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Role of the p(1450) in low-energy observables
from an analysis in the meson dominance approach
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The p(1450) vector meson (p’) is becoming increasingly important to properly describe precision
observables. We analyze a set of decay modes and cross sections, in the low-energy regime, to determine
the role played by this meson. This is done through the extraction of the parameters for its description, in
the context of the vector meson dominance model and its effective hadronic interactions, involving the low
mass lying hadrons (p, o, and x). In a first step, we determine the parameters of the model from ten decay
modes which are insensitive to the p’. Then, we consider the @ — 37z decay and exhibit the need to extend
the description, by incorporating the p’ and a contact term as prescribed by the Wess-Zumino-Witten
anomaly. In a second step, we incorporate the data from the e™ e~ — 37 cross section (as measured by
SND, CMD?2, BABAR, and BESIII) and then the ete™ — ﬂoﬂoy data (as measured by SND and CDM2) to
further restrict the p’ parameters validity region. As an application of the results, we compute the eTe™ —
4z cross section for the so-called omega channel, measured by BABAR, and find a good description of the
data considering the parameters found. As a byproduct, the coupling between p, w, and =
(Gpwr = 11.314 £ 0.383 GeV~!) is found to be consistent with all the relevant observables, upon the

inclusion of the p’ and the contact term.

DOI: 10.1103/PhysRevD.107.056006

I. INTRODUCTION

The low-energy measurements involving hadrons are
reaching a high accuracy. In general, the low mass hadron
spectra contributing to the processes can be identified, and
the corresponding mass and decay width parameters can be
obtained. Excited states may manifest themselves in low-
energy observables, when not considered explicitly, as a
modification of the effective interaction between nonex-
cited states. For energies reaching the threshold of their
nominal mass, they exhibit their resonant features in the
observables and are necessarily included to properly
describe the data. The p(1450) vector meson (denoted
by p’ wherever possible) is one example of such states. Its
contribution to the @ — 3z decay width can be identified
by noticing that it cannot be reproduced by only consid-
ering the p meson as the intermediate state [1,2]. On the
other hand, the spectra obtained in hadronic 7 decays [3,4]
and e'e~ annihilation into hadrons [5] exhibit clear
indications of its presence and are used to determine its
mass and total decay width [6]. This important information
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needs to be complemented with the partial width of the
different decay modes, which then have implications on the
parameters of the models attempting to describe them. This
information has not been settled, although evidence can be
extracted from particular observables [6]. Decay modes
such as p’ — wr and p’ — 7z are of particular interest to
disentangle the contribution of the p’ and p mesons in low-
energy observables sensitive to both mesons. A combined
analysis of low-energy observables shows up as a possibil-
ity to provide further information on this issue. They are
involved, for example, in the ete™ — 7%z~ [7-10] and
ete” — n°2% [5,11-13] processes and in ete” —
72°72%7 7~ process driven by the @ meson as intermediate
state [14,15].

In this work, we analyze a set of decay modes and cross
sections involving the p, @, and p’ mesons, described in the
context of the vector meson dominance model and their
effective hadronic interactions including the pion, to deter-
mine the corresponding parameters. We perform a fit to the
data making use of the MINUIT package for minimization and
VEGAS [16] subroutine for the phase space integration, to
obtain the cross section whenever needed. In a first step, we
determine the parameters of the model involving the p, @, and
# mesons, from ten decay modes which are practically
insensitive to the p’, namely, p — zz neutral and charged
modes, p° = ete ,utu~, w—=ete , utu-, o — 1%,
p — my neutral and charged modes, and 7° — yy. Then,
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we include the @ — 37 decay, initially considered as driven
only by the p meson intermediate state, to exhibit the
modification of the parameters previously obtained, signal-
ing the inconsistency and therefore the need to extend the
description by incorporating the p’ and a contact term as
prescribed by the Wess-Zumino-Witten anomaly (WZW)
[17,18]. In a second step, we incorporate the data from the
ete™ — 37 cross section as measured by SND, CMD?2,
BABAR, and BESIII [7-10]) and then e*e™ — 7°2% data as
measured by SND and CDM2 [5,11-13] to further restrict the
p' parameters validity region. As an application of the results,
we compute the ete™ — 47 cross section for the so-called
omega channel and compare with the data reported by
BABAR [14] considering the parameters previously found.
Asabyproduct, we keep track of the behavior of the coupling
between the p, @, and 7 mesons to determine its stability,
upon the inclusion of the p’ and contact term in the
description of the processes under consideration.

II. THEORETICAL FRAMEWORK

The vector meson dominance model (VMD) considers
that neutral vector mesons couple to the electromagnetic
current [19]. By considering the hadrons as the relevant
degrees of freedom and including the interaction with
pseudoscalar mesons, this description is able to account
for the low energy manifestation of the strong interaction.
Incorporation of symmetries such as isospin and SU(3)
flavor symmetry allow us to both classify the hadrons and
relate their properties. Further considerations associated to
the vector mesons manifestation as gauge bosons and
incorporation of higher symmetries have been also con-
sidered as extensions of the VMD [20-23]. Here, since the
hadrons involved are the lightest ones, we restrict ourselves
to the part that is common to all the VMD-based models.
The effective Lagrangian including the light mesons p, 7
and w, in addition to the p’ can be set as

— E a b c
L= ngreachy” )n
V=pp'
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V=p,p'
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V=p,p' @
(1)

We have labeled the couplings with the corresponding
interacting fields, and g5, is the WZW contact term. In
general, V refers to a vector meson, and A* refers to the
photon field. The couplings are free parameters to be
determined from experiment. Although, as we mentioned
before, relations between them and even from other
descriptions can be drawn [22,24-28]. The mesons
involved in this description are produced in experiments

devoted to the hadronic production from the electron-
positron annihilation, as mentioned above, and hadronic
tau decays [6,29-33]. Here, we consider only data from the
former. The strong interaction between the w, p, and #
mesons, encoded in the g,,, parameter, necessarily
involves at least one of the particles off shell due to phase
space restrictions. The g,,,,, coupling, the p" parameters, and
the @ — 37 contact term (g3,) usually appear together
when describing experimental data, exhibiting a strong
correlation among them [2]. Therefore, an analysis involv-
ing data from different sources should help to disentangle
their individual contributions. This information is relevant
in the understanding of other scenarios, where there is not
enough information to draw an independent analysis, and
therefore it requires us to rely on a well-supported deter-
mination of such parameters to draw conclusions.

In the following, we describe the generic processes and
the way they are incorporated in the analysis. We will
extend our discussion on each contribution and the works
related to them along the text.

1L V — PP, DECAY AND THE gy », COUPLING

The coupling of a vector meson (V) and two pseudo-
scalar mesons (P), denoted in general by gyp p,, can be
extracted from the measurement of the V — PP, decay
width. The amplitude of this process, depicted in Fig. 1(a),
can be written as

M = igvp,p, (p1 - Pz)””ly(CI)v (2)

where ¢, p;, and p, are the momenta of the initial vector
meson V and the pseudoscalar pair in the final state,
respectively. 7, is the polarization tensor of the vector
particle. The decay width is given in terms of the coupling
and the masses of the particles involved as
Lypp, = Gop,p, A (5, i, )
112

, 3
48zm3, G)
where my, mp , and mp, are the corresponding masses and
Ax,y,z) = x> + y* + 722 — 2xy — 2xz — 2yz is the Killen
function. As we can see in Eq. (3), the gyp, p, coupling is
dimensionless. This result can be applied, for example, to
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FIG. 1. Decay of vector mesons of the form (a) V — PP and

by V-1l
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TABLEL g,., coupling from the neutral and charged processes
and the weighted average, g,

Process Gprn

p*(770) - zta~ 5.944 £0.018
p(770) —» n+a° 5.978 £0.048
Weighted average 5.953 £0.017

obtain both g,,, and g, .., provided the data for the partial
decay width are available. This is the case for the p — 7z
decay [6]. In Table I, we show the values of g,,, from two
different process, p°(770) — z*z~ and p*(770) — 7" a°,
and their weighted average. The weighted average and its
uncertainty are defined in general as (see the review on
statistics in Ref. [6]),

R n -1/2
H&e:mi(z%) L@

where x; and ox are the i value and error of the i
measurement and w; = 1/(8x;)? is the i weight associated
with this measurement. In our case, x; refers to the coupling
constant. For the p/, the partial decay width is not settled;
thus, we can use Eq. (3) and its experimental total width of
400 MeV to set the upper bound g, < 6.64, considering
this to be the only decay mode. We will enforce this
restriction to set the region for this parameter, as we discuss
later. The p’ — zz decay can be also addressed in an
indirect way, by considering it as part of a decay chain. For
example, in the D, — p(1450)x decay, where the p(1450)
is reconstructed using the two-pion decay mode, albeit
requiring additional information on other couplings [34].

IV. V - Il DECAY AND THE gy, COUPLING

The vector-photon transition depends on the gy cou-
pling, as given in Eq. (1). It can be extracted from the
measurement of the V — #*¢~ decay width, with £ being
either electrons or muons. The amplitude of this process,
depicted in Fig. 1(b), can be written as

2

M = —i;—vaulwwzz)m (5)

where ¢, [;, and [, are the momenta of the initial vector
meson and the lepton pair in the final state, respectively. 7,
is the polarization tensor of V, and #(I;) and v(l,) are the
corresponding spinors of the leptons. Then, the decay
width, T'y,,, is given in terms of the coupling, the mass
of the vector meson my, and the mass of the leptons m, as

4ra®(2m% + m?) (m3, — 4m2)V/?

3mygy

errf’ =

(6)

TABLE 1. gy (V = p(770), @(782), ¢(1020), p(1450)) cou-
plings from decays to muon and/or electron pairs. For the g,(1450),
we quote only a central value, as the experimental information
provides only an estimate of the decay width.

Process Coupling Value

p°(770) —» ete” 9p 4.956 £ 0.021
p°(770) — ptu~ 9p 5.037 £0.021
o(782) - ete” Yo 17.058 £ 0.292
o(782) - ptu~ G 16.470 £ 2.469
$(1020) > eTe” 94 13.381 £0.216
$(1020) - ptu~ 9p 13.674 £ 0.479
p(1450) — ete” 9p(1450) 13.528

TABLE III. Weighted average couplings gy (V = p, w, ¢).
Coupling Value
9, 4.966 £+ 0.021
T 16.972 £ 0.287
Ty 13.528 £0.339

Notice that gy is dimensionless, as we can see in the
equation above. In Table II, we show the values of the gy,
couplings for a set of vector mesons obtained from decays
to muon and/or electron pairs. Note that we have included
the value for g,(1450) obtained from the information in
Ref. [6] but quote only a central value, as the experimental
information provides only an estimate of the decay width.
Improvements on this measurement would be very useful.
Still, it will help us to guide the analysis on this parameter
when considering scattering processes. The weighted aver-
age gy fromthe V — u"u~ and V — eTe™ decays is shown
in Table III for p(770), @(782), and ¢(1020) mesons.

V. Vl - Py DECAY AND THE ngPy AND gV1V2P
COUPLINGS

The gy, p, coupling can be extracted from the V; — Py
decay width, where V; is a vector meson, P is a pseudo-
scalar meson, and y is the photon. The amplitude of this
process, depicted in Fig. 2(a), can be written as

Y(IJ,, s;)
V, k. e P

Y (qz' &)
(a) (b)

FIG. 2. Decay of vector mesons of the form (a) V — Py and (b)
P —yy.
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M = igVIPyeﬂyaﬂkﬂQanM€Z7 (7)

where & (17) and g (¢*) are the momenta (polarization tensor)
of the V; and y, respectively. The decay width T'y p, is
given in terms of the gy p, coupling, the masses of the
vector meson my, and pseudoscalar meson mp as
L [, - .

ViPy — ngPy 967[1”’!?3 ( )

As we can notice from Eq. (8), gy, p, has inverse energy
units. Another related coupling is the one where two vector
mesons interact with a pseudoscalar meson, denoted by
gv,v,p- It can be obtained from the previous vector meson
radiative decay (V; — Py) considering that the photon
emission is mediated by a neutral vector meson [1] [see
Fig. 2(a)]. Then, the amplitude and decay width of this
process are similar to the previous Egs. (7) and (8), with the
replacement gy, p, = gy,v,r(e/gy,). It follows that gy v,p
also has inverse energy units, and we use this parameter
hereafter. For the analysis, we consider the following
decays, with their respective charge combinations: the @ —
ry decay, driven by the w — zp — zy process, and the p —
my decay, driven by the p — zw(¢) — my processes. The
contribution from the ¢ meson channel is relatively small
and neglected at this stage [35,36] (the expected ratios for
9pwr/ 9o = 0.7 can be compared with g,,./g, ~ 0.06, tak-
ing the g, weighted average and, as an approach, |g,,,| =
0.86 +0.01 GeV~! obtained by considering the decay
width of the ¢p — 3z to be fully accounted for by the px
channel); contributions from other channels are relatively
smaller [30]. Note that the ¢p meson parameters are not
considered as part of the analysis.

VL. z° - yy DECAY AND THE gp,, AND gy v, p
COUPLINGS

The gp,, coupling can be extracted from the measure-
ment of the P — yy decay width. The amplitude of this
process, depicted in Fig. 2(b), can be written as

M = igpyyeaﬂﬂ”ql/;Q2a€Tﬂ€§u’ 9)

where ¢, (}) and g, (15) are the momenta (polarization
tensors) of the final photons, respectively. We can write the
decay width I'p,, in terms of the gp,, coupling and the mass
of the pseudoscalar meson mp as

2 3
gP}/ymP
Ip, = . 10
Pyy [ 64 ( )
As we can notice from the above equation, gp,, has inverse
energy units. The gy, y,p coupling can be related to this
decay considering that the photons emission is mediated by

TABLE IV. g,,, coupling obtained from four different proc-
esses.

Process Ypwr (GeV™
(782) — 7' 11.489 + 0.387
p°(770) — 2% 14.224 +2.227
pt(770) > zty 12.358 + 1.806
70 = yy 11.712 £ 1.397

two neutral vector mesons, 7° — pw(¢) — yy [1]. Then, the
amplitude and decay width of this process are similar to

Egs. (9) and (10), by replacing gp,, = gv,v,p g:‘]’;"éz.

Table 1V, we show the values of the g,,, coupling from
four different decays: w(782) — 7%, p°(770) — 7%,
pT(770) — nty, and 7° — yy. We have used the values
of the gy couplings as listed in Table III and neglected the
p — ¢ channel in the 7° — yy decay. Mixing effects from
7% —n —n' states are not considered, although they may
become relevant in precision observables analysis [37-41].

VIL.  — 37 DECAY

Let us consider the decay process (1,q) —
7t (p1)n~ (p2)7°(p3), where p; refers to the momentum
of the pions and ¢ and 7 are the momentum and polarization
tensor of the @ meson, respectively. This process receives
contributions from the p, p’ and contact channels, as shown
in Fig. 3. The decay amplitude can be set as

M eyozn = €451 P12 P2’ P37 A(m2), (11)

where A(m2) is given by

A(mZ)) = 69371 + 2gwpﬂgp7m(Dp” [SIZ]_Fl)pJr [SIB] + Dp' [323])
+ 29wp’7zgp’7m(Dp' [s12]+Dp' [sl3} + Dp/ [S23]),
(12)

and sij = Di + pj’ Dv[p] = 1/(p2 - m%/ + lmvrv). The
decay width I'y, is taken as energy dependent for the p and
p', while it is taken as a constant for the @. The factors of 6
and 2 in A(m2) come from the cyclic permutations and
momentum conservation, used to bring the amplitude into
the current form. The notation is explicit for the p and p’
contributions. The decay width is obtained upon integration
over the full three-body phase space [6]. While for a single
decay this procedure faces no major problem, the inclusion
in a numerical analysis involving more processes would
require a practical approach to speed up. Since we are
interested in the couplings (masses and widths are taken at
their nominal values), the decay width can be decomposed
as a polynomial on the coupling constants as

056006-4
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(a)

_ 7 (p1)
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w(n,q) N (ps)
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FIG. 3.

Fa)37z =A | g%n- + AZgg)/)ﬂg,%lm + A3937zgmp7zgp7m + A4gi)//,[g/2,’ﬂ”
+A5.gwp’ﬂg37rgp’mr +Aﬁgwplﬂgw/)ﬂgpﬂ'ﬂgp/ﬂ'ﬂ7 (13)

where the A; coefficients can be identified with the
corresponding part of the decay width for the couplings
involved and are computed following the decay width
definition as given by the Particle Data Group (PDG) [6].
The couplings involved in the right-hand side of Eq. (13)
are not settled, neither in the theoretical side nor exper-
imentally. Studies on the value of |g,,,,| have found it to lie
in the range from 10 to 18 GeV~! [2,42]. The magnitude for
the contact coupling computed in the literature from
different approaches is also in a wide range from 29 to
123 GeV™? [2,24-26,43,44]. We will show that the
approach where only the p channel is considered requires
a large value for the g,,, coupling, compared with the
previous estimates considering radiative decays. This result
motivates the inclusion of the p(1450) and the contact term.

VIIL. e*e~ — @ — 37 CROSS SECTION

Now, we proceed to describe the e*(k,)e (k_) —
w(q) = 7 (p1)n~(p2)n°(p3) cross section. Following
the same approach for the hadronic part as in the previous

section, but now at an energy of ¢> = (k, + k_)? instead of
2

mg,, we can write the amplitude for the @ channel as
e mz, 5 a p
M3, = ?g—Dw(q)A(q Veuapy P1°P2" 31, (14)

(0]

where e is the positron electric charge, ¥ =
—iev(ky)y*u(k_), is the leptonic current. .A(g?) has been
defined in Eq. (12), but now taken at ¢>. Following the
same approach as for the w — 37 decay, we expand the
cross section in terms of the coupling constants and
coefficients:

(b)

_ 7 (p2)
-~ f -
P 0 N
w(n,q) N ~ o TFO(]);',)
S
~ ~ 7T+(p1)
()
P 7 (p1)
- -
=:ﬂ. Z o 7 (p2)
RN
> ~ WU(PS)

Feynman diagrams to w — 37z process. The contribution from the p, p’ (a, b, ¢) and the contact (d) channels.

o(ete” > w—3n)

1
= g_2 (B 1 g%,[ + Bzgg)/mgfz)lm + 83g37zgm/)7zg/17m + B4g(20p/ﬂglz)’,m

(0]

+ BS.gwp’ﬂg37rgp’ﬂﬂ + B6ga)p’7rga)pﬂgpmrgp’mr) s (15)

The B; are computed only once at each data point energy
reported by the experiments, using the kinematical descrip-
tion as given in Ref. [45], and implemented in a Fortran
program with the VEGAS [16] integration subroutine. We
have considered the data from SND [7], which uses data
from DM2 to extend its range up to 2 GeV. They find
evidence of the p — 3z decay mode, with a branching ratio
of the order of 107*; thus, its smallness justifies our
decision of not considering this mode. We consider the
energy range up to around 0.82 GeV, to avoid the ¢
contribution. The CMD2 data [8] updated the previous
measurement [13] to include missing contributions in the
energy range of 0.76 to 0.821 GeV, and in that case, they
did not perform a spectral analysis. For the BABAR [9] data,
we consider energies below 0.9 GeV to avoid the ¢
contribution. They also find that the p — 37z decay mode
branching ratio is of the order of 107*. Preliminary data
from BESIII [10] are available in the energy range form
0.7-3 GeV; for consistency with the approach, we restrict
our consideration for these data to energies below 0.8 GeV.
Note that these upper values are not the same for all the
experiments due to their different energy binning. We have
verified that the particular upper energy value considered in
this region has no effect on the results.

IX. e*e~ — wa’ - 2'°2% CROSS SECTION

The notation of momenta for the process is

et (ky)e (ki) = n°(p1)a®(p2)y(n*, p3), where n* repre-
sents the polarization tensor of the photon. The process is

056006-5
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et (ka) P ﬂ‘)(m)/ m(p2)

v(n,p3)

et (ks Ops) 0
(k2) P (12)/ (p1)
7 7

4

4

v(n,p3)

(b)

FIG. 4. The eTe™ - wr — zny scattering.

depicted by the diagrams in Fig. 4, in which both the p and
p' intermediate states are considered. Further contributions
such as the ¢ meson or scalars are not considered at this
stage, although they may be relevant for precision observ-
able estimates such as the muon magnetic dipole moment
[41,46]. The amplitude for the diagram of Fig. 4(a) can be
written as

Q
[

M(“) = (Cpo + eiacp’)Dw (q — D1 )euaellqﬁ

X
)

(g — 1) €ap (g — p1)*pP v, (16)

where the global factors are defined by

Gapr 2 2 Yop'z9wpr o
Cpo =|— mpono(q), Cp/ Zimp/Dp/(q%
9p 999y

(17)

with a relative phase e’ between both channels. Note that
this amplitude is exactly the same amplitude for Fig. 4(b)
by interchanging p; <> p, momenta.

The cross section is set, in terms of the couplings
involved and coefficients C;, as

4 , 2
6(€+€_ R 2”0},) _ (gw/)lr> C,+ <ga)/)7zgm/) 75) C,
9p 9 9y

Jopr Gy
- (%ﬂ> (Cos(#)C5 —Sin(0)C4).
9 9y

(18)

We have considered the data from three SND
Collaboration measurements [5,11,12], although the latter
[5] updated the previous ones, and they will be useful to
illustrate the behavior of the couplings even in such cases
were some corrections are missing. Data from the CMD2
Collaboration [13] are also available and used in this
analysis. We can profit from the corresponding analysis
that the experiments carried out, by identifying the param-
eters region favored from their own fit. In particular, we
identify that the relative phase is expected to be large
(@ = 122 £ 8° is obtained in Ref. [5]), and the parameter
Ay = (Gup'n/ Gup)(9p/ 9p) is introduced to describe the
process, instead of the individual parameters [do not get
confused with the A; coefficient in Eq. (13)]. We will

consider the latter as a constrain for the individual cou-
plings combination and search for the most favored value.
Using the experimental analyses as guidance, we expect it
to be around A; = 0.2.

X. x* ANALYSIS: RESULTS

To determine the hadronic couplings of the low-energy
mesons and the p’, from the processes described above, we
perform a fit to several datasets available in the literature,
using the MINUIT package. The y* function to minimize is
defined by

N Y
(i —u(xi30))
PAUED Pt (19)
i—1 i
where 6 = (0, ..., 0y) are the parameters to determine; y;

and E; are the experimental data and their corresponding
uncertainties. p(x;;0) are the theoretical estimates for the
corresponding parameters. In a first step, we determine the
parameters of the model involving the light mesons, from
ten decay modes which are insensitive to the p’(1450),
namely, p — 2z neutral and charged modes;
P =ete  uty, w—ete , utu, — ', and p —
7y neutral and charged modes; and 7z° — yy, using the
experimental information of each decay width and the mass
of the particles involved, as listed by the PDG [6]. These
processes involve four parameters: g,, g,zz> 9> a0d ggyp,- In
Table V, we show the result of the fit. The value of the
minimization function per degree of freedom (dof) is
y*/dof =0.32. The correlation between parameters is
shown in Fig. 5 as a heat map. The large correlation
between g, and g,,, is due to the fact that this set of
observables involves both the @ — p — 7z interaction and the
w-photon transition combined.

TABLE V. Parameters from the fit to ten decay modes as
described in the text.

Parameter Value

Gpr 5.949 + 0.054
9p 4.962 £+ 0.066
o 17.038 4+ 0.603

Gupr (GeVT) 11.575 £+ 0.438

056006-6



ROLE OF THE p(1450) IN LOW-ENERGY ...

PHYS. REV. D 107, 056006 (2023)

8prx &y 8w

Bwpr 1

Eprr

&

04

)

02

8wpr

FIG. 5. Correlation matrix for g, g,, ge» and g,,,, parameters
from ten decay modes; see the text for details.

Then, we include the @ — 37z decay mode to exhibit the
strong modification of the g,,, parameter previously
obtained, which becomes g,,, = 14.57 £0.22 and a
y*/dof > 1, signaling the inconsistency and therefore
the need to extend the description by incorporating the
p(1450) and a contact term as prescribed by the WZW
anomaly. Upon the inclusion of these contributions, we
obtain g,,,, = 11.576 & 0.463, in accordance with previous
results. Hereafter, this is the way to describe the w decay,
and we denote this set of data as the /] decay modes. In a
second step, we incorporate the data from the ete™ — 37
cross section (as measured by SND [7], CMD2 [8], BABAR
[9], and BESIII [10]) and the e*e™ — 7°2% (as measured
by SND [5,11,12] and CDM2 [13]) to further restrict the
p(1450) parameters validity region. Global restrictions
from other measurements, as the mentioned A; and the
upper bound for the g,,, parameter, are incorporated by
setting a consistent region for the search of the parameters
in the minimization process. In particular, we obtain
A; = 0.125 £ 0.05. Table VI shows the parameters value
when considering the 11 decay modes plus the

TABLE VI. Parameters from the fit to 11 decay modes and
cross section data for ete~ — 707°%.

Parameter Value

Ypan 5.948 +0.067
9p 4.962 +0.082
Yo 16.907 + 0.663
Gopr (GeV) 11.486 + 0.495
9p'nn 4.51 +1.037
Ywp'n (Gev_l) 3.136 + 1.77
93z (GeV™) —53.612 + 6.893
9p' 12.472 +1.244
6 (in 7 units) 0.87 £ 0.045

TABLE VII. Parameters from the fit to the 11 decay modes and
all the cross section data.

Parameter Value

Gprx 5.949 +0.076
9p 4.962 4+ 0.093
Yo 16.652 +£0.473
Yapr (GeV™h) 11.314 £0.383
9p'nn 5.5+ 1.06
Gup'z (GeVT) 3.477 £0.963
3z (GeVT3) —54.338 £ 6.674
9y 12918 £ 1.191
6 (in 7 units) 0.872 £0.051

experimental data for e*e™ — 7%72% cross section, and
Table VII corresponds to the results when adding ete™ —
3z cross section data. The corresponding correlation matrix
are shown as heat maps in Figs. 6 and 7, respectively. In
Fig. 8, we show the ete™ — mw — 37 cross section data
from several measurements (symbols) and the result from
the analysis (solid line) considering the 11 decay modes
and all the cross section data, Table VII. In Fig. 9, we show
the ete™ — 7%72% cross section data from several mea-
surements (symbols) and the result from the analysis (solid
line) considering the 11 decay modes and the cross section
data for et e~ — 792%, Table VI. To summarize the results,
in Figs. 10 and 11, we have plotted the values of the
individual parameters as a function of the dataset considered
for the minimization (x axis). x = 1 considers the ten decay
modes dataset mentioned above; notice that only the four
parameters involved exhibit a symbol. x = 2 considers the
dataset of the ten decay modes plus the w — 3z decay,
described considering only the p as intermediate state. x = 3
considers the dataset of the 11 decay modes as described
before. The parameters for x = 4, ..., 11 are the correspond-
ing results when adding individual cross section data to the
11 decay modes. Namely, eTe™ — 3z from SND (x = 4)
[7], CMD2 (x =5) [8], BABAR (x = 6) [9], and BESIII
(x ="7) [10], and eTe™ — 7°2% from SND (x = 8) [11],
(x=29) [12], and (x = 10) [5] and CDM2 (x = 11) [13].
x = 12 is left empty, and x = 13 corresponds to the case
including all the experimental data (we use red color
symbols to make a further distinction with respect to the
other cases). For the sake of clarity, in Fig. 12, we show the
description of them, corresponding to the x-axis labeling of
the previous figures. Missing parameter data in any of these
x values means that the dataset has no dependence on it.

A.ete”™ — nw — 4x cross section

As an application of the results, we compute the eTe™ —
4z cross section for the so-called omega channel and
compare with the data reported by BABAR [14]; we do
not consider the recent measurement from SND [15] since
explicit data are not provided. This process has been
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gpzm gp 8w ga)plt gp/im gcop’ﬂ 83r gp’ 0
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8wp' 7 . L 0.2

83x I L 0.4
8y i L-06
0 il --0.8

FIG. 6. Correlation matrix for the couplings considering 11 decay modes and data for e*e~ — 7°72°y cross section. See the text for
details.

Swprn 8p'zn 8wp'n 83x gy 0 1
0 0 -
08
0 0o -
g 0.001 -0.004 -0.001 -0004 -
® 06
8wpn 0001 -0001 -0004 -
04
gp'ﬂ.’ﬂ' 0 0 0o -
gmp’n‘ B 0.2
&3r
0
gp’
0 0 F-0.2

FIG. 7. Correlation matrix for the couplings considering 11 decay modes and data for e*e~ — 7°2% and ete™ — @ — 37 cross
sections. See the text for details.
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FIG.8. e'e™ — wrn — 3r cross section data (symbols) from SND [7], CMD2 [8], BABAR [9], and BESIII [10] and the corresponding
results (solid line) using the parameters from the global analysis, Table VII.

considered in previous studies to test models’ viability to
account for the observed data, to study isospin symmetry
breaking effects as compared with the analog in tau decays
[47,48], and to determine the magnetic dipole moment of

ole e ->2my) (nb)
(e}

the p [49]. Here, we do not fit the data but use the
parameters found as listed in Tables VI and VII to describe
it. The @ channel is depicted in Fig. 13. Let us set the
notation for the momenta of the process as follows:

Energy [GeV]

FIG.9. ete™ — 72°7% cross section data (symbols) from SND (SNDOO [11], SND13 [12], and SND16 [5]) and CMD?2 [13] and the
corresponding results (solid line) using the parameters from the analysis, Table VI.
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FIG. 10. All the coupling parameters involved in the analysis, with their corresponding errors as a function of the dataset considered
for the fit, to exhibit the variations as a function of them. See Fig. 12 for the labeling on the x axis.

et (ky)e (k) = " (p1)n°(p2)a(p3)n°(pa). Then, we
can write the amplitude as

e .
Me*e’—>47r = ? (Gp + eler’)Dw<q - p4>
X A((C] - p4)2)€6(mﬁ€;¢y)(6qyplap2np3ﬁp4llﬂ’
(20)
where
1 [ -
Z 09f { } -
=
= |
5 }
= 08F .
0.7 B
06 S R S S R
’ 2 4 6 8 10 12
X: Dataset selection as described in Fig. 12
FIG. 11. Relative phase parameter @ as a function of the dataset

considered for the fit, to exhibit the variations as a function of
them. See Fig. 12 for the labeling on the x axis.

p p 14 (21)

Gop'n
G, = m*,D,(q).
9p 9y r

Ywpr
G, = op mZODpo(q),

The Bose-Einstein symmetry, applied to the neutral pions,
leads to an additional contribution by the momentum
exchange of the neutral pions in all diagrams. The

- All data —

— =
N W
I
|

+ ee ->2wy CMD2 —
+ee->2my SND 16 _|

_ =
o =
[

— +ee->2my SND 13
— + ee ->2my SND 00 —
— +ee ->3x BES 3 —
+ee >3t BABAR

- + ee ->3w CMD2 N
- + ee ->3mw SND 1
- +w->3n (9,9(1450)’g3n) I

S S - R =R
I

— +w —> 3w (p) —

_
T

10 decay modes —

FIG. 12. Label for the x axis in Figs. 10 and 11. In 2 and 3, the
(+) symbol means in addition to the case at 1 (that is 10 decay
modes). In 4 to 11, the (+) symbol means in addition to the case
at 3 (that is 11 decay modes). All data, means considering all the
previous cross section data and case at 3.
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FIG. 13.

corresponding amplitude is similar to Eq. (20) by exchang-
ing py < ps.

In Fig. 14, we plot the cross section for the parameters
values on Table VI (dashed line) and Table VII (solid line).
Experimental data from BABAR [14] are shown in circle
symbols. Scaled data from SND [5,11,12] and CMD2 [13]
obtained from the e™ e~ — zxy cross section measurements
are also displayed (see the detailed description inside the
figure). We observe that there is a proper description of the
data using either parameters dataset. The p’ contribution is
shown (dashed line) to illustrate its relevance; a nontrivial
role of the interference is important (and therefore the 6
phase) to properly account for the data. The nonresonant

20

BABAR
SND2016
SND2000
CMD2
SND2013
—_— 21y
—_— — + 3121y
p(1450)
- contact

“721") (nb)
3
I
ok 4> @

S

- 0
e—>mWn —>T

+
o(e
W

E,, (GeV)

FIG. 14. The eTe™ — nw — 4rx cross section driven by the @
channel. Symbols correspond to experimental data. Lines corre-
spond to the evaluation in the model considering the parameters
determination from the different datasets, Tables VI (dashed line)
and VII (solid line). The p’ (dot-dashed line) and contact
contribution (dotted line) are also shown.

b
( ) Y 7°(p2) Y 7+ (p1)
7 7
A ~
@, @) 7w Y
N N
SN
N N
N () N ()
d .
7 (p2) w+(p1)
7/
7/ 7/
v 4 ~
P@).pa) 7w , -
> 7 (p3)
N
\
NEI)

The ete™ — ww — 4n cross section due to the @ channel.

contribution (g3,) coming from the @ decay is also shown
(dotted line).

XI. DISCUSSION

We have explored the role of the p’ in low-energy
observables by performing an analysis of a set of decay
modes and cross sections. In a first step, we determined the
parameters of the model involving the light mesons, from
ten decay modes which are insensitive to the p’. This
provided the ground for the expected region for these
parameters, and the reference for the evolution of their
behavior, as observables sensitive to the p’ were added. The
incorporation of the ® — 3z decay, considering only the p
as intermediate state, induced a strong departure of the g,
coupling from the previously obtained values. The other
couplings involved, namely, g,, g,.., and g,,, also reflected
this tension (jump on these parameters in Fig. 10 at x axis
value 2). Extending the description by incorporating the p’
and a contact term as prescribed by the WZW anomaly
brought this parameter to peace with the previous data
results (in Fig. 10, x-axis value 3). Upon the incorporation
of the data from the ete™ — 37z (as measured by SND,
CMD2, BABAR, and BESI) and ete™ — 72°72% (as
measured by SND and CDM?2) cross section data, we
were able to further restrict the p’ parameters validity
region. The analysis exhibited the sensitivity to the relative
phase and the p’ parameters. The restriction on the relation
between parameters, encoded in A;, was very useful to
bring the parameters within the physically expected region.
The behavior of the g,,, and g3, parameters reflected a
process dependence as they favored different values for
ete™ — 3z compared to eTe™ — 7°7% cross section. This
may be due to the different experimental precision and
energy region scanned by each process. In addition, since
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the g3, is a nonresonant contribution, it can be affected by
the background subtraction procedure followed by the
experiments. All over, we observed that the behavior of
the g,,,, coupling was very stable, upon the inclusion of the
p' and the contact term, favoring a value of g,,,,, = 11.314 £
0.383 GeV~! for all the experimental data. This is important
as this parameter has implications on other observables
related with precision physics [S0-53]. As an application
of the results, we computed the et e~ — 4 cross section for
the so-called omega channel, considering the parameters
found, and compared with the data measured by BABAR. The
data were properly described, exhibiting the importance of
the p’ and the contact term. This channel plays an important
role to extract further information from the total 47 process
[49], as it provides the dominant contribution at low energies.
This analysis has exhibited the importance of the p’ meson

and provided a reliable region for its parameters. This is not
an exhaustive analysis since more processes such as z decays
were not included but provides the ground to extend them (as
we plan to do), while it already points out to definite regions
for the parameters, which can be useful to describe other
processes.
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