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Abstract

We demonstrate that a simple model successfully describing
experimental data for the process ete™ — 4w can also quali-
tatively account for the data of CLEOII and ALEPH obtained
recently for the decay r — 4wv;. The model is based on the
assumption of the a;(1260)m and wr dominance as intermediate
states. Our observation is in contrast with the claim by AR-
GUS that the p-meson signal in the 7 — 47y, decay can not be
explained by the a; 7 intermediate state.

(C) Budker Institute of Nuclear Physics SB RAS

1 Introduction

At present hadron processes at low energies (below J/1 ) can not be
satisfactorily described by QCD. Therefore, in order to understand
the phenomena in this energy range it is necessary to apply different
phenomenological models and compare their predictions with the ac-
cessible experimental data. Investigation of exclusive channels in ete™
annihilation into hadrons at low energies and semihadronic decays of
7 lepton is very attractive for this purpose. It provides the important
information on the bound states of light quarks and elucidates the role
of different mechanisms in these processes.

Production of four pions is one of the dominant processes of ete”
annihilation into hadrons in the energy range from 1.05 to 2.5 GeV.
Due to the conservation of vector current (CVC) the cross section
of this process is related to the probability of 7 = 4mv, decay [1].
Therefore, all realistic models describing the first process, should also
be appropriate for the description of the other one.

One of the main difficulties in the study of four pion production is
caused by the existence of different intermediate states via which the
final state could be produced, such as wm, po, a1(1260)m, hy(1170)m,
ptp~, ax(1320)m, m(1300)7. The relative contributions of the men-
tioned processes can’t be obtained without the detailed analysis of
the process dynamics. Some information on the process ete” — 4w
has been obtained in [2-8], where the investigation of ete” anmihila-
tion into hadrons was restricted by measurements of the cross sections
only. However, the abundance of various possible mechanisms and
their complicated interference results in the necessity of simultaneous
analysis of two possible final states (27727~ and at7~27%) which re-
quires a general purpose detector capable of measuring energies and
angles of both charged and neutral particles.

In the energy range below 1.4 GeV the detector of this type CMD-
2 is operating at VEPP-2M collider in Novosibirsk [9]. During a few
last years very large data samples have been obtained which open
qualitatively new possibilities for the investigation of the multihadronic
production in ete™ annihilation.




Very recently, a model-dependent analysis was performed [10] of
both possible channels in e*e~ annihilation into four pions at energies
1.05-1.38 GeV, using the data collected with the CMD-2 detector. The
discussion of previous works devoted to this subject is also present in
[10].

The detailed analysis of the process ete™ -+ 4w unambiguously
demonstrated that the main contribution to the cross section in the
energy range 1.05 — 1.38 GeV, in addition to previously well-studied
wn® [11, 12], is given by the pmm intermediate state. Moreover, the
latter is completely saturated by the a;m mechanism. The contribution
of other intermediate states was estimated to be less than 15 % .

" In this paper we use the assumption of the a;7 dominance for
comparison of the available experimental data for v — 4wy, decay
(13, 14, 15, 16] with the prediction of our model successfully describing
the data of ete™ — 4.

2 Results and discussion

The initial hadron state (referred to as j), which decays into four
pions has the p-meson quantum numbers. Due to the conservation of
vector current the probability dT'; and dT'z of 7~ = #~ w7~ 7y, and

r— — 7797970, decays, respectively, can be written as

de, = GE (‘:{}2 @ {fWg (1)
ds ~ 96m3m3 Wi + Wa

(m2 + 28)(m? — 3)* Ran

where Rs, is the ratio of the cross section ete™ — 47 and ete”. =
ut i, dW, and dW; are the probabilities of 5~ decays into aatr w0
and 7~ 17070, respectively. Let dW3 and dWj be the probabilities of
7 decays into 7ta~atx~ and wta~ 7’7", then due to the isospin
invariance, we have

1 1
Wi =sWs+Ws ., Wy =5Ws. (2)

The explicit forms of the matrix elements, corresponding to W;, are
presented in the Appendix. In order to get the predictions for 7 decay
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we neglect the interference between the wm and aym amplitudes, and
rewrite (1) in the following form:

drl i GE CUEEH 9 9 92 dWw d”‘ l]
o AR AT D L W W
dly  G?cos’d, ¥ g dWs

W g oA ik et g o

where dW,, is the probability of 5~ = wr™ decay, Rur is the ratio of
the cross section ete~ — wm and e¥e™ — putp~.

To get Rypp+2,- and R,, we used the cross section of eTe™ an-
nihilation in the energy range 1-2 GeV obtained by several experi-
mental groups and presented in Figs. 1 and 2 together with our fit.
Our approximation of the experimental data took into account possi-
ble uncertainties in the data. Assuming that the total cross section
ete~ — 2nt2r~ is saturated by the ai7 mechanism, we calculated
the cross section ete~ = wt7n~27%. The comparison of our approx-
imation with the experimental data is shown in Fig. 3. One can see
some difference between our expectation and data at energies above
1.6 GeV. We suppose that this difference can be explained by the pos-
sible systematic errors or by contributions of other intermediate states
which become more important at higher energies. However, we expect
that this difference does not affect very much our predictions for 7
since this energy region has the additional suppression factor due to
the limited phase space in case of 7 decay (see (1)). In order to check
this we compared the distribution of the four-pion invariant mass with
the recent data of CLEOII [16] and obtained that our interpolation of
ete~ data was in acceptable agreement with the 7 decay data.

In order to fix the parameters of our model we have used the data
of ete~ — 4r [10] and 7~ — 27°7~ 2v, [18]. Since the data in [10]
were obtained below the threshold of a;7 production it was difficult
to extract independently both the mass and width of a;. The mass
of a; was taken from the PDG table [19] and the width was obtained
as a result of optimal description of ete~ — wtr 27" data. Here
we use the same g; mass and the width we get as a result of the
optimal description of the three pion invariant mass distribution in
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7~ — 279, decay by our matrix element (see Appendix) [18]. We
used this approach since the data on 7 decay are more sensitive to
the parameters of the a; meson. The comparison of our description of
the three pion invariant mass distribution with the data is presented
in Fig. 4. We obtained the value of a; width which also provides a
good description of ete~ — 4w data (see Figs. 5, 6). In [18] evidence
was obtained that the a; meson has significant probability to decay
into three pions through the o7 intermediate state. The analysis of
ete— — 4r data also confirmed this observation. Therefore, here we
take into account the admixture of o7 to the a; decay amplitude with
the parameters extracted from e*e™ — 4w data. For comparison we
also present the results obtained without the o7 contribution.

When we get the parameters of our model, we can pass to the
description of 7= — 7w~ t7 7%, decay. The most interesting infor-
mation on the mechanism of the four pion channel can be obtained
from two-pion mass distributions. Fig. 7 shows the comparison of our
predictions with the data of CLEOII detector [15] obtained without
subtraction of the wn™ contribution. One can see rather good agree-
ment with this data. The same comparison with the ARGUS data [13]
is made in Fig. 8. In this case our predictions are not in rough con-
tradiction with the data, but the agreement is essentially worse than
with that of CLEOII, especially in the invariant mass range where the
enhancement due to the p meson can be seen. '

The data obtained with the subtraction of wn ™ contribution allows
one to make a more detailed comparison of the differential distribu-
tions predicted within the assumption of the a;m dominance. For this
purpose we have used the data obtained by ALEPH [14] (see Fig. 9)
and very recent high-statistics data of CLEOII [16] (see Fig. 10). In
the first case we see good agreement although we can not take into
account the detector efficiency and energy resolution. For the data
of CLEOII, which have essentially higher statistics, the agreement 1s
a little bit worse. Unfortunately, in this data the contributions of
background events (such as K°7~n’v, and K trFr— 7%, ) were not
subtracted, though their fraction was significant (about 8%). The
biggest discrepancy can be seen for the w+7~ invariant mass distribu-
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tion. However, the data of CLEOII in this case systematically differ
from data obtained by ALEPH (see Fig. 9c).

In spite of some disagreement between the data of different groups
we can conclude that the assumption of a; dominance is in qualitative
agreement with all available data. The quantitative comparison of our
model can be made only by full simulation which takes into account
the energy resolution and detector efficiency as well as all possible
background sources. On the base of our analysis we come to conclusion
that the previously obtained upper limit (less than 44% at 95% CL)
[13] for a;my, contribution to the 7+ — 4mv, decay is hardly correct.

. Note that in some theoretical works based on the effective chiral theory

of mesons [17] the predictions of a7 dominance were made but without
detail comparison with experimental data.
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3 Appendix: A model for efe”™ — 47 and 7 —
4Ty, processes

To describe four pion production we use a simple model assum-
ing quasitwoparticle intermediate states and taking into account the
important effects of the identity of the final pions as well as the in-
terference of all possible amplitudes. We use the notation & for the
polarization vector of the initial hadron state ( 5), superscript corre-
sponds to isospin. Here we consider the contributions of a1(1260)7 and
w) intermediate states to the amplitudes g — 4w in the energy range
under study. Other contributions to these amplitudes from broad res-
onances having the masses close to the threshold of pm production
(a2(1320), w(1300) etc.) are discussed in [10].




As known, the form of the propagators 1 /D(q) is very important
for analysing the data. It was found in [10] that it is necessary {0 take
into account the dependence of the imaginary part of the propagators
(width) on virtuality while the corresponding corrections to the real
part which can be expressed through the imaginary part by dispersion
relations are not so important. We represent the function D(gq) in the
form

_ e M4 iMr LT
D(g) = ¢~ M +iMT 5. @
where M and T are the mass and width of the corresponding particle,
and the function g(s) describes the dependence of the width on the
virtuality. If ¢2 = M? then D = iMT, in accordance with the usual
definition of mass and width of the resonance. In the case of the
p-meson we used the following representation for the function g,(g):

go(s) = 572 (s — 4m?)*/2, (5)

where m is the pion mass.

We include into consideration two the most important channels of
a; — 3w decay : a1 — pm — 37 and a; — on — 3w. Taking into
account the quantum numbers of pion and a;-meson, we can write
the matrix elements corresponding to the processes 6(P) — a1 (g)=(p),

a1(g) = p(P')(p), and a1(g) — o(P')m(p) as

TG = om) = Faane™(Pufy — PENLASS™,  (6)
T(Gl 4 ,O‘JT) F Fﬂ]ﬂﬂsab{:QHAﬁ (PLE?J* i HIE?:}.(#:* !
T(a1 = om) = Foon (gudy — q;,Aﬁ]Pprqﬁ“' 3

where a, b, ¢ are isospin indices, A} and e are the polarization vectors
of ai- and p-mesons, ¢° is the pion wave function, Fo,pr, F,.or and
F5q,r are form factors depending on the virtuality of initial and final
particles. The explicit form of these form factors in the energy range
considered is not very essential (it contributes to the theoretical uncer-
tainty of the model). The matrix element of the transition T(p — 77)

and T(oc — nm) reads

T(p—=71) = Foae®el(®@d —p{?)¢™ ¢,
T(U —p Trﬂ') = Fﬂwli’a*d-’ﬂ*; . (7)

where pﬁ’} and pif} are 4-momenta of the corresponding pions. The

matrix element T'(5 — 4n) in the rest frame of 5 can be written as
T = &J , where & is the polarization vector of p. The corresponding
probability of 5 decay is given by the usual formula .

aw(s) = T (2 )*’é(‘”(i ) [T 2R 8
g} == oF m i_lpt } ]_:_[ 25:7(2‘11‘)3 ’ ( )
= =1
where P is the initial 4~-momentum of 5 ( P* = E = /s , P = 0),
p; = (ei, p;) are the momenta of pions. Note that due to the helicity
conservation in eTe~ annihilation only transverse space components
(with respect to electron and positron momenta) of the 4-vector €, are
not zero. Using (6) and (7) we obtain the following expressions for the
contributions of the a;(1260)-meson to the current Jq; = Jg;—spn +
Ja, o in the process

B = mt(p1)wt (p2)7m™ (p3)n (pa) :

I = G[ti(p1,p2,p3,p4) + t1(p1, pa, p3,P2) + t1(p2,P1,P3,P4)

+t1(pa, pa, p3, 1) + t1(p1, P2, P4, p3) + £1(P1,P3, P4, P2)
+ t1(p2, p1, P4, 03) + t1(p2, P3, P4, P1)] (9)

JHto— = Glta(p1,p2, 03, 4) — t2(p1, P4, P3,P2) + ta(p2, P1, P3, P4)
—to(p2, P4, 3, 1) + to(p1, P2, P4, P3) — t2(p1,p3, P4, P2)
+ t1(p2, P1, P4, p3) — t2(p2, P35, Pa, 1))

where '
Fg (P —p4)
t 1 P2, P35 g 2
1(p1, P2, P3,P4) Dy, (P — pa)Dy(p1 + p3)
x{(E — e4){p1(Ees — p4p3) — P3(Eer — Pfﬂ’l)]
—pale1(paps) — e3(pap1)]}
9
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2. F5 (P — pa)
tﬁ(plimipaipé) S Dﬂ.]_ (P i P&)Du-@l +p3)

(P — p4)? [(E — €4)P2 + €2P4]

Here 1/Da(q) , 1/Dp(g) and 1/D4(q) are propagators of a; , p and
o mesons, Fy,(g) is the form factor, G is some constant, z is the

dimensionless complex constant. Similarly to (9), we obtain for the

contributions of a;(1260) to the current Jq1 in the process =

7+ (p1)7~ (pa)7® (p2)7° (p):

JH0 = G[-ta(ps,P2,03,71) + tq, (P1,p2,p3,04)  (11)
s ta1(p41p31m1pl) + €, (P1=P31P21P4)] 1
J;ﬁ;&ugﬂ' = G[t2(P21plwp31p4) "tz(P2-,F4sP3-,P1] .

The contributions of the a; (1260)-meson to the currents J,, in the

process
p- — '.?l'+(p]_)1rﬂ(m}ﬂ‘_{p3)?r'"(_p4] reads :
J::}—_b;w = -G [tl(p:hmip'l!pﬂ) “* tl(Pl;PdsPE:PE) s tl(PE:Pl:PE:P&)

+ t1(p2, P1,P4,P3) — t1(P1, P3, P2, P4)—

~t1(p1, P4, P2,P3)] 5 (12)
31057, = Glt2(p1,p3,p4,02) + t2(p1, P4, D3, P2)—

—t3(p1, P2, 3, Pa) — t2(P1,P2, P4, P3)] 5

and in the process 5~ — m0(p1 )70 (p2)7°(p3)7™ (p4) it reads :

305 = Glt1(ps, p1,p2,p3) + t1(p4,P1,P3, P2) + t1(Ps, P2, P1,P3)
+ t1(ps, p2, p3, 71) + t1(P4,P3, 1, P2)+
+t1(p4, p3, 02, P1)] ' (13)
30-5= = Gta(p1,p4,P2,p3) + ta(P1, P4 P3,P2) + t2(p2, P4, P3,P1)—
-tz(Pigp:zaPaanl) - tE(PIsPEanZ:P-l) o tz(PzaiJa:.PL,Pai)] .

(14)
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The function g, () in the propagator of a; has the form:

w() = FA@ [ {

|2%s

2
EaPi — €1P2 , €2P3 — €3P2 3\/5132

D,(1+2) | Doz +ps) * Dolp1+3)
|
x

(15)

Pi A P2 3 P3
Dy(ps +p3) Ds(p+p3) Do(p1+p2)

- dp, dp, dp; 5(4}(1}1 +p2+p3—Q)
2e12e22¢e3(27)° J

where Q% = /3 and Q = 0. The first term in the braces corresponds
to the decay a; — nta~n°, and the second one to a1 — 379, The
function g,(s) in the propagator of o is equal to

90(8) = (1 — 4m?/s)'/2. (16)

As a form factor, we used the function F(q) = (1+m2, /A%)/(1+¢*/A?)
with A ~ 1 GeV. We found that in the energy region under discussion
the amplitudes are not very sensitive to a value of A.

The amplitude of the process 5(P) — w(g)m(p) has the form:

+

T(p = wr) = FpuntpvapPudnCoepd™ (17)

where eg is the polarization vector of the w-meson. The matrix element
of the transition w — pm can be written in the similar form. The w-
meson contributes to channels 3° — 7+ (p1)7®(p2)n° (p3)7~ (p4), ~ —
7+ (p1)7~ (p2) ™ (ps)n®(ps) and 5+ — 7~ (p1)a* (p2)7* (p3)7° (pa) The

corresponding current is equal to

Jo = Gy [tw(P21P4:p1}P3)”tw(mﬁplip'iipii}
— t,(p2, p3,p1,p4)] + (P2 © P3), - (18)
where
F2(P —p1)
t 1 P24 P3s — . = 19
(D1, P2, P3: P1) Dal® - 2D, (s + P2) (19)

X{(Eépa g 53P4)(P1P2) — poleap1P3 — EaP1F’4)
' —.52[P3(P1P4) - pa(P1pP3)l}
11
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€; is the energy of the corresponding pion, F,(g) is the form factor. [16] M.Athanas et al., hep-ex/9906015 (1999).
g 5 b s

%n((:z)the width of the w is small, we set g,(s) = 1 in the propagator (17] Bing An Li, Phys. Rev. D58 (1098) 097302.
w -

[18] D.M.Asner et al., hep-ex /9902022 (1999).
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Figure 5: Distributions over invariant mass Mino (7E70), Miecoit(

Miny ('“'+

only.

M. (1'7)

inv

20

|E1LI|rTI|

1000

M (%)

recol

30

20

10

T 1 L] 1 '| T 1 T | | T T T 3 I T

1000
M. (x°7°)

tnv

':-'l':t).,

57). Moeln x") for. e¥e” = nt7r—2n9 process after wm’
events subtraction. The solid curve is obtained taking into account
the a; — ow decay, the dashed one corresponds to the a; — pm decay

18

r
*

400 -

200

A
500 1000

M ) cos(yf), T

Figure 6: Distributions over invariant mass Mipy (7t 7™), Miny (nEn¥),
M, op0n (%), and the distribution over the angle between the momenta
of 7t and 7~ for ete~ — 2r+27~ process. The solid curve is obtained
taking into account the a; — om decay, the dashed one corresponds
to the a; — pw decay only.

19




M(r'x)
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and Mig,(7tn~) for 7= — 2x~ 7t 7%, decay obtained by CLEOIL
[15]. The solid curve is the prediction obtained with the a; — o7
decay taken into account, the dashed one corresponds to the a1 — p7
decay only.
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Figure 8: Distributions over invariant mass M;,, (7t 7%), M;,,(7—7%),
Mipy(ntn™), and M (7~ 7~) for 7= = 207~ 7t 7%, decay obtained
by ARGUS [13]. The solid curve is the prediction obtained with the

a1 —+ on decay taken into account, the dashed one corresponds to the
a; — pm decay only.
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Figure 9: Distributions over invariant mass Miny (mt70), Mipo(n—7°),
Mipy(ntn—), and Migy(n~7~) for 7= = 27~ 7 7%, decay after wr™
events subtraction obtained by ALEPH [14]. The solid curve is the
prediction obtained with the a; — o7 decay taken into account, the
dashed one corresponds to the a; — prw decay only.
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