


1. Introduction

For a time there has been considerable uncertainty about the
first radially excited _P meson state. Only recently/4’5/ clear and
independent evidences for its existence in the form ofJD (1250) at
a somewhat higher mass value from the analysis of cross section data
on e*e‘-a J/"*J]'-end C+€——> ¥ %co has been found. However, in the pa-
pers’ "? the parametrization of corresponding cross sections in the
form of a superposition of simple Breit-Wigner formulas has been ta-
ken, which must not be the most suitable, because masses and widths
observed directly in an experiment need not be a true measure of
the underlying resonance parameters and they can be modified signi-
ficantly through interference with an appropriate nonresonant back-
ground. Therefore, in this paper, we use for a determination of the
JD'(1250) parameters (besides the other adjustable parameters of the
model) the more accomplished unitarized analytic VMD mode1/6’7/, in
which also contributions of the nonresonant background are incorpo-
rated in a very natural way. Moreover, instead of the only data on

ete > T 'y~ the pion form factor data from the whole existing
range of meapured momenta -1OGeV2<t<10 GeV2 are analysed simul-
taneously. As a result, the occurrence ofhp'(1250) resonance in
e+€§l,37*3r- process is confirmed again and a coincidence in its
mass value with that determined in /4,5 has been found. However,
the values of other resonance parameters are different.

In the next section we briefly summarize the unitarized analytic
VMD model of the pion form factor and also we prove that the asymp-
totic beheviour—u-t'rt_,ooof the model has to be fixed since the
most optimal asymptotic behaviour~. #° l+» oo enforced by the
data in contradicts the results of QCD. Section 3 is devoted to
the analysis of all existing reliable pion form factor data and all
adjustable parameters of the model are determined, unlike the papers
/4’5/,1n a fitting procedure evoluating also their errors by the
statistical methods 8 « Conclusions are drawn in section 4.




2. Unitarized analytic VMD model of the pion form factor

It is well-known/gl that the electromagnetic structure of the
pion is totally described by one scalar function /—" ({) depending
on the four momentum transfer squared f=-62 of the photon and di-
rectly measurable in the process e+€-‘>‘77 J7~ through the cross

gection
- 2,3 ; 2
S(e'e>Tr)= %’%f /5(7.‘)+Rcup__ﬁﬁ__ /2 (1)
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where

R= 5 (T Y, ;
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2%
o/ is the fine structure constant, :[4~ -l_%”_"] ig the velocity
of the outgoing pion and the phase P is given through the Jo and
tv mesons parameters by the expression

Y= a/u:'éL _J__ (3)

)r}
There are, however, also other pz{)cessea, like J',D—> Ee 5. and
J/¥-> F ty-s giving the experimental behaviour of F(f) for £330
and the processes € /V-’eJ/V e > Te from whlch experi-
mental information on F[-t) for #<p1is extracted,

The most prosperous approach in the description of all these
data from a global point of view, which reflects main features of
the pion form factor experimental information, is the vector-meson-
-dominance (VMD) model

F(¢)= Z Z (wu-//,,) W)

where the summation is carriad out only over isovector vector mesons
(further we restrict ourselves to 1}‘ 7)) m are their masses,
and f are vector-meson-pion-pfgn and universal vector-
-meso‘x; coupling constants respectively. Really, Eq.(4) takes into
account the fact of the creation of various vector mesons in the
reaction e"'e"_, 7,-’7' explicitly, it is normalized for f.-_-o by

the relation
O Cerett)= 1 )

and governs the asymptotic behaviour

E [t} 27 (6a)
£~ 2o
predicted/11'13/ for the pion by QCD up to the logarithmic correc-
tion as follows 2
4) ~ 847* .7( )
6b
T (11- 22, )(- t}«&;[ oz
where J[- 93 MeV is the pion decay constant, '2;‘ is the number of
quark tylavours and/\ 100 MeV is the QCD scale parameter.
Nevertheless, VMD model (4) besides these positive features has
also a series of shortcomings, e.g. it acquires infinite values in
the contradiction with measured croess section (1) at the vector meson
positions t m2 and it does not respect the unitarity condition

# Ef)= Fre)A ’[f) + SLt) D)

with A,' to be the P ~wave isovector 7 # scattering amplitude and
with 6(1‘:} repregenting higher inelastic contributions. It is also
short of a smooth nonresonant background, which seems to be crucial
in obtaining true values of resonance parameters from the existing
experimental information on the pion form factor.

We note that all these defects of the standard VMD model are
overcome by the incorporation’°’” of the two-cut approximation of
pion form factor analytic properties ( see Fig. 1) into (4), which
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Fig. 1

a) Two-cut approximation of the analytic properties of the electro-
magnetic pion form factor;
b) structure of the corresponding four sheeted Riemann surface.



finally leads to the unitarized analytic VMD model of the electro-
magnetic structure of the pion. The two-cut analytic structure is
generated (see Fig. 1) by t= 4)”’_2 end Z#= 'ZL,,G>4/»;2 (it will be
left as a free parameter ofthe resultant model), square-root-branch
points. Then utilizing the conformal mapping

1= [(t-4)/4]%
and the inverse Zhukovsky tranjformation ? .
W)= 2 ra? ¥ S0 2] Z, 7,2l
[‘l:“'*i]’r[z g_] e T
0, ) ) (0 2 ) H,)
fW %/Wr%J(W-M)/WM.)

where W denotes the VMD pole position in the W~plane (see Fig. 2)
and the asymptotlc behaviour (6a) is ensured by the power "2" of the
common normalized factor in front of the sum. If, further, we use

=1 (8)

leads/6'7/ to
(vmo) 2 2
) (10)
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Fige 2
Regult of the mapping of the four-sheeted Riemann surface
onto one W-plane

2
inequalities/7/ for the masses of vector mesons, '29,, £ i'ie and
2
Mg, ’q>-t”'¢ » introduce the nonzero values of vector meson /.
widths by means of the changes

: 1
o T e ol

and take into account the left-hand cut contribution/14'15/ by & nor-
malized factor congisting of one pole and one zero on the positive

real axis (see Fig., 2) inside the unit circle in W-plane, which corres-
ponds to the negative real axis of the second Riemann sheet in - va=-
riable, we finally obtain the unitarized analytic VMD model of the

pion form factor

E [W))= Q)Z[W‘ 2 ) (v P)
1 W/‘ (W-W,) (V- )

o 4 06-%) (W) (W= 2m) (- 4/
V) (W) (W~ 1/w,) (V- yg) Gl )

Z (- W0 ) (W0 ) (W, W ) W0 ) o 14)

WS ) W= WE) (W W) (04 )

(12)

‘U'::ffl/

defined on & four-sheeted Riemann surface where 4 -poles (always at
complex conjugate points) are placed on the second and fourth sheets;
and p!/p? -poles, on the third and fourth sheets. In the next section
t0ls moadel Will D€ used I0r vune analysls OI the pion Iorm I&CTCr aata
to determine the resonance parameters m = Ho-
wever, before we draw our ettention to th'e :;yflp o?i‘c g:t:::fgﬁrjof
(12).

Though in principle the change of the power of the normalized
factor in front of the sum in (12) to an arbitrary positive integer

ag follows ﬂ/

7- (
(13)
7- W,
leads to the generalization/6'7/ of the pion form factor asymptotic
behaviour of the form

u
Z

F(&)n 2
Y 4

J (14)
+ > oo

without any vidlation of poesitive features of the model (12) reached
by the incorporation of the analyticity into (4), further we prove
thaet only positive even A/ is allowed in (14) in accordance with (6b).

Really, the analytic continuation of (6b) to the upper boundary
of the pion form factor ocut on the positive real axis %+ by means of
the substitution %> #4e& 7



+ > te'T (15)
leads to the expressions 2
72 F
Re F7f-[t)~— / 2 z 2 (16a)
dvoa [M-Fn)ttnt/n
and z
T 647%,
I h (t) ~ - : (16b)

tor oo (H-F)E on"¢/A?
regpectively, from which one can see immediately that in the asympto-
tic region of the pion form factor Ke F’;ét) dominates the J;ng_[t) .

Now we prove that the latter comes true in (12) only under the
assumption that M is a positive even number.,

Really, for '1:"-):90 on the first Riemann sheet, W—’-/ (see
Fig. 2), then all terms in thesum in (12) are, in the limit ¢ oo ,
constant and the pion form factor asymptotic behaviour is ensured
only by the normalized factor (13) placed in front of the sum in (12).
As a consequence, taking into account also the change (13), Eq.(12)
very near to the point \Y/:—{ can be rewritten into the form

FE TWwWirt)l- /z_w3M//4nv)/"n/;)—- IRAL PR (473
7L V= L4 . t)= L) TR A

where fm B(t}»0for £ oo . Moreover, for 't,;,e<'é< ad
] W(—t—)l: { i.e. W(t)=¢e' Plt) , where Re e’m-‘z,_{ as soon as

@lt)y F- + So, the relation (17) in the asymptotic region
takes the following form

M
E[we]= (i Sinere)) BCE G
from which it is evident that

a) if // is even, then E_[\X//L—ﬂfor t—>+os is dominated
by He Fyt¢)s
b) if M 1is odd, then F,.[W'/ﬁ)_] for ¢ »+e 18 dominated
% PmF (] -

In order to respect the consequence of the perturbative QCD gi-
ven by (16a,b), one has to take /™ in (12) to be a positive eve
integer. Since the asymptotic behaviour (6a) is right behind -é-’é
taken in 1/ to be nearest to the form (6b), one has to fix Nt"”
in (12). =2

Consequently, one cannot take the resonance parameters in 11/ to

be true because they have been determined in a fitting procedure
of the pion form factor data by meamsiof (12) with a wrong asympto-
tic behaviour,

3. Analysis of all existing reliable pion form factor data

The unitarized analytic VMD model (12) constructed in the pre-
vious section depends on the following 12 adjustable parameters

W, W Y My, Ty Fog e (7= 2 10" (19)

with the clear physical meaning. Their number is reduced to 11 by
equation (5) conserved also by the model (12) which is a consequence
of a normalization of the pion form factor to the pion electric char-
ge taken to be equal to one. In the analysis of data we choose the
ratio of coupling constants ;Jf’ /7/[0 of_,ﬂ-meson to be expressed by
.means' of (5) through the coup{ing rations of the other resonances
contained in the model (12).

To take into account also the 1isospin violating Co-* r'r-
decay leading to the so~called p-co interference effect 1ne"e'-»7/"'r.
we correct the pion form factor by adding (see the cross section (1))
the Breit-Wigner form of the (o -meson multiplied by a complex pP—¢o
interference amplitude Re‘? where R 1is defined by the relation (2)
and the phase  1s expreased throutho and ¢ meson parameters
by the relation (3). So, finally there are 12 free parameters to be
determined in a fitting procedure of data affixing the amplitude
to the previous 11 adjustable parameters of tke model (12) and taking
the values of @ (783) resonance parameters from the Review of Par-~
ticle Properties /16/ i

Most of the used in the analysis pion form factor data are com-
piled in /17/. But there are also the most recently obtained data
/18,19/ which in the combination with the previous ones given all
together 293 experimental points. Nevertheless, taking into account
the recent results 20 on a direct compatibility check of the space~
-like region data obtained from electroproduction processes with the
most reliable ones obtained from €'¢™» FTT, we find/2°/ 5 doublful
electroproduction pion form factor data with a corresponding partial
5(’>1o « They are excluded from further analysis.

The most optimal description (see Figs. 3a,b) of the remaining
288 reliable pion form factor experimental points from the range of
momenta ~9.770 GeVZ¥< 9,579 GeV® 1s achieved withY 7 = 382/276 and
the following values of parameters: ”‘/f'
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a) Comparison of the prediction of the model (12) with the values of

parameters (20) and (21) with all existing reliable pion-form-
-factor data from the range of momenta -9.770 WeVaL 449,579 GeV

b) Exhibition of o (770),./ (1250) and P7(1600) contributions to
the pion form factor behaviour in detail.
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tl'ﬂeﬁ 1.3 - 0.1 GeV
m,, =762%3 Mev 7 a143%5 Mev
m,, =1422%90 Mev [f, =6852170 MeV 7,%,,,/),@ =-0,18%0,02
y =1682758 MeV [, =402181 MeV 73 =+0.1620.01 (20)
+ + Jo””/f’,/ +
W, =0.46%0,16 \)(/P =0.64%0,25 R =0.0142%0,0037

The values of 71[,'7 // and ¢ calculated from (5) and (3) respectively
are the following:

5 /f‘ = 1.02%0,02 and ¥ = 106.3°%0.4° (21)
re'p

The errors of all parameters in (20) were determined by looking for
the change of 7(2 corresponding to 68.3% of a confidence level for
12 free parameters 8 .
The existing identity between the pion form factor phase

and the p-wave isovector 74 phase shift é_//{/in the elastic region
(practically up.to almost 1 Gevz) following from the pion form factor
unitarity condition enables in principle to verify to what extent the
model (12) and the unitarity condition hold. The comparvison of the

calculated from (12) with existing data/m/ on sjl/f/ in Pig.4
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Fig. 4. The predicted pion form factor phase S-lf) from (12) and ite
comparigon with the }J—nve isovector S]/é)phase ghift data /21/.



shows that our unitarized enalytic pion form factor model (12) with
the valuees of parameters (20) and (21) obeys the unitarity condition.

4. Conclusion

The unitarized analytic pion form factor model (12) was const-
ructed, which (see Pig. 3a) is able to reproduce all existing pion
form factor data. A clear occurrence of all three isovector vector
mesonsJD (770), f (1250) and_p//(1600) is demonstrated in Fig. 3b.

The evaluated mass of}y (1250), q;, =1422%90 MeV, coincldes with the
value obtained recently from the process 4/ e*e b4 ,7' and indepen-
dently from the process’’/ e’e"s F°co . The parametrization of the
corresponding cross sections was made only in the form of a super-
position of Breit-Wigner formulas.

There are two points (see Fig. 3a) around 5 GeV2 and the last
time~like region experimental point obtained fronu?&k decay, which
are not reproduced by our pion form factor model (12). They could
be considered as indications for the existence of the JDMQ21SO) re-
sonance, the inclusion of which into (12) could lead even to a better
agreement with the data. However, to do a definite conclusion ahout
the_p”’ (2150) in C*g'.,;;’:'y'more precise and dense data are required
in the region of this resonance. More precise data in the region of
other resonances included into the model (12) need also required
in order to diminish errors of most of the parameters (20).

The authors are indebted to Dr., L.Martinovic for the help'in
the correct numerical evoluation of the parameter values (20) and
their errors.
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