
 

Isospin symmetry breaking in double-pion production
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The first attempt is made to provide a quantitative theoretical interpretation of the WASA-at-COSY
experimental data on the basic double-pion production reactions pn → dπ0π0 and pn → dπþπ− in the
energy region Tp ¼ 1–1.3 GeV [Adlarson et al., Phys. Lett. B 721, 229 (2013)]. The data are analyzed

within a model based on the production and decay of an intermediate IðJPÞ ¼ 0ð3þÞ dibaryon resonance
D03 [also denoted as d�ð2380Þ]. The observed decrease of the near-threshold enhancement (the so-called
ABC effect) in the reaction pn → dπþπ− in comparison to that in the reaction pn → dπ0π0 is explained
(at least partially) to be due to isospin symmetry violation in the two-pion decay of an intermediate
near-threshold scalar σ meson emitted from the D03 dibaryon resonance under conditions of partial chiral
symmetry restoration.
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I. INTRODUCTION

The puzzling σ meson [denoted as f0ð500Þ in the latest
Review of Particle Physics [1] ] has been the subject of an
active discussion in hadronic physics for almost 60 years.
The reason for this active interest is not only the compli-
cated and still unclear nature of the σ meson or its very
large width, which considerably complicates the determi-
nation of its basic properties, but mainly the fundamental
role of this lightest scalar meson in nuclear physics and in
physics of the strong interaction in general (see the
dedicated review [2]). There is extensive literature about
the role of the σ meson in chiral symmetry breaking and
restoration in QCD. Being the lowest resonance in QCD
with the vacuum quantum numbers, the σ meson may be
responsible for the constituent quark masses; hence, it is
sometimes called the Higgs particle of the strong inter-
action [3]. Furthermore, the σ meson is traditionally
considered as a basic agent of the intermediate-range
NN attraction in nuclei, which is very difficult to reconcile
with its huge width and, consequently, very short lifetime
[4]. Besides that, the dynamics of σ-meson production in
hadronic processes is poorly understood to date. Production
of σ mesons from Pomerons has been predicted theoreti-
cally in high-energy pp collisions [5]. Experimentally, a
huge amount of data at the ππ invariant masses of
400–500 MeV has been observed in double-pion produc-
tion in pp collisions at energies E≳ 100 GeV [6] and also
in quarkonia decays [7], which can likely be explained by
the production of light scalar mesons. Other indications of

σ-meson production in hadronic processes can be found,
e.g., in the review [2]. For the above reasons, studying the
possibilities of observing σ-meson production in hadronic
collisions at high and intermediate energies is of great
interest. In this paper, we analyze the indications of
intermediate σ-meson generation in double-pion produc-
tion in pn collisions in the GeV energy region.
In a series of experiments performed by the WASA-at-

COSY Collaboration at FZ Juelich, the first high-statistics
exclusive data on a number of double-pion production
reactions in pn, pd, and dd collisions at energies Tp ¼
0.8–1.4 GeV have been obtained (see Refs. [8–11] and the
reviews [12,13]). In these experiments, the existence of the
near-threshold enhancement in the ππ invariant-mass spec-
trum known since the 1960s as the Abashian-Booth-Crowe
(ABC) effect [14] in all reactions accompanied by isoscalar
dipion production and formation of the bound nuclei in the
final state has been confirmed. The same experiments
revealed for the first time generation of a dibaryon
resonance D03 [or d�] with quantum numbers IðJPÞ ¼
0ð3þÞ, massMD03

≃ 2.38 GeV, and the rather narrow width
ΓD03

≃ 70 MeV and a direct correlation of this resonance
with the ABC effect. After that, this resonance was
confirmed by the partial-wave analysis (PWA) of np elastic
scattering, which included the new data in the region of the
D03 excitation [15]. So, among a large number of dibaryon
resonances proposed over the last 50 years since the first
theoretical prediction of dibaryons by Dyson and Xuong
[16], the D03 resonance is the most reliably established to
date. However, the detailed mechanism of the D03 decay
which leads to the ABC enhancement is still a subject of
debate [17]. In particular, the decayD03 → ΔΔ proposed in
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Ref. [8] gives a strong near-threshold enhancement only
under the assumption of a very soft vertex form factor,
which is hardly compatible with the known properties
(mass, width, and size) of the D03 resonance.
In Ref. [18] we proposed a model for the basic double-

pion production reaction pn → dπ0π0, which included two
mechanisms: pn → D03 → dσ → dπ0π0 and pn → D03 →
D12π

0 → dπ0π0, where D12 is the known isovector
dibaryon resonance with the quantum numbers IðJPÞ ¼
1ð2þÞ, massMD12

≃ 2.15 GeV, and width ΓD12
≃ 110 MeV

(see, e.g., Ref. [19]). By taking into account the above
two interfering decay routes for the D03 resonance, we
explained very well the total cross section, the ππ and
dπ invariant-mass spectra, and the final pion and
deuteron angular distributions in the pn → dπ0π0 reaction
near the resonance peak energy Tp ¼ 1.14 GeV (orffiffiffi
s

p ¼ 2.38 GeV) [18,20,21]. The ABC enhancement in
our model has been interpreted as a consequence of a scalar
σ-meson emission which has lower mass and width than the
respective free-space values [1] due to the partial chiral
symmetry restoration in the excited D03 dibaryon. Such an
interpretation finds support in a number of theoretical and
experimental works (see, e.g., the studies of chiral sym-
metry restoration in excited hadrons [22,23], the observa-
tion of the very light σ mesons in dC collisions [24], and
other related references in the review [25]), though more
confirmation of light scalar meson production in just the
dibaryon decays is still needed.
The model [18] is straightforwardly applicable to the

reaction pn → dπþπ−, for which the exclusive data on total
and differential distributions have been obtained in a recent
experiment [9]. These measurements have revealed the
significant isospin symmetry violation in the ππ invariant-
mass spectra in the near-threshold region, i.e., a suppres-
sion of the ABC enhancement by about 25% for charged
dipion production as compared to neutral dipion produc-
tion. The authors [9] assumed that this suppression was due
to a phase-space reduction originating from the 5 MeV
mass difference between the charged and neutral pions.
However, no quantitative theoretical interpretation of these
data has been published to date. Since the observed effect is
large and energy dependent, some additional sources for
isospin symmetry breaking related to the near-threshold
reaction dynamics should be examined as well. It is worth
mentioning that a similar isospin symmetry violation effect
was obtained in an earlier CELSIUS-WASA experiment
[26] on the reactions pd → 3Heππ as well as pp → ppππ.
There, it was claimed to be due to the pion loops which
enhance the π0π0 production cross section below the πþπ−
threshold [26].
The purpose of the present paper is to analyze the impact

of the different reaction mechanisms involving the D03

dibaryon production and decay on the observed isospin
symmetry violation in the reactions pn → dπ0π0 and pn →
dπþπ− near the two-pion threshold. We will try to give a

description of the experimental data [9] on both reactions
within an updated model, which combines two mechanisms
proposed previously in Ref. [18] and a mechanism of the
D03 decay into two intermediate Δ isobars suggested in
Ref. [8]. Adding the D03 → ΔΔ mechanism is needed to
take into account the restriction on theD12π decay mode of
the D03 dibaryon, imposed by the recent experimental data
on the isoscalar NN → NNπ cross section [27]. Another
necessary modification of the model [18] concerns the
accurate treatment of the pion mass difference in the
σ-meson decay, which is important just for the description
of near-threshold double-pion production in both the π0π0

and πþπ− channels. It will be shown that the observed
difference in the ABC enhancements in the above two
reactions can be explained (at least partially) by the isospin
symmetry breaking in the decay of the intermediate scalar σ
meson, which is shifted towards the two-pion threshold by
the partial chiral symmetry restoration in the excited D03

dibaryon.
The paper is organized as follows. In Sec. II, we outline

the basic formalism of the model used in the calculations
of the reactions pn → dðππÞ0 (where the subscript “0”
means the isoscalar π0π0 or πþπ− state) in the region of
Tp ¼ 1–1.3 GeV corresponding to the D03 resonance
excitation. In Sec. III, we study the two-pion invariant-
mass spectra at

ffiffiffi
s

p ¼ 2.38 GeV, which result from theD03

decay via the intermediate D12π or ΔΔ states, with regard
to the impact of each of these mechanisms on the observed
isospin symmetry breaking in pn-induced ππ production.
In Sec. IV, we study the contribution of the D03 → dσ
decay mode and combine it with both above mechanisms to
analyze the predictions of the full model. Section V is
dedicated to the analysis of the energy dependence
of the observed isospin symmetry violation in double pion
production. We summarize our results in Sec. VI.

II. FORMALISM FOR THE DOUBLE-PION
PRODUCTION REACTIONS pn → dðππÞ0 IN THE

REGION OF d�ð2380Þ
As in Refs. [18,20], we consider the D03 [or d�ð2380Þ]

dibaryon as a hexaquark-dominated state with a basic
structure 4q–2q, where the tetraquark 4q (ST ¼ 10) and
diquark 2q (S0T 0 ¼ 00) clusters are connected by a color
string with an orbital excitation L ¼ 2 (and a small
admixture of L ¼ 4). So, we agree qualitatively with
the microscopic quark-model calculations [28,29], where
the mass and narrow width of the D03 are explained by the
dominance of the “hidden color” six-quark component first
suggested in Ref. [30].1 As we proposed in Refs. [18,20],
such a state can decay directly into another six-quark state
by meson emission, in full analogy with ordinary excited

1Recently, three-diquark models for the D03 state have also
been proposed [31,32].
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hadrons. Thus, the D03 dibaryon can emit the scalar σ
meson (in d wave) and deexcite into the D01 state, which
has the same structure as the D03 but with the L ¼ 0 string
between the 4q and 2q clusters (with a small admixture of
L ¼ 2). The D01 is nothing else than the six-quark (or
dibaryon) component of the deuteron, which becomes a
physical deuteron in the course of dressing by the NN
loops. Alternatively, theD03 dibaryon can sequentially emit
two p-wave pions and also come to the final deuteron via
an intermediate isovector dibaryon state D12 strongly
coupled to the S-wave NΔ state. So, the D03 resonance
is an analog of the Roper resonance N�ð1440Þ by its two-
pion decay modes.
However, the D03 state can also contain 3q–3q configu-

rations with colorless three-quark clusters, the main of
which is the ΔΔ configuration. In fact, all known six-quark
states are located near the dihadron thresholds and should
be strongly coupled to the respective dihadron molecular-
like states [13,33,34]. The nearer the threshold, the stronger
the coupling, and the higher the weight of the respective
molecular-like state in the total dibaryon wave function.
Contrary to the deuteron and the D12 dibaryon, the D03

state is located rather far from the respective (in this case,
the ΔΔ) threshold, so the molecular-like ΔΔ state has a
small fraction in it. Hence, when we talk about the ΔΔ
component of the D03 dibaryon, we should mean predomi-
nantly the compact six-quark configuration consisting of
two three-quark clusters with the quantum numbers of the
Δ, which are in the relative S wave, so that the two Δ
baryons are strongly overlapped in such a state. According
to the calculations [28,29], the ΔΔ component constitutes
about 30% of the total D03 wave function.2 Just this
component can decay directly into two physical Δ isobars.
In Refs. [18,20], we neglected this decay mode of the D03

dibaryon, while it is considered to be dominant in many
other works (see the review [12]). We considered the D03

decay into the D12 þ π intermediate state to be the
dominant one, based also on the fact that this state has
half the width and, therefore, twice the lifetime than the ΔΔ
intermediate state. However, a recent experiment [27]
revealed a very small (if any) NNπ decay branch of the
D03 resonance, thus imposing restrictions on its decay via
the D12 þ π intermediate state. So, for consistency with the
data [27], we should reduce the contribution of this decay
mode and include some admixture of the ΔΔ one (see
details at the end of this section). It should also be noted
that the observed branching ratios (BRs) for the D03 decay
into different final states [36] can be reproduced by some
combination of the D12π and ΔΔ components in the D03

state [37]. The data [27] restrict the D12π component to be

not more than 25%. However, we do not consider the
D12 þ π state as a component of the D03 resonance, but
rather as an intermediate state in the decay of its dominant
six-quark component.
Thus, we take into account the D03ð2380Þ dibaryon

formation in a pn collision and its subsequent decay via
three interfering routes: (i) through emission of the inter-
mediate scalar σ meson, which decays into two final pions
in the scalar-isoscalar channel, (ii) through the intermediate
isovector D12ð2150Þ dibaryon production, which decays in
turn into a pion and a final deuteron, and (iii) through the
intermediate ΔΔ state, which decays into two pions and
two nucleons, merging finally into a deuteron. These
mechanisms for double-pion production are depicted in
Fig. 1. We do not include here the t-channel background
processes of NN�ð1440Þ or ΔΔ excitation, since our study
is focused on double-pion production in the vicinity of the
D03 peak, where these processes should give a small
contribution [8]. Their inclusion would also enlarge the
number of adjustable parameters of the model.
The amplitude for the reactions pn → dðππÞ0 with

account of the above three mechanisms can be written
as follows:

Mλp;λn;λd ¼
P

λ3
MðD03Þ

λp;λn;λ3

h
MðσÞ

λ3;λd
þMðD12Þ

λ3;λd
þMðΔΔÞ

λ3;λd

i
s −M2

D03
þ i

ffiffiffi
s

p
ΓD03

ðsÞ ;

ð1Þ

whereMðD03Þ
λp;λn;λ3

stands for the helicity amplitude of the D03

dibaryon formation and MðσÞ
λ3;λd

, MðD12Þ
λ3;λd

, and MðΔΔÞ
λ3;λd

stand
for the helicity amplitudes of its decay via the above
three routes.
When choosing the z axis to be parallel to the initial

center-of-mass momentum p, the D03 dibaryon formation
amplitude takes the form [20]

(a) (b)

(c)

FIG. 1. Diagrams of different mechanisms for pn-induced
double-pion production in the region of the D03 [or
d�ð2380Þ] resonance formation. The 3-momenta in the pair
center-of-mass frames are indicated between the respective lines.

2This fraction should be further examined, however, due to the
fact that caution needs to be taken in explaining the configuration
structure for any baryon-baryon bound system in the case that the
wave function of a single baryon is not consistent with the given
Hamiltonian [35].
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MðD03Þ
λp;λn;λ3

¼ Fpn→D03
ðpÞC3λ3

1λ320
C1λ3

1
2
λp

1
2
λn
Y20ðp̂Þ; ð2Þ

whereCJΛ
s1λ1s2λ2

are the Clebsch-Gordan coefficients. In turn,
for the dibaryon decay amplitudes, one gets the following
expressions [20]:

MðσÞ
λ3;λd

¼ FD03→dσðqÞFσ→ππðkÞ
M2

ππ −m2
σ þ iMππΓσðM2

ππÞ
C3λ3
1λd2μ

Y2μðq̂Þ; ð3Þ

MðD12Þ
λ3;λd

¼ FD03→D12π1ðk1ÞFD12→dπ2ðκ1Þ
M2

dπ2
−M2

D12
þ iMdπ2ΓD12

ðM2
dπ2

Þ
×
X
λ2

C3λ3
2λ21μ2

C2λ2
1λd1μ1

Y1μ2ðk̂1ÞY1μ1ðκ̂1Þ

þ ðπ1 ↔ π2Þ; ð4Þ

where we introduced the center-of-mass frame momenta
of the final deuteron q and pions ki (i ¼ 1, 2), as well as
the pion momenta κi (i ¼ 1, 2) in the center-of-mass
frame of the ith pion and the deuteron. From the proper-
ties of the Clebsch-Gordan coefficients, one gets for the
projections of the orbital angular momenta, which appear
in Eqs. (3) and (4), μ ¼ λ3 − λd, μ1 ¼ λ2 − λd, and
μ2 ¼ λ3 − λ2. After explicitly taking the sum over λ2 in
Eq. (4), the angular part of the amplitude (4) takes a form
very similar to that of the amplitude (3) (see details
in Ref. [20]).
In the present work we also consider the D03 decay into

two Δ isobars (the so-called s-channel ΔΔ mechanism).
The formulas for the respective amplitude have been given
in Ref. [17]. Here we use essentially the same formulas to
calculate the contribution of the s-channel ΔΔ mechanism
but we also take into account the nucleon recoil in the
Δ → Nπ vertices, which was neglected in Ref. [17]. So,
we take the amplitude for the processD03 → ΔΔ → dππ in
the form

MðΔΔÞ
λ3;λd

¼
Z

d3ρ
ð2πÞ3φdðρÞFD03→ΔΔðpΔΔÞ

×GΔðMN1π1ÞGΔðMN2π2ÞFΔ→N1π1ðϰ1ÞFΔ→N2π2ðϰ2Þ
×

X
λΔ1 λN1

C3λ3
3
2
λΔ1

3
2
λΔ2

C
3
2
λΔ1
1
2
λN1

1μ1
C

3
2
λΔ2
1
2
λN2

1μ2
C1λd

1
2
λN1

1
2
λN2

×Y1μ1ðϰ̂1ÞY1μ2ðϰ̂2Þþðπ1↔π2Þ; ð5Þ

where ϰi is the pion momentum in the Δi rest frame
(i ¼ 1, 2), GΔðMNiπiÞ¼ ½M2

Niπi
−m2

Δþ iMNiπiΓΔðM2
Niπi

Þ�−1
is the Δ propagator, and φdðρÞ is the deuteron
wave function. We neglected the D-wave state of the
deuteron, as in Ref. [17]. In the calculations presented
below, we used the S-wave component of the CD-Bonn
wave function [38].

From the total amplitude Mλp;λn;λd defined by Eq. (1),
one can find the ππ invariant-mass distribution:

dσ
dMππ

¼ 1

ð4πÞ5ps
Z Z

qkdΩq̂dΩk̂jMλp;λn;λdðq;kÞj2; ð6Þ

where s is the total invariant energy,k is the pion momentum
in the center-of-mass frame of two pions, and the line over
the matrix element squared stands for averaging over the
initial and summing over the final spin states.
Then, one gets for the total cross section

σ ¼
Z ffiffi

s
p

−md

2mπ

dMππ
dσ

dMππ
: ð7Þ

The vertex functions introduced in Eqs. (2)–(5) are
related to the partial decay widths as3

FR→abðpÞ ¼ Mab

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πΓR→abðpÞ

p

s
; ð8Þ

where p is the momentum of the particle a in the center-of-
mass frame of the particles a and b, related to the invariant
mass as usual, p¼½ðM2

ab−m2
a−m2

bÞ2−4m2
am2

b�1=2=2Mab.
For the partial decay widths with meson emission, we

use the standard parametrization

ΓR→abðpÞ ¼ Γð0Þ
R→ab

�
p
p0

�
2lþ1

�
p2
0 þ Λ2

ab

p2 þ Λ2
ab

�
lþ1

; ð9Þ

where p0 is a value of p at the resonance energy,

Γð0Þ
R→ab ¼ ΓR→abðp0Þ, l is the relative orbital angular

momentum of the particles a and b and Λab is a high-
momentum cutoff parameter. The same energy dependence
is assumed for the total width of the D12 dibaryon ΓD12

;
however, its form has little impact on the results presented
below. In fact, we obtain very similar results with the
constant ΓD12

. The total width of the D03 dibaryon ΓD03
is

assumed to be constant near the D03 resonance peak.
For the pn → D03 vertex, we use the Gaussian form

factor, according to the dibaryon model for the NN
interaction [39,40]. In this case, the D03 decay width into
the np channel has the form

3The factor
ffiffiffiffiffi
4π

p
in the following relation has been canceled by

the factor 1=
ffiffiffiffiffi
4π

p
in the definition of the spherical harmonics Ylm

entering the angular parts of the respective amplitudes. So, the
Ylm without this factor are used in Eqs. (2)–(5). Note also that the
factor pl is included here in the vertex function FR→abðpÞ, while
in Ref. [20] it was included in the (solid) spherical harmonics.
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ΓD03→npðpÞ ¼ Γð0Þ
D03→np

�
p
p0

�
5

exp

�
−
p2 − p2

0

Λ2
pn

�
: ð10Þ

The cutoff parameters Λab are fixed by a condition of a
nearly constant width in the vicinity of the resonance
position. For the Δ → πN vertices, we use the conventional
value ΛπN ¼ 0.16 GeV=c [17], while we do not introduce
any cutoff for theD03 → ΔΔ vertex due to the compact size
of the D03 resonance. So, we take the D03 → ΔΔ vertex
function simply as

FD03→ΔΔðpΔΔÞ ¼
ffiffiffiffiffiffiffiffi
8πs

p
gΔΔ; ð11Þ

where gΔΔ is a coupling constant. The parameters Γð0Þ and
p0 [see Eq. (9)] are not relevant here since D03 is not a
resonance, but a bound state with regard to the ΔΔ
threshold.
We should note here that a soft cutoff parameter is

justified for the Δ → πN vertex form factor, since the pion
can be considered as a point-like particle related to the
nucleon. So, the soft cutoff parameter here reflects the
peripheral character of pion emission from the Δ isobar.
The same is true for other meson-emission vertices. On the
other hand, when we deal with the ΔΔ component of the
D03 resonance, two Δ’s are almost fully overlapped, since
D03 has the same size as the Δ (see the discussion in the
beginning of this section). In such a case, the D03 → ΔΔ
vertex form factor should be much harder. Since the precise
cutoff value for this vertex is presently unknown, while it
strongly affects the description of the low-mass part of the
Mππ spectrum [8,17], we prefer to take the infinite cutoff
here (which is equal to not introducing this form factor at
all). In fact, we could introduce no cutoff in the D03 → np
vertex as well; however, this vertex form factor is much less
important near the D03 peak energy, since the D03 peak lies
far from the pn threshold. So, we keep the value
Λpn ¼ 0.35 GeV=c, which follows from the dibaryon
model of the D-wave NN interaction [39]. Note that the
cutoff value in the D03 → ΔΔ vertex form factor should be
larger, since there is no angular barrier in the S-wave ΔΔ
system.
The parameters defined in Eqs. (9) and (10) as well as the

masses and the total widths of the resonances used in the
calculations below are listed in Table I. The parameter gΔΔ
defined in Eq. (11) will be discussed at the end of this
section.
The total mass and width of theD03 resonance have been

fixed in accordance with the experimental data [8,15] and
fine-tuned to fit the total pn → dπ0π0 cross section from
Ref. [9] in the range

ffiffiffi
s

p ¼ 2.36–2.40 GeV (see Sec. V and
the Appendix for the normalization issue). In turn, the total
mass and width of the D12 resonance have been fixed as in
Ref. [18] to be consistent with the available experimental
and PWA data (see, e.g., Ref. [19]), and they are also
consistent with the Faddeev calculations of the πNN

system [41] and the model calculations of the pp →
dπþ reaction [20]. On the other hand, the σ-meson mass
and width have been found from the fit to the ABC peak
obtained in Ref. [9]. Then, the partial decay widths of the σ
meson into the π0π0 and πþπ− channels are found from the
total width by isospin relations, taking into account the
kinematic consequences of the 5 MeV mass difference
between the charged and neutral pions (see Sec. IV). In the
initial version of the model [18,20], we neglected the pion
mass difference; however, it should be taken explicitly into
account to give the quantitative predictions for both
reactions pn → dπ0π0 and pn → dπþπ− in the near-
threshold region. As will be shown in the next two sections,
this refinement of the initial model gives the most visible
consequences for the σ-meson production mechanism,
while it is practically negligible (except for the phase-
space difference) for the D12 and ΔΔ excitation mecha-
nisms. Hence, the partial widths of theD12 (or the Δ) decay
into different πd (or πN) channels can safely be fixed by
isospin relations. For theD12 → πd BR, we adopt the value
30%, which follows from the SAID PWA [42]. Thus, we

obtain Γð0Þ
D12→πd ¼ 33 MeV for the total D12 width of

110 MeV. At this point, it is important to realize that the
D12 resonance has been treated in the literature in two
different ways. If it is treated as a pure dibaryon state as in,
e.g., Refs. [20,43], it should be supplemented by the
t-channel NΔ excitation and other less important back-
ground processes in the 1D2 pp (or 3P2 πd) partial channel.
In this case, one obtains a BR for the D12 → NN and
D12 → πd decays of about 10% or less, as we found from
the fit of the pp → dπþ cross section in the 1D2p partial
wave [20]. Alternatively, if the D12 state is supposed to
saturate the relevant channel, as in the model in
Refs. [37,41], the intermediate NΔ state is treated as its
component, and its BRs can be read off from the Argand
diagrams obtained in PWA. In this case, one obtains from
the SAID PWA a BR for the D12 → NN decay of about
16–18% [44,45] and for the D12 → πd decay of about
30% [42]. The same value for the latter BR was found in the

TABLE I. Parameters of resonances R and their decay channels
R → aþ b relevant for the pp → dðππÞ0 reactions. For the
parameter p0, the given interval corresponds to all possible
isospin channels.

R
MR

(MeV)
Γð0Þ
R

(MeV) ab l
p0

(MeV)
Γð0Þ
R→ab

(MeV)
Λab

(GeV)

np 2 730 9 0.35
D03 2376 77 σd 2 350 2 0.18

πD12 1 173–176 31 0.12

D12 2150 110 πd 1 221–223 33 0.15
Δ 1232 117 πN 1 226–229 117 0.16
σ 303 126 ππ 0 72–80 126 0.09
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Gatchina PWA [46,47] (though the D12 → NN BR was
found there to be only about 10%). When we consider here
the decay D03 → D12 þ π, we effectively take into account
the N þ Δþ π intermediate state along with the D12 þ π
one, and thus we should take the D12 → πd BR from the
PWA data.
We complete our model description with a discussion of

the parameters Γð0Þ for the D03 production and decay. In
fact, by fitting the experimental Mππ distributions, we can
find only the products of the incoming and outgoing partial
widths. So, we need to fix some of them from the
independent sources. Thus, we fix the incoming width

Γð0Þ
D03→pn to be 12% of the total D03 width, according to the

experimental data on np elastic scattering (see Ref. [36]).

Then, the value of Γð0Þ
D03→dσ is found from the fit of the

respective amplitude to the Mππ spectra in the low-mass
region, provided the summed contribution of the D12π and
ΔΔ mechanisms is found from the fit to the Mππ spectra in
the high-mass region. However, since both of these
mechanisms give very similar results for the double-pion
production cross sections, the question arises about their
relative weight in the D03 decay. The contribution of the
D03 → D12π decay mode to the pn → dðππÞ0 cross sec-
tions can be restricted by the experimental data as follows.
TheD03 → dππ decay branch is about 37% of the totalD03

width [36]. The contributions of the D03 → D12π mode to
the D03 decay into dππ and NNπ final states are related as
the BRs for the dπ and NN decays of the D12 resonance.
From the SAID PWA [42,44,45], these BRs are found to be
related approximately as 2∶1. Since the D03 → NNπ decay
(if it takes place at all) can proceed predominantly through
the D12 þ π intermediate state, the upper limit for the
D03 → NNπ BR of 5% found in Ref. [27] means that the
upper limit for theD03 → D12π → dππ mode is about 10%
of the D03 total width, i.e., about 25% of the D03 → dππ
partial width.4 We adopt this value here (i.e., 3 times
smaller than in the initial model [18]), which leads to the

Γð0Þ
D03→D12π

value listed in Table I.
Then, from the fit of the high-mass Mππ spectra, we

obtain the 20% contribution of the D03 → ΔΔ mode to
the pn → dπ0π0 cross section at

ffiffiffi
s

p ¼ 2.38 GeV, which
corresponds to the coupling constant gΔΔ ¼ 1.23 [see
Eq. (11)]. This value, as well as the values for the

parameters Γð0Þ
D03→dσ and Γð0Þ

D03→D12π
given in Table I,

correspond to the experimental total cross section
σðpn → dπ0π0Þ ¼ 0.255 mb at

ffiffiffi
s

p ¼ 2.38 GeV [9].
Thus, we have four adjustable parameters in the model:
the mass and width of the σ meson, the partial width

Γð0Þ
D03→dσ , and the coupling constant gΔΔ.

III. NEUTRAL AND CHARGED DIPION
PRODUCTION VIA THE INTERMEDIATE D12

AND ΔΔ EXCITATION

In this section, we study the two-pion invariant-mass
spectra at

ffiffiffi
s

p ¼ 2.38 GeV which result from the dominant
mechanism of the reactions pn → dðππÞ0 in the region of
the d�ð2380Þ excitation. Such a mechanism can include
either intermediate D12ð2150Þ or ΔΔ excitation, as pro-
posed in Refs. [18] and [8], respectively. Here, we present
the calculations for each of these mechanisms separately
with regard to their impact on the observed difference
between the π0π0 and πþπ− production cross sections in pn
collisions. In the next section, we will combine both of the
above mechanisms with the intermediate σ-meson excita-
tion and analyze the predictions of the full model.
From isospin conservation, one expects for the total

double-pion production cross sections in various isospin
channels

σðpn→dπþπ−Þ¼2σðpn→dπ0π0Þþ1

2
σðpp→dπþπ0Þ:

ð12Þ

We consider here the isoscalar dipion production,
which is connected to the formation of the D03 resonance.
Hence, we compare our calculations for the cross sections
in the reaction pn → dπþπ− to the experimental data on
σðpn→ dðπþπ−Þ0Þ¼ σðpn→ dπþπ−Þ− 1

2
σðpp→ dπþπ0Þ.

Though the different channels have different thresholds in
the ππ invariant mass, the above subtraction can be
performed safely for the data [9], since the data for different
isospin channels have been averaged over the same
10 MeV intervals in Mππ . In any case, the isovector ππ
channel is suppressed near threshold due to the Pauli
principle, and therefore its contribution to the πþπ−
production cross section is significant only at rather high
values of Mππ. In turn, according to Eq. (12), the cross
section σðpn → dðπþπ−Þ0Þ should be compared with
2σðpn → dπ0π0Þ to explore the isospin symmetry breaking
in isoscalar dipion production.
In Fig. 2 we show the ππ invariant-mass distributions in

the reactions pn → dπ0π0 and pn → dπþπ− calculated for
the D12 production mechanism. The calculations for the
neutral and charged dipion production channels are per-
formed with the same model parameters (including the
overall normalization) but different pion masses. As was
found in Ref. [18], theD12 excitation mechanism alone can
give a reasonable (at least qualitative) description of the
high-Mππ data but lacks any low-Mππ enhancement
(the ABC effect). As is clearly seen from Fig. 2, this
mechanism gives a shift of the low-Mππ distribution due to
the phase-space reduction for the charged dipion channel,
but does not lead to any suppression of the charged dipion
production cross section at low invariant masses.

4Note that for the Gatchina PWA [46,47], this upper limit
would be about 40%, since the BRs for the dπ and NN decays of
the D12 resonance are related there as 3∶1.
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The ππ invariant-mass distributions for the s-channelΔΔ
excitation in the intermediate state are shown in Fig. 3.
Though a moderate low-mass enhancement in the Mππ

spectra is present here, it is not sufficient to reproduce the
observed strength of the ABC effect. In fact, the low-mass
enhancement seen in Fig. 3 comes mainly from the nucleon
recoil in the Δ → Nπ vertices, which is neglected in the
calculations [8,17]. We also find a sensitivity of the ΔΔ
mechanism contribution to the cutoff parameter in the
Δ → πN vertices. For instance, if we take ΛπN ¼
0.3 GeV=c [20] instead of the conventionally used value
(for the on-shell pion) of 0.16 GeV=c [17], the low-mass
enhancement is ∼10% higher, but still too low compared to
the experimental ABC peak, especially that in the more
precise data [8] (shown in Fig. 3 by open circles). These
data can be described well only if the soft form factor in the
D03 → ΔΔ vertex is introduced with the cutoff value
ΛΔΔ ¼ 0.15–0.2 GeV=c [8]. Such a soft cutoff is appro-
priate for a loosely bound (deuteron-like) object, but is
hardly compatible with the compact size of the D03 state
(rms of about 0.8 fm), its high binding energy (∼80 MeV)

in the ΔΔ channel, and its narrow width (see also the
discussion in Sec. II). Furthermore, the cutoff parameter
ΛΔΔ should be even smaller (∼0.07 GeV=c) to reproduce
the ABC enhancement in dd collisions [11].
As is seen from Fig. 3, the s-channel ΔΔ mechanism

does not give any suppression of the ABC peak for the
charged dipion production. Similarly to the D12 excitation
mechanism, it gives only a shift of the low-mass distribu-
tion in the πþπ− channel by about 10 MeV, which comes
from the pion mass difference and the corresponding phase-
space reduction. In fact, the low-mass enhancement in the
πþπ− channel turns out to be even a bit higher than that in
the π0π0 channel. Inclusion of the above D03 → ΔΔ vertex
form factor cannot help here, since the form factor should
be the same for the neutral and charged dipion production
channels.
Thus, we conclude that none of the mechanisms leading

to the production of two uncorrelated pions (emitted from
two different resonances), i.e., with the isovector D12

dibaryon or two Δ isobars in the intermediate state, gives
the observed suppression of the charged dipion production
cross section at low ππ invariant masses compared to that
for neutral dipion production. Both of these mechanisms
give only a shift of the low-Mππ distribution due to a
10 MeV shift of the dipion production threshold in the
charged channel. This is not surprising since the resonances
(D03, D12, and Δ), which produce the pions in the above
mechanisms, are located far from the respective pion-
production thresholds, and thus their decay is weakly

FIG. 2. ππ invariant-mass distributions in the reactions pn →
dπ0π0 (multiplied by 2, solid line) and pn → dðπþπ−Þ0 (dashed
line) at

ffiffiffi
s

p ¼ 2.38 GeV resulting from the D03 → D12π decay in
the intermediate state. The theoretical calculations are compared
to the experimental data on 2dσ=dMπ0π0 (filled circles) and
dσ=dMπþπ− − 1

2
dσ=dMπþπ0 (open squares) from Ref. [9], as well

as the data on 2dσ=dMπ0π0 from Ref. [8] (open circles). The latter
data have been multiplied by 0.45 (see the Appendix). The model
parameters are those listed in Table I, except for the parameter

Γð0Þ
D03→D12π

, which has been adjusted to reproduce the experimental
data at high invariant masses. Also shown are the pure phase-
space distributions for π0π0 (dash-dotted line) and πþπ− (dotted
line) production normalized to the respective total cross sections.

FIG. 3. Same as in Fig. 2, but for the D03 → ΔΔ decay in the
intermediate state. The coupling constant gΔΔ has been adjusted
to reproduce the experimental data at high invariant masses. The
thin dash-dot-dotted line shows the result of the calculation for
π0π0 production without accounting for the nucleon recoil in the
Δ → πN decay (as in Ref. [17]).
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sensitive to the small mass difference between the charged
and neutral pions. Hence, one should look for another
source of the ABC peak itself, as well as for the reduction
of its strength in the πþπ− production channel. In the next
section, the intermediate scalar σ-meson production will be
considered as a possible candidate.
We should emphasize here that we used the double-pion

production amplitude, which is explicitly isospin violating
due to the pion mass difference. Thus, we used the charged
pion mass in the amplitude of charged dipion production
and the neutral pion mass in the amplitude of neutral dipion
production. However, in Ref. [9] the amplitude of the
s-channel ΔΔ mechanism was treated differently. This
amplitude was made explicitly isospin symmetric by taking
equal pion masses in the amplitudes for the above two
dipion production channels (but different pion masses in
the phase-space factors). In fact, the isospin symmetry is
often assumed for the amplitudes of hadronic processes
when the accurate dynamical treatment is not available
(see, e.g., Ref. [48]). In this way, the observed strong
isospin symmetry violation in the near-threshold region can
be explained solely by the phase-space difference for
neutral and charged dipion production (see Fig. 2 in
Ref. [9]). Note, however, that the direct comparison
between the theoretical calculation and experimental data
was not done in Ref. [9]. On the contrary, in our model we
do not make the amplitude isospin symmetric by hand, but
rather incorporate the real pion masses in it.5 Since our
amplitude depends on the ππ relative momentum, which
rises from zero at threshold in both dipion channels, both
amplitudes fall rapidly from (almost) the same values at the
respective thresholds with the rising Mππ and approach
very close values at high Mππ . Thus, the amplitude for the
neutral dipion production occurs to be much lower than that
for the charged dipion production at the πþπ− threshold.
This isospin-violating behavior of the amplitudes in the
near-threshold region is compensated by the opposite
behavior of the phase-space factors, thus leading to the
result plotted in Fig. 3. Hence, we need an additional
dynamical mechanism which would partially restore the
isospin symmetry of the total 2π-production amplitude and
improve agreement with the data.

IV. INCLUSION OF THE INTERMEDIATE
σ-MESON PRODUCTION

We have shown in Ref. [18] that the ABC effect in the
reaction pn → dπ0π0 can be explained by the intermediate
σ-meson excitation mechanism, i.e., pn→D03→dþσ→
dþπ0π0. If we add the respective amplitude coherently to

the amplitude of the intermediate D12 excitation, the sum
of these two amplitudes gives a pronounced low-mass
enhancement in the Mππ spectrum, provided the σ mass
and width are shifted downwards from their free-space
values [listed by the Particle Data Group (PDG) [1] ] due
to the partial chiral symmetry restoration in the D03

dibaryon [18]. So, the observed strength and position
of the ABC enhancement can be reproduced with mσ ≃
300 MeV and Γσ ≃ 100 MeV. We note in passing that
according to the well-established point of view (see, e.g.,
Refs. [22,23]), the partial chiral symmetry restoration,
which leads to the shift of the σ-meson mass towards the
2π threshold, can occur in highly excited hadrons due to
decoupling of the valence quarks from the QCD con-
densates. In this respect, the above dibaryon state D03

having the mass MD03
≃ 2.38 GeV, i.e., 500 MeV above

the pn threshold, can be considered as a highly excited
hadronic state.
In Ref. [18] we did not take into account the difference

between the neutral and charged pions when considering
the σ-meson decay. When the pion mass difference is taken
into account, the total decay width of the σ meson can no
longer be taken as ΓσðMππÞ ¼ 3Γσ→π0π0ðMππÞ, but rather
should be

ΓσðMππÞ ¼ Γð0Þ
σn

kn
k0n

k20n þ Λ2
ππ

k2n þ Λ2
ππ

þ Γð0Þ
σc

kc
k0c

k20c þ Λ2
ππ

k2c þ Λ2
ππ

; ð13Þ

where k2n ¼ M2
ππ=4 −m2

π0
and k2c ¼ ðM2

ππ=4 −m2
πþÞ×

θðMππ − 2mπþÞ are the moduli squared of the relative
momenta of two neutral and charged pions, respectively,
as functions ofMππ . Here we use the same cutoff parameter
Λππ for the charged and neutral pions. At the resonance
energy, one has Mππ ¼ mσ, kn ¼ k0n, kc ¼ k0c, and the σ
decay widths into the neutral and charged two-pion

channels are Γð0Þ
σn and Γð0Þ

σc , respectively. In the case of
isospin conservation, one would get kn ¼ kc and

Γð0Þ
σn ¼ Γð0Þ

σc =2 ¼ Γð0Þ
σ =3.

When the isospin symmetry violation is considered
explicitly, it is convenient to introduce the coupling con-

stants g2σn ¼ Γð0Þ
σn =k0n and g2σc ¼ Γð0Þ

σc =k0c. This allows to
separate the basic isospin dependence of the σ partial
decay widths due to the different ππ relative momenta at
Mππ ¼ mσ for the different pion masses. If, as usual,
we assume that

g2σn ¼ g2σc=2 ¼ g2σ; ð14Þ

then the coupling constant gσ is uniquely related to the total
width Γσ at the resonance pointMππ ¼ mσ . In this case, the
difference between the σ partial decay widths into the
neutral and charged dipions (aside from a factor of 1=2) is
governed by the kinematical difference between the
momenta kn and kc. Below we will also consider the

5We believe that the mass difference between final pions has
the biggest impact on the isospin symmetry violation near the
two-pion threshold, both in the amplitude and phase space,
while the mass difference between the intermediate Δ isobars (or
different charge states of the D12 dibaryon) can be neglected.
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possible dynamical origin of the difference between the σ
partial widths by introducing an additional parameter α, so
that

g2σn ¼ g2σð1þ αÞ; g2σc ¼ g2σð2 − αÞ: ð15Þ

TheMππ dependence of the total and partial σ widths for
mσ ¼ 300 MeV, Γσ ¼ 100 MeV [18], and α ¼ 0 is plotted
in Fig. 4.
The above structure of the total σ width leads to a

singularity in the π0π0 production cross section at the πþπ−

threshold, which is absent in the πþπ− production cross
section. The Mππ spectra resulting from the intermediate σ
excitation mechanism with the width parametrization (13)
are shown in Fig. 5. In Fig. 5(a) we fit the σ mass and width
and the overall normalization of the cross section (which is
defined by the D03 → dþ σ decay width) to reproduce the
experimental distributions [9] at low Mππ. We obtain the
values mσ ¼ 322 MeV and Γσ ¼ 158 MeV, which are
somewhat higher than the values found in Ref. [18].
This difference is due to the broader ABC peak in the
data [9] compared to that in the previous data [8] and the
inclusion of the “background” D12 contribution in the fit
[18].6 It is seen from Fig. 5(a) that the striking difference
between the neutral and charged dipion production cross
sections in the isoscalar channel, which results from the
structure of the σ decay width (13) shown in Fig. 4, is in
agreement with the experimental data. In Fig. 5(b) we also
show the Mππ spectra obtained for the values mσ ¼ Γσ ¼
500 MeV consistent with those listed in the PDG tables [1].
In this case the cusp in the π0π0 invariant-mass distribution
at the πþπ− production threshold is also visible; however,
the shape of the distribution differs strongly from the
experimental one. In particular, the calculated distribution
rises up to the nominal σ mass, while the experimental one
decreases after the low-mass peak. So, the data on double-
pion production favor the lower mass and width of the
σ meson.
It is worth emphasizing that the singular behavior of the

production cross section in the given channel at the
threshold of another channel (with a higher threshold) is
characteristic for excitation of an intermediate resonance R,
which can decay into both channels and is located near their
thresholds, i.e., when the resonance mass and width satisfy
the relation MR −Mthr < ΓR=2. This is related to the fact
that the detailed structure of the decay width is important
mainly near the resonance position. This condition is

fulfilled for the narrow near-threshold σ meson with the
massmσ ∼ 300 MeV and the width Γσ ∼ 100 MeV, as well
as for the broad σ meson with the mass and width
mσ ∼ Γσ ∼ 500 MeV. However, this is not the case for
the Δ or D12 resonances with respect to their single-pion
decays. Both of these resonances are located rather far
from the pion production thresholds, and hence the
production cross sections via these resonances are only
slightly affected by the small difference between the neutral
and charged pion production thresholds. That is why, when
explicitly taking into account the pion mass difference in
the total width parametrization for theΔ orD12 resonances,
we do not find any significant difference between the
neutral and charged dipion production cross sections,
except for some shift of the low-mass peak in the Mππ

spectrum due to the phase-space reduction for the charged
dipions (see Sec. III).
Thus, we have shown that the near-threshold σ-meson

production can explain the observed suppression of the
ABC enhancement in the πþπ− channel. However, when
the σ-excitation amplitude is added coherently to theD12 or
ΔΔ production amplitude to also reproduce the high-mass
part of the Mππ spectrum, the contribution of the σ-
excitation mechanism should be decreased in comparison
to that shown in Fig. 5(a). Then, its influence on the
summed Mππ distribution gets reduced. In Fig. 6 we show
theMππ distribution resulting from the coherent sum of the
σ, D12, and ΔΔ excitation mechanisms, as well as their
individual contributions. The integrated contributions of
these mechanisms to the pn → dπ0π0 cross section are
about 4%, 25%, and 20%, respectively. For better visibility
of all curves, we depict the distributions for π0π0 and πþπ−
production in two separate figures. The resonance

FIG. 4. Partial decay widths Γσ→π0π0 (dashed line) and Γσ→πþπ−

(dash-dotted line), as well as the total width Γσ (solid line) as
functions of the ππ invariant mass, according to Eq. (13), for
mσ ¼ 300 MeV and ΓσðmσÞ ¼ 100 MeV [18]. The constant
values of the widths at Mππ ¼ mσ are shown by thin solid lines.

6Both data sets [8,9] are shown in Figs. 2 and 3, but we do not
plot the data from Ref. [8] on the Mππ distribution for π0π0

production in the next figures. We focus here on the isospin
symmetry violation, which can be traced by analyzing the data on
dipion production in different isospin channels measured in the
same experiment. The data from Ref. [8], though more precise,
differ significantly from the data [9] at lowMππ, and therefore we
do not include the data from Ref. [8] in our present analysis.
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parameters used in calculations for this version of the
model are listed in Table I.7 In particular, we obtain the
values mσ ¼ 303 MeV and Γσ ¼ 126 MeV (denoted in

Table I as Mσ and Γð0Þ
σ ). It should be noted that the above

refinement of the total σ width by the inclusion of the pion
mass difference [see Eq. (13)] and adding the s-channelΔΔ
mechanism lead to some modification in the description of
the Mππ distribution in the reaction pn → dπ0π0 [8]
published in Refs. [18,20,21]. However, while the
σ-production cross section gets a cusp, as shown in
Figs. 5 and 6, the summed distribution remains very similar
to that published in these works and still fits the data [8],
provided the σ-meson parameters have the values mσ ¼
297 MeV and Γσ ¼ 75 MeV. The mass of the σ meson
found in the present fit of the data [9] is almost the same,
while the width is larger, since the ABC peak in the data [9]
is broader. In fact, the σ-meson parameters depend on the
other processes included in the calculation of the Mππ

spectrum. Its mass remains quite stable and is influenced
mainly by the position of the experimental ABC peak,
while the width varies over a wider range (but remains
small compared to the free-space value of about 500 MeV).
In particular, mσ varies from 290 to 320 MeVand Γσ varies
from about 100 to 150 MeV when we include different
combinations of the ΔΔ and D12π decay routes of the D03

resonance, with the lower values corresponding to the

inclusion of the ΔΔmode only. Thus, the parameters of the
σ meson listed in Table I correspond to the average values.
As is seen from Fig. 6, the calculated (summed)

distributions do not reproduce the low-mass peaks in both
π0π0 and πþπ− production quantitatively, but they exhibit a
proper qualitative behavior at low Mππ, which looks
somewhat different for neutral and charged dipion produc-
tion. This difference cannot be reproduced without the
σ-meson contribution. The theoretical Mππ distributions
shown in Fig. 6 are calculated with the σ total width defined
by Eq. (13) under the assumption that the σππ coupling
constants obey the isospin symmetry [see Eq. (14)]. The
thin lines in Fig. 6 show the distributions corresponding to
the different coupling constants for the σπ0π0 and σπþπ−
vertices, where the difference is governed by the adjustable
parameter α [see Eq. (15)]. We have obtained the quanti-
tative description of the low-Mππ data with α ¼ 0.23. For
this value of α, the ratio of the coupling constants is
g2σc=g2σn ¼ 1.44 instead of the usual (isospin-symmetric)
value of 2 corresponding to α ¼ 0. In turn, the σ partial

widths are related as Γð0Þ
σc =Γð0Þ

σn ¼ 1.23 for α ¼ 0.23 and
1.71 for α ¼ 0. In principle, the σππ coupling constants
should be constrained by the data on ππ scattering.
Unfortunately, we have not found any investigation in
the literature of the σππ coupling constants beyond the
isospin symmetry even for the standard (PDG) values of the
σ mass and width. But, we assume that the dynamical
isospin symmetry breaking is important for the production
of the near-threshold σ meson, which undergoes partial
chiral symmetry restoration, since the pion mass difference

(a) (b)

FIG. 5. (a) ππ invariant-mass distributions in the reactions pn → dπ0π0 (multiplied by 2, solid line) and pn → dðπþπ−Þ0 (dashed line)
at

ffiffiffi
s

p ¼ 2.38 GeV resulting from the D03 → dþ σ decay in the intermediate state. The theoretical calculations are compared to the
experimental data on 2dσ=dMπ0π0 (filled circles) and dσ=dMπþπ− − 1

2
dσ=dMπþπ0 (open squares) taken from Ref. [9]. The σ-meson mass

and width and the D03 → dþ σ decay width have been adjusted to reproduce the low-Mππ data. (b) Same as panel (a), but for the fixed
values mσ ¼ Γσ ¼ 500 MeV.

7For comparison with the data [9] on the differential Mππ
distributions, presented in Figs. 6–8, we decreased the absolute
normalization of our cross sections by 1.32; see the Appendix.
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becomes more crucial for mσ ∼ 300 MeV than for
mσ ∼ 500 MeV. In this case, the coupling strengths of
the σ meson to the neutral and charged dipions might differ
substantially. At the present stage, the values obtained in
this work for the σππ coupling constants, which govern the
σ → ππ decay widths, should be considered as a plausible
phenomenology. In view of our results, a detailed micro-
scopic investigation of this issue is highly desirable.
As an alternative source of splitting between the neutral

and charged dipion production cross sections, one might
consider the dynamical σ-meson generation in the final-
state interaction (FSI) of two pions produced via the
intermediate D12 or ΔΔ excitation. The early attempts
[14] to describe the ABC effect by the ππ FSI revealed that
the isoscalar ππ scattering length should be 10 times larger
than its experimental value a0 ¼ 0.28 fm. On the other
hand, the model calculations [49] have shown a substantial
effect of the ππ FSI in the σ channel on π0π0 photo-
production on the proton. The conclusions of Ref. [49] are
in qualitative agreement with the results obtained within
chiral perturbation theory [50], which predicted a consid-
erable enhancement of the π0π0 photoproduction cross
section near threshold due to pion loops. Both theoretical
predictions [49,50] are consistent with experimental data
[51]. Further, we have demonstrated in the present work
[see Fig. 5(b)] that the cross sections of pn-induced
charged and neutral dipion production via the intermediate
σ meson with its free-space (PDG) parameters behave

differently in the near-threshold region. Thus, while the σ
generation in the ππ FSI is unlikely to reproduce the total
ABC enhancement, it could give some visible splitting
between the π0π0 and πþπ− production cross sections
which, when added coherently to the direct σ production
mechanism from the D03 dibaryon, would be sufficient
to reproduce the data on the Mππ distributions. We post-
pone the detailed investigation of the ππ FSI effects to
future work.

V. ENERGY DEPENDENCE OF THE
DOUBLE-PION PRODUCTION CROSS SECTIONS

In the previous two sections we considered the Mππ

distributions in the reactions pn → dπ0π0 and pn →
dπþπ− at

ffiffiffi
s

p ¼ 2.38 GeV corresponding to the peak of
the D03 resonance excitation. In Ref. [9] the Mππ distri-
butions and total cross sections at lower and higher energies
were also measured for the above two reactions, as well as
for the reaction pp → dπþπ0 in the isovector channel.
In Ref. [21] we described the total cross section data [8,9]
for the pn → dπ0π0 reaction at different energies.
Unfortunately, we cannot use that fit here to describe the
energy dependence of the differential distributions, since
the normalization of the Mππ distributions for π0π0 and
πþπ− production presented in Ref. [9] is not consistent with
that of the total cross sections obtained in the same
experiment. This inconsistency in the data [9] occurs

(a) (b)

FIG. 6. ππ invariant-mass distributions in the reactions (a) pn → dπ0π0 (multiplied by 2) and (b) pn → dðπþπ−Þ0 at
ffiffiffi
s

p ¼ 2.38 GeV
calculated with the model parameters from Table I. Shown are the distributions resulting from the D03 → D12 þ π decay (lower dash-
dotted lines), the D03 → Δþ Δ decay (dash-dot-dotted lines), the D03 → dþ σ decay (dashed lines), and the coherent sum of these
three D03 decay routes (solid lines). Upper dash-dotted lines (with short dashes) show the summed contribution of the D12 þ π and
Δþ Δ excitation mechanisms. Dotted lines correspond to the pure phase-space distributions. Thin dashed and solid lines correspond to
the σ-excitation mechanism and the total distributions with α ¼ 0.23 [see Eq. (15)]. The theoretical calculations are compared to the
experimental data on 2dσ=dMπ0π0 (filled circles) and dσ=dMπþπ− − 1

2
dσ=dMπþπ0 (open squares) taken from Ref. [9].

ISOSPIN SYMMETRY BREAKING IN DOUBLE-PION … PHYS. REV. D 103, 114025 (2021)

114025-11



mainly due to the use of quasifree scattering and different
energy bins in the measurements of total and differential
cross sections [52]. These problems regarding the data
normalization are discussed in detail in the Appendix.
In Fig. 7 we compare our model calculations for the total

cross sections of isoscalar dipion production with the data
obtained by an integration of the Mππ distributions from
Ref. [9]. The rescaled total cross section data for π0π0

production are also shown. It is seen from the figure that
our model describes well the integrated Mππ distributions
for both π0π0 and isoscalar πþπ− production near the peak
energy. It also properly reproduces the experimental trend
of decreasing the isospin-symmetry-violation effects with
rising energy, which is related to the decrease of the low-
mass enhancement.
In Fig. 8 our results for the ππ invariant-mass distribu-

tions at
ffiffiffi
s

p ¼ 2.34, 2.38, and 2.44 GeV are presented and
compared with the data [9]. As in Fig. 7, here we plot the
results obtained for α ¼ 0.23 [see Eq. (15)] to demonstrate
that once the data at the resonance energy

ffiffiffi
s

p ¼ 2.38 GeV
are reproduced by our model, the data at neighboring
energies in the low-Mππ region can also be described

reasonably. Some underestimation of the data in this region
is related to the contributions of other reaction mechanisms,
which were not included in our model. At

ffiffiffi
s

p ¼ 2.34 GeV,
this is likely the t-channel Roper resonance N�ð1440Þ

(a)

(b)

(c)

FIG. 8. ππ invariant-mass distributions in the reactions pn →
dπ0π0 (multiplied by 2) and pn → dðπþπ−Þ0 at

ffiffiffi
s

p ¼ 2.34 GeV
(a), 2.38 GeV (b), and 2.44 GeV (c). The solid and dashed lines
correspond to the model calculations for π0π0 and πþπ−
production, respectively, including the D03 → D12 þ π,
D03 → Δþ Δ, and D03 → dþ σ decay routes with parameters
from Table I and α ¼ 0.23 [see Eq. (15)]. The theoretical
calculations are compared to the experimental data on
2dσ=dMπ0π0 (filled circles) and dσ=dMπþπ− − 1

2
dσ=dMπþπ0

(open squares) taken from Ref. [9]. The pure phase-space
distributions for π0π0 and πþπ− production are also shown as
dash-dotted and dotted lines, respectively.

FIG. 7. Total cross sections in the reactions pn → dπ0π0

(multiplied by 2) and pn → dðπþπ−Þ0 as functions of the
invariant energy

ffiffiffi
s

p
. The solid and dashed lines correspond to

the model calculations for π0π0 and πþπ− production, respec-
tively, including the D03 → D12 þ π, D03 → Δþ Δ, and D03 →
dþ σ decay routes with parameters from Table I and α ¼ 0.23
[see Eq. (15)]. The theoretical calculations are compared to the
experimental data on 2σðpn → dπ0π0Þ (filled circles) and
σðpn → dπþπ−Þ − 1

2
σðpp → dπþπ0Þ (crosses) obtained by an

integration of the respective Mππ distributions measured in
Ref. [9]. Also shown are the total cross section data on 2σðpn →
dπ0π0Þ from Ref. [9] multiplied by 0.83 (open circles) and from
Ref. [8] multiplied by a factor of 0.5 (open triangles); see the
Appendix.
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excitation which dominates double-pion production at
lower energies. Furthermore, it has been recently shown
[33,34] that the NN�ð1440Þ dibaryonic state can be formed
at

ffiffiffi
s

p
≃ 2.30 GeV. However, one should bear in mind that,

due to the high σ-mesonic mode in the Roper resonance
decay [1], a similar mechanism for the isospin symmetry
breaking to that we propose here for the D03 decay may
also be applicable in the region of the Roper resonance
[or NN�ð1440Þ dibaryon] dominance. On the other hand, at
higher energies close to the ΔΔ threshold, the high-Mππ

peak arises, which can likely be reproduced by the t-channel
ΔΔ process not included in our current framework.
Nevertheless, the D03 contribution in our model dominates
the low-Mππ region at these energies as well. Again, we see
from Fig. 8 that our calculations properly reflect the decrease
of the near-threshold isospin-symmetry-breaking effects
with the decrease of the ABC peak at higher energies which
is clearly seen in the data on Mππ distributions. Adding the
t-channel ΔΔ process should lead to further restoration of
the isospin symmetry in the differential and total cross
sections. Thus, the observed isospin symmetry breaking in
the region of the D03 excitation appears to be intimately
related to the ABC peak. Both of these effects are explained
in our model as a consequence of the intermediate near-
threshold σ-meson production.
However, it is known that the ABC peak is very

moderate (if present at all) in the double-pion production
reactions with the unbound pn pair in the final state [53].
Within our model, this can be explained as follows. Since
we consider here the σ-meson emission via the D03 →
D01 þ σ decay, which is a transition between two six-quark
states, the contribution of this mechanism to the reaction
with the dππ (or pnππ) final state is related to the weight of
the six-quark D01 component in the final deuteron (or pn
pair). Our preliminary calculations show that the weight of
the compact six-quark state in the bound deuteron is much
larger than that in the pn continuum [54]. So, the σ-meson
emission will be dynamically suppressed in the case of the
pn → pnðππÞ0 reactions. This suppression will not lead to
a significant reduction of the total cross section (which
should be about 15% smaller in the case of the unbound pn
pair in the final state [36]), since the σd branch in our model
is less than 5% of the pn → dðππÞ0 cross section, while the
summed contribution of other mechanisms is about 80%.
The detailed calculations of the pn → pnðππÞ0 reactions
are in progress.

VI. SUMMARY AND OUTLOOK

We have shown that the observed suppression of the
near-threshold enhancement (the so-called ABC effect) in
the ππ invariant-mass spectrum in the reaction pn →
dπþπ− compared to that in the reaction pn → dπ0π0 can
be at least partially explained by the intermediate
D03ð2380Þ [denoted also as d�ð2380Þ] dibaryon decay
with the scalar σ-meson emission. The same mechanism

is able to explain the appearance of the ABC effect itself
[18], provided the σ mass and width are shifted downwards
to the values of about mσ ¼ 290–320 MeV and Γσ ¼
75–150 MeV due to the partial chiral symmetry restoration
in the excited D03 dibaryon. Being a near-threshold
resonance, such a renormalized σ meson produces a cusp
in the π0π0 production cross section at the πþπ− threshold,
thus giving the visible splitting between the neutral and
charged dipion production cross sections in the near-
threshold region. The free-space σ meson with the param-
eters mσ ≃ Γσ ≃ 500 MeV produces a similar (though less
prominent) cusp but a different shape of the Mππ distribu-
tion, which peaks at the nominal σ mass.
Other mechanisms proposed for double-pion production

in pn collisions in the region of the D03ð2380Þ excitation,
such as its decay into the π þD12ð2150Þ or Δþ Δ
intermediate states, exhibit no isospin-symmetry-breaking
effects except for a shift of the low-mass peak in the πþπ−
production channel due to the phase-space reduction for the
charged dipions. This is not surprising, since both D12 and
Δ resonances are located far from the respective pion
production thresholds, so the dynamics of their decay is
almost insensitive to the 5 MeV mass difference between
the neutral and charged pions.
However, when the intermediate σ emission is added

coherently to theD12 or ΔΔ production, the contribution of
the former mechanism gets reduced. Then, the additional
sources for the isospin symmetry breaking should be
considered, such as dynamical σ generation in the ππ
FSI or the different coupling strengths of the σ meson to the
neutral and charged dipions. These additional sources are
also related to the σ-meson production.
The intermediate σ-meson excitation mechanism might

explain the similar isospin-symmetry-breaking effects in
the reactions pd → 3Heππ and pp → ppππ in the GeV
energy region, as seen in experiments of the CELSIUS/
WASA Collaboration [26]. In pp collisions, the σ meson
can be emitted from the intermediate isovector dibaryons,
as was claimed in Ref. [20]. Further, the recent work in
Ref. [33] has demonstrated the crucial role of the dibaryons
(both isovector and isoscalar) located near the NN�ð1440Þ
threshold in elastic and inelastic S-wave NN scattering.
In particular, a clear indication of such a dibaryon for-
mation has been found in the data on pp-induced two-pion
production [55]. This isovector dibaryon should decay
predominantly via the NN�ð1440Þ intermediate state,
and the Roper resonance N�ð1440Þ is known to have a
very strong σN decay mode [1].
In this regard, it is also worth mentioning another

CELSIUS/WASA experiment [56] on the reaction
pp → ppγγ, which clearly showed a cusp in the γγ
spectrum at the two-pion threshold. This cusp was inter-
preted [56] as being due to the opening of the ππ channel
in the decay of an intermediate σ meson with a mass
Mσ ≃ 300 MeV. An indication of the very light σ-meson
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generation in both ππ and γγ production in dC collisions has
also been found in the experiments of the Dubna group [24].
It should be stressed that the dynamics of light scalar

meson production in hadronic collisions is poorly under-
stood to date. Theoretical predictions and experimental
indications of σ-meson production in NN collisions as well
as in quarkonia decays at high energies can be found, e.g.,
in Refs. [5–7]. The results of the present work suggest that
both the ABC effect and near-threshold isospin symmetry
violation in the ππ invariant-mass spectra in NN-induced
double-pion production indicate σ-meson generation
in NN collisions at intermediate energies as well. Finally,
we should emphasize that any reliable confirmation of near-
threshold σ-meson production with a reduced mass and
width (with respect to their free-space values) would be
crucially important for the validity of the novel
dibaryon concept for the short-range nuclear force,
where the generation of such an intermediate σ-meson
with the low mass mσ ¼ 300–350 MeV plays a key role
[25,39,40].
To summarize, the observed isospin symmetry breaking in

double-pion production in NN, Nd, etc., collisions, which is
manifested in the suppression of the πþπ− production cross
section in comparison to the π0π0 one near the two-pion
threshold, gives a strong argument in favor of generation of
the intermediate light scalar σ mesons in such processes. The
σ mesons are likely to be emitted directly from the
intermediate dibaryon resonances. This adds support to
the σ-dressed dibaryon mechanism for the short-range
NN interaction as proposed in Refs. [25,39,40]. The recent
experimental and theoretical confirmations of this novel
mechanism can be found in Refs. [33,57–59].
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APPENDIX: NORMALIZATION OF
EXPERIMENTAL DATA

From the analysis of experimental data [9], we find that
the normalization of the Mππ distributions presented in this
work is not consistent with that of the total cross sections
measured in the same experiment. In fact, we find that the
total cross sections obtained by an integration of the Mππ

distributions presented in Ref. [9] at
ffiffiffi
s

p ¼ 2.34–2.44 GeV
are lower than the respective total cross section data for
π0π0 production at all measured energies (by a factor of

1.2–1.35) and for πþπ− production at energies
ffiffiffi
s

p
<

2.38 GeV (by a factor of 1.3–1.4). At the same time, the
normalization of the differential and total cross section data
is consistent for πþπ− production at

ffiffiffi
s

p
≥ 2.38 GeV and

for πþπ0 production at all energies.
In Fig. 9 we illustrate the above normalization problems

for the data from Ref. [9]. In the figure, the total cross
sections for the three reactions pn → dπ0π0, pn → dπþπ−,
and pp → dπþπ0 measured in Ref. [9], as well as the
total cross section for isoscalar πþπ− production, i.e.,
σðπþπ−Þ0 ¼ σðπþπ−Þ − 1

2
σðπþπ0Þ, are shown. The total

cross section data from Ref. [8] for π0π0 production are also
shown in Fig. 9(b) (these data have been multiplied by a
factor of 0.6 for consistency with the data from Ref. [9]).
The experimental total cross sections are compared with the
values obtained by an integration of the respective Mππ

distributions presented in Ref. [9].
The above inconsistency in the data occurs mainly due

to the use of different energy bins in the measurements of
total and differential cross sections [52]. When using
quasifree pn scattering, the obtained distributions should
be corrected for the rapid flux variation within the energy
bins, and this was not done in Ref. [9]. So, the absolute
normalization of the total cross sections is more reliable
than that of the Mππ spectra, since narrower energy bins
were used for the total cross section measurements. The
large systematic errors in the measuredMππ distributions in
the near-threshold region as well as averaging the distri-
butions over 10 MeV bins in Mππ also complicate the
correct data normalization [52]. For the same reasons, the
low-mass peak in the data from Ref. [9] is lower and
broader than that obtained in Ref. [8] for π0π0 production.
The overall quality of the data from Ref. [9] is therefore
not as good as that of the older data [8]. On the other hand,
only Ref. [9] provides the data for all three double-pion
production channels at the same energies and allowes
for an analysis of the isospin symmetry breaking in these
reactions. The differential distributions measured in this
work seem to be properly related to each other (at the given
energy), since they exhibit the strong isospin symmetry
breaking in the near-threshold region which vanishes at
high Mππ . The total cross sections obtained by an integra-
tion of the differentialMππ distributions also appear to have
the correct energy dependence (at least relative to each
other), since the isospin symmetry violation should get
weaker at higher energies [cf. red circles and crosses with
horizontal error bars in Fig. 9(b)]. This is substantiated by
the fact that the high-mass region prevails in the isoscalar
dipion production cross sections when the energy rises up
to the ΔΔ threshold. On the other hand, the total cross
section data [9] exhibit just the opposite trend [cf. black
circles and crosses in Fig. 9(b)]. This is likely related to the
10–20% overall uncertainty in the total cross section
normalization [52]. Therefore, in the present work we take
theMππ distributions from Ref. [9] as they are and compare
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our model calculations for the total production cross
sections with the integrated Mππ distributions rather than
the total cross section data [9].
In view of the above problems, it is nontrivial to rescale

the Mππ distributions measured in Ref. [9] to make their
normalization consistent with that of the total cross
sections. In fact, the Mππ spectra can be scaled by some
factor, but this factor should be the same for all three
reactions to keep the relation between the cross sections for
the different isospin channels. By minimizing the χ2 for the
data for all three reactions at all measured energies
(including also the older data [8]), we find that the differ-
ential Mππ distributions presented in Ref. [9] should be
multiplied by a factor of 1.2 to get the average consistency
with the total cross section data [9]. On the other hand, the
total cross section data can also be renormalized by a factor

of 10–20%, corresponding to an overall uncertainty in their
absolute normalization [52]. In Fig. 7 we multiplied the
total cross section data [9] for isoscalar dipion production
by 1=1.2 ¼ 0.83, thus making them much closer to the
integratedMππ distributions than the initial data [9]. As was
also shown in Ref. [9], the older data [8] for both differ-
ential and total π0π0 production cross sections should be
renormalized by a factor of about 0.6 for consistency with
the data [9] on the total cross sections. In Figs. 2, 3, and 7
we have additionally decreased the data [8] for consistency
with the normalization of the differential Mππ distributions
measured in Ref. [9]. Thus, the average renormalization
factor for the data [8] is 0.6=1.2 ¼ 0.5 (see Fig. 7), while
the particular renormalization factor at

ffiffiffi
s

p ¼ 2.38 GeV is
0.6=1.32 ¼ 0.45 (see Figs. 2 and 3).
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