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We have studied the Q. — 77 (7%, n)7E* decays, where the final 7Z* comes from the decay of
two resonances around the nominal =(1820), which are generated from the interaction of coupled
channels made of a pseudoscalar and a baryon of the decuplet. The 7=* mass distributions obtained
in the six different reactions studied are quite different and we single out four of them, which are
free of a tree level contribution, showing more clearly the effect of the resonances. The lower mass
resonance is clearly seen as a sharp peak, but the higher mass resonance manifests itself through an
interference with the lower one that leads to a dip in the mass distribution around 1850 MeV. Such
a feature is similar to the dip observed in the s-wave w7 cross section around the 980 MeV coming
from the interference of the fo(500) and fo(980) resonances. Its observation in coming upgrades of
present facilities will shed light on the existence of these two resonances and their nature.

I. INTRODUCTION

The issue of hadronic resonances corresponding to two
nearby states with the same quantum numbers has been
present for some time, since the challenging claim in
Refs. [1, 2] that the A(1405) corresponded actually to
two physical states. In technical words, this means
two nearby poles in the same Riemann sheet, not the
shadow poles encountered in different Riemann sheets
corresponding to the same physical state. This issue was
controversial at that time, but evidence from many theo-
retical calculations and different experiments opened the
doors of the PDG [3] to the existence of two A(1405)
states, and in the 2020 edition of the PDG [4] two A(1405)
states were officially admitted (see review paper on this
issue [5] on the PDG [3]).

The case of the two A(1405) states opened the gates
to the appearance of many other similar cases, one of
them the two K;(1270) axial vector resonances, which
were found in Ref. [6], and were supported experimen-
tally as discussed in Ref. [7]. New cases were found for
two D§(2400)(now Df5(2300)) states in Refs. [8, 9], and,
in the study of the 3/2~ baryons coming from the inter-
action of pseudoscalar mesons with baryons of the 3/2%
decuplet [10, 11], two states also emerged for the Z(1820)
resonance [11]. There are also cases found from exper-
imental analyzes, as the splitting of the Y (4240) reso-
nance reported by BaBar [12, 13] into two states Y (4230)
and Y (4260), suggested by the BESIII collaboration [14].
In a recent paper [15] the authors show that the use of the
Weinberg-Tomozawa interaction as the leading term of
the chiral potentials gives rise to a double pole structure
of some states. A global view on the issue of the double
poles in hadronic resonances is presented in Ref. [16].
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Recently the BESIII collaboration reported on the re-
action ¥(3686) — = K ~A [17], where an inspection of
the K~ A mass distribution showed two distinct peaks,
one corresponding to the E(1690) resonance and an-
other one associated to the =(1820), yet with a width
(~ 73 MeV) about three times bigger than the average
width reported by the PDG [3] (~ 24 MeV). This ap-
parent contradiction prompted a theoretical work [18],
where it was found that the apparent large width was
a consequence of the contribution of the two Z(1820)
resonances. Updating the work of Ref. [11], two poles
were found in Ref. [18], one at 1824 MeV with a width
of 62 MeV, and a second one at 1875 MeV with a large
width of 260 MeV, and, with the contribution of the two
states, a good reproduction of the BESIII mass distribu-
tion could be achieved.

In the present work, we look for an alternative reaction
which can give information on the two Z(1820) states.
The reaction is based on the weak decay of the €. state
and several decay channels are considered:

Q. — 7t 2(1820) — 7T =*~ (7 =*0),
Q. — 7°2(1820) — x0xt = (x02*0), (1)
Q. — n=(1820) — nrt =% (7V=*0).

We find a clear contribution of the two states in all these
reactions, but showing in a peculiar way, through a de-
structive interference that leads to a pronounced dip in
the 7=* mass distribution around 1850 MeV. This sit-
uation reminds one of the same features seen in the 7w
isospin I = 0, s-wave scattering, where the cross section
has a broad peak corresponding to the f,(500) resonance
and a dip corresponding to the f,(980) [19, 20] (see also
this dip in the 07+ 7%7% mode in J/v radiative decay to
two pions [21]).

We shall also see different shapes of the mass distribu-
tions for these reactions reflecting the presence of more
than one resonance. This was one of the experimental
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arguments used in favor of the two A(1405) states by
comparing the different shapes of the 73 mass distribu-
tion in the 77 p — KX [22] and K—p — n%79%0 [23]
(see the discussion on this issue in Ref. [24]).

II. FORMALISM
A. The two =7(1820) states

In Ref. [11], the coupled channels of pseu-
doscalar meson-baryon (3/2%) leading to baryons with
strangeness S = —2 were considered, and with the inter-
action borrowed from chiral Lagrangians and a unitary
scheme, two =Z* states with 3/27 emerged. An update
of the approach is done in Ref. [18] and the amplitudes
obtained there are used here. The coupled channels are

K> K20 70z =, 720 K°Q-,

with charge Q = —1, and

K90 K=yt gtz 7020 =0 KTQ~
with charge @ = 0. The interaction (potential) is given
by

Vij = ‘4Lf20i<<k0 +KO); f=128fr, fr=93MeV,
(2)

with k0, k'Y the energies of the pseudoscalar mesons, and
Cyj the coeflicients given in tables A.4.2 and A.4.3 of
Ref. [11]. The scattering matrix is obtained via the
Bethe-Salpeter (BS) equation in matrix form

T=01-VG]'V, (3)

with G the meson-baryon loop function, regularized with
a cutoff gmax = 830 MeV, in order to get a good repro-
duction of the BESIII data [17, 18].

B. Weak decay

The process that we study is single Cabibbo sup-
pressed. We consider the dominant external emission
mechanism. At the quark level, we have two topolo-
gies that can lead to the desired final state depicted in
Figs. 1(a) and 1(b). In order to obtain two mesons in the
final state, we have to hadronize the 5u and du compo-
nents. This is done by writing the matrix ¢q in terms of
physical mesons, P,

= + +

vt T K

_ — s 0
R B I

K- KO —

where the n-n’ standard mixing of Ref. [25] is used, and
the 1/, not playing a role in the energy region of relevance,
is omitted. Then,

us = Y ufiqis = Py Pis = (P13
i
- (Li) K+t KO
V2 V3
It might look like the 7 K™ component cancels, but this is
not the case, as we see below, because the order matters.

K*n. (5)

ud — ZU@'%‘J: Py; Pis = (P?)12
= (o Dyrt ot (- Ly LK RO.(6)

Once again, the 7%7% component does not cancel, but
the nm™ does, as we see below.

The coupling of W+ to the meson-meson component
has the structure of ([P,0,P]WHT_), with T a ma-
trix related to the Kobayashi-Maskawa elements [26, 27].
The ¢sW vertex is of the type v#(1 — ~5), and the re-
sulting weak transition operator at the quark level is
(p1—p2)u ¥*(1—75) with p1, po the momenta of the first,
second meson. But we have to make a transition from a
spin 1/27 state (QY) to a 3/2% state Q~ or =*(1530),
which requires a spin operator at the quark level and we
need then the term (p; — p2)'y'ys — o'(p1 — p2)®. This
operator at the macroscopic level between the Q¥ and the
Q7 ,=*" states has the type

(Q (27 (1530))|ST - (51 — p2)|Q), (7)

where S is the spin transition operator from spin 1/2
to spin 3/2, which has the property in cartesian basis

2

)
561']‘ — _Eijk Ok. (8)

S S IM) (M]SF = S6 -

M

From this perspective, we see that the nK+ and —K*n
term in Eq. (5) give the same contribution, and so do the
707t and —7w 70 of Eq. (6), while the terms n7°, 7% of
Eq. (6) cancel.

The mechanisms of Figs. 1(a) and 1(b) share the same
Cabibbo strength factor cos 6, sin ., but the matrix ele-
ments are different. Indeed, we have for the mechanism
of Fig. 1(a),

(sssxs| & (p1 — p2)is|css xas)
= (xs|d - (P1 — P2) [xms) - 9)
while for Fig. 1(b) we have

1

(—=(dss + sds + ssd) xs| - (p1 — pa2)ed|css xas)

3
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FIG. 1. The two topological structures with external emission that lead to 2~ or Z*~ in the final state.

FIG. 2. Final state interaction of a meson with the baryon of
the decuplet 3/27. The dot indicates the transition matrix
element from M>Q7 (2*7) to a final M;E; state.

- % (xs1& - (B = ) xars) (10)

where xs and xas are the spin symmetric and mixed
symmetric wave functions. Hence we see that the two
matrix elements have the same spin structure, but the

flavor structure gives an extra factor % for the mecha-

nism of Fig. 1(b). Note that we take the css xarg struc-
ture for the Q0 state, singling out the ¢ quark, following
Refs. [28, 29].

In order to generate the =(1820) resonance in the final
state, we have to allow one of the mesons to interact with
the Q= or Z*~ and this leads to the picture of Fig. 2.
The structure of Fig. 2 corresponds to an amplitude of
the type

d3p e - o
/ﬂ | (27‘()23 <Q |S+ ’ (pl —p2)|Qg>
P2 | <qmax

1 mp 1
2w(p2) Ep(p2) Miny —w(p2) — Ep(p2) +ic
© ta,B, MyE: (Miny (MGEY)), (11)

where w(p2) = /Py +miy,, E(p2) = /Dy +mp,
with Moy, B the intermediate meson, baryon states in
the loop, and tar, B, M= the transition scattering ma-
trix from My B to M;=7. Since iy, B, M= is constructed
with the s-wave potential of Eq. (2), the term with ph

in Eq. (11) does not contribute, hence, only the S+ - P,

corresponding to the external meson in the weak vertex,
contributes. Then the spin matrix element of Eq. (11)
factorizes out of the integral and so does tar, B, pr,z:- All
this said, we have six possible reactions written below,
where the first meson corresponds to the external one of
the weak vertex and the second one to the final state.
The corresponding amplitudes are written for each case.
First we look at the terms originating from Fig. 1(a),
with an Q~ in the intermediate state,

1) Q0 — 7tr0=*-

t1 = C(Q7[ST e ]Q0) 1, (12)
tll = Ggoo- (MinV(WOE*_)) “tR0Q— n0Z— (MinV(T"OE*_));

2) QY — gt =*0

ty = C(Q7|ST- Fre[QQ) th, (13)
tl2 GKogf (Minv(w_E*O)) . tK09777775*0 (Minv(ﬂ'_E*O));

3) QY — 7O0ntzr-

ty = C(Q7|ST - 5r0]Q0) 15, (14)
1 —_— —k —
t/3 = —GK+Q—(MinV(7T+:. ))'tK+ngyﬁ+E*7(Minv(7T+:. )),

V2
4) QY — 7O070=x0
C(Q7|ST - r0]Q) 1), (15)
ty = iGKHr(1\4imv(7T05*0)) e m0z0 (Miny (T°2%0));

V2

5) QU — nrtE*-

ty

ts = C(Q7|ST 5,0 t, (16)
2
th = —Grra- (M (7727)) - tgrg- pize— (Miny(HE7));

V3

6) QY — nr0=*0

te = C(Q7[St 5,00 t, (17)

2
ty = —=Grro- (Miny(1°Z*)) - trera- rozeo (Miny (7°20));

V3



where C is a normalization constant, common to all
terms.

Next we look at the amplitudes stemming from
Fig. 1(b), leading to a E*~ in the intermediate state.
We have

7) QY — ptp0=r
tr = C(E7|ST 7o |90) #1, (18)

2 e
—\/; [1 + G oz (Minv(ﬂ'o:. ))

~tﬂ.05*7)7r05*7 (Minv(wOE*_))] 3

tr

8) Q — atg—=*0

ts = C (27|t 7+ ]Q0) ti, (19)

to = C(27|ST - §r]Q0) g, (20)

2
= \/; [1+ Groze (Miny(rHE"7))

10) Q9 — #O70=*0

tip = C <E*7|§Jr ﬁﬂ“|Q(c)> t/IOa (21)
2 —
fio = /3 Grozem (M (1°57))

trrze— poze0 (Miny (m°="0));

The cases 7) - 10) in Eqgs. (18)-(21) correspond to the
same final state than for the cases 1) -4) and have to
be added coherently. In the amplitudes of Egs. (18) and
(20) for cases 7) and 9), we have also added the tree
level contribution. For these term the contribution of pb
in ST - (py — P2) should also be kept, but in the region
of invariant masses of M>B that we are interested, it is
easy to see that |p}| is more than an order of magnitude
bigger than |p5| and we disregard ps, which makes the
formalism more compact.

Summing coherently the amplitudes for the mecha-
nisms of Figs. 1(a) and 1(b), we arrive at the final formula
for the different reactions

ti = C(=*(3/27)| ST -5 |Q0) i, (22)
with

ty =t +th,  ty=1th+ 1,

fs=th+th, ty=1t,+1t,, (23)

ts =%, te = tg.
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FIG. 3. Min(M;E]) invariant mass distributions for the
Q% — My M;=; decays.

In Eq. (22), the baryon 2*(3/27) should be the baryon B
of the loop, but since the ar, B, m,=: s spin independent,
the spin of the intermediate B baryon is transfered to the
final =* state, resulting in the formula of Eq. (22).
Finally, once the ¢; matrices have been constructed,
the mass distribution for the final M;=7 pair is given by

dFl 1 1 N 2 .

M (VE) ~ @7 D P SOS Ril? (i=1~6)
(24)

where p; is the momentum of the external meson in the

weak vertex in the QU rest frame, and §; is the momentum

of the meson M; of the final M;=} pair in the rest frame of

that pair. The magnitude . 3 |t;|?, taking into account

Eq. (8), is then given by

_ )
DY Il =2 P fhl. (25)

We take C? = 1 in our calculations.

III. RESULTS

In Fig. 3 we show the mass distribution of the final
pair for the six reactions that we have studied.

As we can see, the shapes of the My, (M;ZF) distri-
butions for the reactions are different from each other,
but they share some thing in common: there is a dip in
the mass distribution around 1850 MeV, which is even a
zero in all but two of the distributions. This is due to
the destructive interference of the two resonances, a rem-
iniscence of what happens with the f,(500) and f,(980)
resonances in s-wave 7w scattering, where the f(980)
shows up in the cross section as a dip, not as a peak.
This feature does not preclude that the f,(980) can show



12 T T T T T T
" - — - with Tree level
10l D —-—- without Tree level | ]
] \ N
I \ : \\
—_— | { ] N .
T A
3 , L N
< ! 1 ! \
% f; 6F 1 \ I’ N g
!
§ ] All ! \\ - N
/ Sy ! Yo
= 4 r ) /: ‘ | /_/ \\ \ -1
] S e \ |
roNy ,
! v ’° N \
2+ / L , \ N E
! J vy N e
L Wi N ]
Lot L il L L [ B
1700 1800 1900 2000 2100 2200 2300
My (7°=77) [MeV]
FIG. 4. Minv(ﬂ'OE*f) invariant mass distribution for the
Q% — 77 7%=*~ decay.

up as a peak in many other reactions [30], which means
that the two Z(1820) states can show up also in a differ-
ent way, as is the case of the ¥(3686) — K~ A=+ BESIII
reaction [17]. The two reactions where the mass distri-
bution does not go to zero are those where the tree level
is present.

The mass distributions show two peaks, and it is im-
portant not to misidentify them. They do not correspond
to the two resonances that we are discussing. They come
from the interference of the two resonance contributions.
It is important to notice that the two reactions that con-
tain the tree level contribution, Q% — 7% +Z*~ and
Q0 — 777%=*~ have the two peaks more pronounced,
and the width of the peaks also do not reflect the widths
of the states that we have. In order to clarify what hap-
pens we show in Fig. 4 the mass distribution for the
Q0 — 7t7Y=*" reaction removing the tree level con-
tribution. The peak to the left certainly reflects our first
state at 1824 MeV, with an apparent width of around
40 MeV, even smaller than the one we get from the pole
position, 62 MeV, due to the interference with the sec-
ond resonance. The shape of the second resonance, with
a width of 260 MeV from the pole position, cannot be dis-
tinguished due again to the destructive interference with
the fist peak, but one can guess that it is a broad reso-
nance, otherwise one could still see a sharper structure
than the one we obtain around 1900 — 2000 MeV. It is
interesting to see that around 2150 MeV there is another
peak. This corresponds to a third resonance obtained in
Ref. [18] and also Ref. [11] around that energy.

After this discussion it becomes clear that the reactions
free of tree level contribution show clearer the resonance
structure. Coming back to Fig. 3, these are the reactions:
Q0 — 7t =*0 Q0 — 797920 Q0 — prt=*", and
Q0 — nr=*0. The first peak corresponding to the lower
=(1820) resonance is clearly seen, and the interference
pattern is very similar in all the reactions. The peak

corresponding to a third resonance around 2150 MeV is
better seen in the Q0 — 777~ =*0 reaction.

One word of caution should be said here. If we have
the Q0 — 7979=*0 reaction, we should have symmetrized
our amplitude with respect to the two 7° identical states.
We have not done it because the kinematics of these
two 7% are very different and one can clearly distinguish
them. One can see that the external 7 coming from the
weak vertex has a momentum around 770 MeV while the
79 from the 7°Z*0 resonance state has about 50 MeV.
They are easily distinguished experimentally as shown in
Ref. [31]. This argument also holds to distinguish the
two pions in other reactions into the one coming from
the weak vertex and the one belonging to the resonance.

IV. CONCLUSIONS

In this work we have studied several reactions coming
from the single Cabibbo suppressed weak decay of the
Q0 state into two pseudoscalars and a =* state. One of
the pseudoscalars interacts with the =Z* state to produce
two resonances around 1820 MeV, that were predicted in
Ref. [11] and reconfirmed in Ref. [18]. These resonances
played an important role describing the peak seen in the
K~ A mass distribution in the ¢(3686) decay to K ~AZ*+
of the BESIII experiment [17].

In this work we study six reactions: Q0 — 7+70=*~
Q0 - 7720 Q0 - AOxtEr, Q0 - AYr0=*0,
00 — prf=*—, and Q0 — nr9=*0, where the first meson
is produced at the weak vertex and the second meson
comes from the decay of the resonances. We obtained
mass distribution for the final pair which differed from
each other in the different reactions. In particular the
shapes of the Q0 — 77 79Z*~ and Q% — 7%7+=*~ were
very different to the other ones and this was traced back
to the contribution of the tree level mechanism to the
reaction. The other four reactions did not have tree level
contribution and required rescattering of meson baryon
where the resonances are produced. The shapes of these
four reactions resembled each other and had as a distinct
feature, very different to the one observed in the 1 (3686)
decay to K~ AZ**, which is a dip of the mass distribution
around 1850 MeV, that was due to a destructive inter-
ference between the two =(1820) states. This pattern
reminds one of the same thing happening in the s-wave
m cross section around 980 MeV, where a dip is also
observed as a consequence of the destructive interference
between the f,(500) and the f;(980) resonances.

At present many Cabibbo favored QY decays into
strangeness S = —3 states have been reported in the
PDG [3], but updates of Belle and LHCb will open the
door to the observation of single Cabibbo decay modes,
as the one reported here. We are looking forward to these
updates, encouraging the performance of the suggested
experiments which will shed light into the existence of
two close by Z(1820) states, and related to it, on the
nature of such states.
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