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INTRODUCTION 

At present there i s a general belief (see, e.g. ,/ll ) that the 
observed hadrolls are composite objec t s, made o f the conf ined 
quarks . Therefore it is not surprising t hat i n a theoretical 
desc r i ption of the observabl e s in electroweak i nteraction of 
hadrons, besides the wel l justi f i ed vec t or meson domi nance (VHD) 
model / 2 • t he lowest order quark-loop diagrams are taken int o 
cons ideration/3- 10~ What is mor e i nteresting that t her e is an 
unambiguous dual character of these two approache s 16.U . 12~ The 
value of t he electromagnet ic radius of the charged pion <r~>, 
assoc i a ted with the elast ic pion f orm f actor, i s a classical 
example of i t. Really. in the context of the nai ve vector meson 
dominance mode l of t he pion f orm f ac t or in t he zero width appro
x ima t ion one f i nds < r~ > ", 6/m ~ gi v i ng t he value <r~> a 0.38 f m 2. 
On the o t her hand, an a lternative cal culation of <r;>(6).based 
on the point-like pseudoscalar meson-quark-an t i quark coupling 
and f ree quark propagators i n t he t riangle d iagr am approxima t i
on of t he p i on fo rm fac tor, g i ves < r;> =3/(4 Tf2f;> = 0 . 34 fm!!, 
where f actor 3 is due to t he t hr ee colour degr ee s of freed om of 
quarks , t he pion decay constan t rTf = 93 MeV comes from the Gold
berger-Treiman r e lation on the quark leve l and the sof t pion 
l imit is carried out explici t l y. However, nei ther the naive 
VMD model wi t h the correc t val ue of p -mass nor quark triangle 
d iagr ams wi t h t he point -like coupling give < r~ > consistent with 
the world aver aged value . Then it i s hard to expect the predic
t ed pion fo rm f a ct or behaviour from t he se mode l s to coincide 
wi t h exis t ing data since the s lope around the poiot t ~ 0 is 
i ncorrec t. 

Recent ly a modified quark l oop model has been proposed 
in which a s usual the pion is a s s umed to couple to the electro
weak curr ents t hr ough i t s const ituent quarks. The basis of the 
modi fic ation l i es in t he f ac t t ha t the bound state nature of 
t he qq system (i.e., pion) i s s i mulated by a covariant wave 
f unct ion like t he boson propaga to r at the "qq vertex, ~aramet 
r ized by an ef f ect ive ma s s M and a coupling strength i rr qq " 
These t wo parameters of the lllod el together with the effective 
quar k mass mq enable (u tili zi ng a t the same time also Lhe char
ged and neu tral pion l i f etime s ) t o normalize the triangle diag
ram pi on f orm f actor contr i but i ons a t the zero momentum t rans
fe r and s imu l t aneous ly_to.. EEed i ct t:h!'! Rioo charge radius < r?~= 
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1 

© 06t.eAHR~ Kl{CTH~ 'iuiep~ Hccn~;:w}Ii Ha, 1985 
,- . " - " r 

.: I ' 



- 0. 677 fm, which i s in a perfect agr eement with the genera lly 
accepted v alue/14-19!Moreover , t he introduction of t he bound 
state wave funct i on of t he pion i n an ordinary boson propagator 
form ensures t he corr e sponding Feynman integral s, unlike the 
integral s of the quark t r iangle d iagr ams wi th the po i n t - like 
vertices, to be convergent, 

The aim of t he pr esent paper i s to cal culate the pion fo rm 
factor behaviour f rom the mod i f ied quark-loop diagrams and t hen 
to determine the range of an agreement of t hese predictions wi th 
exist i ng dat a in space-l i ke and in t ime-l i ke regions. 

In the next section we review t he mai n f eatures of t he 
presented in/lS~ Section 3 is devoted to t he calculation of 
pion f orm f ac t or behaviour and to its compari son with the 
Conclusions are drawn i n Sec.4. 

MODIFIED QUARK-LOOP MODEL 

mod e l 
t he 

data. 

The 	fol l owing one-parameter wave function of boson propagator 

M2
ell (f ) = - _ __ n ,n 	 (I) 

dependi ng on t he relative momentum t of the quark-antiquar k 
pa i r , was used i nllSI to modify the point-like I7qq vertex wi t h 
t he a im to make some a l l owance for the bound state nature of 
the qq system const itut i ng the pion . If we denote the (our-mo
mentum of t he incoming p i on of fig.l a by k and q and q carry 
momenta p and p-k r e spectivel y, then rrqq vertex is taken to 
be i".qn Yo cz,(p-k/2), where g"qq is a dimensionless strength 
couphng cons t ant and p -k/2 is t he redefined (by a factor 1/2) 
relative momentum,2p-k. of the qq bound state. The wave func
tion cz, can be thought of as simulating the effects of the 
strong interact i ons between conf ined q and q in an averaged way, 
wi t h M a free parameter to be fitted by known data. 

I n this manner a mod i fication was carried ou t in a ll I7qq ver
tices of the pion f orm factor quark triangle diagrams presented 
in fig. I as well as in t he quark-loop dia grams of the weak ra 
diative decay 11'+.. e+"y and the nonradiative weak decay "+.• ,/,,/.1' 
described by the pion decay constant r" . Then all Feynman in
tegr als, representing the modif i ed quark-loop diagrams wi t h the 
virtual quarks taken t o have f ree- particle propagators , ar e now 
conver gen t. 

The weak rad i ative decay ".+.. e+vy ia described by two s t ruc
t ur e f orm f actors , vet) (vec tor) and aCt) (axi al vec t or), where 
t he vec t or f orm f actor vet) c an be r el a t ed a t t - 0 as usual to 
t he neutr a l pion decay width v i a an i sospin ro t ation and the 
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(a) 	 (b) 
Fi g. 1 . Modified pion form faeto ark tri angle diag
Y'Clm.<>. 

conserved vector current hypo thesis as fol l ows 

v (0) = - (2 r ° /17 a 2 m30 )1/,..
" " (2) 

By using t he re l ation (2) and the experimental data on r"o 
as wel l a s t he normalization condition of the pion f onn facto r 

It 31 .at t = 0 and t he data on f" the au t hors of have determ1ned 
the f ree paramet er s M,g _. mq of the model as follows

"qq 

M 	 492 MeV, g '" 4.28, mQ = 243 MeV. (3)"qq 

Then subs ti tu ting these parameter s i n to the expression repre
senting six times the derivat ive of the pion f orm factor at 
t = 0 they have predicted the pion charge radius value 

<r2> I/,. 0.677 fm,
" 	

:0 (4 ) 

, 141J 	 which is in a perfect agreement with the world averaged vaI ue 
as wel l as with the re l iable consistent values recently deter 
mined in precision experiment s 116.17.19/. 

Since the mod ified quark triangl e diagrams in fig. 1 witb the 
~ values of the parameters/31 are now normalized at t = 0 and the 

corresponding Feynman integrals are converr,p.nt, one can calcu 
l ate the pion form factor a s a [unction of momentum transfer 
squared in this approximation and compare this pred icted beha 
vio~s with existing da t a . HOHever, this :is a subject of the next 
section. 
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PION FORM FACTOR BEHAVIOUR 
IN THE MOD IFI ED QUARK-LOOP DIAGRAM APPROXIMATION 

By using the s t andard methods of quantum f ield theory t he 
pion electromagnet ic vertex in the modified quark-loop d i agr am 
approximation r epresented by f ig.} can be wr i t t en i n the f ol 
l owing fo rm 

4 
f' (1t.1t') '"' ie(lt +k'\ F IT(t) =3(v'2)2eg2 _ ( d p x 

/I. 'JI. 1T q q (2 Ir) 4 

1 '/2) 1 1]_x(~ Tr[Yr,cIl(P+k/2),_m y5 
c1l <P+k p'-~'-m Yf.l ,+.Jt- m (5) 

- 31 Tr{ Yl)cIl(P-it/2)V 1)£ Y" 1 YI)'t(p-k'/2) ~]1.
- - m fl - li'-m I' m 

where e is the e lec tric charge, Frr (t) is the elec t romagnetic 
form f actor o f the pion and m = m = md = m is the constituent 
quark mass given by (3). I f we ca~ out t\e calculation of 
t races explicit l y, we obtain 

8M4 - 2 _ 
i(k +k')"Frr(t) = g~qq I(J -2J1 )-{k+k') (J6+2J 2) + 

(2rr) 5 11 

(6) 
+ (k~k ,, + 1ry k~ )(J7 -2J3 ) + (k k 'HJs + 2J4 ). 

wher e 

4 P J = (d,\2 
Da Db DbJ 1 = r d p ~ • J 2 = r d~~. J3 = rd4pP~. 4

Da. 

J I) = rd4 p 11 J = r d4 P _1_ J 7= ( d 4p p!. J 8 = rd~ ~ 
. P D- • 6 0 - ' 

a. Db Db a 

and 

.. k 2 2 k' 2 2 ,2 2 k'2 2
Da. = 1(P~2) -M II(P+2) -M Il(P +k ) - m l l(p - 2) - M I 

D+ = D+ (p2_m 2 )
b a. 

- I k 2 2 2 2 ,,2 2} { k' 2 2D = (p - --) -M l!(P - It) - m II(P - k r - m (p- -n) -M I 
8. 2 ;:; 

D- = D- (P2 -m2 )a. .b 

" 

In order to calculate the integrals J 1'....J8 f ir s t we use the 
iden t i t y 

1 
00 ia (k2 _m2 +i()r e n da D (7 )

k 2 _ m2+if o 

and then we carry out the integration over d4 p. As a resu l t t he 
quadrupole and qui nt uple integrals in t he variabl es an have 
appeared which, i n terms of the new variables Xn 

al = xl A 

a = x A
2 2 

(8) 

a= (1-x - ..·-x l)A.n 1 n-

where A=a l+a 2 +... + a D and n =- 4 or 5. can be reduced to 
tr i pl e and quadrupole integrals, respectivel y. Then t he pi on torm 
f actor (6) t akes the form 

M4-
g2 - 2 2 

(k+k')f.l F1T (t) = ITqq Ik
ll 

(F I -2m E3 + m1T E2 ) +rr
217 2 

+ k~ ( F -2m2~5+~1) +(k-k ')/l (Fs +4m!E4 ) + 2 (kit ')k" E 1 + 2(kk ')k~ E 2!.(9)
2 

wher e 

I-Xl I -X 1-X21 %1+ ][2 1 -1: 2
( dx1 ( dX2 r dxs I 2 +
Fl 

o 0 0 C1 f2
3 

1 1-x l l-x1-x2 2 lt2- ~ +1 


Fe ( dJ:1 r dJ: 2 r dxs l f2 + 2f 2 I 

o 0 0 1 S 

1 1-x 1 1-x l - x2 2
F r ][ 2+ %8 Xl 

8 = dJ: 1 r dx 2 r dxs I - - ! 
o 0 0 f 2 2C 2 

1 S 

1 l-~ 1-x -X l-x1-x.., - Xs 
2E = r dx r dx r Ix r -dx I ][1+ %21 

1 0 1 0 20 3 0 4 f~ 
4 

1 1-x1 1-x l - x 2 1-X1-%2-X3 2 

E2 = J dX 1 r dx

2 
r dx s r dX41~i!~! 


o o 0 0 Cl 
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1 1-:11 1-:11 -:12 1-:l1-:lr:l3 
:IS 


E S r dx 1 r ch 2 r dxS r ch 4 1-S-1 

0 0 0 0 ' g 


1 1- :1 1 1-:l1-x2- x3 :14I-I -:12 
E4 = 	 r dx 1 J dx 2 dx S r dx 4 1- I 

o 0 0 0 r: 
1 I - Xl l-:l1-~g l-:ll-:lg-~
r d:l r dx r dx ( dx , X

, +2x 2-2
E6 2 8o 10 0 0 4 (8
2 

f 1 = I- Xl ~ +:12 (: ' -k) + xS(Ir.'-k) +Ir. 12 +I(x1+Zg)(M 2_m2+: m;,l+(mLm!l! 

g
t2 = I - :Il~ -xgk +Js(f - k) +X4(k'-k)+t 12 +(:1 +:IS )(M2_m + ! m!)+

1 

+ X m2 + (m 2-m
g)1

2 " rr 

(It t') k' It ' k' 22m2
fa = IX 1T+Xg (It-T)H.aT+T 1 +H12+:r.s)(M2-m2+~~+(M -T)I 

It , k' 2 22m2 
'4 = IX12 + x2 k Hsk + %4"21 + l(xt+ x4)(M -m - T) 

2 
-(Xg + %8) m~ + m 1 

and m77 is the pion mass. If we mult i ply both sides of (9 ) by 
(kt-k')/l t hen t he cont ribution of the t erm with (k-k') " is auto
matically equal to zero and the pion fo rm factor is given by 
the following expression 

M 4 ..- 2 - 1 l-:l1 1 - X l-Xg X +1 2 x +x -3 
F (t) = .. rr q q I r dx r dx rdx [ 1 2 + _ 2 S ] + 


17 411 2 0 10 2 0 S fl2 2 r~ 


2 2 J dx
1-!Zldx l 'Xl·z~.ltl·Zr2·ZSx { (3-t/m")(Xl +2X2+2I:8 + X4) 

+ m1T 1 2 I 8 4 2t s 	 - (10)
o 0 	 4 

_ 	 Xl +2:1 2+x 8-2 ]I 

r 3 


2 
in which the integrals carmot be calculated explicitly and ex
press ed through element ary functions. Therefore, we have used 
t he standard program HIKOR/20/on the Dubna CDC-6500 computer 
in order to evaluate them numerically at different values of t. 
With this aim it is convenient to modify t he integrals of the 
expression (10) into the integrals ~ith constant boundaries. 
The l a t t er is achieved by means of t he subs t itut i on 

XoXg .....Y1 = x 1 ' Y2 = 1-X l y D = 1-x - ...-x _ (1 1 ) 1 o 1 

6 

which r educes t he i ntegr als in considerat i on into the f ol l owi ng 
form 

1 1- z 1 1 - z 1 z 2 
(dx1 (dx 2 r dx Q(x1 ,x ,x )s 2 So 	 0 0 

1 1 1 	 2 (12)
( dYl r dY2 (dy O[y ,(1- Y1)Y2 ,(I-y )(1-Y2)Ya](l-y1 ) (l -y2 > , s 1	 to 0 0 

1 1 -x l 1-:1 -x2 1,z1':l2 ·:E.3r dX1 	 ( ch2 [1 Us r dX4 H (Xl' I: 2 • X S ' X 4 ) = 
o 	 0 0 0 

1 1 1 1 
( dY1 r dY2 r dys (dY4H[ Yl'(I-Yl)Y2 ,(1-Yl)(1-Y2)Ys,(1-Yl)(I-Y2)(1-ys)y4,)X 

o 	 0 0 0 

(13) 

X (1-y )3(I-y )2 (l-y ),


1	 2 S

where 

Xl +Xs-3O(x x x) _ ~2+2 
l' 2' S - ,~ 2( 2 


1 a 


_ (a-tim2
rr) (1:1 + 2.12 + 2xS +%4) Xl + 21:2 +xs -2

H ( Xl oX 2'XS ,1:4 
) - 3 f 3 2t4 2 

at;td (1-11 )2(1-Y2), (1-Y/<1- y l(1-Y ) are t he corresponding Jaco
2	 s

b~ans. 

The numerical predict ion of (10) with trans f ormed integrals 
(12), (13) and the values of parameters (3) i s presented by the 
full line i n f ig.2, where the inverse pion f orm f actor i s drawn 
as a function of the momentum trans f er squared t . 

It is very convenient for a comparison of our pred i ctions 
wi th the data to use the invers e pion form factor, since the 
data (mainly in t he low momen tum trans f er va lues) of the space 
l ike region /21/ are rather scattered , and their per f ect f ie by 
the i nverse naive VMD mode l formu l a 

2m - t1{r(Ph> 1- = ---,,-p- - ( 14) 

1T mZ 


P 

with mp = 721 MeV is a s traight line (presented by the dasbed 
line in fi g .2) in t hi s case. The dev i ation of the full line from 
the dashed one in f ig.2 de t ermines a region of agreement of , the 
predicted p i on f orm f ac t or behavi our gi ven by (10) wi t h exis 
ting data. The l a t t er i s given , roughly speaking, by the f ol 
lowing range of moment a -0.08 GeV2-s: t.s: 4m;, where t =4m ; i s the 
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Fi g. 2. Inverse pi on form factor versus t. The numeri cal 
predi ction of (10 ) ~th transformed integrals (1 2) ~ 
(13 ) and t he val ues of parameters (3 ) i s present ed 
by the fu l l line. The dashed l i ne represent s t he in
verse nai ve VMV mode l formu la (14) wit h mp = 721 MeV. 

elast i c t hreshol d f r om which t he p ion form factor i s star t ing 
t o be complex. 

CONCLUSION 

By using t he mod i fi ed quark loop model proposed in f l~/ wh i ch 
pred i ct s t he p i on charge radius t o be i n a per f ec t agr eemen t 
with the gener all y accepted val ue , we have calcula t ed the p ion 
f orm f actor behav iour and compared i t wi t h exi sting da t a. The 
a greemen t i s achieved onl y i n the range of momenta -0. 08 GeV 2~ 
~ t ~ 4m;. Thi s r esul t indicates tha t t he modification of the 
point- like rr q q vert ex by t he s impl e wave f unc tion of the t ype 
of boson pr opaga tor (1) is enough onl y f or t he description 
of l ow energy par ameters of the pion . For the pion form factor 
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i n the whol e space-like region one has t o l ook for a more r eal i s 
t ic ver tex f unction which wi ll depend be s i des t he r e lat i ve mo 
mentum f of the quark- ant iquar k pair, on t he t ot a l f our-momen
tum and on t he sp i n , but i t wi l l have the same a symptot ic beha 
v i our as (J ) . This wi ll be t he a i m of our f ur t her i nvest igat ion s . 
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