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‘ M otivations I

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

e Opens a unique possibility to study the hadronic state, th bo
the valence and the nonvalence sector (Brodsky, Pauli &
Pinsky, Phys. Re301 (1998) 299 )

imeson) = |qq) + |qqqq) + 1qq g).....
\baryon) = |qqq) + |qqq @) + |qqq g) ...
\ / N

Ve

valence nonvalence

% A meaningful Fock expansion within LF framework
No spontaneous pair production

e Vyields the possibility to address the vast phenomenology of
hadronic resonances (Vector Meson propagation. then
timelike region

Why "beyond relativistic constituent quark models” ?

We tried to describe nucleon ff's in a relativistic consgitil quark
model within a Poincare’ covariant light-front approacht bsing
only the nucleon valence vertex function we met seriousadifies
E. Pace, G. Salme’, A. Molochkov, Nucl. Phys.721 (2003) 405, Nucl.
Phys.A 699 (2002) 156
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| The Mandelstam For mula for the EM current '

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

Afirst application =  Pion

In the TL region one has

o= —zQe—N/ ~(k — Py, P-)A (K, Pr) X
Tr[S(k — Pr)v°S(k — q) F”(k q) S(k) 7]

1
p—m+ e

o 5 Ar(k, Pr) = \:(k, Pr) is the pion vertex function;

IS the constituent quark propagator

e S(p) =

P! and P£ are the pion momenta.

s is the Dirac structure it (k, Py ), from a simple effective
guark-pion Lagrangian

o ['"(k,q) is the quark-photon vertex/ the virtual photon
momentum)

Instead of the usuait = 0 frame (the standard choice within LF)
for a unified investigation of SL and TL regiomge use a reference
frame where

q+ > O , qJ_ — O
(F.M. Lev, E. Pace and G. Salme’, NPA 641 (1998) 229).



Projecting out the Mandelstam Formula on the Light Front I

through thek ™ integration. Only the poles of the Dirac propagators
are considered in the™ integration. We proved in a simple model
that our reference frame is the best one for this approxonati

Timelike region

(val.) I 0< k™ < PF (non—val.)T Pt < kT <q"

x = k onitsmassshellk,, = (m* +k3)/k"

Spacelike region

P_ Pr

(noﬁ—val.)
val) 0 <kt +PH <P PH<kt4+pPr<Pl
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* First Problem: How to model the quark-photon vertex ?

* x» Second Problem: How to describe the amplitude for the
emission or absorption of a pion by a qualk(non valence vertex)
and thegg-pion vertex,® (valence vertex) x x

We adopt a frame whe®@,,;, = q, = 0.

Then, in the limitm, — 0, both in TL and SL regiongnly
diagram (b) contributes.e the one where the non valence
componentliigher Fock componehts acting. Therefore, the
guark-photon vertex is dominated by ti@ production.

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



M(k,g) = V23 [eA-Vn(k,k—Pn)} An(k, Py) X

[N fvn

(g2 — M2 + 1MoL (g?))

(1)

e fv, Isthe decay constant of the n-th vector meson into a
virtual photon(to be calculated in our modép, M, the mass,
I (¢?) =T g% /MZ2 (for ¢* > 0) the corresponding total
decay width and (P,,) the VM polarization

o {Q\(Pn) Vi (kb — Pn)} A, (k, P,,) = VM vertex function.

> kb — (g — k)5
Vi (kb — Py) = A — on on |
( )= Mok kL gt an) +2m

generates the proper Melosh rotations 6% states.\/, is the
standard light-front free mass. [W. Jaus, PRD 41 (1990) 3394

A, (k, q) is the momentum-dependent part of the VM
Bethe-Salpeter amplitude.



In the valence sectob, < k™ < P, the on-shell amplitude of the
VM has been related to the light-front VM wave function

P An(k,P,)| _
n ’ k—=kon
- b Zhon)  — o, (kY ki P Py )
(M2 — M2 (k+,k1; Py, Ppi)]

wn(k+7kJ-;P7:L|_7PnJ_> IS

® eigenfunction of aelativistic CQ square mass operabrederico, Pauli & Zhou,
PRD 66 (2002) 116011), witbonfinemen{harmonic oscillator potential) and
m — p splitting (Dirac-delta interaction in the pseudoscalar channel). afral
explanation of the  “lachello-Anisovitch law”
(M2 ~ M? +w(n—1); nisthe radial quantum number) is obtained.

No isospin breaking is considered in theform factor calculationg = w).

® normalized to thgrobability of the lowestqqg) Fock statdi.e. the valence
component). Theg probability can be roughly estimated in a simple model (de
Melo et al., PRD 73 (2006) 074013) that reproduces the "lbatfenisovitch

law”, for the VM mass spectra.

* x In order to describe the emission (absorption) of a pion by a
quark (l - nonvalence component), we assume a constant
interaction [Choi & Ji (PLB 513 (2001) 330)]. The coupling
constant is fixed by the normalization of the pion form factor

In the valence sectar < k™ < P, (® ), we relate the pion vertex
function A (k, Py ) to the pion light-front wave function

m P [Ax(k Pl

f7r [m%- — Mg(k+,kJ_;P7;|_7P7TJ_>]

ww(k_F,kJ_;P:_?Pﬂ'J—) —



* * % A new issue: the instantaneous contributions.

Let us consider the free Dirac propagator

f+m fon +m N hal
k2 —m2 +ae kt(k™ — kon + 25) 2k

Instantaneous term in the free propagaTtor
The Fourier transform ok~ of the second term containg(z™).

Form., — 0, only instantaneous contributions survive, since
on-shell terms give vanishing contributions to the tracgin

Instantaneous contributions to the timelike em form faofca
massless pion. The instantaneous quark heegtical ling is
attached to the pion vertex in (a) and to VM vertex in (b). The
shaded circle represents the dressed photon vertex.

We assume At ~ C AT#H

The constan€ is thought to roughly describe the effects of the
short-range interaction.

We use the relative weightyy s = Cvar /Cr, @s a free 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
Jrr = (77]q(0)7"q(0)|0) = e (P¥ — Py) Fx(q") |
jsr, = (7la(0)y"q(0)|x") = e (PX + PL) Fx(q”)

Then,

1) from the Mandelstam formula,

i) taking into account only the poles of Dirac propagatanghe k£~
integration

and iii) in the limitm, — 0 one obtains the following expression
for the EM pion form factor

calculatedl

n

calculatedT

Note, forg> = M7, g;. (M) yields the decay constant
VM — 7.
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Fixed parameters

m., = mg = 0.265GeV
Experimental vector-meson massed,, , and widths,I",, , for the

first four vector mesons.

Meson | M, (MeV) | M, P (MeV) | I', (MeV) | I';;'P (MeV)
p(770) 770 775.84 0.5 146.4 146.4+ 1.5
p(1450) | 1497 1465.0+25.0 | 226" 400+ 60
p(1700) 1720 1720.0+ 20.0 220 250+ 100
p(2150) 2149 2149.0+ 17 230" 363+ 50

FromPDG 04 *Akhmetshin et al., PLE09, 217 (2001)and
**Anisovich et al., PLB542, 8 (2002)

20 vector mesons are taken into account to reach converggnioe
q¢° = 10 (GeV/c)? . The VM masses fol,, > 2150 MeV are
from the Frederico, Pauli, Zhou model (PRD 66 (2002) 116011)

Adjusted parameters

1) The width,I',,, of the vector mesons with mass 2.150 GeV.
The chosen valu€,, = 0.15 GeV is similar to the width of the
first four VM’s

2) wy m, that weights the two instantaneous contributions. We
usedwy s = —0.7 for a global fit, andwy s = —1.5 for an
iImproved description of the peak region.
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Solid line: calculation with the pion w.f. from the FPZ modei the
Bethe-Salpeter amplitude in the valence regiogy {; = —0.7).

0.1

w.f.

Y (kT ko

Pion EM Form Factor inthe SL and TL regions

Comparison with Experimental Data

10:I T T

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

Dashed line: the same as the solid line, but with the asymnegiain

(Ar(k; Pr) = 1)

+
m P7r

P P, =
fro (M2 — M2(k+, k15 P Pry)]
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e The heights of the bumps in the TL region are well reproduced
In our model. This feature is related to the calculated value
gv. (¢°), of the decay form factoh’ M — 7.

e A more refined description of the instantaneous contriloutio
could help to fill the deep near(@/eV/c)®.

e The introduction ofu-like and¢-like mesons could obviously
Improve the description of the data in the TL region.

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

8o’ f‘Q/n

Results for T',+_ - = G

Meson | T'.+.- (KeV) | T _ (KeV)
p(770) 6.98 7.02+0.11
0(1450) 1.04 1.47+ 0.4
p(1700) 0.98 > 0.23+ 0.1
0(2150) 0.65 :

Vector-meson valence probabilitié.,, for the first resonances.

Pgn | 077 | 031 | 029 | 0.27 | 0.22 | 0.18 | 0.18
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The Nucleon EM Form Factors.

The Dirac structure of the quark-nucleon vertex is sugges in
the case of the quark-pion vertex, by an effective Lagran(ia
Araujo et al., PLB B478 (2001) 86)

€abe
Leff(x‘> — \/% /d4ib‘1 d4$2 d4x3f(x1,x2,x3,x) Z X
T1,72,T3
a _c 1—05
[mNOé 7 (v1,71) 7" q& (w2, 72) ¢ (3, 73) — ( /3 ) X

qa(wla 7_1) ’75 Y qg(x% 7_2) ’ qc($37 7-3) (_Z 8M)] wN(xa TN)
_|_
which corresponds to d%2 =0, Si2 =0 quark pair, only.
For the present tima = 1.

Then, the Bethe-Salpeter amplitude for the nucleon can be
approximated as follows

(I)}j\f(kla kQa k37PN) — 1 [S(kl) Ty 75 SC(kQ)C %Y S(k3) -+
S(k3) 7y v Sc(k1)C ® S(ka) + S(ks) 7y 7” Sc(ka)C © S(k1)]
X A(/ﬂ, kQ, kg) X7 UN(PN, O')
with a symmetrized Dirac structure of tiggg-nucleon vertex.

A(k1, k2, k3) describes the symmetric momentum dependence of
the vertex function upon the quark momentum variables,

Un(Pn,o) andy, are the nucleon spinor and isospin eigenstate.
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Spacelike nucleon em form factors

are evaluated from the matrix elements of thacroscopicurrent

. - Py + Pn*
(o, Px|5" |Px,0) = Un(Pi,o") [—Fxcf) oy
N

(F1(Q) + F2(Q%)) fw] Un (P, o)

which are approximatechicroscopicallyby the Mandelstam
formula

. d*k d*k _
<U/7PJ/V|JM |PN7‘7>:/(27T>14/(27T>24 E{q)N(kl,kQ,kéaPJ/\f)

X S_l(lfl) S_l(kg) I’u(kg,q) (I)}j\[(khkg,kg,PN)} 3 N¢

whereZ" (ks, q) is thequark-photon vertex

As in the pion case, we integrate 6n and onk, taking into
account only the poles of the propagators. Then we are |¢fitavi
three-momentum dependence of the vertex functions.

Refer. frame: q; =0 ¢7 = |c_]2|1/2

Quark mass: m., = mg = 200 MeV.

The relativistic CQ model for the vector meson square mass
operator gives the experimental VM masses and VM decay
constantsfy ,,, also for this value of the quark mass.

15



As result of thek™ integrations one has

Spacelike Region

Triangle contr. Palir contr. (Z-diagr.)
,y*
Py PN Py
(non-val.)
(val) 0 <k < Py 0> ki > —q"

x = konthemassshellk,, = (m”+ki)/k"

Timelike Region

A non-valence contribution of the photon is involvedyq, G3q)
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Quark-Photon Vertex

IV = Tig + 717y

each term contains a purely valence contribution (in thee&gjion
only) and a contribution corresponding to the pair produrctior
Z-diagram).

The Z-diagram contribution can be decomposed in a bare team
Vector Meson Dominance term (according to the decompasdfo
the photon state in bare, hadronic [and leptonic] contiang), viz

I (k,q) = Ni 0(Py — k7)) (k™) v +
+0(q" + k%) 0(=k") {25 Ni ¥ + Zirar Tk, q,1]
i =181V

with N7s = 1/6 and N7y = 1/2. The constant¥’ i (bare term)
andZi,; (VMD term) are unknown weights to be extracted from
the phenomenological analysis of the data.

The VMD termI'*[k, g, i] is the same already used in the pion case,
but now includes isoscalar mesons.

Isoscalar VM masses)/,, , and widths,T,, , for the first IS mesons.

Meson | M, (MeV) | T'y, (MeV)

782 8.44
W'’ 1420 174
W’ 1720 220
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Momentum Dependence of the
Bethe-Salpeter Amplitudes

In the valence vertethe spectator quarks are on their-own-shell,
and the momentum dependence, reduced to a 3-momentum
dependence by the™ integrations, is approximated through a
Nucleon Wave Function a la Brodsky (PQCD inspired), namely

Av (ki ko ks)
(MR, — Mg (1,2,3)]

Uy (K1, ke, k3) = Py

(9 m?)7/?
(1628s)7 52 + M3 (1,2,3)]"/?

where My (1,2, 3) is the free mass of the three-quark system,

= Py N

& =k /Py
and A/ a normalization constant.

The power7/2 and the parameter = 0.13 are chosen to have an
asymptotic decrease of the triangle contribution fastantine
dipole.

Only the triangle diagram determines the magnetic moments,
weakly dependent on. Thens = 0.65 can be fixed by:,, and .,

Proton: 2.87 (Exp. 2.793) Neutron : -1.85 (Exp. -1.913)

18



For the Z-diagram contributionlie non-valence vertex is needed

Py

The non-valence vertex can depend on the available invarian
namelyin the spacelike regioan the free mass of quarks 1 and 2,
My(1,2), and the free mass of the ( nucleon - quarksystem
entering the non-valence vertex}/, (N, 3)
Thenin the spacelike regiowe approximate the momentum
dependence dhe non-valence vertdxy

kﬁ]r

7.t

s

+1"
PN

P A
AR (k1 k2, k) = [g12]” [gna] /72 [ z } It
3

I+
PN

gAB — (mA mB)
(82 + M3 (A, B)]

kis = ki + k5

In the timelike regionthe non-valence vertex can depend on the
mass of the ( nucleon - diquark ) system . Then by analogy we
approximatdhe non-valence vertdar diagram (a) by

1—1r

NV( 1, h2, 3) — [912] [gN,12] P-_|- k/—|— k/—|—
N 3 3

An analogous expression is used for diagram (b).

19



Adjusted parametersn the st region)
e the weights for the pair production terms :
Zp = Zi'y = 2.283 and
Z5 1280 = 1.12
e the powerp = 0.13 of &; in the valence amplitude

o the powerr = 0.17 of the ratio Py, /k in the spacelike
non-valence vertex, to have a dipole asymptotic behavibur o
the pair-production contribution

= X2 =1.7

Results for nucleon radii

rp = (0.903 £0.004) fm  r;*” = (0.895 4+ 0.018) fm

p

- n 2y th
_ deE_q(2q> — (0.501 = 0.002) (GeV/c)~

_dGn q2 1 EeExXp .
~ % — (0.512 = 0.013) (GeV/c)

20



Nucleon electric form factors

2

=
T \m\ T T

o
an

o

p, 2 p, 2
Ge (-0) /Gy, (-a)
H

0.1
i ,
P
0.0 — 1 5
-q2 (GeV/c:)2

Solid line full calculation= Fa + Zp Foare + Zvie Fvmbp
Dotted line F (triangle contribution only)
Data www.jlab.org/ cseely/nucleons.html and Refs. therein.

The possible zero i, 1, /GY, is strongly related to the Z-diagram
contribution, i.e higher Fock components
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Nucleon magnetic form factors

=

p, 2 2
GM (_q )/quD(-q )
o
(@0)

0.6- )
0401 1 10
-q (GeV/c)2
E 1.0 = 2 i ' 'lfi
[m)]
& #
= 0.8
NCIT .........
c 20.6* ----------
O
0'40'.1 , 1 10
-q (GeV/c:)2
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Dotted line F (triangle contribution only)

Solid line full calculation= FaA + ZB Foare + Zve Fv b

The pair-production contribution is essential for the tesu

Gp =1/[1—¢*/(0.71 (GeV/c)?)]?



Nucleon timelike form factors

parameter free results

T4 8 8 10 20
g (GeV/c)2

Missing strength at® = 4.5 (GeV/c)? and ¢ = 8 (GeV/c)?

m2

e 1GM@ + G 2
Geff(q ) — o1 2
1 + N

2

q
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Conclusions & Perspectives '

A microscopical model for hadron em form factors in both SL
and TL region has been proposed

The quark-photon vertex for the process where a virtual qot
materializes in &g pair is approximated by a VMD model plus
a bare term

The Z-diagramlfigher Fock componentss essential for both
pion and nucleon, in the adopted reference fragie£ 0)

Pion: results present a reasonable agreement with the H., dat
while in the SL region the model works very well.

Nucleon: good results in the SL region. The possible zero in
G'Lup/Gh, is related to the pair-production contribution.

The parameter free calculations in the TL region give a fair
description of the proton data, although some strength is
lacking forq® = 4.5 (GeV/c)® and ¢* = 8 (GeV/c)?

The available TL neutron data are not reproduced by the
present model
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Next possible steps :

- different Dirac structures of the effective quark-nucleo
Lagrangian could be considered

- different approximations for the nucleon wave functiomlcbbe
tested

- a new model for the vector meson spectrum, able to accouthdo
possible resonance af,, = 2.050 GeV should be investigated and
Introduced in our calculation possibly for a better dedaip of the
guark-photon vertex.
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The decay constanfy ., is evaluated assuming that:

) A, (k, P,) does not diverge in the™ complex-plane for

[E™] — oo,

and ii) the contributions of its singularities in tlhe integration are
negligible.

an:

N. Pf /Pn+ dk¥ dic, Anll, Pl —
42m)3 Jo kT (PT —kt) [M2 — M2(kt,k_; Py, Ppy)]

Tr [k = Po +m)y " G+ m) Vo (b b — P
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Instantaneous contributions to the timelike em form faofca
massless pion. The instantaneous quark heegtical ling is
attached to the pion vertex in (a) and to VM vertex in (b). The
shaded circle represents the dressed photon vertex.

The vertex functions with an instantaneous quark contiobus

Airs(tn) _ ,Cz'st GO Afull

m(n)

KC*s* is the Bethe-Salpeter kernel for the instantaneous vertex
function A**, G, the propagator of two free quarks and“" the
full vertex function (that we assume to be still related te L
meson wave function).

We assume thdhe very short-range paof the one-gluon-exchange
Interaction, which includes spin-spin terms, is tteminant onend
drastically simplify the above equation

Aist ~ C Afull

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

We use the relative weightyy s = Cv ar /Cr, @s a free parameter.
27



Sensitivity to the choice of different weights for the insi@zneous
Bethe-Salpeter amplitudes of pion and VM’s

Pion form factor in thep-peak region

q2 (GeV/c)2

Solid line: calculation with the pion w.f. from the FPZ modei the
Bethe-Salpeter amplitude in the valence regionapd,; = —1.5.

Dashed line: the same as the solid line but with,; = —0.7.
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Pion form factor in the spacelike region.

| H '
l=—egos ; + D | | _
\++ “| ) \\’HE\D []»\
o } \‘\cr\
=
’\2-\ 08_ ® H \\\\ . B
(Q\ N
=) 1 )
%
LL ®
0.6~ _
| | | | 11 II| | | | | 11 II| | | | | 1 I
0.01 0.1 , 1 10
-q (GeV/c)2

The ratioR~(¢*) = Fx(¢°)/ [1/(1 — ¢°/m2)] vs¢®, in the SL
region. ®: Baldini et al.;0: TJLAB data, Volmer et al., PRB6,
1713 (2001).

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

wyym = —1.5.
Dashed line: the same as the solid line but with,; = —0.7.

% The good agreement with the experimental form factor at low
momentum transfers is expected, since we have built-in the
generalizetb-meson dominance.
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