
     Short range structure of the Pion?

• What can we say about the pion structure?
• Pion decays weakly           u d  component at 

very close separations
• Do  such components dominate high 

momentum transfer exclusive reactions?
• If yes, then color transparency (CT) occurs
• There is evidence for color transparency
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Why  PLC ?

• At high enough Q an exclusive  interaction occurs 
   if the transverse size of the hadron is 
   smaller than the equilibrium size.
• Perturbative reasoning-also non-perturbative 

Momentum of exchanged gluon ~Q, separation ~1/Q

Q

Q

Large Q



Why  not PLC ?
 e-p scattering 

Transverse size not affected –no PLC
Instead blob-like configuration-BLC
Interesting dynamical question about QCD –do PLC exist 
and participate?

Feynman mechanism 

γ

Final

Initial

x=1



! +N(A) ! “2 high transverse momentum jets” +N(A)



! !A total cross section
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Measurement of Nuclear Transparency for the A!e; e0!"# Reaction
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We have measured the nuclear transparency of the A!e; e0!"# process in 2H, 12C, 27Al, 63Cu, and 197Au
targets. These measurements were performed at the Jefferson Laboratory over a four momentum transfer
squared range Q2 $ 1:1 to 4:7 !GeV=c#2. The nuclear transparency was extracted as the super-ratio of
("A="H) from data to a model of pion-electroproduction from nuclei without !-N final-state interactions.
The Q2 and atomic number dependence of the nuclear transparency both show deviations from traditional
nuclear physics expectations and are consistent with calculations that include the quantum chromody-
namical phenomenon of color transparency.

DOI: 10.1103/PhysRevLett.99.242502 PACS numbers: 25.30.Rw, 24.85.+p

In the context of perturbative Quantum Chromo
Dynamics (QCD), Brodsky and Mueller [1] predicted
that at sufficiently high momentum transfers, the
quark-gluon wave packets of hadrons can be produced
as a ‘‘color neutral‘‘ object of a reduced transverse size.
If this compact size is maintained for some distance in
traversing the nuclear medium, it would pass undisturbed

through the nuclear medium. This is the so-called phe-
nomenon of color transparency (CT). Nuclear transpar-
ency, defined as the ratio of the cross section per nucleon
for a process on a bound nucleon in the nucleus to that from
a free nucleon, is the observable used to search for CT. A
clear signature for the onset of CT would involve a rise in
the nuclear transparency as a function of Q2. Later works
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missing-mass spectra. The multiple-pion simulation was
used to determine the location of the cut on the experimen-
tal missing-mass spectrum such that the contamina-
tion from multiple-pion events was less than 0.4%.
This allowed the missing-mass cut to be placed
!10–50 MeV=c2 above the actual kinematic threshold
for two-pion production. The simulation was able to re-
produce the shapes of the measured W, Q2, and jtj distri-
butions versus the missing mass reasonably well for all
targets and Q2 settings. Representative missing-mass
spectra for 12C"e; e0!# are shown together with the Plane
Wave Impulse Approximation (PWIA) simulation in Fig. 1
for all Q2 settings. The agreement between the missing-
mass spectra obtained from data and simulation improves
with increasing Q2. The discrepancy seen at Q2 $
1:1 "GeV=c#2 can be attributed to the reaction mechanisms
missing from the simulations such as final-state interac-
tions between the knocked-out neutron and the residual
nucleons (nN-FSI) and short range correlations.

In order to extract the nuclear transparency from the
experimental yields, the cross section for the bound proton
must be corrected for the effects of Fermi motion, Pauli
blocking, the off-shell properties of the proton, and the
acceptances of the spectrometers. In order to account for
these effects, the nuclear transparency was formed using
the experimental charge normalized yield, !Y, divided by
the charge normalized Monte Carlo equivalent yield, !YMC.
For a given target, with nucleon number, A, the nuclear
transparency was defined as

 T $ " !Y= !YMC#A=" !Y= !YMC#H; (1)

where the denominator is the ratio of the yields from the 1H
target. As the Monte Carlo simulation does not include
final-state interactions between the pion and the residual
nucleons, the nuclear transparency is a measure of these
final-state interactions, and the reduction of these interac-
tions is a signature of CT.

Traditional nuclear physics calculations based on the
Glauber multiple scattering mechanism [19] are expected
to be energy-independent ( because the !-nucleon cross
section is constant for the energies in this experiment). To
investigate the energy dependence, the extracted nuclear
transparency is shown as a function of Q2 in Fig. 2. The
point-to-point (Q2 dependent) systematic uncertainty is
2.4–3.2%, dominated by uncertainty in the spectral func-
tion (1%) and the iteration procedure (1%). There is an
additional normalization systematic uncertainty of 1.1%
(not shown in the figure) with pion absorption correction
(0.5%), and target thickness (1%) being the main sources.
The Q2 dependent model uncertainty is 7.6%, 5.7%, 3.5%,
3.8%, and 3.8% for Q2 $ 1:1, 2.1, 3.0, 3.9, and
4:7 "GeV=c#2, respectively. This uncertainty was deter-
mined from the change in Q2 dependence of the trans-
parency when using two different spectral functions and
two different Fermi distributions in the simulation, and the

Q2 dependent uncertainty from reactions mechanisms not
included in the simulation (estimated by quantifying the
difference in shape of the missing-mass spectra from data
and simulation) added in quadrature. The Q2 dependent
model uncertainty is shown as a dark band in the bottom
right panel of Fig. 2. There is an additional 7.0% normal-
ization type model uncertainty, independent of Q2, not
shown in the figure. The observed Q2 dependence of the
transparency deviates from the calculations without CT of
Larson et al. and Cosyn et al. [20,21], and are in better
agreement with the CT calculations of the same authors.
Larson et al. use a semiclassical Glauber multiple scatter-
ing approximation, while Cosyn et al. use a relativistic
version of Glauber multiple scattering theory. Both groups
incorporate CT using the quantum diffusion model of
Ref. [22] with the same parameters " $ 1 fm=c and M2

h $
0:7 GeV2.

In addition to the Q2 dependence, the dependence of the
nuclear transparency on A is important in the search of CT
effects and is examined by fitting the transparency as a
function of A at fixed Q2 to the form T $ A#%1. The
parameter # is found to be !0:76 in fits to the pion-nucleus
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FIG. 2 (color online). Nuclear transparency, T, vs Q2 for 2H
and 12C (left, top panel), 27Al (right, top), 63Cu (left, bottom),
and 197Au (right, bottom). The inner error bars are the statistical
uncertainties, and the outer error bars are the statistical and
point-to-point systematic uncertainties added in quadrature.
The dark band in the bottom right panel is the Q2 dependent
model uncertainty, and is the same for all nuclei. The solid and
dashed lines are Glauber and Glauber plus CT calculations,
respectively [20]. Similarly, the dot-dash and dotted lines are
Glauber and Glauber plus CT calculations, respectively [21].
These calculations also include the effect of short range corre-
lations (SRC).
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Point-like configurations (PLC)
and Color Transparency (CT)

• PLC exist
• CT Seen at FermiLab  energy
• Maybe seen at JLab energy, need 12 GeV
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What is charge density of the pion?

• How often is pion in PLC?
• How often is pion in BLC?
• Model-independent Transverse charge density

7
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!(x, b)

!(b) =
!

dx!(x, b)

Impact parameter dependent GPD Burkardt
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Probability that quark at b from CTM has momentum fraction x: 

1!x

b / (1! )xr =
b

x

GERALD A. MILLER PHYSICAL REVIEW C 79, 055204 (2009)

well-defined longitudinal momentum [18]. It is in just such an
infinite momentum that the parton interpretation of a hadron
is valid. Setting the transverse center of momentum of to zero
as in Eq. (3), allows the transverse distance b relative to R to
be defined.

Next we relate the charge density

!!(x", b) = #p+, R = 0, "|!̂!(x", b)|p+, R = 0, "$
#p+, R = 0, "|p+, R = 0, "$

, (4)

to F# (Q2). In the DY frame no momentum is transferred in
the plus-direction, so that information regarding the x" depen-
dence of the distribution is not accessible. Therefore we in-
tegrate over x", using the relationship q

†
+(x", b)q+(x", b) =

ei!p+x"
e"i!p·bq

†
+(0)q+(0)ei!p·be"i!p+x"

, to find

!(b) %
"

dx"!!(x", b)

= #p+, R = 0, "|!̂!(0, b)|p+, R = 0, "$/(2p+). (5)

Furthermore, the use of Eqs. (3) and (2) leads to the
simplification of the right-hand-side of the above equation:

!(b) =
"

d2q

(2# )2
F# (Q2 = q2)e"iq·b, (6)

where !(b) is termed the transverse charge density, giving
the charge density at a transverse position b, irrespective of
the value of the longitudinal position or momentum. This
relation between an integral of the three-dimensional infinite
momentum frame density and the electromagnetic form factor
is our principal new formula. Previous results [14–16,20,21]
involved the integral over the longitudinal momentum fraction
x of the impact parameter parton distribution function (pdf)
q(x, b), which gives the charge density for a quark at position
b for a momentum fraction (of the plus-component) x. The
equality of the respective integrals over x" or x of the
quantities !̂!(x", b) and q(x, b) is an example of Parseval’s
theorem. The central charge density of the pion is determined
by !(b = 0), because the longitudinal dimension is Lorentz
contracted to essentially zero in the infinite momentum frame.

III. RESULTS

Recent pion data [10,11] provide an accurate measurement
of the pion form factor up to a value of Q2 = 2.45 GeV2, and
includes an assessment of the necessary model dependence
caused by extracting the form factor from the measured cross
sections. The existing data for the pion form factor are well
represented by the monopole form

F# (Q2) = 1/(1 + R2Q2/6), (7)

with R2 = 0.431 fm2. A better representation of the data may
be a monopole plus dipole term [11], but any form including
the monopole term leads to a singular central charge density.
This is because the use of Eq. (7) in Eq. (6) gives the result

!(b) =
3K0

#&
6b
R

$

#R2
, (8)

where K0 is modified Bessel function of rank zero. For small
values of b this function diverges as ' log(b). The charge
density we are considering is the matrix element of a valence
quark operator between eigenstates of the full Hamiltonian,
and the divergences of quark distribution functions that occur
at small values of Bjorken x do not occur here. In contrast,
this divergence arises because the two field operators are
evaluated at the same point. Many field theory models,
derived even before QCD was established [22] yield a form
factor with a 1/Q2 behavior that gives a divergent transverse
density. However, we note that any model, such as vector
meson dominance or holographic QCD [23–25] that yields a
monopole form factor has a central density with a logarithmic
divergence.

Intuition regarding a possible singularity in the central
charge density may be improved by considering other exam-
ples. Suppose that the nonrelativistic (NR) limit in which the
quark masses are heavy is applicable. In this case, the pion
would be a pure qq̄ object and the charge density is the Fourier
transform of the form factor. Given the form factor of Eq. (7)
the three-dimensional density is uniquely given by

!NR(r) = 3
2 # r R2

e
"

&
6 r

R , (9)

where r is the distance relative to the pion center of mass.
If one takes r =

&
b2 + z2 as demanded by the rotational

invariance of the nonrelativistic wave function, then one finds% !
"! dz!NR(r) is equal to !(b) of Eq. (8). This is expected

because in the NR limit the charge density is the same in all
frames, including the infinite momentum frame. It is also true
that the integral over z converts the Fourier transform in the
three-momentum to one involving the transverse momentum.
The meaning of the 1/r behavior of the density can be
understood by considering that for a qq̄ pion, the wave function
is the square root of the density so that the short distance
wave function $NR ' 1/

&
r . Using the Schrodinger equation,

one finds that the potential must contain terms proportional to
1/r2. There is no evidence that the strong interaction potential
behaves in this unusual manner. On the other hand, the
lowest-energy solution of the Dirac equation for hydrogenic
atoms has a singular radial behavior, $D(r) ' 1/r1"% e"r

(% %
&

1 " Z2&2), near the origin at r = 0. Consider !D(b) %% !
"! dz|$D(r)|2 and define ' % 2 " 2% , which ranges between

0 and 2. We find, for small values of b (in units of twice
the appropriate Bohr radius), that !D(b) is well behaved for
0 < ' < 1, behaves as K0(b) (all b) for ' = 1, and behaves as
1/b' for 1 < ' < 2. Thus there are physical examples with a
singular central density.

The divergence of the central transverse charge density
encountered here may be the consequence of using a simple
parametrization, so we shall consider the predictions of a vari-
ety of different approaches. We begin with perturbative QCD
(pQCD) which provides a prediction [1–4] for asymptotically
large values of Q2 that

limQ2(!F# (Q2) = 16#&s(Q2)f 2
# /Q2, (10)
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b is distance from center of transverse momentum



!!(b) =
3K0(

!
6b

R )
"R2

Pion Transverse Charge Density
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of partons is valid. Setting the transverse center of momentum of a state of total very large momentum p+ to zero as
in Eq. (3), allows the transverse distance b relative to R to be defined.

Next we relate the charge density

!!(x",b) =
!p+,R = 0, "| !̂!(x",b) |p+,R = 0, ""

!p+,R = 0, "|p+,R = 0, "" , (4)

to F!(Q2). In the DY frame no momentum is transferred in the plus-direction, so that information regarding the x"

dependence of the distribution is not accessible. Therefore we integrate over x", using the relationship

q†+(x",b)q+(x",b) = eibp+x!
e"ibp·bq†+(0)q+(0)eibp·be"ibp+x!

, (5)

to find

!(b) #
!

dx"!!(x",b) =
"

p+,R = 0, "
#

# !̂!(0,b)
#

#p+,R = 0, "
$

/(2p+). (6)

Furthermore, the use of Eqs. (5,3,2) leads to the simplification of the right-hand-side of the above equation:

!(b) =

!

d2q

(2#)2
F!(Q2 = q2)e"iq·b, (7)

where !(b) is termed the transverse charge density, giving the charge density at a transverse position b, irrespective
of the value of the longitudinal position or momentum. This relation between an integral of the three-dimensional
infinite momentum frame density and the electromagnetic form factor is our principal new formula. Previous results
[5, 6, 7, 11, 12] involved the integral over the longitudinal momentum fraction x of the impact parameter parton
distribution function (pdf) q(x, b), which gives the charge density for a quark at position b for a momentum fraction
(of the plus-component) x. The equality of the respective integrals over x" or x of the quantities !!(x", b) and q(x, b)
is an example of Parseval’s theorem. The central charge density of the pion is determined by !(b = 0), because the
longitudinal dimension is Lorentz contracted to essentially zero in the infinite momentum frame

Recent pion data[1, 2] provide an accurate measurement of the pion form factor up to a value of Q2 = 2.45 GeV2.
Their analysis includes an assessment of the influence of the necessary model dependence caused by extracting the
form factor from the measured cross sections on the experimental error bars. The existing data for the pion form
factor show that it is well represented by the monopole form

F!(Q2) = 1/(1 + R2Q2/6), (8)

with R2 = 0.431 fm2. A better representation of the data may be a monopole plus dipole [2] which involves the square
of the term of Eq. (8), but any form involving the monopole term leads to a singular central charge density. This is
because the use Eq. (8) in Eq. (7) gives the result:

!(b) =
3K0

%#
6b

R

&

#R2
, (9)

where K0 is modified Bessel function of rank zero. For small values of b this function diverges as $ log(b). This
divergence is very surprising because the charge density we are considering measures a valence quark operator between
eigenstates of the full Hamiltonian. The divergences of quark distribution functions that occur at small values of
Bjorken x do not occur here. Any model, such as vector meson dominance or holographic QCD [13, 14, 15] that yields
a monopole form factor has a central density with a logarithmic divergence..

Intuition regarding a possible singularity in the central charge density may be improved by considering other
examples. Suppose that the non-relativistic (NR) limit in which the quark masses are heavy is applicable. In this
case, the pion would be a pure qq̄ object and the charge density is the Fourier transform of the form factor. Given
the form factor of Eq. (8) the three-dimensional density is uniquely given by

!NR(r) =
3

2 # r R2
e

!
"

6 r
R (10)

where r is the distance relative to the pion center of mass. If one takes r =
%

b2 + z2 as demanded by the rotational
invariance of the non-relativistic wave function, then one finds

' !
"! dz!NR(r) is equal to !(b) of Eq. (9). This is

expected because in the NR limit the charge density is the same in all frames, including the infinite momentum

Singular - varies as log (b) 
small b, log(log(b)) in pQCD
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FIG. 1: (Color online) Q2F!(Q2). Pion form factor data as plotted in [2]. The data labeled Jlab are from [2]. The data Brauel
et al. [28] and that of Ackermann et al. [29] have using the method of [2]. The Amendola data et al. are from [30] The
data point labeled PionCT is from [31]. The (red) dashed curve uses the monopole fit Eq. (8) and the (black) solid line the
constituent quark model of [27].
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respect to longitudinal momentum and transverse position [10],[11].
Recently Strikman and Weiss [12] showed how to use time-like data and a dispersion relation

for the nucleon form factor to study the transverse density of the nucleon and elucidate its
long-range structure. Our intent here is to use both time-like and space like data, along with a
dispersion relation to determine the pionic transverse density. We shall find that this approach
enables a much more precise determination than does the use of only space-like data [8].

The transverse density of the pion !(b) is determined from F! measured at space-like
momentum transfers as

!(b) =
1

(2")

!
!

0

dQQJ0(Qb)F!(Q2) (1)

The pion form factor can be written in terms of a dispersion relation based on the idea that
the singularity of F!(t) are confined to a cut along the real axis from t = 4m2

! to infinity: [13]

F!(t) =
1

"

!
!

4m2
!

dt"
ImF!(t")

t" ! t + i#
. (2)

The asymptotic behavior expected from perturbative QCD, limt#! F!(t) " "s

s allows the use
of an unsubtracted dispersion relation. The use of Eq. (2) in Eq. (1) leads to the result [12]

!(b) =
1

2"

!
!

4m2
!

dtK0(
#

tb)
ImF!(t)

"
. (3)

The exponential drop-o! of the modified Bessel function, K0 causes the integrand of Eq. (3)
to drop rapidly with increasing values of t. Moreover, high quality cross-section data exist for
values of t up to about 1 GeV, so that we can hope to be able to determine !(b) for values of
b at least as large as b " 1 GeV$1=0.2 fm.

To proceed we need to know ImF , which is not directly measured. The e+e$ annihilation
experiments measure a cross section that is proportional to |F!|2. Therefore a model is needed.

II. THE MODEL FORM FACTOR

In the time-like region near threshold the form factor is dominated by the e!ects of the !
meson. The e!ects of !0 ! $ mixing are also clearly observable. Many workers generalized
this to a set of ! meson resonances. A recent and very detailed treatment, which represents
data for momentum transfers far above the ! resonance, was developed in [14]. This model
is constructed to be in accord with constraints imposed by analyticity and isospin symmetry.
It incorporates behavior at high energies that is consistent with perturbative QCD and is
based on plausible assumptions derived from the quark model, vector meson dominance and a
pattern of radial excitations expected from dual resonance models. The model provides form
factors in agreement with experimental results for space-like as well as time-like momentum
transfers. Although this work was published prior to the appearance of recent data [1, 2], it
predicts form factors in accord with that data.

A brief description of the model’s details is provided here, but the original paper [14] and
references therein contain complete information. The model includes the first four rho mesons
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The transverse charge density in the pion can be represented as a dispersion integral of the imaginary

part of the pion form factor in the timelike region. This formulation incorporates information from e!e"

annihilation experiments and allows one to reconstruct the transverse density much more accurately than

from the spacelike pion form factor data alone. We calculate the transverse density using an empirical

parametrization of the timelike pion form factor and estimate that it is determined to an accuracy of#10%
at a distance b# 0:1 fm, and significantly better at larger distances. The density is found to be close to

that obtained from a zero-width ! meson pole over a wide range and shows a pronounced rise at small

distances. The resulting two-dimensional image of the fast-moving pion can be interpreted in terms of its

partonic structure in QCD. We argue that the singular behavior of the charge density at the center requires

a substantial presence of pointlike configurations in the pion’s partonic wave function, which can be

probed in other high-momentum transfer processes.
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I. INTRODUCTION

Learning to describe the structure and interaction of
hadrons on the basis of QCD is one of the main objectives
of nuclear physics. An essential step in this program is to
understand the structure of the pion, a nearly massless
excitation of the QCD vacuum with pseudoscalar quantum
numbers. The pion plays a central role in nuclear physics as
the carrier of the long-range force between nucleons and a
harbinger of spontaneous symmetry breaking. The impor-
tance of the pion has been recognized by intense experi-
mental and theoretical activity aimed at measuring its
properties and understanding its structure. The pion elec-
tromagnetic form factor F"$t% was measured at spacelike
momentum transfers through pion-electron scattering [1,2]
and pion electroproduction on the nucleon [3–6]; new
measurements in the region jtj# few GeV2 are planned
with the Jefferson Lab 12 GeV Upgrade [7]. In the timelike
region the modulus of the (complex) pion form factor,
jF"$t%j, was determined in a series of e!e" experiments
[8–12]; see Ref. [13] for a compilation of the older data.

The concept of transverse densities [14], whose proper-
ties were explored in several recent works [15,16], pro-
vides a model-independent way to relate the form factors
of hadrons to their fundamental quark/gluon structure in
QCD. Defined as the 2-dimensional Fourier transforms of
the elastic form factors, the transverse densities describe
the distribution of charge and magnetization in the plane
transverse to the direction of motion of a fast hadron; see
Ref. [17] for a review. They are closely related to the parton
picture of hadron structure in high-energy processes and
correspond to a reduction of the generalized parton distri-
butions (or GPDs) describing the distribution of quarks/
antiquarks with respect to longitudinal momentum and

transverse position [18,19]. It is therefore natural to at-
tempt to interpret the pion form factor data in terms of the
transverse charge density in the pion. In particular, the
density at small transverse distances b & 1 fm places
constraints on the probability of pointlike configurations
(or PLCs) in the pion, i.e., q !q configurations in the partonic
wave function of a transverse size much smaller than the
typical hadronic radius [20]. Such configurations play an
important role in high-momentum transfer reactions in-
volving pions, such as the pion transition form factor
#'# ! "0 [21,22] or pion production in large-angle scat-
tering processes [23]. They are essential for the physics of
the color transparency phenomenon predicted by QCD
[24,25], which is studied in high-energy pion dissociation
on nuclear targets [26,27] and electromagnetic pion knock-
out [28,29] and is closely related to the existence of facto-
rization theorems for hard meson production processes.
The dynamical origin of PLCs—whether they are gener-
ated through perturbative QCD interactions with large-size
configurations or by nonperturbative mechanisms—
remains a subject of intense study.
The transverse charge density in the pion is defined as

the 2-dimensional Fourier transform of the spacelike pion
form factor,

!"$b% (
Z 1

0

dQ

2"
QJ0$Qb%F"$t ( "Q2%; (1)

where F" is regarded as a function of the invariant mo-
mentum transfer t. The function !"$b% gives the probabil-
ity that charge is located at a transverse separation b from
the transverse center of momentum, with

R
d2b!"$b% ( 1.

The definition Eq. (1) may in principle be used to calculate
the charge density directly from the spacelike form factor
data. In the nucleon case, where the spacelike form factors
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the annihilation cross section, which allows one to relate
the pion form factor to the !! scattering amplitude via
elastic unitarity. In this region the form factor is success-
fully described by the Gounaris–Sakurai (GS) amplitude
[34], which is derived from an e!ective range expansion
of the !! phase shift and has the correct analytic struc-
ture. The neglect of certain o!–shell terms ! (t " m2

!)
in the GS amplitude leads to a Breit–Wigner (BW) type
parametrization with energy–dependent width; this sim-
plified form also describes the |F"(t)|2 data in the region#
t <$ 1GeV but does not respect the analytic properties

of the form factor (it has a spurious branch cut singularity
at t = 0). We shall employ the full GS parametrization
in our studies here.
Above the " region data for |F"(t)|2 exist up to ener-

gies
#
t <$ 3GeV. Because of the many hadronic channels

in the total cross section, the phase of the form factor at
these energies is much more uncertain. In the region
of the first higher resonance "! the phase is constrained
by the sum rules for the pion charge and the charge ra-
dius, which require partial compensation of the spectral
strength in the " meson region. At higher energies the-
oretical constraints come from the asymptotic behavior
predicted by perturbative QCD, which demands strong
cancellations between higher resonances in a resonance–
based description, as indeed found in dual resonance
models.
In the present study we use the timelike pion form

factor parametrization of Ref. [33], which describes the
high–energy region by a pattern of resonances consis-
tent with the QCD asymptotic behavior. The param-
eters were determined by a detailed analysis of the time-
like data up to

#
t <$ 3GeV. The continuation of these

parametrizations to t < 0 also describes the spacelike
form factor in accordance with the data, including the
recent JLab data up to |t| = 2.45GeV2 [6], which ap-
peared after publication of Ref. [33].
A brief description of the elements of the parametriza-

tion of Ref. [33] is provided here; for details we refer to
the original article and references therein. The first four
" meson resonances are included as specific states with
masses up to 2.0GeV ("–# mixing is taken into account
for the lowest resonance). These resonances are described
by the GS form, which incorporates the proper threshold
behavior of the widths and has the correct analytic prop-
erties [45]. In addition, an infinite series of higher excita-
tions is included via an ansatz [35] based on the dual reso-
nance model. Its continuation to the space-like region ex-
hibits a smooth behavior with a power–law asymptotics
as |t|1"# with $ = 2.1 " 2.3. The imaginary part of the
form factor obtained with the GS parametrization [33] is
shown in Fig. 1a (solid line). One clearly sees the domi-
nance of the " meson pole in the region

#
t < 1GeV, and

the alternating sign of successive resonance contributions
at larger values of

#
t, as expected from theoretical con-

siderations.
To estimate the uncertainty in the imaginary part, we

have taken the quoted variances of the fit parameters of
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FIG. 1: (a) Solid line: The imaginary part of the pion form
factor obtained from the fit of Ref. [33] (GS parametrization),
as a function of

!
t. Shown here is the function

!
t ImF!(t)/!,

which e!ectively enters in the dispersion integral over
!
t,

Eq. (3). Dotted lines: ±1" error resulting from the uncorre-
lated uncertainties of the fit parameters. The threshold en-
ergy

!
t = 2m! is indicated by the vertical line. (b) The

weight factor K0(
!
tb) in the dispersion representation of the

transverse charge density Eq. (3), as a function of
!
t, for sev-

eral values of b. Shown are the functions normalized to unity
at the threshold

!
t = 2m!.

Ref. [33] and studied the statistical variation of the imag-
inary part, assuming uncorrelated errors. The resulting
±1% error band is shown in Fig. 1a (dotted lines). The
variance in the " meson mass region is at the few per-
cent level. At energies above 1GeV it becomes substan-
tially larger, reaching close to 100% at

#
t = 2GeV. Note

that in this energy region our uncorrelated estimate likely
represents an upper bound on the uncertainty, as correla-
tions between the statistical fluctuations of the coupling
and width of the second resonance would considerably re-
duce the overall fluctuations of the imaginary part near#
t $ 1.4GeV. For energies above 3 GeV we cannot re-

liably estimate the relative uncertainty of the imaginary
part in this way, as the couplings of the resonances in this
region are dictated by the dual resonance model, and the
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Abstract. New, accurate measurements of the pion and kaon electromagnetic form factors are expected
in the near future from experiments at electron–positron colliders, using the radiative return method.
We construct a model for the timelike pion electromagnetic form factor that is valid also at momentum
transfers far above the ! resonance. The ansatz is based on vector dominance and includes a pattern of
radial excitations expected from dual resonance models. The form factor is fitted to the existing data in
the timelike region, continued to the spacelike region and compared with the measurements there and with
the QCD predictions. Furthermore, the model is extended to the kaon electromagnetic form factor. Using
isospin and SU(3)-flavor symmetry relations we extract the isospin-one contribution and predict the kaon
weak form factor accessible in semileptonic " decays.

1 Introduction

The pion electromagnetic (e.m.) form factor F!(s), one of
the traditional study objects in hadron physics, nowadays
plays an essential role for the precise determination of elec-
troweak observables. An accurate knowledge of F!(s) at
timelike momentum transfers s > 4m2

! is needed to calcu-
late the hadronic loop contribution to the muon anomalous
magnetic moment and to the running of the e.m. coupling
(see [1, 2] for the current status).

New accurate data on the pion form factor in the time-
like region have recently been obtained by the CMD-2
collaboration [3] measuring the e+e! ! !+!! cross sec-
tion at

"
s = 0.61 ÷ 0.96 GeV (for an update of these data

see [4]). In this region, it is successfully described (fitted)
using models based on "-meson dominance, with a small
but clearly visible #-meson admixture. Above 1 GeV data
on e+e! ! !+!! [5–7] exist but are not that accurate.
Employing isospin symmetry one also gains independent
information from the measurements of $ ! !!!0%" at
s < m2

" (for details see, e.g. [1]). There are other interest-
ing form factors closely related to F!: the charged (neu-
tral) kaon e.m. form factors measured in e+e! ! K+K!

(e+e! ! K0K̄0), as well as the weak transition form factor
accessible in $ ! K!K0%" .

In the near future the experimental knowledge on
F!,K(s) will be substantially improved, due to new data to
be obtained using the radiative return method [8]. The first
measurements of F! with this technique in the " region have
already been performed by the KLOE Collaboration [9]
and the agreement with the CMD-2 data is encouraging.
At larger energies, up to 2.0–2.5 GeV, perhaps even 3 GeV,

a e-mail: khodjam@hep.physik.uni-siegen.de

accurate measurements of F!,K are anticipated from the
BABAR experiment (for preliminary results see [10]). The
high rates expected at s # m2

# demand phenomenological
models more elaborated than the simple "- ("-, #-, &-)
dominance models for F! (FK). The main purpose of this
paper is to construct an ansatz for the pion form factor that
is valid in the region below and far above the " resonance
and to extend this model to the kaon form factor.

The model is constructed so as to obey the constraints
from analyticity and isospin symmetry and to incorporate
the proper behavior at high energies, consistent with per-
turbative QCD, and the correct normalization at s = 0.
Furthermore it is based on plausible assumptions derived
from the quark model, moderate SU(3)-breaking, vector
dominance and a pattern of radial excitations expected
from dual resonance models. It has enough flexibility to
accommodate the characteristic interference pattern of the
cross section and, once su!ciently precise data are avail-
able at higher energies, may be used to fix the parameters
of the higher excitations.

Above the" resonance the excited""(1450) and"""(1700)
are expected to play an important role. Already now these
two states are indispensable, if one wants to accommodate
themeasuredparameters of the " resonancewith the correct
normalization of F!(s) at s = 0, as demonstrated by ear-
lier analyses and fits within the " region (see, e.g. [11,12]).
In general, to include all possible intermediate hadronic
states in the '# ! !+!! transition amplitude, one has
to take into account an infinite series of radially excited
"’s. In addition, there are multihadron intermediate states
with JP = 1! and I = 1 (2!, 4!, KK̄ etc.). Hence, the
pion form factor at timelike s > m2

# is a complicated object
determined by a large or even infinite amount of hadronic
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!!(b) is known for b > 0.1 fm
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Two ways to get small  b:
r=separation, b=r(1-x)

• Can have small r or  large x
• If x is not near 1, small r and small b have 

same meaning so pion has PLC
• In general don’t expect much prob for x 

near 1
• Suppose Feynman mechanism dominates, 

form factor arises from x near 1: how 
much of transverse charge density occurs 
at small r? Does pion have PLC or not? 
Can small b come from LARGE r?
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Define conditional probability: contributions to !, small b, large r, r > r0

Use r = b/(1! x), x " 1! b/r0

!(b|r > r0) =
! 1

1!b/r0

dx
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small b does not correspond to large r!
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FIG. 8: Dashed/dotted line: Contribution of large–size con-
figurations with r > r0 to the transverse charge density in the
pion, as estimated in the model defined by Eqs. (10)–(11), for
r0 = 0.2 and two values of Q2. Solid line: Density obtained
from the dispersion integral, cf. Fig. 3.

the power behavior of the quark distribution in the pion
for x ! 1. In the limit of small b the integral in Eq. (11)
extends over a narrow range of x close to 1. If the quark
distribution vanishes as q!(x) " (1#x)" , one easily shows
that the density Eq. (11) scales as !!(b|r > r0) " b"!1

for b ! 0. The change in the small–b behavior with Q2

seen in Fig. 8 reflects the e!ect of QCD evolution on
the exponent ". Note, however, that even in the low–
Q2 region where " < 1 the large–size contribution in
our model is substantially smaller than the total density
obtained from the dispersion integral.

In sum, our estimate shows that large–size x ! 1 con-
figurations cannot account for the strong rise of the trans-
verse density at small b, and that it is therefore reason-
able to interpret the empirical density in terms of PLCs
in the pion’s partonic wave function. In qq̄ configura-
tions of small size, it is expected that the wave function
peaks at x = 1/2, which implies that the physical trans-
verse size of the most likely configurations is r $ 2b.
With the plausible assumption that the small–size con-
figurations in the pion are mostly qq̄, we would conclude
from Fig. 6 that there is a probability of 12% (29%) for
configurations with b < 0.1 fm (0.2 fm), and thus with
qq̄ separation r <" 0.2 fm (0.4 fm). In reality, some of
these small–size configurations are qq̄ + gluons or qqq̄q̄,
requiring a detailed model–dependent analysis. Even so,
our result for the charge density places strong constraints
on the pion’s partonic structure at small distances. The
study of dynamical models of PLCs in the pion and their
comparison with the empirical charge density will be the
subject of future work.

V. LONG–RANGE PION STRUCTURE AND
CHIRAL DYNAMICS

To complete our study of the empirical transverse
charge density in the pion we briefly want to comment
on the possible role of chiral dynamics at large transverse
distances. At b >" m!1

! = 1.5 fm the weighting factor
K0(

%
tb) in the dispersion integral Eq. (3) emphasizes the

near–threshold region
%
t# 2m! " few m! (see Fig. 1b),

where the imaginary part of the form factor is governed
by chiral dynamics and calculable from first principles In
leading order of the chiral expansion, the imaginary part
near threshold results from the pion loop graph with the
## 4–point coupling and is given by [38–40]

#!1 ImF!(t+ i0) =
(t# 4m2

!)
3/2

6(4#f!)2
%
t
. (12)

Substitution of this result in Eq. (3) allows one to de-
rive the leading exp(#2m!b) asymptotic behavior of the
pion charge density at large distances; see Ref. [32] for
details. Numerical analysis shows that the contribution
from Eq. (12) to the charge density is negligible compared
to the non–chiral density resulting from

%
t " m# for all

but the largest distances, reaching only " 30% of the dis-
persion result at b = 2 fm. In the nucleon isovector form
factor the chiral component of the charge density was
found to become comparable to the non–chiral density
at distances b " 1.7 fm [32]; the reason for its diminished
role in the pion charge density is that the triangle graph
involving the #N Yukawa coupling (see Fig. 1 of [32]),
which gave the main contribution in the nucleon case, is
absent for the pion. Account of higher–order chiral cor-
rections does not substantially change the magnitude of
the chiral component [40]. We conclude that the trans-
verse charge density in the pion is dominated by the !
meson mass region for all distances of practical relevance,
b < 2 fm.

VI. SUMMARY AND DISCUSSION

This paper shows how the pion form factor in the time-
like region can be used to determine the transverse charge
density. The timelike data greatly augment the mea-
ger information available from spacelike pion form factor
measurements, in particular in the region of high momen-
tum transfers |t| > 1GeV2 conjugate to short transverse
distances. Given the energy reach of the timelike form
factor data, and the theoretical uncertainties involved
in separating the real and imaginary parts, we estimate
that !!(b) is determined to an accuracy of " 10% at
b = 0.1 fm, and substantially better at larger distances.
The transverse density obtained from the full dispersion
integral turns out to be surprisingly close to that ob-
tained from a single zero–width ! meson pole over a wide
range. The empirical transverse density shows a strong
rise at small distances, which points to a substantial pres-
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Summary

• Weak decay of pion says pion must have a 
non-zero point like configuration PLC

• Pionic color transparency and pion elastic 
electromagnetic form factor indicate that the 
PLC is  substantial

• Small b corresponds to small r, even with 
Feynman mechanism

• ~20% of probability occurs for b<0.1 fm 


