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The two-step mechanism explaning the dibaryon “d∗(2380)” peak
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In this talk we show that the two-step sequential one pion production mechanism,np(I = 0) → π−pp, followed by the fusion reaction
pp → π+d, can explain the narrow peak identified with a “d∗(2380)” dibaryon in thenp → π+π−d reaction withπ+π− in I = 0. We
demonstrate that the second steppp → π+d is driven by a triangle singularity that determines the position of the peak of the reaction and
the large strength of the cross section. The combined cross section of these two mechanisms produce a narrow peak with the position, width
and strength compatible with the experimental observation within the approximations done. This novel interpretation of the peak without
invoking a dibaryon explains why the peak is not observed in other reactions where it has been searched for.
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1. Introduction

Thenp → π0π0d reaction exhibits a sharp peak around2370
MeV with a narrow width of about70 MeV, and is also seen
in the pp → π+π−d reaction with approximately double
strength [1–3], which has been identified with a dibaryon
peak, namely, thed∗(2380). Interestingly, in an old work
written by Bar-Niret al. [4] a peak with poor statistics, al-
ready visible for thenp → π+π−d reaction was explained
from a different mechanism: two-step sequentialπ produc-
tion, np → ppπ− followed by pp → π+d. The cross sec-
tion for np → π+π−d was evaluated factorizing cross sec-
tions for the two latter reactions in an “on-shell” approach
that called for further checks concerning its accuracy. Such
mechanism has no further been invoked concerning the new
improved data on thenp → π+π−d, np → π0π0d reactions
[1–3]. Following this idea, the mechanism fornp → π+π−d
can be expressed diagrammatically as in Fig. 1.

For the first step,np → π−pp, we have now much
more refined data [5, 6]. In [5] a Lorentzian fit with a mass
of m = 2315 MeV and Γ = 150 MeV corresponding to
the intermediate stateN∗(1440)N was done to the data. The

FIGURE 1. Two step mechanism fornp → π+π−d suggested
in [4] with explicit ∆ excitation in thepp → π+d last step as found
in Ref. [8–10]. The mechanism with thenn intermediate state is
considered in addition.

process with a t-channel Roper excitation was investigated
earlier in Ref. [7], however no peak is obtained in the same
energy region.

In the second step, the time reversal reaction ofpp →
π+d, π+ absorption in the deuteron,π+d → pp has been in-
vestigated in Ref. [8–10], concluding that it is dominated by
a∆ excitation. Data on this reaction and its time reversal are
available in Ref. [11].

In view of the more precise data on thenp → π+π−d,
np → π0π0d [1–3, 12], andnp(I = 0) → π−pp [5, 6] cross
sections, and the recent developments [13] on triangle singu-
larities [14,15] it is worth to come back to this issue. First, we
show that thepp → π+d reaction is driven by a triangle sin-
gularity. Then, we test whether the two-step mechanism [4]
of Fig. 1 can explain the dibaryon peak.

2. Triangle singularity in the pp → π+d reac-
tion

Triangle singularities (TS) were introduced in the 60’s by R.
Karplus and L. D. Landau in Refs. [14, 15]. They stem from
a Feynman diagram with a loop with three intermediate par-
ticles which develops a singularity when the three intermedi-
ate particles can be placed simultaneously on shell and they
are collinear in a way as to satisfy the Coleman-Norton the-
orem [16]. The Coleman-Norton theorem expressed for the
present case, see Fig. 2, can be understood in the following
way: thepp system produces a∆ and a nucleonN , back to
back in thepp rest frame. The∆ decays intoπN ′, with the
π in the direction of the∆ andN ′ in its opposite direction,
which is then the direction ofN . TheN ′ goes faster thanN
(implicit in Eq. (18) of Ref. [13]) and after a while catches up
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FIGURE 2. Mechanism for pion production with∆ excitation and
np fusion in the deuteron.

with N and they fuse to give the deuteron. This natural possi-
bility, inherent to a TS, makes the cross section large, unlike
other fusion reactions which rely upon large momentum com-
ponents of the deuteron wave function, or equivalently, very
far off shell nucleons in the intermediate states of the loop.

The two different topologies present in this reaction are
depicted in Fig. 3. We take an antisymmetrizedpp system
with

|pp〉 ≡ 1√
2

(|~p, s1;−~p, s2〉 − | − ~p, s2; ~p, s1〉) , (1)

being~p the momentum of one proton in thepp rest frame and
s1, s2 their spin third components. The isospin wave func-
tion of the deuteron is|d〉 ≡ (1/

√
2)|pn − np〉 χd, with χd

any of the three spin 1 states (↑↑, (1/
√

2)(↑↓ + ↓↑), ↓↓). The
vertices involved in these diagrams areπNN , πN∆ andnpd
vertices. The first one is given by,

− iδHπNN =
f

mπ
~σ · ~q τλ; f = 1.00, (2)

for a π entering theN line with momentum~q, with ~σ, ~τ
the spin, isospin Pauli matrices, respectively, andλ the pion
isospin in spherical basis. The second one is

− iδHπN∆ =
f∗

mπ

~S† · ~q T †λ; f∗ = 2.13, (3)

with ~S†, T †λ the spin, isospin transition operator from spin,
isospin1/2 to 3/2, respectively.

In field theory, the deuteron appears in a vertex of type
gdθ(qmax − |~p CM

d |) where~p CM
d is the nucleon momentum

of the deuteron in thed rest frame, but it is also possible to
use a realistic deuteron wave function [17]. We also used the
deuteron wave function of [18] and concluded that the results
barely change. We find that

−itπij = −gd
4
√

2
3

(
f∗

mπ

)2 (
f

mπ

) ∫
d3q

(2π)3
Fπ(~q )

×
{

Q
(up)
ij F (~p, ~q, ~pπ)−Q

(down)
ij F (−~p, ~q, ~pπ)

}
. (4)

The functionF (~p, ~q, ~pπ) is given in Appendix B of [17], and
the matrix elements of the spin operators are calculated in
Appendix C of [17], asQup

ij , Qdown
ij for i =↑↑, ↑↓, andj =↑↑,

(1/
√

2)(↑↓ + ↓↑), ↓↓. One also needs to multiply by two the

FIGURE 3. The two topological structures,∆-up and∆-down con-
tributing to thepp → π+d reaction.

sum and average over spins of|tπ|2 to account for the initial
states↓↓, ↓↑ contributions. Thus,

∑∑
|tπ|2 = 2

1
4

∑

i,j

|tπij |2 =
1
2

∑

i,j

|tπij |2. (5)

The cross section forpp → π+d is then given by

dσ

d cos θπ
=

1
4π

1
s
(MN )2 Md

pπ

p

∑∑
|tπ|2, (6)

wherecos θπ is ~p · ~pπ/|~p ||~pπ|. Note that the cuts respon-
sible for the TS appear implicitly in theF (~p, ~q, ~pπ) func-
tion [13, 17]. Other contributions asρ-exchange, short range
correlations betweenNN andN∆, and the impulse approx-
imation are also considered. See [17] for more details. Alto-
gether the final cross section is given by Eq. (6) substituting
|tπ| by |t|2. Thus, in Eq. (5) we make the replacement

∑

ij

|tij |2 −→
∑

ij

|tπij + tρij + tcorr.ij + tIij |2 . (7)

We thus sumtπ, tρ, tcorr., tI coherently in the amplitudes.

2.1. Results forpp → π+d

There are data from Ref. [11] on thepp → π+d reaction
and its time reversal reactionπ+d → pp, Ref. [19], in terms
of π+d → pp cross sections. We convert these data into
pp → π+d cross sections using the detailed balance theorem.

In Fig. 4 we show the results forσ(pp → π+d) as a func-
tion of K lab

p , the proton kinetic energy in thepp lab frame,
the variable used in the data of Ref. [11], which are obtained
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FIGURE 4. Cross section ofpp → π+d as a function of the
kinetic energy in the lab frame of the proton. The variables is
s = 4M2

N + 2MNK lab
p .

by integratingdσ/dcosθπ of Eq. (6) over the pion angle, with
the sum of all contributions given by Eq. (8).

We perform different fits to the data that require a de-
tailed discussion. The parametersM∆, Γ∆, Λπ, Λρ, are var-
ied keeping the coupling constants fixed. Five different fits
are done to the data called (a)-(e).

The first fit, fit (a), is done to all the data in the range of
K lab

p ∈ [450:800] MeV. It presents a reducedχ2/dof of the
order of 9, which indicates a bad fit. Theχ2/dof is large be-
cause there are many data with tiny errors and some data are
incompatible with other ones. This fit indicates that the so-
lution of the fit prefers a mass lower than the nominal one,
M∆ = 1232 MeV, and a width much larger than the exper-
imental one ofΓ∆ = 117 MeV. We think that the reason is
that in the lower energy region of the data there must be other
mechanisms additional to those considered here. We are not
concerned about that since our purpose is to explain the data
at a reasonable level to show the dominance of the∆ excita-
tion and how the triangle singularity is exhibited.

We also tried to obtain a reasonable fit to the data fixing
the mass and width of the∆ to the nominal ones. This is
done in fit (b). The results are absolutely unacceptable as one
can see in Fig. 4, with a reducedχ2/dof of the order of 330.
As one can see in Fig. 4, the data is definitely demanding a
smaller∆ mass, closer to the pole mass of the PDG [20], as
if the triangle singularity selected this mass rather than the
Breit Wigner mass.

In view of this, we conduct another fit to the data restrict-
ing the range to reasonable values of the∆ mass and width,
M∆ ∈ [1200:1250] andΓ∆ ∈ [100:150], and this is fit (c),
which does not differ much from fit (a) at low proton energies
but reduces the cross section a bit above the∆ peak.

Having admitted that we should not push our model to be
too accurate with the data at low proton energies, we make
two new fits, restricting the range of the data toK lab

p ∈
[525:700] and [550:700] MeV, which select the data closer
to the∆ peak, and the same range forM∆ andΓ∆ than for
fit (c). These fits are called (d) and (e). As we can see, both
fits give a similar mass of around 1215 MeV and the width of

fit (d) is Γ∆ = 150 MeV while for fit (e) isΓ∆ = 117 MeV.
The χ2/dof values have improved considerably (∼ 4 and2
for (d) and (e) respectively) when removing points from the
region where our model would require other contributions.
While fit (e) to the restricted data is acceptable, when ob-
served in Fig. 4 versus all data, it is showing a large discrep-
ancy with some of the low energy data with small errors. If
we look at fits (c), (d) and (e), they provide a band that we
could consider as uncertainty of our model in a fit to the
data. This band region includes most of the data. In order
to continue with the results for other observables given by
our model, we select the fit (d) which is in the middle of the
band to evaluate the results. We studied the different contri-
butions in Ref. [17] and obtained that the pion exchange is the
dominant term and the inclusion of theρ exchange reduces
substantially the cross section, as already found in Ref. [10],
although not in Ref. [9] where theρ contribution is moder-
ate. On the other hand the effect of short range correlations is
negligible and so is the effect of the impulse approximation.

The different contributions of the spin transitions are
shown in Fig. 5.

We observe that the shape of the cross section depends
on the channel. The transitions from the initial state↑↑ peak
at higher energy, particularly the↑↑→↑↑. However, those
coming from the inital↑↓ (or ↓↑ which are the same) peak
aroundK lab

p ' 600 MeV, which is where one finds the peak
of the total cross section. It is worth mentioning that the
↑↓→↑↑ and↑↓→↓↓ transitions give the same contribution,
while the largest one comes from↑↓→ (1/

√
2)(↑↓ + ↓↑).

Altogether, we can claim that most of the cross section comes
from the initialpp state↑↓ (or ↓↑). This might be an indica-
tion that theS = 0 contribution is dominant and indeed this
is the case. We find that it is the initial state combination
(1/
√

2)(↑↓ − ↓↑) the one that is responsible for the transi-
tions in this case. Thus, our model produces dominance of
S = 0 in the pp initial state. This implies, because of the
antisymmetry of the protons, that the orbital angular momen-

FIGURE 5. Contribution of the different spin transitions. A factor
two is included to account for transitions from↓↑ and↓↓ which are
identical to those of↑↓ and↑↑ respectively. Results obtained with
set (d).
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tum of the protons must be even. We could haveL = 0, L =
2 in our model with pion exchange, however, since the corre-
lation term, which selects theL = 0 part, gives a negligible
contribution,S = 0, L = 2 is the dominant contribution for
the process. This initial state withL = 2, S = 0 (1D2) gives
J = 2, which means that theπ+d system also hasJ = 2,
and is in the3P2 configuration,(2S+1LJ). It is interesting
to note that this transition,pp(1D2) → π+d(3P2), is also
the one that was found dominant in Ref. [21], and also in the
experimental analysis of partially polarized data in Ref. [22],
and more recently in Refs. [23,24]. It is also interesting to re-
mark that, as in Refs. [23,24], the shape of the1D2 transition
is very similar to the total cross section unlike for other par-
tial waves. The angular distributions are also calculated [17]
and they show a good agreement with data for kinetic en-
ergy of the protonK lab

p of around570 MeV. Here, we can
extract some conclusions on the favored quantum numbers
for the two-step mechanism of Fig. 1. To complete the total
spin J tot one needs now the angular momentum of theπ−

produced in thenp(I = 0) → π−pp step. One can see that
N∗(1440)N and theNN production innp(I = 0) → π−pp
prior to theπ− emission play a relevant role, which makes the
pion to couple inL = 1 in this case. Then, it is easy to see
that withN∗(1440) or N excitation driven by pion exchange,
the pions going forward forN∗-up (N -up) or backward for
N∗-down (N -down), in the nomenclature given for the∆ ex-
citation before, are preferred since this makes the pion prop-
agator bigger. Hence,Lz = 0 for this pion. The|2, 0〉 state
for π+d and |1, 0〉 for the π− combine to|J tot, 0〉 with the
Clebsch-Gordan coefficientC(2 1 J tot; 0 0 0). The Clebsch-
Gordan coefficients squared give a factor3/2 from J tot = 3
to J tot = 1. Altogether, we arrive to the most favored pro-
duction mode for the initialnp system: I = 0, S = 1,
L = 2, J tot = 3, the3D3 partial wave where a signal of the
“d∗(2380)” is seen, and the configurationI(JP ) = 0(3+)
common to the initial and final state in the observed peak of
thenp(I = 0) → π+π−d reaction [12].

3. Thenp → π+π−d cross section

The amplitude for thenp → π−π+d process in Fig. 1 is given
by

−it′′ =
1
2

∫
d4p1

(2π)4
(2MN )2

2EN (p1)2EN (p′1)
i

p0
1 − EN (p1) + iε

× i√
s− p0

1 − ωπ − EN (p′1) + iε
(−i)t (−i)t′. (8)

The factor1/2 is to account for the intermediate propagator
of two identical particles. In thed4p1 integrationst and t′

would be off shell. Similarly to [4], the on-shell approxima-
tion allows one to write the cross section fornp → π+π−d
in terms of thenp(I = 0) → π−pp andpp → π+d ones.
We use physical arguments to write thenp → π+π−d cross
section with an easy compact formula. We note thatπ0π0 or
π+π− in I = 0 require an even value of their relative angular

momentuml, and whenl = 0 theπ0π0, or the symmetrized
(π+π−+π−π+), behave as identical particles, which reverts
into a Bose enhancement when the two pions go together.
Our argumentation is supported by the results of [1, 2] for
π0π0 (see Fig. 2 of [1] and Fig. 4 of [2]). Then, we can write

dσnp→π+π−d

dMinv(π+π−)
= σnp→π+π−dδ(Minv(π+π−)− M̄ππ) . (9)

We could take someMinv(π+π−) distribution as input, but
to make the results as model independent as possible we take
theM̄inv(π+π−) ∼ 2mπ + 60 MeV, not far from threshold
but we change it to see how the results depend onM̄inv. The
stability of the results that we find by changing the value of
M̄inv(ππ) justifies this approximation a posteriori. With this
approximation we arrive to the final formula,

σnp→π+π−d =
Minv(p1p

′
1)

6π

σI
np→NNπσpp→π+d

Minv(ππ)

× p̃2
1

pπp′π
pdp̃π , (10)

with σI
np→NNπ = σnp(I=0)→NNπ of [5,6]. In order to build

a model independent solution we take the experimental data
of the first and second step and we perform fits separately
to both sets of data. We take data forσnp(I=0)→NNπ from
Fig. 1 of [6]. Statistical and some systematic errors are con-
sidered in Ref. [5,6]. With the only purpose of making a real-
istic fit to the data we assume a typical5% violation of isospin
[25]. The systematic errors obtained are of the order of0.5
mb inσnp(I=0)→NNπ, which we also add in quadrature to the
former ones of [6], and for the second step,pp → π+d we
take the data of [11]. Thenp(I = 0) → NNπ cross section is

parameterized asσi =
∣∣∣αi/(

√
s− M̃i + i[Γ̃/2])

∣∣∣
2

, and call

set I the one with the parameters:̃M1 = 2326 MeV, Γ̃1 = 70

MeV, α2
1 = 2.6

(
Γ̃1/2

)2

mb MeV2 (χ2
r = 0.50), while set II

hasM̃2 = 2335 MeV, Γ̃2 = 80 MeV, α2
2 = 2.5

(
Γ̃2/2

)2

mb

MeV2 (χ2
r = 0.52). Thepp → π+d cross section is param-

eterized asσ3 =
∣∣∣α3/(Minv(p1p

′
1)− M̃3 + i[Γ̃3/2])

∣∣∣
2

, with

M̃3 = 2165 MeV, Γ̃3 = 123.27 MeV, α2
3 = 3.186

(
Γ̃3/2

)2

mb MeV2. In both cases we obtain good fits withχ2/dof '
1. We show the results in Fig. 6.

In Table I we show the results obtained with set I and set
II for the strength ofσnp→π+π−d at the peak, the peak po-
sition and the width of the peak, varyinḡMππ, andp1,max

for the off shell calculations. What one sees is a stability
of the results upon changes of̄Mππ, which justifies the use
of Eq. (9). We also find that off shell effects, justifying the
on shell approximation used in Ref. [4]. The strength at the
peak between0.72 − 0.96 mb should be considered quite
good compared to the experimental one around0.5 mb, given
the different approximations done (fits to thenp(I = 0) →
π−pp cross section with the systematic errors with20−30 %
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FIGURE 6. Plots ofσnp→π−pp(I = 0) andσpp→π+d, as a function
of
√

s andMinv(p1p
′
1), respectively. The results withσnp→π+π−d

in I = 0 of Eq. (10) are multiplied by10 for a better compari-
son. Results for set I and set II are similar [25]. Inset:σpp→π+d

as a function ofMinv(p1p
′
1). Data forpp → π+d taken from [11].

Data fornp(I = 0) → πNN are taken from Dakhno et al. [26],
and WASA-at-COSY(∗) [5, 6], including systematic errors from
isospin violation.

smaller strength at the peak are still acceptable, hence such
uncertainties in the resultingnp → π+π−d cross section are
expected). The peak position from2332− 2345 MeV should
also be considered rather good compared to the about2365
MeV of the experiment [1–3,5]. The narrow width observed
in the experiment of70− 75 MeV is also well reproduced by
our results in the range of75− 88 MeV.

The appeareance of the peak about25 MeV below the
experimental one is not significant with the perspective that,

TABLE I. Values of the peak strength (“strength”), peak posi-
tion (“position”), and width, for intermediate particles on shell
(columns with δM̄ππ, M̄ππ = 2mπ + δM̄ππ), and off-shell
(“o.s.”), where we have takenp1,max = 700 and800 MeV and
δM̄ππ = 60 MeV.

δM̄ππ (MeV) po.s.
1,max (MeV)

Set I 40 60 80 700 800

strength (mb) 0.72 0.76 0.75 0.82 0.95

position (MeV) 2332 2332 2332 2332 2332

width (MeV) 76 76 81 75 75

Set II

strength (mb) 0.75 0.80 0.80 0.85 0.96

position (MeV) 2342 2345 2345 2343 2342

width (MeV) 86 87 88 87 84

as discussed in Ref. [5], the authors achieve a resolution in√
s of about20 MeV and thepp → ppπ0 andpn → ppπ−

cross sections, from whereσnp(I=0)→ppπ− is obtained via
Eq. (14) of [25] with large cancellations, are measured us-
ing data bins of50 MeV in Tp.

The derivation done contains the basic dynamical ingre-
dients in a skilled way, making some approximations to rely
upon experimental cross sections. We think that it is remark-
able that a narrow peak, at about the right position, with
strength and width comparable to the experimental peak of
np → π+π−d, appears in spite of the approximations done,
and the stability of the results allows us to conclude that a
peak with the properties of the experimental one associated
so far to the “d∗(2380)” dibaryon is unavoidable from the
mechanism that we have studied.
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