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The rainbow truncation of the quark Dyson-Schwinger equation is combined with the ladder Bethe-Salpeter
equation for the meson amplitudes and the dressed quark-photon vertex in a self-consistent-Pomtant
study of the pion and kaon electromagnetic form factors in impulse approximation. We demonstrate explicitly
that the current is conserved in this approach and that the obtained results are independent of the momentum
partitioning in the Bethe-Salpeter amplitudes. With model gluon parameters previously fixed by the chiral
condensate, the pion mass and decay constant, and the kaon mass, the charge radii and spacelike form factors
are found to be in good agreement with the experimental data.

PACS numbeps): 24.85+p, 14.40.Aq, 13.40.Gp, 11.10.St

[. INTRODUCTION without parameter adjustment, to calculate the neutral and
charged kaon form factors and charge radii; we also extend
The light pseudoscalar mesons play an important role iour previous pion form factor calculatiof§] to the space-
understanding low-energy QCD. They are the lightest oblike Q® domain anticipated for future JL4B] data.
servable hadronic bound states of a quark and an antiquark, This approach is consistent with quark and gluon confine-
and are the Goldstone bosons associated with chiral symméent [3,8], generates dynamical chiral symmetry breaking
try breaking. Their static properties such as the mass an®], and is Poincarévariant. It is straightforward to imple-
decay constants have been studied extensively and are qudf€nt the correct one-loop renormalization group behavior of
tatively understood within QCD. A number of studies of @CD [2], and to obtain agreement with perturbation theory
pseudoscalar mesofis,2] have played a key role in the de- I tht_a_perturbatwe region. Provided thgt the relevant Ward
velopment of continuum methods for modeling QCD via theldentities are preserved in the truncation 'of the DSEs, the
Dyson-Schwinger equation€DSES. Such methods have corresponding currents are conserved. Axial current conser-
now evolved into an excellent tool for the study of nonper-Vat'O” ensures the _Goldstone nature of_the pions and kaons
turbative aspects of a variety hadronic properties and pro-10J; electromagnetic current conservation ensures the cor-
cesses in QCO3]. Dynamic properties and scattering ob- "€Ct hadronic charge without fine-tuning. .
servables continue to pose a difficult challenge. In this !N Sec. Il we review the formulation that underlies a de-
respect, the elastic electromagnetic form factors of the pio§criPtion of the pion and kaon charge form factors within a
and kaon are very interesting: the probe is well understood’0deling of QCD through the DSEs. Within the impulse

there are accurate data fer. at low Q2, and the charge radii approximation, we outline the manner in which ladder-
rfr, ri+ , andrio are experimentally known. Currently, there rainbow dynamics for the propagators, BSAs and quark-

. . . 0photon vertex produces a conserved meson electromagnetic
are several experiments at JL.ab to determine both the pi Current. We also indicate the corrections to the impulse ap-
and the kaon form factor in the range €.9°<3 Ge\? to ) P P

higher accuracy4,5], and this may provide better discrimi- proximation that are needed to maintain current conservation
nzgtion between différent theoretigalpmodels when the truncation of the DSEs goes beyond rainbow-

In this work, we use the DSEs to calculate the pion ano,adder level. In Sec. Il we discuss the details of the model

kaon electromagnetic form factors in impulse approximationand present our numerical results for the form factors. Con-
We obtain the meson Bethe-Salpeter amplitud@sAs) and cluding remarks are given in Sec. IV,

the quark-photon vertex as solutions of the homogeneous

and inhomogeneous Bethe-Salpeter equatiBI®ES in lad- Il. PSEUDOSCALAR ELECTROMAGNETIC FORM

der truncation. The required dressed quark propagators are FACTORS

obtained from solutions of the quark DSE in rainbow trun- o three-point function describing the coupling of a pho-
cation. Nonanalytic effects from vector mesons are automatiz -\ o momentunQ to a pseudoscalar meson, with initial
cally taken into account, because these vectgrbound  and final moment#®. =P+Q/2, can be written as the sum
states appear as poles in the quark-photon vertex solutiogf two terms N

[6]. We employ a realistic model for the effective quark-
antiquark coupling that has been shown to reproduce the
pion and kaon masses and decay constaijtas well as the
masses and decay constants for the vector mgsous and .
K* to within 10% [7]. The model parameters are fixed in whereQ is the quark or antiquark electric charge, and where
previous work 7] and constrained only by, my, f., and A" and A2 describe the coupling of a photon to the

<aq>. The produced pion charge radius is within 2% of thequark (a) and antiquark If), respectively. The meson form
experimental valud6]. Here, we use the same approach,factor is defined by

A%(P,Q)=G2AMR(P,Q)+ QP A%(P,Q), (1)
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Agg(p,Q)zz P, F(Q?), (2) the renormalizeaq scatteri_ng kernel that is irreducible with
] . ] respect to a pair ofqg lines, and x2%(9,9";Q)
and the corresponding charge radiusis — 6F ' (Q?) with =S3(q)T*"(q,q":Q)S°(q’) is the BS wave function.

Q?=0. Analogously, we can define a form factor for each of

s ) Th uti f Eq.(5) i lized ding t
the two terms on the right-hand side of Edj), for example ¢ solution of Eq.(5) is renormalized according to

S(p) '=ip+m(u) at a sufficiently large spacelike?,
with m(u) the renormalized quark mass at the scaleln

abb, _ 2 !
AT (P.QI=2P, Fanp(Q). ) Eg. (5), S T, andm(u) depend on the quark flavor, al-
Current conservation dictates that each of the form factord’0ugh we have not indicated this explicitly. The renormal-
F.5(Q?) andF,5(Q?) is 1 atQ?=0 ization constant¥, and Z, depend on the renormalization
a aba .

point and the regularization mass scale, but not on flavor: in
our analysis we employ a flavor-independent renormalization
scheme.

The impulse approximation allows form factors to be de-  The meson BSAg‘aE(q,q/;p) are normalized according
scribed in terms of dressed quark propagators, bound stafg the canonical normalization condition
BSAs, and the dressedjqy vertex. We denote by

A. Impulse approximation

FfL(q,q’;Q) the quark-photon vertex describing the cou- A dq I
pling of a photon with momentur@ to a quark of flavora 2P,=N, Tf 4[Tr[rab(q,'q;_Q)
with final and initial momentaq and q'=q—Q, respec- Pl (2m)

tively. With this notation, the vertices in Edql) take the

e X S (q+7P) I*(G,3';Q) S(a+(7—1)P)]
4
abb. A d*k ar s 1ab. L[t T (k' k-
AT(P.Q) =N, [ S TS@ T, P ) j(zw)“ Lk k= Q)
X$(a4)ITQ:,4-5Q) XK(F.ﬁ;P)xaE(a,a’;Q)]}, )
x$P(q-) T*(q_,q; = P)], (4)

whereq=k+1P, q. =k—3P+1Q, andP.=P=1Q. The & the mass shelP?=Q*=—m’, with g=q+7Q, a’'=q

bz +(7—1)Q, and similarly fork andk’. We use the conven-
tions wheref =131 MeV, andz describes the momentum
Bartitioning between the quark and antiquark. Note that
physical observables should be independent of this param-

expression for\ 2™ is analogous. The notatiof* denotes a

translationally-invariant regularization of the integral, where
A is the regularization mass scale. The regularization can b
removed at the end of all calculations, after renormalizationéter

by tak|n%the |Im|t[-\—>00. S(a) is the dr_essed quark propa- For pseudoscalar bound states the BSA is commonly de-
gator,I'®(q,q’; P) is the meson BSA with on-shell momen- composed intg2]
tum P?=—m? and quark and antiquark momergaandq’

=q-P, respectivel%- T'(k+ 7P,k+(7—1)P;P)=ys[iE(k? k- P;7)
Both S(q) andI'@°(q,q’;P) are solutions of their respec-
tive DSEs +PF(k?k-P;7)
+KG(k?k-P;
L g ( 7)
S0) 1= Zaip Zemin) £ 21| 6D, kP HOC P )],
A . 8
_ . |
*(p=a) 2 7uS TP © where the invariant amplitudes, F, G, andH are Lorentz

scalar functions ok? andk- P=kP cosé. The dependence
and of the amplitudes upok- P can be conveniently represented
by the following expansion based on Chebyshev polynomi-

ab N/ ) — A diq A Laby e als:
I'**(p,p";Q) f(ZW)AK(p,q,Q)x (0.0";Q), (6)

whereD ,,(K) is the renormalized dressed-gluon propagator, f(k? k- PiPZ)ZEO Ui(cost)(kP)'f(k*P?).  (9)
I'' (g,p) is the renormalized dressed quark-gluon verkeig

For charge-parity eigenstates such as the pion, each ampli-
tude E, F, G, andH will have a well-defined parity in the
'We use Euclidean metri¢y,,y,}=24,,, v,=7v, anda-b  variablek-P if one choosegy=3. In this case, these ampli-
=% lab;. tudes are either entirely evef( F, andH) or odd (G) in

055204-2



a, K, AND K° ELECTROMAGNETIC FORM FACTORS PHYSICAL REVIEW C 62 055204

k-P, and only the even or odd Chebyshev momehtare For the photon coupled toandd quarks, this results in a
needed for a complete description. p-meson pole aQ?= — 0.6 Ge\. For the photon coupled to
s quarks, the first pole is located arou@d= —1.0 Ge\* at
B. The quark-photon vertex the ¢ mass. At the level of the ladder approximation, which

is commonly used in practical calculations, there is no width
generated for the vector mesons, and the vertex poles are
located at real timelike values d®?. For example, one
would have to supplement the ladder BSE kernel with the

The quark-photon vertex is the solution of the renormal-
ized inhomogeneous BSE with the same kerliehs the
homogeneous BSE for meson bound states. That is

A g 7rar production mechanism to producepameson width for
Fi(p+ p_:Q)=2Z, 7“+f Z K(p,q;Q) the corr_esponding verzte_x pole _beypnd thg threshold for pion
(2m) production,Q?< —4 mZ in the timelike region.
a I i -
X S(q.,) FZ(Q+ q:Q) Sq), The full vertexI', can be decomposed into four longitu

dinal components and eight transverse components. The lon-
(10 gitudinal components do not contribute to the form factors.
, N N .. InRef.[6] it was shown that only five of the eight transverse
with p.. =p=;Q andq. =g+ 3Q. Because of gauge invari- components are important for the pion form factor in the
ance, it satisfies the Ward-Takahashi iden(ityT!) range— 0.3<Q?< 1.0 Ge\?, with the remaining three com-

; a Ay o1 o1 ponents contributing less than 1%. We expect that this will

1QuI(P+ P Q=S (Pr) =Sy (p). (1) also be the case for the kaon form factor, and use the Dirac

Solutions of the homogeneous version of Etp) at dis- amplitudesT; to T of Ref.[6] only.
crete timelike moment®? define vector meson bound states
with massesn\z,z —Q?2. It follows thatl“;'j has poles at those C. Charge conservation
locations and, in the vicinity of the bound states, behaves

similar to[7] At Q=0 the quark-photon vertex is completely specified

by the differential Ward identity

r22V(p. ,p_;Q)fymy g
Lo(py.p-; £ . (12 (00— — g1
w(P+,P-5Q)— il (12 i) (p,p;0) 7, (p). (13)
where FZEV is the aa vector meson BSA, andy is the If this is inserted in Eq.4), one finds after a change of
electroweak decay constant. integration variablek—k— 3P

aSP(q—P)

A2P(P.0)=2P F (0)=N fAﬁTr T2P(q’,q:P) S*(q) '2%(q,q";P) — =~ (14)
v ' w' abb c (27T)4 a.q; q a.9'; &P,u ,

with g’ =qg—P. Comparing this expression to E(/) with  T'(q,q’;P), considered as a function of the incoming and
7»=0, we recognize that the physical resglfQ?=0)=1 outgoing quark momenta, does not dependyolt is only in
follows directly from the canonical normalization condition commonly used decompositions in terms of Lorentz invari-
for T2 if the BSE kemelK is independent of the meson @nt amplitudes, such as E@), that the value ofy becomes
momentumP. For the ladder truncation of the kernel, which €levant. The amplitudes, F, G, andH are scalar functions

2 - - .
we consider in our calculation in the next section, this is thef K~ @ndk- P which do depend ony, i.e., on the choice of

a relative momentum. Under a change s»f some of the
case. different Dirac covariants and associated amplitudesh as
With an arbitrary value for the momentum partitioning b

. o > F andG) will mix. So will the various Chebyshev moments
parametersn, the relation between the normalization condi- ; .
- f; in Eq. (9). However, the net result from use of a complete

tion for I'*° and electromagnetic current conservation is Notrepresentation of both the Dirac matrix structure and the
so straightforward. A shift in the value of in loop diagrams . p variable is independent of and the momentum routing
(without external quark lingss equivalent to a shift in inte- in loop integrals. Previously it has been shown that under
gration variables. For processes that are not anomalous, loaRese conditions the decay constants are indeed independent
integrals are independent of a shift in integration variablesf » [2].

provided that all approximated quantities in the integrand With dressed propagators, the use of a bare quark-photon
respect Poincar@variance. In this respect, particular atten- vertex in Eq.(4) clearly violates charge conservation and
tion must be paid to the representation and approximatioteads toF .(0)# 1. Use of the Ball-Chiu ansaf41] for the

used for the BSAs. The general BSE vertex solutiondressed quark-photon vertex, a common element in past DSE
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N 8

FIG. 3. The four corrections to the impulse approximation, Eq.
(4), necessary to maintain current conservation if one includes the
diagrams of Fig. 1 into the DSE dynamics.

FIG. 1. The two leading-order vertex corrections to the rainbow
DSE (top) and the corresponding five diagrams to be added to th
ladder BSE kernelbottom for consistency with the relevant WTIs.
The quark and gluon lines indicate dressed propagators in this a
the subsequent figures.

These four additional diagrams are generated from the BSE
[grnel in the bottom part of Fig. 1 by taking the derivative
with respect to the meson momentum where P flows
through one quark propagator only.

Since a derivative with respect ®@is equivalent to the
studies of electromagnetic interactioff2—17, conserves insertion of a zero-momentum photon according to the dif-
the electromagnetic current and ensurE$Q?=0)=1. ferential WTI, Eq.(11), it is obvious which diagrams have to
However, the behavior of the form factor away fro@f e added to the impulse approximation for the veré®® to
=0 is not constrained by current conservation, and in thgnaintain current conservation, see Fig. 3. In the limit
present model, use of the Ball-Chiu ansatz leads to a valug—.0 these four additional diagrams become identical to the
for r2 which is about 50% too smajl]. With the quark-  four additional diagrams in Fig. 2, provided that the vertex
photon vertex produced by solution of the ladder BSE, andatisfies the differential WTI. Of course, there are similar

with quark propagators from the rainbow DSE, all con-contriputions toA %2, which can be identified with terms in
straints from current conservation are satisfied and the calcype normalization condition withy=1.

lated value of 7 is within 5% of the experimental val|é]. A related topic is the correction to the impulse approxi-
mation from pion and kaon loops. Simple addition of such
D. Beyond rainbow-ladder truncation loops without supplementing the ladder-rainbow truncation

for the DSEs, will generally violate current conservation. A

If one goes beyond the rainbow-ladder truncation for the, o gistent treatment of the kernels for both the DSE and BSE

DSE?} for the ptr)opagz(ajtc_)rs, I?SAS and quar.k-pr}otor;] Vefrte)%quations and the approximation for the photon-hadron cou-
;)ne as to go beyond impuise approximation for t ? OMling is necessary for current conservation. At present it is
actors to ensure current conservation. For example, ongq: cjear how to incorporate meson loops self-consistently in
could include corrections to the rainbow-ladder DSE an uch an approach, but we expect corrections coming from
BSE kernels that are higher-orderan, as depicted in Fig. g0, |oops to be small in the spacelike region. In REd] it

1. FOHOW'?]Q thi gener:l rﬁ)rocedure develope: m?t&], was demonstrated that the dressed quark core can generate
one can show that both the WTI, EQ.1), and the differen-  n¢ of the pion charge radius, and that pion loops contribute
tial Ward identity, Eq.(13), are preserved in the truncation less than 15% to? . For larger values of? the effect from

which i imporiantfor he Goldstone naure of th pion, ™SS2 100ps redices even further, and@>1 GeV® we
The resulting BSE kernéd(q, p; P) now becomes depen- expect the contribution of such loops to be negligible.

dent on the meson momentu®) which means that the sec-
ond term of the normalization condition, E), is nonzero.

To be specific, with the choicg=0, this introduces the four  we employ the model that has been developed recently
extra terms in the normalization condition depicted in Fig. 2for an efficient description of the masses and decay constants
of the light pseudoscalar and vector mesfin§]. This con-

sists of the rainbow truncation of the DSE for the quark
propagator and the ladder truncation of the BSE for the pion
and kaon amplitudes. The required effectiyginteraction is
constrained by perturbative QCD in the ultraviolet and has a
phenomenological infrared behavior. In particular, the ladder
truncation of the BSE, E(6), is

. .. )\I 1
FIG. 2. The four diagrams arising from tifedependence of the . — 2y pfreeqy — _
kernel in the normalization condition, E¢7), if one includes the K(p,q;P)——G(k )D’” k) 2 Yu® 2 Yo (19
diagrams of Fig. 1 into the DSE dynamics, and chooses all of the
meson momentur® to flow through one quark only. The deriva- whereDZef(kz p—q) is the free gluon propagator in Landau
tives with respect td® are marked by slashes. gauge. The consistent rainbow truncation of the quark DSE,

IIl. MODEL CALCULATIONS
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TABLE |. Overview of the results of the model for the meson
masses and decay constant, adapted from R2fgl. The experi- 12
mental value for the condensate is taken from R&f]. )

experimen{22] calculated
(estimates (" fitted) 1.1

mi=9 cev 5-10 MeV 5.5 MeV —
M _1 Gev 100-300 MeV 125 MeV g 1

—\O0 3
- (qq)°, (0.236 GeV} (0.241)
m, 0.1385 GeV 0.138
f. 0.131 GeV 0.134
my 0.496 GeV 0.49% 0.9
fr 0.160 GeV 0.155
m, 0.770 GeV 0.742

0.8 ‘ '

fo 0.216 GeVv 0.207 20.1 —0.05 0 0.05 0.1
Myc» 0.892 GeV 0.936 Q? [GeV2]
fr 0.225 GeV 0.241
m, 1.020 GeV 1.072 FIG. 4. The three independent form factdtg,,, F, s, and
fy 0.236 GeV 0.259 Fuss-

sequent values fdfy and the masses and decay constants of
Eq. (5), is given by I''(q,p)— v,\/2 together with the vector mesons,¢,K* are in agreement with the experi-

92D ,,(K)— G(k?)D"™¢k). These two truncations are con- mental datg 7], see Table I.

2% ; ; ; ;
sistent in the sense that the combination produces vector and A detailed analysis of the relationship between QCD and

axial-vector vertices satisfying the respective WTIs. In thefliS ~Landau gauge, — renormalization-group-improved,

axial case, this ensures that in the chiral limit the ground@nPow-ladder truncation of the DSEs can be found in the

|j]@'nating work[2] and in several recent reviews,23].

state pseudoscalar mesons are the massless Goldstone bos?i;1 : I i i ” e th
associated with chiral symmetry breakif@y10]. In the vec- . Se reviews aiso provide provide a wider perspective that
includes a compilation of results for both meson and baryon

tor case, this ensures electromagnetic current conservation. X . ) . . .
The model is completely specified once a form is choserphys!cs' an analysis how quark conﬁ_nemen.t IS mgmfest n
for the “effective coupling” G(k?). The ultraviolet behavior solutions of the DSEs, and a comparison with lattice QCD

is chosen to be that of the QCD running couplingk?); the results [24] that confirm the qualitative behavior for the

ladder-rainbow truncation then generates the correct pertufi/éSSed quark propagator produced by DSE models of the

bative QCD structure of the DSE-BSE system of equationsprfaserlt type. The question of the accuracy of the '?ddef'
The phenomenological infrared form G(kz) is chosen so rainbow truncation has also received some attention; it was

that the DSE kernel contains sufficient infrared enhancemer{f’und to be particularly suitable for the flavor octet pseudo-

to produce an empirically acceptable amount of dynamica?calar mesons since the next-order contributions in a quark-

chiral symmetry breaking as represented by the chiral Congluon ske_leton graph expansiqn, have a signif_icant amount of
cancellation between repulsive and attractive corrections

densatg 20]. 18
We employ the ansatz found to be successful in earlieL .
work [2,7] _ _
A. Results for uuu, usu, and uss form factors
G(k*) 4m’DK* _ o 2 472y F(K?) The pion and kaon form factors are given by
= e @
2 6 1 282 27
: © zZin[ 7 (147 AQeo)”] Fo(Q%)=3Fuau(Q%)+$Fuai( Q%) (17

(16)

_ ) Fr+(Q%)=5Fus(Q%) +3F s5(Q%), (18)
with y,,=12/(33-2N;) and F(s)=[1—exp(—s/4m;)]/s.
This ansatz preserves the one-loop renormalization group be- Fro(Q?) = —iFu(Q?) + 3F 455(Q?), (19
havior of QCD, and the first term implements the strong
infrared enhancement in the regiorc®@%<1 Ge\? required  where the quark and antiquark charges are evident. We work
for sufficient dynamical chiral symmetry breaking. We usein the SU2) isospin limit, where the strong interaction does
m=0.5 GeV, r=e?—1, Ny=4, Aqcp=0.234 GeV, and a not discriminate between andd quarks, so for the pion we
renormalization scalg =19 GeV which is well into the do- simply haveF _(Q?) =F,(Q?. Thus there are only three
main where one-loop perturbative behavior is appropriaténdependent form factors,F,;,(Q?), F,«(Q?, and
[2,7]. The remaining parameters,=0.4 GeV andD=0.93  F,55(Q?), which are shown in Fig. 4. Our estimate of the
GeV? along with the quark masses, are fitted to give a goodwumerical error in these calculations is less than 1% for
description of the chiral condensata,x andf,. The sub- F,;,(Q?), and 2% for the other two form factors.
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TABLE Il. Our results for the charge radii, compared with the
experimental values given in Ref25-27.

1.0
charge radii experiment calculated

r2 0.44+0.01 fn? 0.45 fn? 0.9
re. 0.34:0.05  fnf 0.38 fnf

reo —0.054+0.026 fn? —0.086 fnf

508
F'4
w

For the pion we use only the leading terms of thd
expansion of the BSAs and the quark-photon vertex given in
Eq. (9). Higher order terms do not change the results more
than 1% in this momentum regime, although they are neede
at larger values ofQ?. For the kaon we have to use more
terms in the expansion, even @’=0, to obtain indepen-
dence from the parameter, and to ensure current conserva-
tion. With terms up to orderk: P)* only, there is a spread in
our results of more than 10% &@°=0 (from 0.94 to 1.0 if
we changern between 0 and 1. With the next two terms
included, that spread is reduced to less than 3%. This illus-
trates that the impulse approximation is independent of the

0.7

0.6

PHYSICAL REVIEW G52 055204

0 0.04

0.08 0.12 0.16

Q@ [GeV]

FIG. 5. The calculated ™ form factor compared to the data
from Refs.[28] (open diamondsand[26] (solid squares Within
numerical errorgF+(0)|?=1.

unphysical parameter;, provided that all relevant Dirac Fig. 5 we show our result for the charged kaon form factor
structures and the complete dependenci-dhare properly ~Which is in good agreement with the available data.

taken into account.

Finally, in Fig. 6 we preser®?F(Q?) for 7 andK®* for

The results forF,g, and F,g, are remarkably close to @ largerQ? range to anticipate data that may be forthcoming
each other, indicating that the flavor of the spectator quarffom experiments at JLapt,5] and possibly other facilities
matters very little. Within our numerical errors, they are al-in the future. In this momentum range, even For(Q?) the
most indistinguishable on th®? domain shown. There is a dependence ok-P becomes important, and terms up to

slight difference in the slope of these form factoré'gu
=0.45 fr? versusrﬁ;uzo.47 fi?. These results are in good

agreement with the pion charge radits=0.46 fn?, ob- °e
tained in Ref.[6] using all eight Dirac amplitudes of the
quark-photon vertex.

The result forF g5 is quite different in that it has a sig- . 04

nificantly smaller slope characterized by a radius parameteg
rigz 0.21 fr?. This is due to the larger mass of the strange%
quark, and as a consequence the neutral kaon charge radii =

oy 0.2 |

rio will be negative. A similar effect was observed for the ©
neutron form factor, where the heavier mass of thgu)
diquark compared to thd quark mass leads to a negative
charge radiug17]. Our result is also consistent with the

0
qualitative aspects of the vector meson dominaf\delD) 05
picture: the lowest-mass bound state pole indbe vertex is

the ¢, at Q?2=—1.0 GeV?, which is significantly further 04
from the photon point than is thepole in theuuy vertex at

Q?=—0.6 Ge\. This observation, as well as the difference 3 0s
betweenrﬁg and rﬁgu, is consistent with the larger mass of %

the strange quark. g2
o

B. Results for the meson form factors o1

The results in this model for the pion form factor at low 0

Q?, in particular the pion charge radius, were presented pre-
viously [6]. The obtained charge radii for the kaon are pre-

(k-P)3in Eq. (9) are required to produce a converged result

——- K, up to 1™ order in Eq. (9)
—— K, up to 3" order
KO

-

——- nupto1”orderinEq. (8) |

mupto 3" order

15 2 25 3 35
Q° [GeV]]

sented in Table Il, and are in reasonable agreement with the FIG. 6. Q? times the kaon form factor@op) and pion form
experimental data, without any readjustment of the model. Irfactor (bottom). The pion data are from Ref29].
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at Q2:1~3 Ge\2. Higher-order terms do not change the plified models such as that of Refl5] however, it is
results by more than 1% in this momentum range. Our estistraightforward to demonstrate that the impulse approxima-
mate is that the net numerical accuracy ., Fus, tion does indeed lead to the power-law behavior predicted by
andF 55 is about 2—-3% at these values @f. This trans- PQCD.

lates to a similar level of accuracy fér,, andFy -+, and to a

somewhat larger relative error, about 5%, Fayo, which is IV. SUMMARY

the difference ofF ;55 and F,g,. At Q?>3 Ge\?, higher-
order Chebyshev moments may be necessary, but currept
numerical methods prevent their accurate determination
large Q2.

Over the entire spacelike momentum range considere
F_(Q%) <F«+(Q?, and Q?F(Q?) rises withQ? until Q?
=3 Ge\ for all three form factors. In this momentum range
our results for both the pion and tie" form factor can be
fitted quite well by a simple monopote?/(Q?+ m?), with a
massm?=0.53 Ge\f for the pion andm?=0.61Ge\f for
the K*. A VMD model, in which the two form factor§ o,
andF ;55 in Egs.(18) and (19) are represented by separate
monopoles with the physical and ¢ masses, respectively,
does not reproduce our results for the kaon form factors ver
well. For example, aQ?=1 Ge\?, VMD overshoots our
Fy+ calculation by almost 10%, whereas the single mono
pole fit is within 2% of our result. This difference between

VMD and our calculations grows wit®?. - -
2 = PRI and the calculated charge radii are within the error bars of
Above Q?~3.5GeV our results indicateQ?F(Q?) is their experimental values.

starting to decrease and the monopole fits cease to be an These charge radii are somewhat larger than those ob-

adequate representation. !n a more complete descrip_tion th@ined in a previous studyl3] that was framed in terms of
takes meson loop corrections into account Self'conS'StentI%emiphenomenological representations for BSAs and con-

itis quite conceivzable .the.lt this turn-over begins at somewhafe g quark propagators within the impulse approximation.
lower values ofQ”. This is likely because meson loops are tpe main difference with that work is that here we use nu-

expected to ingreageﬁ by up to 15%[19] while having  merical solutions of truncated DSEs for all the elements
rapidly decregsmg influence with increasing spacelike Mopeeded in Eq(4), and that all our parameters were fixed
menta. Thus in the presence of consistent meson 100p CORyeviously. In comparison with theoretical calculations based
rections, the impulse approximation would need to yield &y gther methods, it is interesting to note that our results are
smaller form factor than our present result if agreement W'”\/ery similar to those obtained in ReB1], in particular for

the low-Q? data is to be maintained. It is therefore possibleihe neutral kaon.

that the present approach overestimates the form factors at a¢ intermediate values a®? our calculations are qualita-
intermediate momenta and this may explain the d|screpan0ﬁ(\,e|y similar to those obtained in both Refd3,31. Up to

with the data neaQ’=3 Ge\f. More accurate results from ap6,t92=3 Ge\?, bothF.. andF, - can be fitted quite well
JLab, in combination with realistic model calculations thatby a monopole form 7With monopole masses of

include self-consistent meson loop corrections, may be ableZq 53 Ge\? andm2=0.61 Ge\? respectively. At largeQ?

to resolve this question. ) , the DSE approach does reproduce the pQCD power-law be-
At asymptotically largeQ?, factorized p?CD[30]_pre' havior [30], but this behavior does not occur until well be-

dicts that the form factor behaves @SF(Q?)—c, with ¢ yond [15] the Q2 range considered in our present calcula-

2 . .
=8mfzas(Q?). Since our truncation and the ansatz, Ed.tions and accessible at current accelerators.
(16), is constructed so as to preserve asymptotic freedom, we

We calculate the pion and kaon electromagnetic form fac-
rs within the DSE approach. The method is completely
oincareinvariant, and the only approximation made is a
elf-consistent truncation of the set of DSEs, which respects
he relevant vector and axial-vector WTIs. The employed
quark propagators, the meson BSAs, and the quark-photon
vertex are solutions of their DSEs in rainbow-ladder trunca-
tion with all parameters fixed previously by fitting the chiral
condensatan_x andf .. We include all relevant Dirac am-
plitudes for the BSAs and their full dependence upoi®.
The electromagnetic current is explicitly conserved in this
approach, and there is no fine-tuning needed to obtain
F.(0)=1=F¢+(0) and Fxo(0)=0. We also demonstrate
}éxplicitly that our results aréwithin numerical accuragy
independent of the momentum partitioning of the BSAs. The
‘obtained pion and kaon form factors are in good agreement
with the available data over the enti@ range considered,

are guaranteed to recover the leading power-law asymptotic ACKNOWLEDGMENTS
behavior. An explicit verification of this behavior, and cal-
culation of the constant, is not readily available within We acknowledge useful conversations and correspon-

our present framework since numerical accuracy at suckence with C.D. Roberts, D. Jarecke, and S.R. Cotanch. This
largeQ? is problematic. However, it is clear from our results work was funded by the National Science Foundation under
that at Q>~4 Ge\? the form factor has not yet reached Grant No. PHY97-22429, and benefited from the resources
its asymptotic value, and it is unlikely that experiments canof the National Energy Research Scientific Computing Cen-
access the true asymptotic region in the near future. In simter.
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