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We study the three-body decay of the newly observed bottom baryon Aj(6072) by LHCb;
A;(6072) - Apzz. Its mass about 500 MeV above the ground state A, and a broad width imply that
the state could be an analogue of the Roper resonance of the nucleon N(1440). In terms of sequential
processes going through X, and Xj, we find that the observed invariant mass distribution is reproduced
assuming its spin and parity J© = 1/2%. We discuss that the ratio of the two sequential processes and
angular correlation of two pions are useful for the determination of spin and parity. We suggest further
studies for the Roper resonance analogue in various flavor contents, raising an interesting and important

question in baryon spectroscopy.
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In this work, motivated by the recent observation of
A;(6072) by CMS and LHCb collaborations [1,2], with the
mass and width M = 6072.3 MeV and I' = 72 MeV mea-
sured by LHCb [2], we discuss it as a state analogous to the
Roper resonance N(1440) with spin and parity J© = 1/2F
in heavy flavor sectors. It is shown that the three-body
decay of two pion emission is particularly useful to
determine its unknown spin and parity.

The Roper resonance is the first excited state of the
nucleon of J¥ = 1/2% [3]. It has been a mysterious state
because its properties such as the mass and level ordering
with negative parity nucleons have not been easily
explained by the conventional quark model (for a recent
review see for instance [4]). Detailed studies by a dynami-
cal model for meson-baryon scatterings [5,6] and by the
measurement of the transition form factor in a wide range
of momentum transfer Q2 [7] have convinced us that it is a
radial excitation of the nucleon. Furthermore, several lattice
simulations support this picture [8—10]. As demonstrated
in [5,6], one promising physical interpretation is that the
Roper resonance is a quark core coupled by meson clouds.
The quark-meson interaction then has a significant effect in
reducing the large mass of the quark core excitation. An
alternative description was made in Ref. [11] where the
pion (in general Nambu-Goldstone boson) exchange inter-
action reduced the mass of the quark core excitation. In this
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way, the mass ordering of positive and negative parity
baryons were well reproduced for nonstrange and strange
baryons.

On the other hand, similar states of J” = 1/2% with
almost the same excitation energies have been known for
some time for hyperons systematically [12,13]. The recent
observation of A} (6072) could add another candidate in the
list of the analogous states. In fact, there is also a candidate
in the charm sector, A%(2765). Note that in PDG it is not
yet determined whether it is A} or X}, but recent report
suggests that it is likely to be an isoscalar A} [14]. However,
the spin and parity of these charmed and bottom candidates
are not yet determined. Observing this situation, we show
possible candidate states in Fig. 1 with their excitation
energies. They are similar not only in masses but also in
decays through two pion emission which is dominated by
the sequential processes going through intermediate baryon
resonances as shown in Fig. 2, while a nonresonant
contribution is insignificant. These rather universal features
in various flavor sectors may suggest important dynamics
of low energy QCD.
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FIG. 1. Excitation energies of the first excited J© = 1/2%

baryons and candidates with various flavor contents. Red bars
are for those with undetermined spin and parity.
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FIG. 2. Sequential decay processes of A}’ — AYz*z~ going
through Zgﬁ_ and ZE,*H.

In the present work, focusing on A} (6072), we study in
detail its three-body decay Aj(6072) — Apzz. In our
previous preprint [15], we have shown that the Dalitz plot
analysis is particularly useful for the determination of spin
and parity of A:(2765) when the decay is dominated by
sequential processes going through X and 2. The relevant
diagrams are shown in Fig. 2 (for charmed baryons, replace
the label b for bottom by c¢). Following this, we investigate
the sequential decays of Aj;(6072) with an intermediate
state X, or ;. In principle there are other processes that
may contribute. They are for instance, a direct process
where two pions are emitted at once at a single vertex, and a
meson resonance process such as a scalar ¢ meson to which
two pions couple. However, qualitative arguments are given
for the reason that these processes may be suppressed for an
analogous decay of A%(2765) [15]. Therefore, in this paper
we will consider exclusively the sequential process, which
can indeed explain the so far observed data very well as we
will see later.

To compute these diagrams, let us first introduce
amplitudes for various vertices. Because the bottom bary-
ons are sufficiently heavy, we employ a nonrelativistic
method. Assuming that the spin and parity of Aj equal
1/2", the amplitudes at the first vertex of Fig. 2 are
given by

=T oy = 91)(;,, (- P))(A;,
_iTA;ﬁZ;ﬂ = 92)(12,; (ST : p))(A;;’ (1)

and for the second vertex,

—iTs,pn = 9574, (6 D)X, -
=Ty pye = 94)(2,,(8 ‘ P))(z;- (2)

In Egs. (1) and (2), g,’s are the coupling constants and y’s
are the two-component spinors for the baryons as indicated
by lower indices. Moreover, we define the spin operator ¢
for spin-1/2 particle and the spin transition operator S for
transition from spin 3/2 to 1/2. The pion momentum for
each vertex is denoted as p.

By using these vertex amplitudes, the amplitude of
the first diagram of Fig. 2 with the intermediate X is
expressed as

. _ . TZ;—»A(ZH’ TA;“—»Z;;#
—iT[Z,] = —i

(3)
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where m,; is the invariant mass of the subsystem z~
(particle 2) and Ag (particle 3). The amplitudes with the
X} intermediate state and those with X;¥ are computed
similarly. The total amplitude is then the coherent sum of
the four of them.

The unknown coupling constants g;’s are constrained by
the heavy quark spin symmetry of QCD [16]; the ratios of
g1 to g, and of g5 to g, are computed when X, and X are
regarded as heavy quark spin partners. In the heavy quark
limit, the spin J of a baryon is composed of a spin j of the
brown muck of light degrees of freedom [17] and spin 1/2
of the heavy quark, such that J = j + 1/2.

For a spin 1/2 A}, the brown muck spin can take two
values, j = 0, 1. Assume further that the brown muck of

Zg)*) has spin j = 1 as in the quark model, their total spin J

can be 1/2 or 3/2. Having this information, we can
compute the ratio as [15,18]

%) \/— . 1
==+2 forj=0 and —
g1 / V2

for A; with J¥ = 1/2". Combined with two-body phase
space factors, when the same partial L-wave is possible for
the two final states 7Z, and 7z, we find the ratio

forj=1 (4)

[(A;(6072) - 7)) g3 p3-*!

R= -9 5
(A} (6072) — Z,7) g% p%L“ (5)

where the ratio of g,/g; is constrained by the heavy quark
spin symmetry as in Eq. (4).

For J¥ = 1/2%, the two decays are in p-wave, L = 1.
Using p; =215 MeV and p, = 192 MeV, we obtain

R=143 forj=0 and 036 forj=1 (6)

As we will see shortly, this agrees well with the observed
data from LHCb. On the other hand, if J* = 1/2~ the
partial waves of 7%, and of zX; are s and d-waves,
respectively. For low momentum pion as in the present
case, the d-wave decay is suppressed as compared to the
s-wave decay. Therefore, we find R <« 1 which does not
seem consistent with the experimental data. This demon-
strates the advantage in the use of the ratio R for spin and
parity.

Now we discuss Dalitz plots and other related quantities.
In what follows, we assume again J© =1/2% for
A;(6072). For decays of unpolarized particles, Dalitz plots
are expressed as functions of two kinematical variables
formed by the three decaying particles. In fact, they also
depend on the mass of the initial particle, which distributes
over a finite range of width ~72 MeV for Aj(6072).
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FIG. 3. The Dalitz and invariant mass plots at three different
initial masses of A;(6072) (upper three panels) and the con-
voluted one (bottom panel).

In experiments with low statistics, plots are often made by
integrating the signals from such a finite mass range.
Therefore, to compare directly theory predictions with
the actual data, this feature is properly treated.

In the upper three panels of Fig. 3 are shown diagonal
views of the Dalitz plots for decay probabilities

1 1 —
:Ww/ﬁpd"’ﬁd’"% (7)

P(m; m%z, m§3)

at three different fixed masses of A;(6072) around the peak
value, m(A,zz) = 6.052, 6.072 and 6.092 GeV, as func-
tions of invariant mass squares m?, and m3;. Note that the

invariant mass n,3 is for A,z that couples to ZEJ*) ~, which
will be relevant in the discussions below. In each layer, the
solid red curve shown in the back face is the projected
strength, namely the invariant mass plot. In all the three
plots, we find four resonance bands corresponding to X,
%;7, %", and X} from the left to right. The first two are for
the first diagram of Fig. 2 showing the genuine resonance
band, while the latter two correspond to the second one that
are the so called kinematical reflection.

Now what we need is the sum of the plots like these three
ones. More precisely, the convolution is performed over the
finite mass range weighted by the Breit-Wigner function,

P / (m; mlz,m23)dm
mi,, m3 ;
12 7123) “NJ (m- My;)? + T3, /4

(8)

where the factor N is for normalization and m for the A,zz
mass. The result is shown in the bottom panel of Fig. 3 as
well as the invariant mass plot on the back face. As shown
there, in the convoluted plot the peaks of kinematical
reflections in the upper three panels are smeared out, while
the real resonance peaks remain.

Because the experimental data is shown for the sum of
signals of A,z and A,z~, we have shown in Fig. 4 the
corresponding one of our calculation (red solid curve)
compared with the experimental data. We note that the blue
curve in Fig. 4 for the A, 7z~ invariant mass plot is the same
as the red curve on the back face of the bottom panel in
Fig. 3. Note that experimental resolution of around 1 MeV
is not considered in the calculation. For theory side, we
have also shown the strengths of A,z~ and A,z separately
by blue and green solid curves, respectively. We find that
our theory calculation agrees remarkably well with exper-
imental data not only in overall shape of the peaks and
background. The relative strengths of the peaks is deter-
mined by the ratio R, while the background shape is
reproduced by the convoluted kinematical reflection. It is
interesting to see that even such a detailed structure, the
relative height of the two resonance peaks of X, and X are
well reproduced. This is achieved by taking the sum of the
two charged states. If only A,z is included, the left peak is
slightly higher than that of the right one as shown in the
bottom panel of Fig. 3 and by the blue curve in Fig. 4. This
analysis so far supports the spin and parity of A} (6072) is
1/2%, and their decay is dominated by the two pion
emission of the sequential processes. This is one of the
main conclusions of the present study. If there will be
further high statistics data, it is interesting to compare the
Dalitz plots at each different energies.

Let us further look at the angular correlation (depend-
ence) along the resonance band. The angle is the one

2701 — Nn-
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= Total
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FIG. 4. Invariant mass plots of Agﬂ'_ (blue), A277,'+ (green), and
their sum (red). The data from LHCD is the sum of these two [2]
and compared with the red curve.
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FIG. 5. The convoluted square Dalitz plot for A} (6072) and its
corresponding angular correlation along X;~ with a mass
cut Mzz— + Fzz— .

between the two pions 6, in the intermediate resonance
rest frame. To see the correlation better, it is convenient to
make a square plot as a function of m,3; and cosf;, as
shown in the lower plot of Fig. 5. As seen there the angular
correlation along the X, band (near side) is flat due to its
spin 1/2. On the other hand, the angular correlation along
the X} band (far side) has a concave shape due to its
spin 3/2.

In general the angular correlation along the X; band
decaying from a particle of spin J contains the two terms
weighted by the helicity amplitudes A,, where 4 is the
conserved helicity in the decay,

W(612)  |Ay)2(A}, = Zpm)|* x (1 +3cos? O),)
+|A3/2(AZ - 227[”2 X3 Sin2 9]2. (9)

When the initial Aj has spin 1/2, the helicity amplitude
Az, vanishes. Thus, the angular correlation will have a
1 +3cos?6d,, dependence (concave shape). In reality,
interference between the resonance of a finite width and
background (kinematical reflection in the present case)
contaminates that angular correlation. Fitting the projected
angular correlation as plotted in the upper panel of Fig. 3,
our prediction for the angular correlation is

W<912) x 1 + 33 C052912. (10)

So far we have focused our discussions on Aj(6072). As
anticipated in the beginning of this paper, there are other
candidate baryons of similar nature, in particular = bary-
ons. One is Ef(2970) with excitation energy around
500 MeV and decays into E.zz [19]. If it is regarded as
a Roper-like resonance, its decay into A.K is forbidden
due to the brown muck selection rule, namely the transition

of 0" (initial brown muck) — 0T (final brown muck) +0~
(kaon) does not occur. This selection rule applies to the
other candidates and is a unique feature of the Roper like
resonance.

In recent analysis, LHCb reported several resonances in
AK [20]. One of them is Ef(2965) with similar excitation
energy, but it has significantly smaller decay width than
E:(2970). Therefore, Z:(2965) could be a particle of
different nature that can be identified as a negative parity
excitation of Z/. as pointed out in Ref. [21,22]. Likewise, in
the bottom sector, the Ej(6227) resonance observed in
A,K and Z,7 decays [23] would be this analogue of
negative parity excitation of Zj [24-28]. We expect a
Roper-like E; of J¥ =1/2% decaying into E,zz at
around 6.2 GeV.

We may expect further candidates in the strangeness
sector. For example, the resonance Z*(1820) listed in PDG
[12] may be identified with 3/2~ resonance as observed in
AK invariant mass [29]. However, a resonance with a
similar excitation energy is also observed in Ezz invariant
masses with a larger decay width [30]. This is a candidate
of the Roper-like resonance.

Here we summarize several common features of the
Roper-like resonances in our observation:

(i) The excitation energy is around 500 MeV which is

rather flavor-independent.

(i) The decay width is rather large with a significant
coupling to two-pion emission decay.

(iii) Their two-pion emission decays are dominated by
the sequential processes going through 1/2% reso-
nance, e.g., X, and 3/27" resonance, e.g., %, or their
analogues, indicating that the nonsequential contri-
butions including those from f;(500) are insignifi-
cant as observed also for other baryons [31-33].

(iv) The ratio R and angular correlation can be used to
determine their spin and parity 1/27.

Observations in the heavy flavor baryons and
revisit to the light flavor baryons could provide new
insights into unique flavor independent dynamics of low
energy QCD.
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