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Abstract

The pion electromagnetic form factor is calculated in the space- and time-like regions—fldm(GeV/c)2 up to
10 (GeV/c)Z, within a front-form model. The dressed photon vertex where a photon decays in a quark—antiquark pair is depicted
generalizing the vector meson dominance ansatz, by means of the vector meson vertex functions. An important feature of our
model is the description of the on-mass-shell vertex functions in the valence sector, for the pion and the vector mesons, through
the front-form wave functions obtained within a realistic quark model. The theoretical results show an excellent agreement with
the data in the space-like region, while in the time-like region the description is quite encouraging.
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In the framework of the front-form dynamics [1] scalar field theory model fof Q mesons with point-
(see, e.g., [2,3] for extensive reviews) a large number like vertices [11].
of papers has been devoted to the study of the elec- In this Letter, the pion electromagnetic form fac-
tromagnetic form factor of the pion, mostly dealing tor is evaluated within the front-form dynamics, in
with the space-like (SL) region [4-10]. To our knowl- both the SL and the TL regions, by using as a start-
edge, in the front-form quantization the elastic time- ing point the Mandelstam formula [12] for the triangle
like (TL) form factor has only been calculated in a diagrams of Figs. 1 and 2. Our aim is to investigate
the possibility of describing the photon—hadron inter-
action by applying the vector meson (VM) dominance
ansatz (see, e.g., [13]) at the level of the photon vertex
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Fig. 1. Diagrammatic representation of the pion elastic form factog for 0 vs. the globak*-time flow. Diagram (a) (& —k+ < Pf) is

the contribution of the valence component in the initial pion wave function. DiagranP{b){ —k™ < P.*) is the non-valence contribution

to the pion form factor. Both processes contain the contribution from the dressed photon vertex. The crosses correspond to the quarks on the
k™ shell (see text).
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P

Fig. 2. Diagrammatic representation of the photon degdy-¢ 777) vs. the globak ™ -time flow. Diagrams (a) and (b) correspond to different
xt-time orderings. The crosses correspond to the quarks dirtishell (see text).

The virtual processes where a quark absorbs or ra- process. For the TL region one has (see Fig. 2)

diates a pion are present in both the SL and the TL re- 2

gions (see the square blobs in Figs. 1(b) and 2(a), (b), = —leZm—Nc

respectively) [10]. In a recent study of decay processes VE

within the front-form dynamics [14] the amplitude for d*k - _

the pion emission from a quark was described by a x / WAN’(" = P, Pr) Az (k, Pr)

pseudoscalar coupling of quark and pion fields, mul-

_ 5 _ I 5
tiplied by a constant. Here, we just follow this sug- x T[Stk = Py Sk — )T (k, ) SRy,

gestion, and use a constant to parametrize the ampli- _ (1)
tudes for the radiative pion absorption or emission by where N. = 3 is the number of colorsS(p) =
a quark. rTlﬂe with m the mass of the constituent quark;

In order to simplify our calculations, we evaluate 4# is the virtual photon momentumj,, (k, P;) the
the pion form factor for a vanishing pion mass, i.e., vertex function for the pion, which will be assumed to
at the chiral limit. As a consequence, the gap between be a symmetric function of the two quark momenta;
the SL region and the TL one (i.e., betwegn<Oand P} and P* are the pion momenta. The factor 2
q% > 4m2) disappears. stems from isospin algebra. The “bar” notation on the

Our starting point is the Mandelstam covariant vertex function means that the associated amplitude
expression [12] of the amplitudes for the processes is the solution of the Bethe—Salpeter equation where
ny* — n’, or y* — mn’, where the meson’ is a the two-body irreducible kernel is placed on the right
pion in the elastic case or an antipion in the production of the amplitude, while in the conventional case it
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Fig. 3. Dressed photon vertex. The double-wiggly lines represent the front-form Green function describing the vector-meson propagation.
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is placed on the left of the Bethe—Salpeter amplitude the meson statg),

[15]. For the SL regionP} should be replaced by
— PY, and then the initial pion vertex should be written
asAy(—k, Pr) = Ay (k, —Py).

The central assumption of the Letter is our mi-

croscopical description of the dressed photon ver-

tex, I'*(k, q), in the processes where a photon with
g™ > 0 decays in a quark-antiquark pair at equal

Yn (k+, Ki; Pn+, PnJ_)
_ Py
(M2 — M2(k,K1; PF Pa1)]
X [An (k, Pn)]

3

[k==kon]"

light-front times. In these processes we approximate In Eq. (3), Mo(k™,k,; P*,P)) is the free mass of
the plus component of the photon vertex, dressed by a ¢ system with total momentur®, and individual

the interaction between thgg pair, as follows (see
Fig. 3)

rk,q) =2 [ex Valk.k — q)] Au(k. Py)
n,A
5 [&;7 1" fvn
lg2 — M2+ 1M, T, (¢?)]

2

where fy, is the decay constant of tlwth vector me-
son in a virtual photon (see below)s, the corre-
sponding masspP, the VM total momentum B} =
{Py =(dL?+M2)/qT.PaL =01, P =gT}; note
that at the production vertex, see Fig. 3, the front-form
three-momentum is conserved), andhe VM polar-
ization. The total decay width in the denominator is
assumed to be vanishing in the SL region, while it
is equal tol,(¢%) = I,q?/M? in the TL one [16].
For a detailed discussion of Eq. (2) see Ref. [17].
In Eq. (2) the sum runs over all the possible vector
mesons, and the quantity, - V,(k, k — 1Ak, q)

is the VM vertex function. The momentum compo-
nent, A, (k, P,), of the VM vertex function, evalu-
ated on the quark mass shell (i.e., for =k, =

(Ik 1% +m?)/k*), will be related for 0< k* < P+ to

the momentum part of the front-form VM wave func-
tion [18], which describes the valence component of

kinematical moment&*,k ) and(PT —kT,P, —
k1). Since in our model we consider for the moment
only the 351 vector mesons, we adopt, for the on-
the-mass-shell spinorial part of the VM vertex, the
form given in Ref. [18] (that generates the well-known
Melosh rotations foPS; states)

_ kgn - (61 - k)gn
Mo(k*. ki gt,qL) +2m

(4)
The coupling constanfy,,, of thenth vector meson is
defined by the covariant expression [kg]\fz fvn =
0lgy*q|dn.y), with |¢, ) the VM state. The cou-
pling constant can be obtained from the front-form
VM wave function by evaluating this expression with
w =+ andi = z, in the rest frame of the resonance,
whereP)' = (M,,0), P, = M, (see Fig. 3). Assum-
ing that A, (k, P,) does not diverge in the complex
planek™ for |k~| — oo, and neglecting the contri-
butions of its singularities in thé~ integration, one
obtains

VI, k—q)=y"

N,
- < fdk‘dk+dkL

a8
TF[V+Vnz(k, k — Py)]An(k, Py)
[k2 — m2 +1€][(P, — k)2 — m? +1€]
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pf
N Trly ™V, (k,k — P
___N fdkka [y ™ Vaz( ]
4(27)3 kT (P, —kt)
0

X Y (k*, K13 My, 01), (5)

where Vo (k. k — P)) = (f — Pu + m) Vo (k, k —
P,)(# + m). Since both the quarks are on shell
in the front-form wave function and there is sym-
metry with respect to the two quark momenta, we
do not distinguish betweepA,, (k, Pl iz and
[An(k, P)ljg-—p-—(p,—t);) IN the range O< k™ <

P;F. With our assumptions, one obtains the same ex-

pression forfy,, either if thek™ integration is per-
formed in the upper or in the lower complgx semi-
plane.

For a unified description of TL and SL form factors,
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jé'ﬁ" only, while jé'l'_)“ is the contribution of the

pair-production mechanism from an incoming virtual
photon withg™ > 0 [7-9,20,22,23]. In the SL case
we adopt a frame wherB,; = P,/;, =0, and we
obtain P = ¢*(—1+ /1—4m2/4q2)/2. Then, in
the limit m; — 0 the longitudinal momenta of the
pions areP; = 0 and P, = ¢ ™. Therefore only the

contribution of the pair-production mechanisjé'i)“,
survives (Fig. 1(b)). As shown in Ref. [9], in a frame
whereg™ > 0, jé'l'_)"(qz) dominates the form factor at
high momentum transfer. Moreover, it turns out that in
the model of Ref. [9] the momentum region, where
jé'l'_)"(qz) starts to dominate the form factor, tends
toward zero if the pion mass is artificially decreased,
in agreement with our present discussion.

Inthe TL case, one haB/, = P.', " = P} + PL.

it is necessary to choose a reference frame whereThe integration range ok™ for the matrix element

the plus component of the momentum transtgr,
is different from zero (otherwisg;® = g*¢~ — ¢2
cannot be positive). It is well known that the choice

of the current,j#, can be decomposed in two inter-
vals, 0< k™ < P and P < k™ < ¢, and thenj,
becomes the sum of two contributions, correspond-

of the reference frame has a fundamental role, asing to differentx*-time orderings (see diagrams in

shown in previous works in the SL region [7-9,20]
and in the TL one [11]. In Ref. [21] it was shown
that, within the front-form Hamiltonian dynamics, a

Fig. 2(a) and (b), respectively). In the final state of
therw pair we make the purely longitudinal choice,
Pz1 =—P,1 =0. Then, one obtain®’ /¢g* = x, =

Poincare covariant and conserved current operator can(g 4+ ,/1 — 4m2 /¢2)2. In the limitm, — 0, one has

be obtained from the matrix elements of the free

xz = 1 or 0. Analogously to the SL case, in what

current, evaluated in the Breit reference frame, where fo|lows we adopt the choice, = 0, which implies

the initial and the final total momenta of the system are
directed along the spin quantization axjsfollowing
Ref. [21], we calculate Eq. (1) in a reference frame
whereq, =0 andg™ > 0.

Both in the SL and the TL regions, the integration
on k~ in Eq. (1) is performed with the assumption
that: (i) A (k, P;y) does not diverge in the complex
planek~ for |k~| — oo, and (ii) the contributions
of the possible singularities ofA, (k, P,) can be
neglected. Also the contributions of the poleskin
of the photon vertex function; + (k, ¢), are supposed
to be negligible.

Then, in the SL case, wherg!, = P}’ + g*,
the current matrix element* becomes the sum of
two contributions, corresponding to the diagrams of

Fig. 1(a) and (b), respectivelys = jé'ﬁ“ + jé'f_)”
(D

[9]. The contribution jg'™ has the integration on
k* constrained by—P; < k* <0, and j{* has
the integration ork* in the interval O< k™ < g*.
The valence component of the pion contributes to

P} =0andP = g*. Therefore only the contribu-
tion corresponding to the diagram of Fig. 2(b) sur-
vives.

The form factor of the pion in the TL and in the
SL regions can be obtained from the plus compo-
nent of the proper current matrix elementg; =
(n7|gy"ql0) = (P¥ — PY)Fx(¢®, and j§
(mlgy*q|n’) = (P¥ + P!)Fx(g?) Since in the limit
my; — 0 the form factor receives contributions only
from the diagrams of Figs. 1(b) and 2(b), where the
photon decays in @4 pair, one can apply our approx-
imation for the plus component of the dressed photon
vertex (2), both in the SL and in the TL regions. Then
the matrix elemeni® can be written as a sum over
the vector mesons and consequently the form factor
becomes

an g
612—M,§+1Mnfn(612)

()= L), ©

n
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wheregy’ (¢?), for g2 > 0, is the form factor for the
VM decay in a pair of pions.

Each VM contribution to the sum (6) is invariant
under kinematical front-form boosts and therefore it
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Pl k=g +k-g)z) (see the square blob in Fig. 2(b)),

is assumed to be a constant. The value of the constant
is fixed by the pion charge normalization. The same
constant value is assumed for the quark-pion absorp-

can be evaluated in the rest frame of the correspondingtion vertex (see the square blob in Fig. 1(b)).

resonance. In this frame one h@s = M, andg™ =
q%/M, for the photon and?;t = P~ = M, for the

vector meson. This means that we choose a differentthe SL (P, —

frame for each resonance (always with = 0), but
all the frames are related by kinematical front-form
boosts along the axis to each other, and to the frame

whereqt = —g~ = /—¢2 (¢, = v/—¢?), adopted
in previous analyses of the SL region [9,21]. Since
in our reference frame one h{sj [eA (P en(Py) -

[ = [} (P)T € (Py) - [ = =T, we obtain from
Egs. (1)-(3)

gy, (%)
iﬁ?L
S 8rl Pt fr ) (kH)2AgT — k)

0
/dkLTI’[ (07 Ax (k; Py )](k—:q—+(k—q)071)]
x Ykt ki PELPs1)
(M2 — M2(k* k1 g,q0)]
12— MEK* Kiiqt, A0 +ie]
x Y (k. kgt q1), ()

where ©% =V, (k,k — q)y°[f — Pr + mly>. To
obtain Eq. (7) we have first performed the in-
tegration, and then we have relatgd; (k — Py,
Pﬁ)](k,:qﬂr(k_q)o_n) in the valence sector to the mo-
mentum component of the corresponding front-form
pion wave function through the following equation
(see Eq. (3))

Wﬂ(kJr Ki; P PJTJ_)
_ m P;[An(k» Pﬂ)][k—=k;n]
 fr [m2 — M3kt Ky PF L Pr )]
As for the VM vertex function, we do not
distinguish betweefiA, (k, Pl =iz and[A, (k,
Po)ly-=p-—(p, 1y, IN the range O kt < Pf.
Following Ref. [14], in our model the momentum

part of the quark-pion emission vertex in the non-
valence sector which appears in Eq. (ﬁ,[An(k;

®)

Let us stress that, within our assumptiog1$h UR)
is given by the same expression both in the TL and in
— P, see below Eq. (1)) regions. In-
deed in the limitn, — 0, one has?;" =0, P, =0,
and+P; = = g2/ M, with the positive (negative) sign
in the TL (SL) region, and therefore the sign in front
of P in the quantity®* of Eq. (7) has no effect. Then
the form factor is continuous in this limit, g% = 0. It
turns out that form, = 0 only the instantaneous terms
(in xT-time, see, e.g., [9]) contribute to Eq. (7) [17].

In order to describe the pion and the interactitag
pairs in the T channel, we use the eigenfunctions of a
square mass operator proposed in Refs. [24,25], within
a relativistic constituent quark model. This model
takes into account confinement through a harmonic
oscillator potential and the—p splitting through a
Dirac-delta interaction in the pseudoscalar channel.
It achieves a satisfactory description of the exper-
imental masses for both singlet and triplgtwave
mesons, with a natural explanation of the “lachello—
Anisovitch law” [26,27], namely the almost-linear re-
lation between the square mass of the excited states
and the radial quantum number Since the model
of Refs. [24,25] does not include the mixing between
isoscalar and isovector mesons, in this Letter we in-
clude only the contributions of the isovectptlike
vector mesons.

The eigenfunctiony, (k*, k1 ; ¢, g1), which de-
scribes the valence component of the meson state
|n), is normalized to the probability of the lowest
(qq) Fock state (i.e., of the valence component).
The ¢gg probability can be roughly estimated to be
~1//2n+3/2 in a simple model [17] that repro-
duces the “lachello—Anisovitch law” [26,27], and is
based on an expansion of the VM statg, in terms of
properly weighted Fock statégo, with i > 0 quark—
antiquark pairs.

Our calculation of the pion form factor contains
a very small set of parameters: (i) the constituent
qguark mass, (i) the oscillator strengthy, and
(iii) the VM widths, I, for M, > 2.150 GeV. The
up-down quark mass is fixed at 0.265 GeV [25]. For
the first four vector mesons the known experimental
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masses and widths are used in the calculations [28].
However, the non-triviaj? dependence of;;, (¢?) in
our microscopical model implies a shift of the VM
masses, with respect to the values obtained by us-
ing Breit—Wigner functions with constant values for
g).. As a consequence, the value of themeson
mass is moved in our model from the usual one,
0.775 to 0.750 GeV. For the other VM, the mass
values corresponding to the model of Ref. [25] are
used, while for the unknown widths we use a single
value I;, = 0.15 GeV, which presents the best agree-
ment with the compilation of the experimental data
of Ref. [29]. We consider 20 resonances in our cal-
culations to obtain stability of the results up4d =
10(GeV/c)2.

The oscillator strength is fixed at = 1.39 Ge\?
[27]. The values of the coupling constantgy,,
are evaluated from the model VM wave functions
through Eq. (5). The corresponding partial decay
width [19] I+~ =8ra?f2 /(3M?), where « is

J.P.B.C. de Melo et al. / Physics Letters B 581 (2004) 75-81
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Fig. 4. Pion electromagnetic form factor vs. the square momentum
transfer qz. Dashed and solid lines are the results with the

asymptotic (see text) and the full pion wave function, respectively.

Experimental data are from Ref. [29].

the fine structure constant, can be considered to bestressed that the heights of the TL bumps directly de-

in agreement with the experimental data for the
meson (N =6.37keV,I )¢ =6.7740.32keV),
and forp’ and p” (I'! _ =1.61 keV andr’™!
1.23 keV, respectively) to be consistent with the
experimental lower bounds 7+ > 2.30+ 0.5 keV
andrI,P > 0.18- 0.1 keV, respectively) [28].

We perform two sets of calculations. In the first one,
we use the asymptotic form of the pion valence wave

function, obtained withA, (k, Pr) = 1 in Eg. (8); in

pend on the calculated values fif, andgt,“n.

The introduction ofw-like [31] and¢-like mesons
could improve the description of the data in the TL
region. For instance, the introduction of these mesons
could smooth out the oscillations of the form factor at
high momentum transfer values. However, a consistent
dynamical description ab-like and¢-like states is far
beyond the present work, and we leave it for future
developments of the model.

the second one, we use the eigenstate of the square Our results show that a VM dominance ansatz

mass operator of Refs. [24,25]. The pion radius found
for the asymptotic wave function i§€>""= 0.65 fm
and for the full model wave function igM°de! —
0.67 fm, to be compared with the experimental value
ro® = 0.67=+ 0.02 fm [30]. The good agreement with
the experimental form factor at low momentum trans-
fers is expected, since we have built-in the generalized
p-meson dominance.

The calculated pion form factor is shown in Fig. 4
in a wide region of square momentum transfers, from
—10(GeV/c)? up to 10(GeV/c)2. A general quali-
tative agreement with the data is seen, independently
of the detailed form of the pion wave function. The
results obtained with the asymptotic pion wave func-
tion and the full model, present some differences only
above 3(GeV/c)2. The SL form factor is notably well

described, except near10 (GeV/c)2. It has to be

for the (dressed photon}§) vertex, within a model
consistent with the meson spectrum, is able to give
a unified description of the SL and TL pion form
factor. Using the experimental widths for the first
four vector mesons and a single free parameter for
the unknown widths of the other vector mesons, the
model gives a qualitative agreement with the TL data,
while in the SL region it works surprisingly well. Our
VM dominance model can be also applied to evaluate
other observables, as the€ — 7y form factor or the
nucleon TL form factor.
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