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ABSTRACT

To bnng theory and experiments into more satxsfactory agreement in the much studled
pion form factor and also in the kaon and nucleon form factors, especially in the time-like
region , we assume the existence of a third radial excitation of p(770) at a mass of mp™ = 2150
MeV and width Fp =320 MeV. We interprete p (2150) therefore as one of the structures in
the total cross section of ete- anmhllatlon into hadrons around the nucleon-antinucleon
threshold. If the collected statistics is high enough, this resonance would be observable in the
on-going FENICE experiment at Frascatl, designed to investigate baryon form factors. There is
thus an additional exciting challenge for FENICE.

* Present address: Joint Institute (or Nuclear Rescarch, JINR, Dubna, USSR.



The total cross section of ete- annihilation into multi-pion states reveals interesting narrow
and large structures in the nucleon-antinucleon (NN) threshold region(1)- If some of these
structures correspond to meson resonances then they would be directly observable also in the
exclusive channels e*e- — NN, for N corresponding to the proton (p) and neutron (n). There
are new, high statistics, results on pp — e*e- (2) suitable to look for such structures. Much less
easily, the same resonances would be observable in the reaction pp —» all®® and in anti-proton-
deuteron scattering 3) (i.e. p d — all). By far the cleanest and easiest way to look for these
resonances is in the ete- annihilation channel. This means, effectively, the study of the time-like
behaviour of hadronic electromagnetic form factors.

We propose in this paper to show, from a phenomenological fit to the pion form factor(®),
that there is a case for the existence of a third radial excitation of p(770) of mass mp" ~ 2150
MeV and width I’y ~ 320 MeV. The parameters of this resonance point to the same structure
identified by Clegg and Donnachie (5) in the process e*e- — 61 . The main idea behind the
phenomenological analysis is quite simple: one notes thatin the fit to the pion time-like form
factor with only the contributions of p(770), p'(1450) and p"(1700), there is a net excess of the
experimental values over theory for squared momentum transfer s in the integral
4.5 <5 < 10(GeV)2. There. are six experimental points in this interval: five of these points
have relatively large errors(©), but the sixth point, sitting on the y(3.1) resonance, has an
extremely small error(7) and it is in dgreement with the former points. Its position, taken
together with those of the other five points in the interval 4.5 < s < 10(GeV)2, indicates an
overall trend distinctly above the theoretical fit with the three isovector resonances p(770),
p(1450) and p(1700). A third radial excitation of p(770) would improve the theoretical fit in the
right direction. In more details the first five points are achieved by measuring op(s) = o(ete” —
ntn) + o(ete — K+K_), which is much easier from an experimental point of view, and
deducing the pion form factor according to a theoretical estimation of the K/x ratio. However
our conclusions are valid also for op. An even more relevant case would arise if the excess in
cross section would be due to the kaon form factor. The sixth point is elicited according to the
standard 'hypothesis that the JAy coupling with the photon is responsible of the G-parity
violation decay J/y — mtn- . Therefore the pion form factor is deduced from the reduction in
the amplithde for the JAy.

We first present the fits and then describe how they were obtained. In Fig. 1 we plot the
pion form factor for both space-like and time-like momentum transfer squared 5. The theoretical
curve is based on a vector meson dominance model (VMD) with the three isovector mesons
p(770), p'(1450) and p"(1700)®). This curve is distinctly below the eperimental data in the
region 4.5 <5 < 10(GeV)2. In Fig. 2 we exhibit our improved fit to the same data, based on a
VMD model with four isovector mesons, namely the previous three plus an additional one p at
a higher energy. For p" we find



mp" = 2169 + 48 MeV

I'pm =320+ 147 MeV ()

E%".'zr_fz = 0.524 + 0.0065
o

where gypn (V = p, p', p", p) 1s the coupling of the vector meson V to -, while m2,/fy is
the coupling to the photon, my is the vector meson mass. As a check of the p™ parameters
obtained in this way, we have performed a simultaneous fit to the pion and kaon form factors
with four isovector mesons. The p mass and width come out to be

mp* = 2153 + 37 MeV

)
[pm =389+ 79 MeV

All the quoted errors are the standard MINOS ) ones.

Predictions for the total cross sections o(e*e- — n+x-) and o(ete- — KK ) are given in
Fig. 3. Their sum opm(s) too exhibits distinct resonance structures including the one
corresponding to pm(2150) and it is within the capabilities of the non-magnetic FENICE
detector.

We now turn to the description of the model. The starting point is the VMD model
expression

_ 2
4 m
Fi ()= 52 ' 3)
V'V mi-s

for the form factor Fy(s) of the hadron h. For h = a meson (ie. ©t, Ki, K°, K°), the asymptotic
behaviour of Fy(s) given by eq(3) i.e.

1 .
F g) —*
h( )S__)m S B C)

is consistent with the quark parton model prediction (i.e. quark counting rule)(19). We limit
ourselves to this case (i.e. h = 75 K™, K° K°). Let S, be the threshold for hh production and
sy the threshold for inelastic contributions to Fp(s). As it stands, eq(3) contains no information
related to these thresholds. These thresholds characterise, though not completely, the analyticity
of the form factor. According to €q(3) on the other hand the only singularities of Fy(s) are



simple poles on the real axis. The VMD formula therefore represents the analyticity behaviour
of the form factor rather poorly. The fact of the simple poles being on the real axis can be
remedied by including the widths I'y of the vector mesons. This 'ad hoc' shift in the positions
of the poles has no relationship with the threshold cuts in the structure of the form factor. The
complex poles destroy the property of real analyticity of the form factor exhibited by the
expression for Fy(s) in eq(3).

Eq(3) can nevertheless be modified firstly to incorporate implicitly the analytic cut
structure represented by the thresholds s, and sq. Secondly the modification can be so carried
out that its real analytic property is preserved. The mathematical procedure is as follows(®): one
operates the change of vatiables ‘

b

u

§=80—

in eq(3). In terms of the new variable u, the form factor becomes

L 2\ N —_— (Uom“l*) Uof‘,l'"
Ffs(u))= (1 “2)2 }v; g}/vhh ((uow u”V)) ((‘:10:;3) L;V ; Iiv (6)
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ug is the value of u for s = 0 and uy the value of u for s = m?,. Eq(6) is in a factorised form: the
over all factor (1 — qz)z outside of the sum over the vector mesons, determines the asymptotic
behaviour of F(s(u)) for s — . This is so because s — o corresponds to u — * 1, according
to eq(5). The second factor is represented by the remaining V-dependent terms. Obviously,
these terms determine the analytic behaviour of Fy(s(u)). The factorisation of Fy(s(u)) allows
thus to separate its dominant asymptotic behaviour from its analytic behaviour in the finite s-
plane. Of the two behaviours, the analytic one is the less well known. Itis the one which is
subjected to approximations. We do this also here. More precisely, to incorporate the

asymptotic behaviour

Ny 1]

Fh(S) —— 8 a7 (7)

5]

of form factors predicted by the quark counting rule(!9) for a hadron h containig Nq valence
quarks, we replace eq(6) by
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Nq =2 corrésponds to mesons. In this case eq(8) reduces to (6).

Now the change of variables in eq(5) is characterised by two symmetries. They are the
inversion R: u — 1/u and the reflection or parity P: u — — u. Both R and P leave the function
s(u) invariant. Consequently, for given s the roots u; (i = 1,2,3,4) of the quartic equation

2

(u—%) +4E—1—:—ﬂ)l=0 ®)

(s = s0)

are given by
U i=u
1
u, : =Ry, =+y
uy:=Pu =~u (10)
1
uy:=PRuy =RPuy =~

Explicitly, the roots are

1 1
2 2
Sy~ 8§ s—s .
u={1 20 |+ Ll +i (11)
S"”SO S1— 8y
so that for s<sj, Pu = — u = u* while for s>s1, Ru = 1/u = u*. Making use of these

relationships, eq(8) can be rewritten as®)

1
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The merit of eq(12) is that it is explicitly in the form of a real analytic function. In this form it
lends itself to-an analyticélly acéefitablc generalisation which allows to incorporate vector mecon
resonance widths. Thisis done through the standard replacement m2,.— (my —i Ty /2)2 The
complex masses are on unphysical sheets. Eq(5) is thus to be understood more generally as a
transformation relating two complexs variables i.e., s and u.

| © For the pion form. factor Fyr(s), one makes use of eq(12) with Ng = 1 and with fou
éontribuﬁng vector mesons p(770), p'(1450), p"(1700) and p~(2150).

The resulting: fit to the data is in Fig. (2) and we obtain a marked improvement in the
from 382 to 343 for 276 degrees of freedom(®). We interprete this improvement as an argument
in favour of the existence of the radial excitation p"(2150).

For the kaon form factors Fx+(s) and Fg°(s) one first decomposes them into thewr

. S . v .
1soscalar Fg (s) and isovector F (s), parts, that is,

Fr+(s) = Fg (5) + Fx (s)

(13
Fio(s) = Fx (5) — Fi (s)
The normalisations of these form factors at s = () are
Fx+(0) = 2 Fx (0) = 1 (14.a)
Fro(0) =Fx (0) =0 (14.b)
Eq (12) is thenapplied to Fy (s) andFg (s) with Ng = 1. Thus
7, I\(vg-—
P T
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p u;
(16)
. fa0- 0 - u; g + ujfug + u)
TP ¥ u-u; a4y i ,*
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It turns out, from the fit to the kaon form factors, that
gp"KE
£ =-0.005 £ 0.003
[
(17)
Bp"KK
£ =--0.020 £ 0.004

This means that p"(2150) is more strongly coupled to the KK pair than p"(1700) . In fact
a good fit to the kaon form factor is obtained also from the contributions of p(770), p'(1450)
and p™(2150) only. We interprete this again as additional argument in favour of the existence of
p"(2150). On the basis of these analyses of the pion and kaon form factors we claim that the
p"(2150) resonance structure in the combined cross section op(s) is detectable,even in a non-
magnetic detector, if the collected statistics is high enough. The same claim applies to the
observability of p™(2150) in the threshold region of proton and neutron form factors. The
FENICE experiment(!1) now running at Frascati, has thus an additional challenge.

One of us (S.D.) would like to thank M.Greco and R.Baldini Ferroli for their warm
hospitality at the L.N.F.
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FIG. 1 - Comparison of the VMD model for the modulus of the pion form
factor with data. The contributing vector mesons are: p(770), p'(1450) and
p"(1700).
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FIG, 2 - Same as Fig. 1 but with the contributions of four vector mesons,
Le. p(770), p'(1450), p"(1700) and .p"'(2150).
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