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Abstract

The scalar radius of the pion plays an important role inχPT, because it is related to one of the basic effective coup
constants, viz. the one which controls the quark mass dependence ofFπ at one loop. In a recent Letter, Ynduráin derive
robust lower bound for this radius, which disagrees with earlier determinations. We show that such a bound does not e
“derivation” relies on an incorrect claim. Moreover, we discuss the physics of the form factors associated with the operūu,
d̄d ands̄s and show that their structure in the vicinity of theKK̄ threshold is quite different. Finally, we draw attention to t
fact that the new data on the slope of the scalarK�3 form factor confirm a recent, remarkably sharp theoretical prediction.
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1. Introduction

Early work on the scalar form factors of the pio
[1,2] was motivated by the search for a very lig
Higgs particle. Unfortunately, the outcome of th
search was negative: nature is kind enough to
us probe the vector and axial currents, but allo
us to experimentally explore only those scalar a
pseudoscalar currents that are connected with fla
symmetry breaking. In particular, there is no han
on the matrix element1

Γπ(t) = 〈
π(p′)

∣∣muūu + mdd̄d
∣∣π(p)

〉
,

(1)t = (p′ − p)2.

The value of this form factor att = 0 is referred to as
the pionσ -term,

(2)Γπ(0) = mu
∂M2

π

∂mu

+ md
∂M2

π

∂md

.

According to Gell-Mann et al.[3], the expansion o
the square of the pion mass starts with a term

1 We work in the limit mu = md , e = 0, where isospin is an exac
symmetry.

http://www.elsevier.com/locate/physletb
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ear in mu and md , the coefficient being determine
by the quark condensate. Hence the pionσ -term
is determined by the pion mass, except for corr
tions of higher order:Γπ(0) = M2

π + O(m̂2), with
m̂ = 1

2(mu + md). Indeed, both the precision me
surements onK�4 decay[4] and the preliminary re
sults from DIRAC [5] confirm that the correction
are small: more than 94% of the pion mass or
inates in the term generated by the quark cond
sate[6].

The scalar radius represents the slope of the
responding normalized form factor̄Γπ(t) ≡ Γπ(t)/

Γπ(0),

(3)Γ̄π (t) = 1+ 1

6

〈
r2〉π

s
t + O

(
t2),

which is of considerable interest, because it is relate
to the effective coupling constant�̄4, that determines
the first nonleading contribution in the chiral expa
sion of the pion decay constant. Denoting the value
Fπ in the limit mu = md = 0 byF , we have[7]

(4)
Fπ

F
= 1+ 1

6
M2

π

〈
r2〉π

s
+ 13M2

π

192π2F 2
π

+ O
(
m̂2).

There is a formula analogous to(4)also forFK/Fπ .
Neglecting Zweig rule violating contributions and u
ing the measured value ofFK/Fπ , this relation leads
to a first crude estimate for the scalar radius:〈r2〉πs =
0.55± 0.15 fm2 [8]. An improved estimate was ob
tained long ago on the basis of dispersion the
[2]. The calculation relied on the assumption th
only the transitionππ → KK̄ generates inelastic
ity at low energies—all other inelastic channels
the Mushkhelishvili–Omnès (MO) representation
the form factor were neglected. Moussallam[9] per-
formed a thorough analysis of this approach, con
ering several different phase shift representations
particular, also the parametrizations proposed in[10])
and studying the sensitivity of the outcome to oth
inelastic reactions, such asππ → 4π , ππ → ηη. His
results for the scalar radius are in the range from 0.58
to 0.65 fm2. In [11], the Roy equations forππ scat-
tering were used to update the calculation describe
[2], with the result

(5)
〈
r2〉π

s
= 0.61± 0.04 fm2.
The central value confirms the numberΓ ′
π(0)/Γπ(0) =

2.6 GeV−2 given in [2] and the error bar covers th
range found by Moussallam.

The higher orders of the chiral perturbation ser
for the form factorΓπ(t) are discussed in[12] and a
detailed comparison with the dispersive representa
can also be found there. The complete evaluatio
two-loops is given in[13]. The corrections ofO(m̂2)

in the relation(4) are discussed in[14]. With the es-
timates for the higher order terms given in[15], we
obtainFπ/F = 1.072± 0.004. As the corrections ar
(a) very small and (b) dominated by known doub
logarithms, the uncertainty in the result is due alm
exclusively to the one in the scalar radius.

The effective couplings relevant for the masses
decay constants can be measured on the lattice[16].
Using the values forL4, L5, L6 andL8 found by the
MILC Collaboration [17], the corresponding value
of the SU(2) × SU(2) coupling constants are rea
ily worked out from the relations given in[18]. This
leads to�̄3 = 0.8± 2.3, �̄4 = 4.0± 0.6, in good agree
ment with the estimates given 20 years ago. Inser
this value for�̄4 in the relevant one loop formulae, w
obtainFπ/F = 1.06± 0.01, 〈r2〉πs = 0.5 ± 0.1 fm2.
A direct determination of the ratioFπ/F on the lattice
would be of considerable interest.

2. Omnès representation

Ynduráin’s paper on the subject[19] is based on the
Omnès representation,

(6)Γ̄π (t) = exp
t

π

∞∫

4M2
π

ds δΓ (s)

s(s − t)
,

which expresses the form factor in terms of its ph
on the upper rim of the cut,δΓ (s) = argΓπ(s + iε).
The formula may be viewed as a one-channel vers
of the MO representation (in that framework, the a
sence of inelastic channels implies that the phas
the form factor coincides with the phase of the sc
tering amplitude). Perturbative QCD indicates that
form factor behaves asymptotically as|Γπ(t)| ∼ 1/|t|
up to logarithms[20]. If the form factor does not hav
zeros, the phaseδΓ (s) must tend toπ . The formula(6)
then rigorously holds and leads to a rapidly converg
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representation for the scalar radius,

(7)
〈
r2〉π

s
= 6

π

∞∫

4M2
π

ds δΓ (s)

s2
.

Unless the asymptotics is assumed to set in at an
reasonably low energy, the corrections from the p
asymptotic logarithms are negligibly small.

The Watson theorem states that, in the elastic
gion, the phase of the form factor coincides with t
isoscalarS-waveππ phase shift,δΓ = δ0

0. Below the
KK̄ threshold, inelastic processes do not play a sig
icant role: on the interval 4M2

π < s < 4M2
K , the elas-

ticity η0
0 remains very close to 1, so thatδΓ remains

close toδ0
0. With the representation for the phaseδ0

0
obtained in Ref.[11], the contribution from that inter
val can be evaluated quite accurately.

The opening of theKK̄ channel produces a squa
root singularity at 4M2

K , which manifests itself as a di
in the elasticity in the region between 1 and 1.1 G
Although the valley may not be very deep, there is
reason for the phase of the form factor to agree w
δ0

0 in that region. Various models have been propo
to account for the fact that the Omnès factor belong
to δ0

0 does not properly describe the behaviour of
form factorΓπ(t) or of other transition amplitudes in
volving the production of pion pairs (see, for instan
[21–24]).

Ynduráin assumes that the perturbative asympto
sets in at 1.42 GeV, observes that in the region betw
1.1 and 1.42 GeV, the inelasticity is compatible w
zero and then claims: “It thus follows that the pha
of Γπ(s) must be approximately equal toδ0

0(s) for
1.1 GeV< s1/2 < 1.42 GeV”. This claim is incorrect
for the following reason: in the presence of inelas
channels, the Watson theorem in general reads

(8)Γ 

m(s) =

∑
n

{
δmn + 2iTmn(s)σn(s)

}

Γn(s).

We use the notation of[2] and identify the first two
channels withππ andKK̄ :

Γ1(s) = Γπ(s), Γ2(s) = 2√
3
ΓK(s),

(9)σ1(s) = σπ (s), σ2(s) = σK(s),

with σP (s) ≡ θ(s − 4M2
P )(1 − 4M2

P /s)1/2. The term
T11 stands for the partial wave amplitude of t
isoscalarS-wave,

(10)T11 ≡ t0
0 = η0

0 exp(2iδ0
0) − 1

2iσπ

.

If all other channels are ignored, unitarity fixes t
magnitude ofT12 above theKK̄ threshold in terms
of the elasticity: 4σ1σ2|T12|2 = 1 − (η0

0)
2. For ener-

gies whereη0
0 	 1, the condition(8) thus reduces to

Γ 

π 	 exp(−2iδ0

0)Γπ . This relation does not imply tha
the differenceδΓ − δ0

0 approximately vanishes, bu
only requires that it is close to a multiple ofπ .

One might think that continuity would remove th
ambiguity, but this is not the case, because the regi
of interest is separated from the elastic domain by
interval were inelasticity cannot be ignored. The f
line in Fig. 1 depicts the outcome of our calculatio2

for the phase of the form factor: above 1.1 GeV,δΓ in-
deed differs fromδ0

0, approximately byπ . The detailed
behaviour in the region around 1 GeV is sensitive

Fig. 1. The full line is the phase of the pion form factor of t
operatorsūu or d̄d , as calculated from the two-channel MO equ
tions. The dashed and dotted lines describe the corresponding
shift and the phase of the partial wave amplitude, respectively.
dash-dotted line depicts the phase of the form factor belongin
the operator̄ss.

2 The specific curves shown in the figure are based on theT -
matrix representation of Hyams et al.[25]. More precisely: (a) tha
representation is used as it is only on the interval 0.8 GeV< E <

1.5 GeV; (b) at lower energies, we fixT11 as well as the phase o
T12 with the solution of the Roy equations specified in (17.1), (17
of Ref. [11], taking only the ratio|T12/T11| from the Hyams rep-
resentation; (c) on the interval from 1.5 to 1.7 GeV,T is guided to
zero smoothly, in accordance with the unitarity condition (δ0

0 → 2π ,

argt00 → π ).
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the properties of theT -matrix, but the entire range o
representations considered in Ref.[9] leads to a sharp
drop of δΓ at theKK̄ threshold and toδ0

0 − δΓ 	 π

for energies above 1.1 GeV[26]. In other words, the
robust lower bound in [19] is not valid, because it i
derived from an incorrect claim.

The dotted line in the figure depicts the phase of
partial wave amplitude,δt = argt0

0—the phase of the
form factor closely follows this line. The explicit ca
culation based on two-channel unitarity thus leads
a behaviour of the scalar form factor of the type p
posed by Morgan and Pennington for the diffract
production ofππ final states[21]. Indeed, Fig. 2 in
their paper on the reactionpp → ppππ [27] is closely
related to ours: it shows the result of the energy
dependent analysis of the Hyams data forδ0

0 and δt ,
while, above 4M2

K , the dotted and dashed curves
our plot represent the result of the energy depend
analysis of the same data.

3. Importance of inelastic channels

The reason for the pronounced difference betw
δ0

0 andδt is readily understood from the Argand di
gram: as the energy reaches 2MK , the amplitude has
nearly completed a full circle. If inelasticity could b
ignored, the curve would continue following the A
gand circle, so thatt0

0 would have a zero, a few MeV
above theKK̄ threshold. Hence the phaseδt would
make a jump there, dropping abruptly byπ . In real-
ity, the curve leaves the circle before the phase
reachedπ , so thatt0

0 remains different from zero an
a jump does not occur. Instead,δ0

0 − δt continuously,
but rapidly grows from 0 to the vicinity ofπ .

The phenomenon illustrates the fact that phase
small quantities can be very sensitive to details. T
phase oft0

0 undergoes a dramatic change becaus
so happens that an inelastic channel opens up a
energy wheret0

0 nearly vanishes. The magnitude of t
change inδ0

0 − δΓ is by no means proportional to th
probability for the formation of aKK̄ pair, i.e., to the
inelasticity 1− (η0

0)
2, but is approximately equal t

π . If the inelasticity is small, the change in the pha
difference takes place almost instantly.

In connection with the Omnès formula, the diffe
ence between the phase shift and the phase o
partial wave is a measure of the importance of
elastic channels. Above 1.1 GeV, bothδΓ 	 δ0

0 and
δΓ 	 δt obey the Watson theorem.Fig. 2 shows that
in the region below 1.4 GeV, an evaluation of the
tegral relevant for the scalar radius based onδΓ 	 δt

practically reproduces the result of our two-chan
calculation, while usingδΓ 	 δ0

0 leads to values like
those advocated in[19], which are significantly higher
So, inelastic reactions are important here: In orde
determine the scalar radius, we need to know their
pact on the form factor.

For the electromagnetic form factor of the pio
the situation is qualitatively different. In that case,
elastic channels play a much less important role
particular, the angular momentum barrier suppres
the branch point singularity connected with the op
ing of theKK̄ channel. Since theP -wave phase shif
δ1

1 stays well below 180◦, the partial wave amplitud
t1
1 does not become small there, so that the phen
enon observed in theS-wave does not occur. The di
ference betweenδ1

1 and the phase oft1
1 grows much

more slowly than in that case: at 1.1 GeV, it amou
to a few degrees, whileδ0

0 − δt 	 180◦. In this connec-
tion, we recall that, for the case of the electromagn
form factor, Eidelman and Lukaszuk[28] have shown
that the experimental information one+e− production
of final states other thanππ implies rather stringen
bounds on the elasticityη1

1 and on the difference be
tween the phase shiftδ1

1 and the phase of the form
factor.

Fig. 2. Omnès factors belonging to the phases shown inFig. 1.



the
to

se

O

of
fig-

m

ors

or
y
n
fig-
ry

for

m

se:

uld
not
rm
in-
e-

t
to

itly

x-
,

m-
-

ak
er-

the
ut
ral

.
t
at-

ius.
wo
en-

at
es

vi-
t

ue

d
o-

d

he
The behaviour of the form factor at the onset of
KK̄ continuum reflects the strength of the coupling
these states. For the operators̄s, this coupling differs
from ūu or d̄d . Hence we should expect that the pha
δ∆(s) = arg∆π(s + iε) of the form factor

(11)∆π(t) = 〈
π(p′)

∣∣mss̄s
∣∣π(p)

〉
behaves quite differently fromδΓ (s). As shown in[2],
∆π(t) is given by a differentlinear combination of the
same two linearly independent solutions of the M
equations that are needed for the evaluation ofΓπ(t).
In Fig. 1, the phase of the resulting representation
the form factor is shown as a dash-dotted line. The
ure shows thatδ∆ roughly follows the phase shiftδ0

0:
above theKK̄ threshold, the phases of the two for
factors are very different.

4. Magnitude of the form factors

Fig. 2 shows the magnitude of the Omnès fact
obtained by inserting the phases depicted inFig. 1 in
the formula(6). The full curve represents our result f
the form factor|Γ̄π(s)| and shows that this quantit
exhibits a dip at theKK̄ threshold—the phenomeno
discussed by Morgan and Pennington. Indeed, the
ure shows that the result for this form factor is ve
close to the Omnès factor belonging to the phaseδt .
Moussallam’s analysis confirms the phenomenon:
all of the T -matrix representations considered in[9],
the function|Γπ(s)| goes through a sharp minimu
near theKK̄ threshold[26].

The minimum reflects the rapid drop in the pha
the Omnès factor belonging to the phaseδ(s) =
θ(s − 4M2

K)(−π) is given by 1− t/4M2
K . In other

words, if the phase were to drop suddenly byπ at
s = 4M2

K , then the corresponding Omnès factor wo
contain a zero there. In reality, the phase does
drop suddenly, but rapidly—the magnitude of the fo
factor does not go through a zero, but through a m
imum. Conversely, the fact that the form factor b
comes very small near theKK̄ threshold implies tha
the behaviour of its phase there is very sensitive
details and cannot be understood without explic
accounting for theKK̄ channel.

For δ∆, on the other hand, the Omnès factor e
hibits a peak near theKK̄ threshold. Below 1 GeV
the behaviour is very similar to the one of the O
nès factor evaluated withδ0

0: if (as advocated by Yn
duráin) the phase ofΓπ were to followδ0

0 rather than
δt , this form factor would exhibit a pronounced pe
rather than a dip. This reflects the fact that the op
ator s̄s couples more strongly to the kaon than to
pion. Neart = 0, the difference is not enormous, b
the slope is of course larger: evaluating the integ
in (5) with δ∆ instead ofδΓ , we obtain 0.81 fm2, in-
stead of the number 0.61± 0.04 fm2 quoted above
The behaviour ofδ∆ near theKK̄ threshold is subjec
to considerable uncertainties—we did not make an
tempt at estimating those in the corresponding rad

There is a qualitative difference between the t
form factors under consideration here: our repres
tation for ∆π(t) has a zero, butΓπ(t) does not. The
reason is that∆π(0) represents the derivative ofM2

π

with respect toms and hence vanishes formu = md =
0, while the slope∆′

π(0) does not disappear in th
limit. Accordingly, the Omnès representation involv
a polynomial:

(12)∆π(t) = (p0 + p1t)exp
t

π

∞∫

4M2
π

ds δ∆(s)

s(s − t)
.

The explicit representation inχPT to one-loop[8]
shows thatp0 is of O(m̂), while p1 is of O(1) (the
representation exclusively involves the Zweig rule
olating constantsL4 andL6). This demonstrates tha
the form factor∆π(t) necessarily has a zero at a val
of t of orderm̂, i.e., in the region whereχPT is reli-
able. In order for the representation(12) to be consis-
tent with perturbative asymptotics, the phaseδ∆ must
tend to 2π (compareFig. 1). Note that the dash-dotte
curve inFig. 2 represents the magnitude of the exp
nential and does not account for the polynomial.

5. Scalar radius relevant for K�3 decay

The scalar form factor relevant for the decayK →
π�ν is proportional to the matrix element〈K|s̄u|π〉.
We denote this form factor byf0(t), using the standar
normalization, where the value att = 0 coincides with
f+(0), a quantity that is of central importance for t
determination of the CKM matrix elementVus . The



ion
ce

as

s
us-
en-
to
are
n–
la-
ts a
t

hat

, but

rec-
e

ntal
ale
are
the
not

re-
ret-

ion
en-
ree
d
fac-
f

s

rive

ed

0 is
5,

the

to
a

ed
lar-

om
r-
tion
m

on-
en-
ith

ral

t

on
alar
n
the
e

me-
nd

p-

o-
term linear int ,

(13)f0(t) = f+(0)

{
1+ 1

6

〈
r2〉Kπ

s
t + c0t

2 + · · ·
}
,

represents an analogue of the scalar radius of the p
In the analysis of the data, it is customary to repla
this radius by the slope parameterλ0 ≡ 〈r2〉Kπ

s M2
π/6.

Nearly 20 years ago, a prediction for the radius w
made, on the basis ofχPT to one loop:〈r2〉Kπ

s =
0.20 ± 0.05 fm2 [8]. This number is about 3 time
smaller than the scalar radius of the pion, an ill
tration of the fact that the scalar radii are very s
sitive to flavour symmetry breaking—in contrast
the vector radii, where the flavour asymmetries
comparatively small. The corrections to the Calla
Treiman relation were also analyzed. In the formu
tion of Dashen and Weinstein, this relation represen
low energy theorem[29], which states that in the limi
mu = md = 0, the value off0(t) at t = M2

K − M2
π co-

incides with the ratioFK/Fπ . As it turns out that the
corrections ofO(m̂) do not contain a chiral logarithm
of the typeM2

π logM2
π , they are tiny[8].

The experimental situation was not clear at t
time: the outcome of a high statistics experiment[30]
was in agreement with the theoretical expectations
as explicitly stated in[8], the values for〈r2〉Kπ

s found
in some of the more recent experiments cannot be
onciled with chiral symmetry. In the analysis of th
Particle Data Group, the unsatisfactory experime
situation manifests itself in the fact that (a) the sc
factorsS needed to account for the inconsistencies
large and (b) despite the stretching of error bars,
value found from decays of neutral kaons does
agree with the one fromK± decay.

In this field, there was considerable progress
cently, on the experimental as well as on the theo
ical side. In particular, theK�3 form factors are now
known to two-loops ofχPT [31,32]. The curvature of
the form factors cannot be neglected at the precis
reached now and, in principle, a precise experim
tal determination thereof would allow a parameter f
measurement ofVus [32]. Moreover, Jamin, Oller an
Pich observed that the curvature of the scalar form
tor can be determined rather accurately by means o
dispersive methods[33]. This implies that the radiu
can be calculated from the value off0(t) at the Callan–
Treiman point,t = M2

K −M2
π , for whichχPT makes a

very accurate prediction. In this way, the authors ar
.

at

(14)
〈
r2〉Kπ

s
= 0.192± 0.012 fm2 [33].

The central value confirms the old result mention
above, the uncertainty is four times smaller.

In [19], Ynduráin states that the value ofλ0 for
charged kaon decay published by the PDG in 200
difficult to believe. Discarding the data prior to 197
he arrives at〈r2〉Kπ

s = 0.312± 0.070 fm2 and con-
cludes that “the central value lies clearly outside
error bars of the chiral theory prediction”. Indeed, if
his central value was close to reality, we would have
conclude that experiment is in flat contradiction with
low energy theorem of SU(2) × SU(2).

This is not the case, however. For the charg
kaons, the data collected at the ISTRA detector c
ified the situation considerably[34]. The result for the
radius reads〈r2〉K±π

s = 0.235± 0.014± 0.008 fm2

(note that in this case the radius is calculated fr
λ0 usingMπ0), which now dominates the world ave
age. For the neutral kaons, the experimental situa
also improved significantly: there is a new result fro
KTeV, 〈r2〉KLπ

s = 0.165± 0.016 fm2 [35]. Since this
value (a) now dominates the statistics and (b) is c
sistent with the 1974 high statistics experiment m
tioned above, we conclude that there is a problem w
those of the earlier data that were in conflict with chi
symmetry. While the value obtained fromK± decay is
higher than the prediction(14) by 2.1σ , the KTeV re-
sult is lower by 1.4σ . Chiral symmetry indicates tha
the truth is in the middle.

6. Conclusion

(1) The low energy properties of the scalar pi
form factors are governed by those of the isosc
S-wave in ππ scattering. In particular, the reactio
ππ → KK̄ generates a pronounced structure in
vicinity of s = 4M2

K , which can be understood on th
basis of a dispersive two-channel analysis. This fra
work leads to the conclusion that, in the region arou
1 GeV, the pion matrix elements ofūu andd̄d roughly
follow the ππ partial wave amplitudet0

0 and thus ex-
hibit a sharp minimum there. The coupling of the o
erators̄s to theKK̄ states differs from the one of̄uu

or d̄d . The corresponding form factor exhibits a pr
nounced peak rather than a dip.
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(2) The dispersive analysis leads to a rather ac
rate determination of the scalar radius of the pi
The early estimate given in[2] is confirmed. In par-
ticular, as shown in[9], the uncertainties in the phe
nomenological information used above 0.8 GeV
not significantly affect the result, which is in the ran
〈r2〉s = 0.61±0.04 fm2 [11]. We draw attention to the
fact that the two-loop prediction for the dependence
the pion decay constant on the mass of the two lig
est quarks[14] can be used to convert determinatio
of Fπ on the lattice into a measurement of the sca
radius. The existing lattice data are consistent with
result of the dispersive calculation.

(3) We discuss the impact of the new precision d
on the scalar form factor ofK�3 decay[34,35]. Chiral
symmetry leads to a low energy theorem for the va
of this form factor att = M2

K − M2
π . The new results

which now dominate the statistics, show that ther
a problem with those of the old data that were in c
flict with this prediction. CombiningχPT to two-loops
[31,32]with a dispersive analysis of the curvature, t
low energy theorem can be converted into a very sh
prediction for the radius〈r2〉Kπ

s or for the slope para
meterλ0 [33]. Unfortunately, in view of the very sma
errors quoted for the slope, the new data onKL decay
are not in agreement with those onK± decay: while
the former are lower than the prediction, the latter
higher. Hopefully, the analysis of the data collected
the KLOE Collaboration at Frascati[36] and by NA48
at CERN[37] will clarify the situation.

(4) Ynduráin[19] states that the two-channel ana
sis in [2] is of the “black-box” type and claims tha
it is not necessary, that the phase of the form fac
must approximately follow the phase shiftδ0

0, that the
scalar radius of the pion is subject to a lower bou
and that “the chiral theory prediction” for〈r2〉Kπ

s dis-
agrees with experiment. We have shown that non
these claims is tenable.

Acknowledgements

We are indebted to Claude Bernard, Paul Büttik
Sebastien Descotes, Matthias Jamin, Bachir Mous
lam and José Oller for correspondence, in particu
for providing us with unpublished results concerni
the topics addressed in the present Letter. Also,
thank Hans Bijnens, John Donoghue and Toni Pich
useful discussions at the Benasque Center for Scie
which we acknowledge for hospitality. The prese
work was started while one of us (J.G.) stayed
the Centre for High Energy Physics in Bangalore.
thanks B. Ananthanarayan for support and for a v
pleasant stay. This work was supported by the Sw
National Science Foundation, by RTN, BBW-Contra
No. 01.0357 and EC-Contract HPRN-CT2002-003
(EURIDICE), by the Department of Science and Te
nology and the Council for Scientific and Industr
Research of the Government of India, by the In
French Centre for the Promotion of Advanced R
search under Project IFCPAR/2504-1 and by the P
gram CERES C3-125 of MEC-Romania.

References

[1] T.N. Truong, R.S. Willey, Phys. Rev. D 40 (1989) 3635.
[2] J.F. Donoghue, J. Gasser, H. Leutwyler, Nucl. Phys. B

(1990) 341.
[3] M. Gell-Mann, R.J. Oakes, B. Renner, Phys. Rev. 175 (19

2195.
[4] S. Pislak, et al., BNL-E865 Collaboration, Phys. Rev. Lett.

(2001) 221801, hep-ex/0106071;
S. Pislak, et al., BNL-E865 Collaboration, Phys. Rev. D
(2003) 072004, hep-ex/0301040.

[5] L. Tauscher, Talk given at DAFNE 2004: Physics at meson
tories, 7–11 June 2004, Laboratori Nazionali di Frascati, It
http://www.lnf.infn.it/conference/dafne04/.

[6] G. Colangelo, J. Gasser, H.Leutwyler, Phys. Rev. Lett. 86
(2001) 5008, hep-ph/0103063.

[7] J. Gasser, H. Leutwyler, Phys. Lett. B 125 (1983) 325.
[8] J. Gasser, H. Leutwyler, Nucl. Phys. B 250 (1985) 517.
[9] B. Moussallam, Eur. Phys. J. C 14 (2000) 111, he

ph/9909292.
[10] R. Kaminski, L. Lesniak, B. Loiseau, Phys. Lett. B 413 (199

130, hep-ph/9707377;
R. Kaminski, L. Lesniak, B. Loiseau, Eur. Phys. J. C 9 (19
141, hep-ph/9810386;
R. Kaminski, L. Lesniak, B. Loiseau, Phys. Lett. B 551 (200
241, hep-ph/0210334.

[11] G. Colangelo, J. Gasser,H. Leutwyler, Nucl. Phys. B 603
(2001) 125, hep-ph/0103088.

[12] J. Gasser, U.G. Meissner, Nucl. Phys. B 357 (1991) 90.
[13] J. Bijnens, G. Colangelo, P. Talavera, JHEP 9805 (1998)

hep-ph/9805389.
[14] G. Colangelo, Phys. Lett. B 350 (1995) 85, hep-ph/950228

G. Colangelo, Phys. Lett. B 361 (1995) 234, Erratum;
J. Bijnens, G. Colangelo, G. Ecker, J. Gasser, M.E. Sai
Nucl. Phys. B 508 (1997) 263, hep-ph/9707291;
J. Bijnens, G. Colangelo, G. Ecker, J. Gasser, M.E. Sai
Nucl. Phys. B 517 (1998) 639, Erratum.

http://www.lnf.infn.it/conference/dafne04/


ep-

p-

90

65,

9;

.
92)

55

35

03.

ep-

69)

ep-

ep-

p-

ep-

g,
[15] G. Colangelo, S. Dürr, Eur. Phys. J. C 33 (2004) 543, h
lat/0311023.

[16] S. Dürr, Eur. Phys. J. C 29 (2003) 383, hep-lat/0208051;
H. Wittig, Nucl. Phys. B (Proc. Suppl.) 119 (2003) 59, he
lat/0210025;
D.R. Nelson, G.T. Fleming, G.W. Kilcup, Phys. Rev. Lett.
(2003) 021601, hep-lat/0112029;
F. Farchioni, I. Montvay, E. Scholz, qq+ q Collaboration, hep-
lat/0403014.

[17] C. Aubin, et al., MILCCollaboration, hep-lat/0407028.
[18] J. Gasser, H. Leutwyler, Nucl. Phys. B 250 (1985) 4

Eq. (11.6).
[19] F.J. Ynduráin, Phys. Lett. B 578 (2004) 99, hep-ph/030903

F.J. Ynduráin, Phys. Lett. B 586 (2004) 439, Erratum.
[20] G.P. Lepage, S.J. Brodsky, Phys. Rev. D 22 (1980) 2157.
[21] D. Morgan, M.R. Pennington, Phys. Lett. B 137 (1984) 411
[22] B.C. Pearce, K. Holinde, J. Speth, Nucl. Phys. A 541 (19

663.
[23] M.P. Locher, V.E. Markushin, H.Q. Zheng, Phys. Rev. D

(1997) 2894.
[24] W. Liu, H.Q. Zheng, X.L. Chen, Commun. Theor. Phys.

(2001) 543, hep-ph/0005284.
[25] B. Hyams, et al., Nucl. Phys. B 64 (1973) 134.
[26] B. Moussallam, private communication.
[27] D. Morgan, M.R. Pennington, Phys. Rev. D 58 (1998) 0385
[28] L. Lukaszuk, Phys. Lett. B 47 (1973) 51;

S. Eidelman, L. Lukaszuk, Phys. Lett. B 582 (2004) 27, h
ph/0311366.

[29] C.G. Callan, S.B. Treiman, Phys. Rev. Lett. 16 (1966) 153;
R.F. Dashen, M. Weinstein, Phys. Rev. Lett. 22 (19
1337.

[30] G. Donaldson, et al., Phys. Rev. D 9 (1974) 2960.
[31] P. Post, K. Schilcher, Eur. Phys. J. C 25 (2002) 427, h

ph/0112352.
[32] J. Bijnens, P. Talavera, Nucl. Phys. B 669 (2003) 341, h

ph/0303103.
[33] M. Jamin, J.A. Oller, A. Pich, JHEP 0402 (2004) 047, he

ph/0401080.
[34] O.P. Yushchenko, et al., Phys. Lett. B 581 (2004) 31, h

ex/0312004.
[35] T. Alexopoulos, et al., KTeV Collaboration, hep-ex/0406003.
[36] P. Franzini, hep-ex/0408150.
[37] L. Litov, Talk given at ICHEP 04, 16–22 August 2004, Beijin

China,http://ichep04.ihep.ac.cn/8_cp.htm.

http://ichep04.ihep.ac.cn/8_cp.htm

	Scalar form factors of light mesons
	Introduction
	Omnès representation
	Importance of inelastic channels
	Magnitude of the form factors
	Scalar radius relevant for Kl3 decay
	Conclusion
	Acknowledgements
	References


