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LHCb
Why pentaquark

states?

M _P_*(4450) = (4449.8 * 8 + 29)MeV
[=(39+5+19) MeV

2500 (@ LHCb

M_P_*(4380) = (4380 + 1.7 £ 2.5)MeV

[ =(205+18+86 )MeV

statistic significance greater
then 9 sigma!
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The LHCb observation [1]

was further supported by R. Aaij et al. [LHCb Collaboration], Phys. Rev. Lett. 115 (2015) 072001
another two articles R. Aaij er al. |[LHCb Collaboration], Phys. Rev. Lett. 117 (2016) no.R,

(082002
R. Aaij er al. |LHCb Collaboration], Phys. Rev. Lett. 117 (2016) no.8,
(082003

by the same group [2,3]:




The pentaquark as a compact five quark

state
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Using group theory Y

techniques we found
that the compact
pentaquark states
belong to to an SU(3)

flavour octet.
The masses of the octet

pentaquark states were

calculated by means of

a Giirsey-Radicati mass

formula extension.

« The partial decay widths were calculated by means of
an effective Lagrangian:
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Example: Strong decay widths
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[3] Q. Wang, X. H. Liu, and Q. Zhao, Phys. Rev. D 92, 034022 (2015).




Strong decay widths

Example: Proton field
P%*(4377) -] /Y + P
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Strong decay widths

Example:

P%*(4377) -] /Y + P
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f”z‘(;ﬁ@l) P(4694) The Pentaquark masses were predicted by the
dsscc USSCT .

GR mass formula extension, BUT what about
the coupling constant g4?

Observe that .
INp = g g3J = z}ngz and 95y = 2‘19\41? sO we only need to
know g, ’ro calculate the partial width for all the channels.




Strong decay widths

In conclusion, they found that to be
consistent also with the available
‘ photoproduction data, the branching ratio
for both the pentaquark states needs to
be BR[P°*(4377) -] /¢y +P]<0,05.

[3] Q. Wang, X. H. Liu, and Q. Zhao, Phys. Rev. D 92, 034022 (2015).



Strong decay widths

In conclusion, they found that to be
consistent also with the available
photoproduction data, the branching ratio
for both the pentaquark states needs to

be BR[P°*(4377) -] /¢y +P]<0,05.

C(P'" — NJ/y)

B(Pt = J/¥p)T,, = 10.25 MeV,

- 2
gnj/¥~ PN
Sl (Ey +My)2EN(Ey — My)

127 MP0+
+ (Mpor — My)* +2M7, |,

We used the upper limit found Total width of the lightest
by Wang pentaquark state - KNOWN FROM

LHCb ANALYSIS (T;,; = 205 MeV)



Strong decay widths

Cyyw = B(PY = J/¥p)Ty = 10.25 MeV,

Now we are able to

Initial state Channel Partial wisth [MeV] quculqte -I-he pqrﬁql
1’0 ®

e plo pis o width for each decay

LY e - /. | channel !

Initial state Channel Partial width [MeV]
pYo AJ ¥ 7.94

pl=, pl0 pl+ >J /¥ 7.21
p*-, p%0 =] /¥ 6.35



Coupled channel between the meson-
baryon states

» Near the thresholds, resonances are expected to have an exoftic
structure, like the hadronic molecules.

» The observed pentaquarks are found to be just below the D* X,
(Pt (4380)) and the D*X; (P} (4450)) thresholds. Moreover, the D* A,
threshold is only 25 MeV below the D X_. threshold. For this reason,
the D A.,D* A. channels are notirrelevant in the hidden-charm

meson-baryon molecules. ‘

In Phys.Rev. D96 (2017) no.1, 014018 E. Santopinto e Y. Yamaguchi
considered the coupled channel systemsof DA.,D* A, D 2., DX}, D* X,
and D*X} to predict the bound and the resonant states in the hidden-
charm sector. The binding interaction between the meson and the
baryon is given by the One Meson Exchange Potential (OMEP).




Coupled channel between the meson-
baryon states

() 1(J7) = 1/2(3/27) (i) 1(J7) = 1/2(3/2%)

» In particular the bound

and resonant states

. 3t 3= 57
Wlll'h]P:E 'E 'E Clnd

5 ° L] L] 1
= with isospin I = > are

studied by solving the
coupled channel A vev)
Schrodinger equations. (iii) 1(J7) = 1/2(5/27)

» Free parameter of the
model: the cut-off
parameter A ;

» Ais fixed toreproduce
the heaviest resonant
state P} (4450)

A [MeV]



Coupled channel between the meson-
baryon states

results

A [MeV] 1500 1600 1700 1800

JP=3/2" | 4236.9 -i0.8 41360 4006.3 3848.2 3660.0 3438.26
4381.3 —il1.4[ 4307.9-i18.8\ 4242.6 —il.4 4150.1 4035.2 3897.3
4368.5 — i64.9 4348.7 —i21.1 \4312.7-i16.0 4261.0-i7.0 4187.7 —i0.9 4092.5

JP=3/2% | 4223.0 -i97.9 4206.7 —i41.2 | 4169.3 —i5.3 4104.2 3996.7 3855.8

11 4363.3 —157.0 :4339.7 —i26.8' [ 4311.8 —i6.6  4268.5—-il1.3  4193.2 —i0.1 4091.6

(JT=5/271 —  \14428.6—i89.1) 4301.7 — i88.8 4338.2—i56.2 4286.8 —i27.3 4228.3—il4
0027-i14 41111

TP =357 4368.0 —i9.2 43058 —il.9
/ \\ — — 4398.5 —i15.0 4357.8 —i8.2

The masses and widths of the two observed
pentaquark states; BE AWARE: the mass of the
lightest one is a prediction, while the mass of the
heaviest s fitted to fix the cut-off parameter A

Good agreementfor the mass and quantum
numbers of the lightest pentaquark P/ (4380)



Ouvur tentative to describe the pentaquark states:
Coupled channel between the meson-baryon
states and the five quark states [1]

Motivation

» In the current problem of pentaquark P, there are two
competing sets of channels: the meson-baryon (MB) channels
and the five-quark channels [1].

CAN A COUPLE CHANNEL BETWEEN
THE MB CHANNELS AND THE CORE CONTRIBUTION
DESCRIBE IN A REALISTIC WAY THE PENTAQUARK STATES ?

[1] Y. Yamaguchi, A. Giachino, A. Hosaka, E. Santopinto, S. Takeuchi, M. Takizawa, Phys. Rev. D 96
114031 (2017) [hep-ph/1709.00819 ]



Coupled channel between the meson-baryon
states and the five quark states [1]

» hidden-charm pentaquarks as DA.,D* A.,D X, D* X, DX; and
D*X;, molecules coupled to the five-quark states

» For the first fime some predictions for the hidden bottom
pentaquarks as B A, ,B* Ay,B X, B* £, DX; and B*X; molecules
coupled to the five-quark states are provided.

» In particular, by solving the coupled channel Schrodinger

equation, we study the the bound and resonant hidden-charm

and hidden-bottom pentaquark states for J* =% ; ; and
isospin I = % .

[1] Y. Yamaguchi, A. Giachino, A. Hosaka, E. Santopinto, S. Takeuchi, M. Takizawa, Phys. Rev. D 96
114031 (2017) [hep-ph/1709.00819 ]



The Model

scribe the dynamics at long
art describes the
the order of 1 fm or less).

The meson-baryon channels
distances, while the five-qu
dynamics at short distances

. ae proportional to the
Kinetic energy and OPEP of the speciroscopic

Meson-Baryon system factors §%:

5q _ —Ax?
Vil=—f ) Sisye™
a

Kinetic energy and
harmonic
oscillator potential
of the five quark
states.




hidden-charm sector results l

The figure shows the bound and resonant state energies of the hidden-
charm molecules (solid lines) with various coupling constants
Dot-dashed lines are D A, and D* A, threshold. Dashed lines are the D ¥,
D* x., DX, and D*X: thresholds.




hidden-charm sector results

You can see the dependence of the obtained energy spectra for JF = %_ ,;_ and g_on
the coupling constant of the model fL This coupling constant is a free parameter
0

proportional to the coupling sirength between the Meson-Baryon and the compact five-
quark channels. The filled circle in figures shows the starting point where the state is
found.

The lowest threshold D A, is at 4153,46 MeV and the state whose energy is lower than the
threshold is a bound state




hidden-charm sector results

When the five-quark potential
f

is furned-off, i.e. when = 0,
0

there are no resonant states
and no bound states for any
value of quantum numbers JF

No resonant states and no bound states for

f

fo

In the hidden-charm sector the OPEP
alone is not strong enough to produce

bound and resonant P, states.

0




Switch to bottom sector

Many B Ag and B* Ag bound states appear.

Some B Ag bound states are produced even without

Infroducing the five-quark potential (fL = O) !
0

Dot-dashed lines are the B Az and B* Ag thresholds. Dashed lines are the B Xz, BX},
B* £z and B*X} thresholds.




Hot topic: first results for the hidden-bottom sector

As a matter. of fact, we have found that, unlike the charm-sector,
In which the five-quark potential is needed to produce bound
states, in the bottom sector the OPEP alone provides sufficiently
strong attraction to generate several bound and resonant states.

Dot-dashed lines are the B Az and B* Ag thresholds. Dashed lines are the B Xz, BX},
B* £z and B*X} thresholds.




Hot topic: first results for the hidden-bottom sector

Moreover, many states appear when the 5q potential is
switched on.

As a consequence, the hidden-bottom pentaquarks are
more likely to form rather than the hidden-charm
pentaquarks.

. 4

The hidden-bottom sector is the more
interesting environment to search the
pentaquark states




> In the hidden bottom sectom, the kinetic
energy of the meson-baryon system is

Why ?

suppressed with respect to the charm sector
due to the higher reduced mass of the

Why so more likely to find system.

bound and resonant states ‘
in the bottom sector? MeV
5500
@ ®
0 0%
> In the hidden-bottom 4500 B° Mass  B™" Mass

sector, the OPEP is

strong enough to
produce states due to “ 3200

the mixing effect
enhanced by the small 2500
mass splitting between °

B,B* and Xy, X5 w

1500 D% Mass D% Mass




Conclusions

» As aresult of our calculation we find that in
the charm sector,one needs the five-quark
potential in addition to the pion exchange
potential in order to produce bound and

resonant states, whereas, in the bottom
sector, the pion exchange interaction alone
IS sfrong enough to produce stafes.

. g

it emerges that the hidden-bottom pentaquarks are more likely
to form than their hidden-charm counterparts;

for this reason, we suggest that the experimentalists should look
for pentaquark states in the bottom sector.






Back up slides




Numerical methods

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

This is a very hard task!

Powerfull numerical method are needed in order to solve
the coupled channel problem.



