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Why pentaquark
states?

The LHCb observation [1]
was further supported by
another two articles
by the same group [2,3]:

Recently a new analysis has been
reported [4] using nine times more
data from the Large Hadron
Collider than the 2015
analysis
When this combined dataset is fit
with the same amplitude model
used in Ref. [1], the 𝑃" 4380 and
𝑃" 4450 parameters are found to
be consistent with the previous
results.

[4] R. Aaij et al. (LHCb), Phys. Rev. Lett. 122, 222001 (2019).

Why pentaquark
states?

As well as revealing the new 𝑃" 4312
state, the analysis also uncovered a more
complex structure of 𝑃" 4450 , consisting
of two narrow nearby separate peaks,
𝑃" 4440 and 𝑃" 4457 with the two-peak
structure hypothesis having a statistical
significance of 5.4 sigma with respect to
the single-peak structure hypothesis.
The masses and widths of the three
narrow pentaquark states are as follows

Why pentaquark
states?

[4] R. Aaij et al. (LHCb), Phys. Rev. Lett. 122, 222001 (2019).
Number of events versus J/Psi p invariant mass
) and Σ" 𝐷
)∗
[4]. The mass thresholds for the Σ" 𝐷
final states are superimposed.

In Ref. [1] we studied the hidden-charm
) (∗) and Σ"∗
pentaquarks by coupling the Λ " 𝐷
) (∗) meson-baryon channels to a 𝑢𝑢𝑑𝑐 𝑐̅
𝐷
compact core with a meson-baryon binding
interaction satisfying the heavy quark and chiral
symmetries.
u

We predicted the three pentaquark states,
𝑃" 4312 , 𝑃" 4440 and 𝑃" 4457 two years before
the experimental observation by LHCb

[1] Y. Yamaguchi, A. G., A. Hosaka, E. Santopinto, S. Takeuchi, M. Takizawa,
Phys. Rev. D 96 114031 (2017)

The Model in brief
The meson-baryon channels describe the dynamics at long
distances, while the five-quark part describes the
dynamics at short distances (of the order of 1 fm or less).
Free parameter
Kinetic energy and OPEP of the
Meson-Baryon system
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Kinetic energy and
harmonic
oscillator potential
of the five quark
states.

The Model in brief
We expressed the hidden-charm
pentaquark masses and decay widths
H
as functions of one free parameter HI,
which is proportional to the coupling
strength between the meson-baryon
and 5-quark-core states

with

Here, 𝑓0 is the strength of the one-pion exchange
) ∗ meson-baryon channel
diagonal term for the Σ" 𝐷

𝐶(𝑟)

coupled equation for the MB and 5q channels

The BOUND AND RESONANT STATES are obtained by solving the
̈
coupled-channel Schr𝒐dinger
equation with the One Pion Exchange
and the five-quark potentials

The Model in brief
The OPEP is obtained by the effective Lagrangians for HEAVY MESONS (BARYONS) and
the Nambu-Goldstone boson, satisfying the heavy quark and chiral symmetries

Philosophy of heavy
quark spin-flavor
symmetry
A very heavy quark bound inside a hadron moves more or less with the hadron's
velocity v, and it is almost on shell.

The Model in brief
Consider the heavy quark propagator in momentum space

and substituting the parametrization of momentum of the heavy quark we
obtain, for a residual momentum 𝑘 ≪ 𝑚R

𝒉𝒗 (𝒙) is the degree of freedom that remains dynamical in the low-energy theory,
whereas 𝑯𝒗 (𝒙) is integrated out and it will not appear in the EFT.

The Model in brief
The effective Lagrangians for HEAVY MESONS and
the Nambu-Goldstone boson, satisfying the heavy quark and chiral symmetries are [1,2,3,4,5,6]
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The Model in brief
The effective Lagrangians for HEAVY BARYONS and
the Nambu-Goldstone boson, satisfying the heavy quark and chiral symmetries are [7] [8]
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Based on the new LHCb results [4], in Ref. [5] we calculated the tensor contribution, fix
this free parameter and we predict the three well-established pentaquark masses and
widths consistently with the new data with the following quantum number assignments:
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We find that the dominant components of these states are the nearby threshold
channels:

)
𝑃" 4312 is dominated by Σ" 𝐷
∗
)
𝑃" 4440 and 𝑃" 4457 are both dominated by Σ" 𝐷

[4] R. Aaij et al. (LHCb), Phys. Rev. Lett. 122, 222001 (2019).
[5] Y. Yamaguchi, H. Garcia-Tecocoatzi, A. G., A. Hosaka, E. Santopinto, S. Takeuchi and M. Takizawa
arXiv:1907.04684.

results

3 states
still to be
observed
𝑷𝒄 𝟒𝟑𝟖𝟎

agreement with the experimental
masses and decay widths

𝑷𝒄 𝟒𝟑𝟏𝟐

[5] Y. Yamaguchi, H. Garcia-Tecocoatzi, A. G., A. Hosaka, E. Santopinto, S. Takeuchi and M. Takizawa
arXiv:1907.04684.

Where does the 𝑷𝒄 𝟒𝟒𝟒𝟎 and 𝑷𝒄 𝟒𝟒𝟓𝟕 mass difference come from?
) ∗ threshold and both states have
Since these two states are located near Σ" 𝐷
the narrow widths, it is natural to consider them to form the spin doublet of 1/2
and 3/2 in S-wave. It is important to determine which of the above spin
1=2 and 3=2 states is more deeply bound.
There are two sources for the spin-dependent force in our model. One is the short range
interaction by the coupling to the 5-quark-core states (the spectroscopic factor). The other
is the long range interaction by the OPEP, especially the TENSOR TERM.

heavy quark and chiral symmetries
OPE Potential
Central part

Dipole form factor
Tensor part

Tensor operator:

To examine the effects of OPEP tensor interaction, we have investigated
the energy of the resonant Pentaquark states of spin 1/2 and 3/2
∗
)
around the Σ" 𝐷 threshold without the OPEP tensor term
In this case, the attractive force is not
enough, and the resonant states turn into
virtual states.

The tensor term is necessary to form
resonant states

QUANTITATIVELY

We found that the tensor interaction
gives about 4 MeV attraction for the
and 15 MeV for the
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The tensor interaction provides attraction through
channel couplings such as S-D and D-D.
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of 2S, 4D

of 4S, 2D and 4D

state there are three combinations of such

channel couplings, while for

𝟏D
𝟐

state there is only one.

More channels available imply more attraction

Notation 2S+1L
e.g. 2S means
∗
)
Σ" and 𝐷 in S
wave so that
J=S=1/2

Since the obtained mass difference between 𝑷𝒄 𝟒𝟒𝟒𝟎 and
𝑷𝒄 𝟒𝟒𝟓𝟕 is 20 MeV the remaining 9 MeV is considered to
come from the the short range interaction in our model.

We find that the tensor interaction by the one-pion
exchange potential provides a major contribution to the
mass difference between Pc (4440) and Pc (4457)
It is interesting and should be emphasized that the present set of
heavy baryon states is the first example where the role of the
tensor force can be compared in two partner states.
For nucleon systems only spin 1 state (deuteron) is available
without partners!

By coupling the open charm meson-baryon
channels to a compact 𝑢𝑢𝑑𝑐 𝑐̅ core with an
interaction satisfying the heavy quark and
chiral symmetries, we predict the masses
and decay widths of the three new
pentaquark states reported by LHCb in
agreement with the experimental results.
We point out that the three pentaquark
states have quantum numbers:
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We found that both the short range interaction provided by the coupling
to the 5-quark-core states and the long range interaction provided by
the one-pion exchange potential make contributions to the attraction
∗
between Σ" and )
𝐷 .
The importance of what we referred to as the chiral tensor dynamics is a
universal feature for the heavy hadrons with light quarks.

Thanks for your attention

