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1. . Introduction 

. The elec~roinagnetic ·form ·factors· of· pions ~nd kaons and . iheir radii 
have been_ calculated by many authors with the use_ of different models 

. (see, for instance,[l]-[9]). 1We have also calculated the pion form factor· 
_ (PFF) in· the rionliriear chiral model with pion and baryon loops [2] 
and in the quark model [9].. · .. 

Howeve~, many calculations of meson radii iri the one-loop approx
im.ation with the q2-expansion of quarkloops have one deficiency. In

- deed, ifwe calculate; the PFF in the. tree approximation, we get a 
contriJmtion t~ the' PF~ only from the p:meson pole diagram [9, 10]. 

· If we consider the one-loop approXimation with the q2- exp;;tnsion of 
- the quark' loop :d~agrams, we get an additional contribution to PFF 

from: the triangle quark ·diagram describing the 'Y7f7r vertex. (here . 'Y 
?-nd 7f are the photon and pion, respectively). Some,a~thors co11,sider 
in this· approximation ·only the latter contribution without taki~g ·into 
a;ccount the contribution from the p-pole diagram [4; 5, 7]: Since the 

. p-,mesoll: does exist, it is 'necessary to consider both the diagrams to-. 
gether, similarly to the case of tree approximation. However, then: we 
fac~ th~ problem of "douplirig of the firial resvlt"' 'as each pf these 

. diagra~s separately provides . satisfactory values for the rheson radii 
. (see below). 1 . .· .·· , · · · · " ·. · 

. . In thi~ ~hort note we ~~uld, like to. sh~w th~t thttriangle, quark 
. loop diagrams and vector me~on pole diagrams 'can be ~onsidered to- ' 
: gether"'ithout; "doubling· of the final result" .if' we tak~ into account 
;-the yector-:meson forni fact.()r~. _ Vf~ ~hall de~on~tr~te· o~rmethotl con- _ 
sidering the Nambu-Jona-Lasimo model and veetor·dominance'model 
in th~ tree and q2- approximatimis. 

'!- ' 

2. -·-·. Th.'J pion· form factor.· 
- J'j ' ,· : . 

. In refs. '[8, 9], it was shown that the Nambu-Jona-Lasinio model (NJL 
'i:nodel) [ll]can be a -common source ofthe chlrallinear sigma model 

. -~Within this paper, the;notion"doubling of the final result" .refe~s to obtaining twice the 
'experimental value in corresponding' ~~lculations f~r- the-meson radius·. · ·: · · · · • 

• f, ,t. ;_ -··,_· ,;'_:, ., - • ' I 
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. [12]_ and· the vector dominance model (VDM) [lor The-U(3} * U(3) 
symmetric NJL Lagrangian with the electromagnetic interacti~ns has 
the form · · . ' . . . · ·. , 

. ' 

£1 = ij~iOv/v ~ Mo- eQAvlv)q + ~1 [(ij.\aq)2 + (iJh5._\aq)2] 

- ~2 [CiJ/vAaq)2 + (iJI'5/vAaq)2], (1) 

·where ij = (ii,d,·s) are the color quark•frelds, MO . (m~, m~, m~) is the 
current quark mass matrix; _xa are the Gell-Mann matrices 0 :5 a :58, 
Av are the photon fields, e and Gi are the electromagnetic and strong 
couplingconstants and Q = !(.\3 + ~) is.the qua~k charge operator. 

From (1), using identical transformations, we can get the meson
quark Lagrangian ( see [8, 9]). Here we give only part of this La-

. grangian to be necessary for the description of the pion and kaon form · 
factors · . , 

£2.- ij(i8v/v :_ M- eQAv/v +igq,/5</JaAa + ~Vc:'/vAa)q. · (2) 

Here M = ( mu, md, ~s)is the constituent quark mass -matrix ( mu ~ 
md = 280MeV, m 8 ....:. 4:60MeV, [8]), !}q, and gp are the psetidoscahir 
and ve~tor meson coupling constants; gq,i,j = m2t7j , ~here Fii ar~ the 

, decay constants ofinesons (Fud = F1r .- 93 MeV, F":us = FI< --: 1.2F7r, 
gp- 6.14) and <Pa arid v: are the pseudos'calar and vector mesonk., 

Now we shall consider different app~oximations for the meson form 
factors followin{:(from the Lagrangian (2). We shall investigate'only 
the, o~e-loop quark diagrams (Hartree approximation of theN JL model) .. 

> • ,. ! 

2.L Tree approximation for the PFF 

Let us consider .the PFF in the .tree approximation (Fig.1). These· 
diagrams are described by 'the Lagrangiari. [8, 9, 10] · 

£3 . i( eAJl- gpp~)(1r- 8~'1r+ _7f+o1'1f-) + 
2 
e pllv P~v ' (3) 

- '· . 9p 

where AJl, pJl, 1r± are thephoton, p-meson and pion fields, respectively, 
and F,Jv = 8JlAv...:. 8vAJl. We can obtain the Lagrangian (~) from 
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(2): by using the local approximation for the quark loop. diagrams of 
.. Fig.2.2 It me~ns that we have to u~e only the diverg~nt parts of .the 

corresponding integrals and the· equations for the coupling constants 
91r and gp~which are iri the NJL model (ref. [8]) 

·_ ' . J >A·, . d4k~ · 
.. g7r2 = -z 41f4 j r -? 7.?\2' gp = ~91r· (4) 

Then from the amplitude TA1r+1r""' 

TA1r+1r- = epvAvF~(q2), . . . (5) 

~eget the standard result for the PFF [10, 9], using the Lagrangian 

(
3) •. ; , ·, " ' •. ' - '. . . '. ' . ' .. · '· ' . ' ~ 

. ' ' ;!, ' ' ;. - ' ·' ' . '2 . 2 : ' 

( 
2 . ' q q 

,, F7rq)=l+m2-q2~1+m2·' (6) 
. p p 

where~ ' P1 + p~, q .. P1 - P2 .;,nd the Pi are. the pion ~(;menta. 

' . 2.2.: q2-approxhnation for 'the quark loops: 
• ',. :· ' ' • :·· f I 

Nowl~t us consider the corresponding ~iagrams.with quarkloop~in all . 
the;vertices in the q2-appro:Ximation (see Fig.2). Using th.e expansion. 

, of diagram 2a in .the photon mome~tum we obtain [8, 13] 3 

' ; • J 

' • " 2 

F;(q2) =J + !L, . (7) 
, . : , ·' , _a'lr 

where the notation a1r _;_ 8i2 Ftwas'iritroduced. The denominat~rin 
the second term of (7) is approximately the square of the p-mcson 

. .. mass, 
'a ·~m2 
. 7r ":' ' p:. 

Therefore, we could get the previou~ result only by .considering one 
triangle diagram 2a. If, in addition, we consider diagram2b, we arrive 
at the double.expe~imental:value for the,pion radius .. 

, 2 Note" that the NJL model in the tree ~pproximati~n gives all. chiral phenornenological La-
grangians and the.yector dominance rriodel (see [8, 10)) '' . 

3This expansion has been outlined in detail in ref. [7]. 

,:, , '. 



' ~ .. 
Inde~d from the diagram 2b using theLag~angia~ '(3r (or (2)), we 

get·· 
F;·(q2) = q2 gp(q2) 

· (m~-q2) gp ' 
. (8) . 

where gp(q2) ~orresponds to the triangle diagram 4b, but with the 
p-meson off the ~ass shell, i.e: q2 ~ :m~. Then if we suppose that' ·· 
gp = gp(mp) r:::: gp(q2 ~ m~) (as in the previous section), we get from 
(8) an additional contributi~n to.PFf, namely, 

2 
F b. q 

7r;;:::: -2. 
mP . . 

This gives the double expe~ime~tal valuef~rthepion rJius· .. ·. 
Unfortunately, we cannot calculate the vector meson form factor 

. off the mass shell of the p meson within the local NJL model.. For 
that purpose it is ~ecessary to consider the n6nlocal version of this . 

• model which doesnotyet exist.'However, we can constn~cfthisform' 
I 

factor "by hand", ·using the ambiguity connected with the divergent 
part of the tr.iangle .diagram 2b and the information which we h~ve ' . . . 

• got from the q2 expansion of this diagram. A form factor of this type 
. was proi>Ose'd and used in refs. [8, 13]; it is or'the form 

2 .•. . . . q2- in~. 
.gp(q ) = 9p(1 + ). (9) 

. . . . a1r 

Here th~ q2 co~fficient comes from the 'q2 expansion of the triangle 
-diagram (see eq.(7)) and the construction ofother,parts in (9) results . -
m 

. . . I . 2 
·g (q2 _ m2) _ g · . · 9. (q2 # 'm2) ~ g q p - p - p ' p ~ p ~ p-· 

• . a'lr 

; i 

r (10) · 

This behaviour of gp(q2) allows one to describe the decay p --+·27r 
and the processes w --+ 37f and 1--+ 37f in accordance with low-en~rgy 
theorems (see [13]). 

In the NJL niodel the quark loop with photori and p- meson legs 
(see Figs. 2b, 5b and 6a) gives an expression which equals the last· 
term in the Lagrangian (3) (see [8]). As a result, we get 

F (q2) = 1+ q2 + q2 (1+ q2- m~) ~ l + L. 
7r a1r m~ - q2 : a1r · · m~ 

(11) 
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This is again the standard 'result'. Therefore we can see that the ' 
vector form factor in our f6rni ·permits us to avoid: ,"doubling of the 
final".'result"; in calculations oCthe meson radii. 4 . • · ' 

2:3. ·Tree appfoximation forP.FF i:O: .tht:(vector dominance 
model . : .· · 

~ ' . . ' ·. '. . : ;; ·. '· '. : : . ' ' ' ~ 
•. Now let us.turn to thestaridard vector dominance 'l:nodel (VDM) [10]. 
: After a transformation of the vector field p, ' 

' . e . ... , , . . p = p +-:-:A 
. . . 9p . ' . 

. . ) ' ' . .. : ; ·: i . ' ;' ' ~.. ;, ' ' ; : ,. . . ' ·. < ' ,. ·, • 

w:e obtain, insteadofth{dast term in (3), a nondiag~nal term without 
d~rivativ~s (from the mass term ofthe p-meson) [10, 8], · · ... , . .. . e··.. . . . . . .. , 

£4 = -m2p' All. 
. gp p ll 

(12), 

Then from the. diagrams in ~ig.3 ire 6btain in th~'tree app-roximation 
' ' ' . ·:· '. '. ' .. · ., ., . . - ' : '' 

: .:F7r(q2) ~ 1 _:: i'+~ i~ 2 ~ 1+ q22.' ... I ' I . (13) ' 
·. .· . mP-q . mP 

' J . 

q2-appro~illlation for ~~ark loops 'in:the vector do~i-
... 

2.4. 
· .. nance model;::· ·' .. ;,;· .. :,; 

, · Finally,:'con~id~riri.g' £lie 'qria~k lriop diag~~ms of Fig.4,.using q2 .expati~ .· 
sions of the triangle diagrams ( 4a,b) ;\t~d the forlll fa~tor (9) for the 
pmeson, we get · 1, , ,. .. 

F1r(q2) •. 1 +q2 ~(~;+ q2- rhhil'• 'm~ (1'-·mr- q2) ~ 1 + L'. (14) 
... · , · · · a1r · ... · · . a1r . ' m2 :- q2 a1r · m2 
' • "·: .... ·, • . . .. p ' ; . ' . P. 
Therefore we see that in all' cases :we can obtain the standard VDM 
r~sult for the PFF using th~ for~:fa~~o:r .. ~f the p 1ne.s~n ,tpget~y~ ~ith_. 
q2-expansions of the quark loops. ·· ·. . · · 

All these equations ,gi~e thefollowi:r;tg value for the pion radius· . 
. :·•.•. . r, , ,6 .. 

< r 2 >1r.. m2 ~ 0.4fm2 (15) 
p 

1 ' ' ·, · 4Jt i~ worth to note that using this form factor we c~n also describe the processes p.:.... 21r,w--+ 
.. 37r, q, --+ 37r, 71 --+ 1r+1r-1, KL -+ 1r+1r'-:1 and 1 --+ 3,;. in accordance with experiment and low~energy 
~ theorems (see [13, 14] ). · 
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3. . The kaon form .. factors 
;l<(' 

Now let us show how analogous results can be obtained for the kaon 
. fo·rm factors (KFF); To this end~ we us·e theLagrangian which can be 

found from (2) (see n~f. [8]) · · · · 

£s = -i~ [((\-a:K,+_-:- K+ovK-)(p0 +w + v'2¢)~. 
+ (K08~K0~K08vkJ)( -~0 + w + v'2¢Y], (16) 

where K, p, w, ¢> are the fields of the kaons, p-; w- and ¢>- mesons .. 
Consider th~ diagrams of Fig.5. For diagram 5a we get 

' ' . ' ' .. ' ; '- . ~ : ' . : ' : ,. .• . ' . 

FJ(-t(q2)=1+:E_ , ';aK .. 8i2Fk , Fi<'=1.2F7r: (17) 
. aK . 

To calculate diagrams 5b, it is necessary to consider the quark loop 
diag~ams'describingthe transitions of photons into the p0 ,w;¢> (Fig.6): 
These diagrams givethe nondiagonal Lagrangian [8] 

' • ; ', ' • ~ . . l 

" ....:. e F~'v( o . 1 .. \12"' ) 
L-6 :- 2 Ppv + 3U;'11v+ 3'i'IJV 

. 9p ' ·: ..• ·.·.(. . ;·; ' ;·. 
(18) 

For the contribution to the KFF corresponding to Fig.5b, we have the 
following expression using;the Lagrangia:ns (16) and (18)_and the form 
.fact~r (9) withthee~~hange'·a~--+·aK. · · · .. , · ·, ··· ' · 

" ' . \ v .' ·• . ~ ,_ < 

' pb ( 2) - q2 [ 1 ' ' ., 1 + ' 1 l> 
K+ q - ·-~ m2 -q2- aK 3(m2 _ q2) ~ 3(1· p ,. w . K . . . ' . 

'\ 

2-' . . 

+ 3(1vfJ~ ~~).~.3;) ~ ~-Y~l~ 3~~.+~!~ -.·a~]. (19) 

' 
Summ'a.tion 'of (i7) and (19fyieldii 

' 

FK+(q
2
) .. l+~t~~+ 3!~ + J!~J: (20)' 

and 
· .· 2 [ 1 . · r: . 2 · ·· · ·. 2 
< r >K+ ,·. 3 m~ -:. 3m~ ,'! 3m~] = 0 .. 336fm .. (21). 

6 

'\ 
I 

i 

I . 
! \ 

J. 
I 
' 

' ,. 

~:... ' =.• r' ',.. 

'- . . ) ~ '.. ·, ' .- . ' ., ' ' . 

For the ne'ut,ral kaons we have only the last diagrams of Fig;5 (5b). 
These diagramsgive the following· contributions to· the neutnil KFF 
" ' '. ' ' . 

. 2 ' ' 
. F ( 2) _ q [ ·. 1 · · + . 1 . + 2 

Ko q - 2_ (m~ :- q2) · (3m~- q2) 3(m~- q2) 

3-1- 2 ' ·. q2 1 . i ' . ·2 . ·' 
+. 3ai< ] ~- -:-2[m2 -3m~ -:-3m2], · (22) 

p ' • '; .</> ' ' .. ' 
' : 1 . 1 2 •. 2 

< r 2 > I<o' = -3[-2 - -
3 2 - -

3 2] = -0.059fm . (23) 
. mp . mw . m.p . . _ · .· . 

• ' - I 

Therefore we have again arrived at the results coinciding with those 
'found from the standard vector dominance model. These results are 
.ill ~atisfactory agreement with the experimental data (see Table and. 

[15])., '. ' ' ' ' 
Our calcul~tions show that ohly using the yector .form· factor as 

'given .ab.ove we can obtain the correct results for the mes~n. ~adii iri 
' ' . ' . / ' . . '' ~ . ' , . 

the q2
7appr:oximation of quark loops.5 . -

$ ' ' .. ., 

' ,· ' 
,,, 

I , , • 

4: .. Temperature' dependence of the pion. form 
·. '· factor · ) ·.·.· ~; 

\· 

We sh~ll demonstrate th~ definition of the temperature• dependenc~ of 
meson form factors using the PFF as an example; For this purpose 

·.let ·us consider equation (11 ): . We can see that the contribution ~f 
. ' ~It is worth tci note that even small changes ~f the vector mesad form factor' may signific~ntly 
· :alter the fiiial,result. For ,instance, ifwe use some other form factor, . . . . . ; . 

. 2 ·. ' , q2 .:_ m~ ' 
gy(q,) = 9p(1 + --2-), 

.. , ,', . my 
(24) 

:whi£h satisfies th~ codditions (10) ~well, then {is), (21) and (23) are replac~d b~ ... 
I' . 3 . . ., ' 3 .', ' 
<:r2 >,.=-( F)2 =0.34fm\ <r2 >K+='.-( )·2 =0.24fm2

, · 27r " · 27rFK 
< lr2 l >K•= 0. (25) 

H~we~er, the new result for K 0 does notagr~e with the experimantal data. The physical reason 
~f that is the following: The den~minator a,. in eq.(9) comes from 'the q2-expansion of the triangle 
.diagram (see eq.(7)) thereforeit connects 'with the·inner structure of the meson. mp ~a,., but if 
·we use mp i!lstead ofa,.·we lose this nonlocal characteristic of the meson: We therefore do not 
:h'ave many convenient expressions for the vector: meson form factors to choose from. · · 

7 
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·, 

diagram 2b with an .intermediate p meson to the PFf beco:dJ.es very 
small if the p m~son form factor (9) is taken iri.to account, . 

< r2 >7r= (0.34 fm2)a + (0.05fm2)b. (26); 

On the other hand,-di~gram 2a connects to the electromagnetic struc-. 
ture of the pion more. closely. Taking into account that the p meson 
mass changes very slowly with temperature (see [~6]), and that the p-· 
meson form factor is very phenomenol~gical in character, we suppose 
that the temperature behaviour of the PFF is defined by the triangle 
diagram.2a.:Thus we.obtain [7] 6 . 

3 
. < 'r2 >7r~ (27r F1r )2. (28) 

The decay constant F1r decreases very quickly with temperature ifT > 
180-190M eV (see Fig.8, which coincides with Fig.4 from [16], D;Ebert 

· et al.). This means that the pion radius increases very quickly in this -
temperature, domain (see Fig.9, wh~re eq. (2S)' and F1r(T) from Fig:8 
was used). If T > Tc, where Tc is the critical t~mperature (Tc ~ 2l0-
220MeV [16]), the'pion is rio longer a bound quark-~ntiquark system. 
Equatio~ (28) satisfactory describes this process· in the teniper~tur~· 
domain close to Tc. · · · · 

Here we have considered only the main (Hartree) approximation 
for the. PFF. To next order in the -1/Nc expansion we also have. to 
consider the pion loop diagram, Fig.t'O. Diagrams ofthis typ_ewere 
estimated in [1, 2,. 3]. Their contribution to the ~FF is comparable 
with the contribution of the p pole diagra'rn.. In[2] we have" obtained 
t~e following expression 

2 1 I (21rF1r)2 f . < r. >1r~ (4 F )2 n -. - ~.0.08 m. 
7r 7r m7r ' 

(2~) 

,
6 It·is interesting to note that in the nonlinear chiral model with baryon loops (2] we-have 

obtained a result very close to (28) ' . 

' 1.73g~ 
2 B_ - )-2 1 < r =;-.-:- (27rF.- . '(27) 

where' YA -~ 1.25 is the renormalization of the axial baryon current and the factor 1:73-describ~s 
the contributions of the SU(3) baryons (P, 1;± ,:=:±-,see Fig.7). The fact~r 1.73g~ ~·Nc. (Nc. is the 
colour number). 
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This contribution also increases w.ith temperature, but near Tc the 
logarithm may be equal to zero. Asimilar result wa8 obtained in [7], 
7 

2 · . • 1 I (mu)2 'f < r >1r~ (41rF1r)2 n m;. -~ 0.08m, (30) 

where mu ~ 27r F1r is the ma8s of the scalar meson. 

5. Conclusion 

The· above c~lculati~ns s~ow' that the 'simplest' representation for the' 
. 2 .. . . . -· . 

vertex p7r7r of the form -g;u = gp (£i: ~··3) can only be_ used on the'. 
\ . 

tree level (standard VDM, [10]). If we consider the qLexp;;tnsion of 
the quark loop diagrams which describe the vertices 'Y7r7r, p1r'1r, and P'Y 
., itjs necessary to introduce a new representation of the vertex P1rF 
in order to avoid· "doubling of the final result" in this approximation. 
Because the vertices p1r1r and VI< I< inthe diagrams describing PFF 
(or KFF, respectively) are o:ff 'the mass shell for the ·vector inesons 
(q2-~ m~, very far from the yector·meson.mass), in the framework of 
the standard local NJL model we cannot exactly calculate theseform 
factors. We therefore have.to'hse ~orne phenomenological expressions. 
for them which have to sli~w, 'however, a very realistic behaviour, in 
different domains of q2• One possibility has been discussed here. . . ' 
·.-To.calculate these formfactotii~oreJ~xactly, it is necessary to cou'

sider a nonlocal version o-f the N JL model or even some other model 
' J ~ \ 

·(see, for instance, [17]). . · · . 
· The q2-approximatioil .. is m.ore convenient for a careful investiga

tion of the meson inner struct~~e at zero and fin:ite temperat~re .. Our . 
representation for the vector form factor pe!"mits one to avoid "dou
bling of the final result",· because only in this case we can neglect the · 
contributions -~f the ve"ctor·pole diagrams. 8 '. 

In future we hope -to'treat this problem ciore carefully, using the 
nonlocal version of the N JL model. 

7Note that in eq. (30) not all meson diagrams correspond!ng to the 1/Nc approximation were 
taken into account. · -

8 Note', that some authors have done this without any expla?ation (see, for instance, [4, 5, 7]). 
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/ ... 
. TABLE 

. The theoretical and experimental valuesof the. pion and kaon radii 
. I ... 

(units are in fm). · · · . ' . . · 

Theor. · 
· · Exp. (15]. 

. ,; 

... 

·; 

.. 

· .. 
'• 

·:· 

J(r2)7r± J(r2)K± ,-

0.63 0.58 
0.663 ± 0.023 . . 0.53 ± 0.05 . 

" /-. 
J. 

9; -t: ·j<f . 9i.r 
.. ·,-' .. -:- ~ 

».J~·;-. 
01 . g 

.· :figure 1: Tree di~gramsfo; PFF. 
' c : ,.' .. ) ' . :-

·\:, '. 

·;,··r : 

;·.t. . ' 
~:l.· "··•···· w"·.·w.· t-. ~'IQ+ - - ..,. . . - ~ L.:t..::::a. - ....,.. 

a :g 

Figure 2: Quark loop diagrams for ·PFF. 

. . , J(r2)Ko 
. :0.24 
0.28±0.09 

,·,l 

l• 

~. ; 

... ,· 

' 

,I . 

cr 
11r ~ rpr 
-~L~ 

C/ 

»'"'~~ 
g 

~}r. ~· _j~~ 
c 

Figure 3: Tree diagrams describing PFF in the VDM . 

( . 

E:.ly: 
Jfc 

'iii&. "' --~ . ~.?" 
.!"; (q\ _r;;_; 

q 
. . g 

c 

Figure 4: Quark loop diagrams describing PFF in the VDM .. 
/ . . . 

' t . 

· x· r ~· . -· ~£-. -.7- .. 
'oi 

-~:..&~~ 
.. ,:fo~ B .. · Ko 

Figure 5: Qu~rk lo~p diagr~s f~r KFF: '·• 
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-· 
,, 

_r~·.· r~--r~ 
C( '' '/l c 

Figure 6: Quark loop diagrams describing the transitions 1-> (p,w, ¢). 

... 

[t 
w+ 6 sv+ 

- • L1 +-IJf_ '=' i 7 
,-' . 11-J : : 

Figure 7: Baryon loop diagrams describing PFF. ·· 
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Figure 8: Temperature behaviour of the F"'. 
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