentum-dependent part of the
Bethe-Salpeter amplitude.



The decay constant, fv,, isevaluated assuming that: i) A, (k, P,,)
does not diverge in the £k~ complex-planefor |k~ | — oo, and i) the
contributions of itssingularitiesinthe k™~ integration are negligible.

oo = NeBL gtk A Bl g,
0

T 4(2m)3 k+ (P —k+) [M2 — M2(k+,k1; P, Py )]
Tr (k= P+ m)vt (k+m) Vs (kb — Po)| -

** The k£~ —shell amplitude of the VM in the valence sector,

0 < k* < P;I, has been related to the light-front VM wave
function

M2 — M2(kT,k,; P, P,
— Gk ks P Py e T MO i B o)

A (B, Pr)l

:ko_n]

Pt

Yn (kT ki; Py, Ppy) is

® an eigenfunction of arelativistic CQ square mass operator (Frederico, Pauli &
Zhou, PRD 66 (2002) 116011), with confinement (harmonic oscillator potential)
and = — p splitting (Dirac-deltainteraction in the pseudoscalar channel). A
natural explanation of the ”lachello-Anisovitch law”
(M2 ~ MZ_ + w (n— 1); nistheradial quantum number) is obtained. No
isospin breaking (p = w).

® normalized to the probability of the lowest (¢q) Fock state (i.e. the valence
component). The qq probability can be roughly estimated in a simple model (de
Melo et al. PRD 73, (2006) 074013) that reproduces the ” lachello-Anisovitch

law”, for the meson mass spectra.



* % N order to describe the emission (absorption) of apion by a
quark, we assumed a point-like interaction [Choi & J (PLB 513
(2001) 330)]. In the present approach, the coupling constant is fixed
by the normalization of the pion form factor.

*x* A new issue: the instantaneous contributions.
What does " instantaneous’ mean ?

L et us consider the free Dirac propagator

F+m Fon +m +'y+
k2 —m? +ae  kH(k™ —kon + 25)  2kF
T

| nstantaneous term in the free propagator

with k5., = (m? + k. |?)/kt

Instantaneous in the light-front time: 7 =t + z | The Fourier
transform on k~ of the second term contains: §(z™).

For m, — 0, only instantaneous contributions survive, asasimple
consequence from the trace in the 5.

See what follows =



| nstantaneous contributions to the time-like em form factor of a
massless pion. The instantaneous quark contribution (vertical line)
|s attached to the pion vertex in (a) and to VM vertex in (b). The
shaded circle represents the dressed photon vertex.

In the vertex functions with an instantaneous quark contribution,
Aff{m , we assume that the very short-range part of the

one-gluon-exchange interaction, which includes spin-spin terms, is
the dominant one

Aist — ’Cist GO Afull ~ C Afull

IC*$t is the Bethe-Salpeter kernel for the instantaneous vertex
function A***, G, the propagator of two free quarks and A7“" the
full vertex function (we assume still related to the LF meson wave
function as in the case of the valence sector).

The constant C is thought to roughly describe the effects of the
short-range interaction.

We use the relative weight, wv pr = Cv i /Crr, @S afree parameter.
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Pion EM Form Factor

In the space- and time-like regions

The pion EM form factor can be extracted using the definitions

Jri
i = (mlg(0)y"q(0)|x") = e (P + PL) Fx(q’)

From i) the Mandelstam formula, ii) integrating over £~ taking into
account only the poles of Dirac propagators and iii) putting m, — 0
one obtains the following expression of the EM pion form factor

calculated 1

2\ an + 2
calculatedT

Note, for ¢* = M7, g7, (M) yields the decay constant
VM — 7.
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Fixed parameters

Vector-meson masses, M,,, and widths, I',,, used in the model.
From PDG 04, *Akhmetshin et a., PLB 509, 217 (2001) and
**Anisovich et a., PLB 542, 8 (2002).

Meson | M, (MeV) | M. (MeV) | I', (MeV) | TP (MeV)
p(770) 770 7758 + 05 146.4 1464+ 15
(1450) 1497 1465.0 & 25.0 206" 400 + 60
p(1700) 1720 1720.0 + 20.0 220 250 + 100
p(2150) 2149 2149.0 + 17 230** 363 £+ 50

In the calculation, 20 vector mesons are taken into account to reach
aconvergence upto ¢ = 10 (GeV/c)? . The VM masses for
M,, > 2150 MeV arefrom the FPZ modd.

Adjusted parameters

1) Thewidth, I',,, of the vector mesons with mass > 2.150 GeV.
ThechosenvalueI’,, = 0.15 GeV issmilar to the width of
the first four VM’s

2) wv i, that weights the instantaneous contributions. We
obtained wy s = —0.7 for aglobal fit, and wy s = —1.5 for
an improved description of the p peak region.
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Pion EM Form Factor inthe SL and TL regions

Comparison with Exp. data

10—
‘4
1 2 —
= - X
N .  I[¢ t
O { \
& i/ H’ \
LL A ‘ \\ \ - 7]
I P i < Ny
0.1__ ,/’ 7 " H
1 |
A - |

®: Data, R. Baldini et a. (EPJ. C11 (1999) 709, and Refs. therein.)

Solid line: calculation with the pion w.f. from the FPZ model for the

Bethe-Salpeter amplitude in the valence region (wv as = —0.7).
Dashed line: the same as the solid line, but with the asymptotic pion
w.f. (Ar(k; Pr) =1)

m PT‘J'
fro [M2 — M2(k+, k1 ; P, Pry)]

V(T ks P Pry) =
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To show the sengitivity to the choice of different weights for the
Instantaneous Bethe-Sal peter amplitudes of pion and VM’s

Pion form factor in the p-peak region

q2 (GeV/c)2
Solid line: calculation with the pion w.f. from the FPZ model for the
Bethe-Salpeter amplitude in the valence region and wy s = —1.5.

Dashed line: the same as the solid line but with wyv s = —0.7.
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Pion form factor in the space-like region.

| H '
i L] ]

it | aa K —

o {} \“f\

= ~<
; 08_ ® H \\\\ ) B
AN N
=) ? )
:L/l;) [}
0.6\ -
| | | | 11 1 I| | | | | 11 1 I| | | | | | 1 11
0.01 0.1 , , 1 10
-q (GeV/c)

Theratio R (q°) = Fx(¢°)/ [1/(1 — ¢*/m})] vs¢®,inthe SL
region. @: datafrom Baldini et a.; O: TILAB data, Volmer et al,
PRL 86, 1713 (2001).

Solid line: calculation with the pion w.f. from the FPZ model and

Wv M = —1.5.
Dashed line: the same as the solid line but with wy s = —0.7).

% The good agreement with the experimental form factor at low
momentum transfersis expected, since we have built-in the
generalized p-meson dominance.
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The heights of the bumps in the TL region are well reproduced
In our model. Thisfeatureisrelated to the calculated value,
g¥. (¢*), of the decay constant VM — 7.

A more refined description of the instantaneous contribution
should help to fill the deep near 2 (GeV/c)?.

The introduction of w-like and ¢-like mesons could obviously
Improve the description of the datain the TL region.

Inthe TL region, at high values of the momentum transfer, the
agreement with the data is quite reasonable.

More Results
8o’ fzn
Fe+e_ — W

Meson | I'o+.- (KeV) | TTPF _ (KeV)
p(770) 6.98 7.02+0.11
0(1450) 1.04 1.47 4+ 0.4
p(1700) 0.98 >023+0.1
p(2150) 0.65 -
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| The EM Nucleon Form Factors'

The Dirac structure of the quark-nucleon vertex is suggested, asin
the case of the quark-pion vertex, by an effective Lagrangian (de
Araujo et al PLB B478 (2001) 86)

Leps(x) = Cabe /d4x1 d*zy d*z3F(z1, 2, 3, ) Z X

\/§ T1,72,T3
a _c ].—Oé
[mNOé q (z1,71)17y 75 qg(x2,72)q (z3,73) — ( /3 ) X

§*(21,71) T1ry ¥° Y g (22, 72) - G (23, 73)7 (—2 8M)} YN (T, TN)

+...

for the present time o« = 1 (i.e. T=0, S=0 quark pair, only)

Space-like

Triangle cont. Pair cont. (Z-diag.)

k k
Py Py Pyir w PN Pyt ) PN
(va.) 0 < k. < P PF <k < gt (nonva.)

1(2)
x = kyonthemassshell : k;. = (m?+k?,)/k]
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Time-like

The non valence contribution of the photon isinvolved: |qq, ¢4, qq)
Definition

The nucleon em form factors (Dirac and Pauli ff's) are introduced as

usual from the matrix elements of the macroscopic em current

1§y’ w
- ; +
<N;U/7p/|ju |p,O';N>:UN(p/,o'/) —FQ(Q2)u+
2M N

(Fl(Q2) + FQ(QQ)) 7”} Un(p,o) =

d4k1 d4/€2 .
:/(27_(_)4 / (27_(_)4T7"T(1,2) TTT(3’N) TTP(l,Q) {SC (k2) X
B (k, ko K4, ') §7* (k1) T (v, b, ks, @) B (b, o ks, ) |

where Z#(k1, k2, ks, q) isthe quark-photon vertex,

O (k1, k2, ks, p) the Bethe-Sal peter amplitude that contains a
Dirac structure (highly non trivial...) and a dependence upon the
four-momenta of the quarks.
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More details on the ingredients...

Quark-Photon Vertex

" = I + .17,

and each term contains a contribution corresponding to a purely
valence sector ( Space-like only) and a contribution corresponding
to the pair production (or Z-diagram).

In turn, the Z-diagram contribution can be decomposed in a bare
term 4 a Vector Meson Dominance term (according to the
decomposition of the photon state in bare, hadronic [and |eptonic]
contributions), viz

sy (k. @) = Nisany0(p™ — k7)) 0(kT )" +
+0(q" + k7)) 0(—=kT) {Zy Nrsarvyy" + Zv T [k, ¢, IS(IV)]}

with N7s = 1/6 and N7s = 1/2. The constant Z;, (bare term) and
Zv (VMD term) are unknown renormalization constants to be
extracted from the phenomenological analysis of the data.
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Momentum Dependence of the
Bethe-Salpeter Amplitude

In the valence sector, namely the spectator quarks are on their-own
k~ -shell, the momentum dependence, reduced to a 3-momentum
dependence by the LF projection, is approximated through a
Nucleon Wave Function ala Brodsky (PQCD inspired), namely

1
(52 + M3(1,2,3)]°

5 fixed through anomal ous magnetic moments

~J

Proton: 2.878 (Exp. 2.793)
Neutron : -1.859 (Exp. -1.913)

In the non-valence sector, relevant for evaluating the Z-diagram
contribution, the momentum dependence is approximated by

1 1
G (82 + M2(1,2)]° { (82 + Mg (3',2)] "

+ T )
57 + ME (3, 1)]
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Adjusted parms

e 7, and Zy : renormalization constants for the pair production
terms

e For thispreliminary calculation: two parameters for arunning
mass in the valence sector (quark mass adopted: 220 MeV),
range of variation from 1t0 0.9 for —10 GeV? < ¢* < 0.

e For thispreliminary calculation: two parameters for arunning
mass in the non-valence sector (quark mass adopted: 220
MeV), range of variation from 1 to 0.8, for
~10GeV? < ¢* < 0.

Preliminary Results in the Space-like
Region:
p,up/Gp, n /GpandG /GD,
with Gp B(M) the Sachsform factors, and
Gp=1/(1—-¢*/0.71)
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Solid line: full calculation = FaA + Zo Foare + Zv Fv b
Dotted line: F A (elastic contribution only)
Data: www.jlab.org/ cseely/nucleons.html and Refs. therein.

The possible zero in G%, u, / G, Seemsin strong relation to the
Z-diagram contribution, i.e. higher Fock components.
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Data: www.jlab.org/ cseely/nucleons.html and Refs. therein.
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‘ Conclusions & Per spectives '

e Constructing a microscopical model for calculating the hadron
em form factorsin both SL and TL region

e Quark-photon vertex approximated by a VMD model for the
process where avirtual photon materializesin aqq pair plusa
bare term

e The Z-diagram (higher Fock components) essential for both
Pion and Nucleon, in the reference frame adopted (¢g+ # 0)

e Pion: Results present avery reasonable agreement with the TL
data, while in the SL region the model works very well.

e Nucleon: Preliminary resultsin the SL region. The Z-diagram
IS necessary for areasonable description. The possible zero in
G%up/GY; seemsin strong relation to the Z-diagram
contribution.

Next step, a calculation of the nucleon EM form factorsin the TL
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