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Abstract J

In 2019, Advanced Theoretical Physics group was
launched in ASRC. While the members perform individual
researches based on their own interests, it is expected to
explore interdisciplinary research and collaborations with
other research groups in ASRC. Actual achievements in
this direction is not very easy. We need to understand
what other members are doing in comparison with our
own experiences. Recently, an attempt has been made to
collaborate between theorists and experimentalists. As
a result, interesting results are obtained in a method to
determine spin and parity of a charmed baryon by using it
its three-body decays.

1. Background )

Advanced Theoretical Physics group was launched in
2019[1]. While the members perform individual researches
based on their own interests, there has been an attempt to
explore interdisciplinary research among other research
groups in ASRC and collaborate between theorists and
experimentalists. This is the report about it.

In hadron physics, communication between theory and
experiment has been very important. In fact, the research
that we report here was motivated by newly analyzed
experimental data, for which we have been discussing
with Prof. Tanida in Hadron Nuclear Physics group. As a
result, we have recently made an achievement with new
insights both in theories and experiments. It has been
realized by Mr. Ahmad Jafar Arifi who is a graduate
student of Osaka University and has become an internship
student at ASRC for half year from the fall 2019.

The main player of this report is a resonance of the
charmed baryon, the A, (2765) [2,3]. Charmed baryons
contain one or more charm quarks. Baryon is a generic
name for particles such as protons and neutrons that
are made from three quarks. There are other types of
particles that are made from a pair of quark and anti-
quark, called mesons. Baryons and mesons are called
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hadrons, meaning that they interact strongly. In hadron
physics their structure and interactions are studied
as composite particles of quarks. The Hadron Nuclear
Physics group at ASRC conducts experimental studies.

It is known that hadrons are made of quarks. However,
it is not straightforward to describe their properties as
we do for hydrogen atom that can be studied by solving
the Schrodinger equation. According to the fundamental
law of the strong interaction, quantum chromodynamics
(QCD), forces among quarks are too strong such that
the properties of the original quarks such as masses and
interactions are significantly modified. And the way how
they are modified does not seem to be written down easily
by for instance the method of perturbation.

A direct method to approach hadrons from QCD is the
lattice QCD. Recent developments in the field theory on
the lattice and in computational methods enable to explain
hadron properties by numerical simulations [4]. By now
ground state properties of such as protons and neutrons,
and interactions among them are derived. In particular,
baryon interactions that are not possible to study in
actual experiments can be predicted by the lattice QCD.
However, the applicability of the method is rather limited
to resonances, where empirical effective methods are
useful.

By clarifying and being able to predict various
properties of hadrons, it is possible to know matter
properties in extreme conditions, which are realized in
high energy heavy ion collisions or in stellar phenomena
such as neutron stars and their mergers. The former is
the place where ultra-high temperature environment is
realized, while in the latter ultra-high density nuclear
matter is formed. How such matter is created is now
being discussed at J-PARC [5].

So far many hadrons have been found including stable
ones as well as unstable and short-lived ones. Among
them, charmed baryons have been attracting interest
recently. A reason is that by replacing one of light u or d
quarks by a heavy charm quark, part of baryon properties
are expected to be studied. One of them is that of a pair
of ud quark in a ud,c baryon that is called diquark and
is expected to play important roles in the matter under
extreme conditions that are discussed in the earlier
section. An experimental plan is making progress at
J-PARC for the production of charmed baryons [6].

2. Contents of research )
2.1 A\, (2765)

Contents of charmed baryons are ud,c; uu.c, etc. Their
resonances can take various spin and parity due to various
combinations of spins and orbital motions of quarks. In
hadron physics, their properties are predicted by theories
which are verified by experiments, or vice versa. However,
theoretical predictions is not easy and developments have
been led by experimental observations in many cases. The
A, (2765) is one such baryons.

Being expressed as A (2765), 2765 is its mass value
in units of MeV. It is about 500 MeV heavier than the
ground state A, (2286). Therefore, A.(2765) can decay
into the ground state A.(2286) by emitting two pions (m,
=140 MeV) . The A.(2765) has other properties such as
life time, electric charge, spin, parity, magnetic moments,
etc. Among those, spin and parity are important. Parity
carries information of orbital motion of quarks; whether
they are in S-wave or P-wave orbits. Therefore, the data
base of Particle Data Group (PDG) list these quantum
numbers with spin and parity [7]. Experiments determine
and theories explain them.

The quark content of A, baryons is u, d and c for
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both ground and resonant states. In addition there are
other similar baryons made from u,u,c or d,d,c. They
are called X . Mathematically they are classified by the
SU(2) symmetry of the u,d quarks, and labeled by
(approximately) conserved isospin quantum number. The
isospin of A, is zero while that of X, is one. For X, only
the ground states are found. A rather detailed fact is that
there two X.'s, one is of spin 1/2 and the other 3/2. The
latter are denoted as X.*. The reason that we mention this
here is that the > plays an important role for the decay
of A, (2765).

In fact, though the resonance that we have denoted
A, (2765) has been known to exist for some time, its
isospin has not been known until recently. It is only
recent that isospin analysis has been performed to confirm
that the resonance is indeed A. rather than X.[16].

2.2 Decay

The three-body decay of A, (2765) by emitting two
pions can be efficiently used for the determination of spin
and parity. The decay process resembles that of atomic
resonances by emitting two photons.

Such a decay can occur by three processes as expressed
by the diagrams in Fig. 1. In the upper two, the parent
A, (2765) emits one pion turning into a % baryon, and
subsequently X.* emits another pion. Thus, we call them
as sequential (two step) processes. The two diagrams are
needed depending on the charges of the first and second
pions. The symbols + or - of upper indices indicate their
charges. In addition, it is also possible to emit two pions
simultaneously which is shown in the third diagram and
is called direct (one step) process. Quantum mechanics
requires that these three amplitudes are added coherently
and that the absolutely squared amplitude gives the
strength of the decay (life time).

2.3 Theory

Actual computation is performed by using effective
Lagrangians [8]. They are constructed by imposing
symmetries such as Lorentz invariance and parity
conservation of the strong interaction. In the present
study, furthermore, by taking an approximation of heavy
baryons such that they are treated in a non-relativistic
formalism. Shown below are several typical Lagrangians
for vertices where three particles merge as shown in the
upper two diagrams of Fig. 1.

Lygecine = 3':;':“’:,-3.*1-""3 (1)
Ly = 8oW,p (ST THT - T (2)
Lipecips = Hﬂ"’.'};- GRS (3)

On the left-hand side of these equations, the lower
indices indicate the spin and parity of the baryons
participating the transition. On the right-hand side, w are
the spinor functions for baryons of spin and parity as
indicated in the lower indices. Operators ¢ and S T are
for transitions between spin states of 1/2 < 1/2, and
of 1/2 = 3/2, respectively. Their matrix elements are
proportional to the Clebsch-Gordan coefficients formed
by the - two baryon spins and the rank of the operators of
g or S . For example, they are nothing but the familiar
Pauli matrices for the transitions between spin 1/2
baryons. Moreover, ¢ is the momentum carried by the
emitted pion, and its power corresponds to the quantized
orbital angular momentum between the pion and the
baryon. For instance, in (1) there is no g, which means
that the orbital angular momentum is zero, namely S-wave
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decay. Similarly, (2) and (3) indicate that they are D
and P waves, respectively. These facts imply that once
spin and parity are known, the angular dependence of the
decaying particles is determined.

By repeating the interactions twice as given in (1) -
(3) in the 2nd order perturbation theory, we can compute
the upper two diagrams for the sequential decays. In the
intermediate state, a X . particle appears. The third
diagram is computed by the first order perturbation
theory once the relevant interaction is given. Adding these
amplitudes, A (1) ,A (2) , A (3)

A=A +AQ)+A4(3),

and making the absolute square 'A” the probability of the
decay going into three particles of momenta pi, ps, ps 1S
obtained,

PM = py, pz, pa) = = pu, pa, pald | M=

In reality we need five amplitudes, because each
sequential process in Fig. 1 contains two intermediate
states of X .

The probability as functions of pi, ps2, ps looks
complicated. However, there is a very efficient way to
express them as functions of two kinematic variables. For
three-particle decays, three momenta pi, p», p; can take
various values. Because of this, the total energy of a pair
of two particles can take various values. There are three
ways to pick up a pair of two particles among three, and
so there are three possible energies corresponding to
these pairs. However, only two of them are independent
due to the conservation of energy and momentum. The
decay probabilities are then expressed as functions of the
two energy variables. The resulting two dimensional plot
that looks like a map is now called the Dalitz plot. Their
structure, probability distribution on the plot, depends
on the properties of the decaying particles, which is the
principle to determine the spin and parity.

2.4 Results

The experiments which motivated the present work
have been done by Belle research group at KEK, and
their data has been being analyzed by Tanida and
other collaborators. The details of it should be reported
elsewhere. Here we summarize the results of what we
have done in the present theoretical study as explained in
the previous sections.
* Because the spin and parity of A, (2765) are not known,
we have investigated the six cases of 1/2°,3/2,5/2".
* The coupling constants such as gs in the Lagrangians (1)
-(3) are computed by the quark model [9].
e The last process of Fig. 1 is not known theoretically.
However, experimental data indicate that it is not very
important [10]. Therefore, accepting this fact, we focus on
the first two sequential processes. Currently we do not
have a good theory to explain this.
e We have generated Dalitz plot for all three choices of
two pairs of momenta. All of them show characteristic
features depending on the spin and parity of A .(2765).
Details of the structure of the Dalitz plot will be shown
elsewhere [11].
e In general, structure of the plot are determined by two
factors; one is a geometric factor which is characterized
by symmetry and is model independent, and the other is
a dynamical factor such as interaction strengths and form
factors. In particular, the former geometric one is due to
heavy quark symmetry. In the present theoretical study
we have been able to control them. In this way we can
discuss model independent and dependent behaviors, which
is important to know what theory predictions look like.
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3. Significance and impact of research results )

Dalitz plot was originally invented by a theoretical
physicist R.H. Dalitz around 1953-1954 [12]. The method
is now indispensable for the analysis of particle physics
experiments.

In reactions of decays involving three or more particles,
the analysis in terms of an invariant mass of a two
particle pair enables to search resonances in the two
particle scattering. The advantage of this method is that
even scatterings that are not possible in laboratories are
realized. Examples of such scatterings contain one or two
unstable particles. Because of this, three or more particle
decays and their analyses using the Dalitz's method
have led to the achievements of at least five Nobel prize
awarded researches [13]. The analyses of Dalitz plots are
useful also for theory works which need experimental
data. This motivated the present work.

Of course, theoretical studies are not just analyses of
experimental data. Their results must have a firm basis of
theories, which can then be compared with experimental
data. In the present study the purpose has been achieved
to significant extent. As summarized in the previous
section, it is an important achievement that we can now
differentiate and control what are model independent and
what are dependent.

4. Perspectives )

In this report, we have discussed the advantage of
using the Dalitz plot to identify the spin and parity of A,
(2765). In theoretical analysis, effective Lagrangians are
employed. By this it has become possible to see the extent
that we can determine the unknown spin and parity in a
model independent/dependent manner. This method can
be applied to various resonances when their decays are
measured. In this work, we have investigated theoretically
the sequential process, by accepting an empirical fact that
the direct contribution is small. The reason for that is not
known.

In comparison with quark model calculations, we have
verified that the shape of the Dalitz plot is determined
when spins and parities of the participating particles are
known. Contrary the decay strength, namely the life time,
is not explained by the quark model. The life time is a
dynamical property and should be explained in the future.

The mass of A, (2765) is about 500 MeV heavier than
the ground state A, (2286). Many such ground states are
known in baryons consisting of u, d, s quarks [7,14]. For
the proton resonance, it is called Roper resonance after
the discoverer [15] and known for various combinations
of flavors with spin and parity 1/2". If the spin and parity
of A, (2765) were the same as those, we have added
another similar particle with different flavors including
heavy flavors, which will provide an interesting problem
in hadron physics to be understood. In fact, the quark
model predicts the Roper resonance of spin and parity
1/2" at about twice heavier than the proton, which has
been an unresolved problem. By confirming the properties
of A, (2765), we expect new ideas to solve the relevant
problems.
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