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LHCb
Why pentaquark

states?

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

M_P_"(4380) = (4380 + 1.7 + 2.5)MeV

I =(205+£18+86 )MeV
statistic significance greater
then 9sigma!
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The LHCb observation [1]

was further supported by R. Aaij ef al. [LHCb Collaboration], Phys. Rev. Lett. 117 (2016) no.8.
another two articles 082002

R. Aayy er al. [LHCb Collaboration], Phys. Rev. Lett. 115 (2015) 072001

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

by the same group [2,3]: 022003




Recently a new analysis has been Why pentaquark
states?

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.

1] R. Aayj er al. [LHCb Collaboration], Phys. Rev. Lett. 115 (2015) 072001
2] R. Aaiyj et al. |LHCb Collaboration], Phys. Rev. Lett. 117 (2016) no.8,
082002

3] R. Aayj ef al. [LHCb Collaboration], Phys. Rev. Lett. 117 (2016) no.8,
082003

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




As well as revealing the new P.(4312) Why pen’raquark

state, the analysis also uncovered a more states?
complex structure of P.(4450), consisting
of two narrow nearby separate peaks,
P.(4440) and P.(4457) with the two-peak
stfructure hypothesis having a statfistical
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
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[4] R. Aaij et al. (LHCb), Phys. Rev. Lett. 122, 222001 (2019). m .y [MeV]

Number of events versus J/Psi p invariant mass
[4]. The mass thresholds for the £, D and £, D °
final states are superimposed.
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» In Ref. [1] we studied the hidden-charm
oentaquarks by coupling the A.D®™ and X
D™ meson-baryon channels to a uudcé
compact core with a meson-baryon binding
Interaction satistying the heavy quark and chiral
symmetries.

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. Hosakq, E. Santopinto, S. Takeuchi, M. Takizawa,
Phys. Rev. D 96 114031 (2017)



The Model in brief

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
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The Model in brief

We expressed the hidden-charm C” (r=0 i
pentaquark masses and decay widfths Jo 2 D ( ) Wi
as functions of one free parameterZ,  Here, f0is the strength of the one-pion exchange
° diagonal term for the . D* meson-baryon channel

which is proportional to the coupling
sfrength between the meson-baryon
and 5-quark-core states

w — (?T/)MB7 ?/)5q>

H]\-V'YBZD]\JB + V¢5q _ EID‘MB,

VT?J)AJB + H5ql/)5q _ Ewi’)q.

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 lhe ken EE

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

Philosophy of heavy Chiral perturbation theory for heavy hadrons is based on sponta-
quark spin-flavor neously broken SU, (3)®@SURr(3) chiral symmetry for the light quarks,
symmetry and spin-flavor symmetry for the heavy quarks.

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

[, k]

— 0 if mg — oo.
mQ

This means that the heavy quark cannot simultaneously have a well-
defined position and momentum, but can have a well-defined position
and velocity, which corresponds to the velocity of the hadron.




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 < m,

_Prme _ moftktmg  moftmqe .k
p* —mg, + i€ 2mouk + k= + i€ 2mouk + e 2mouk + ie

.mQYP +mg I+9 1
~Y Z— —_— ——

1

— 2mguk + e 9

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

The Model in brief lhc kev EE

ingredients




The Model in brief @'_nlhc -

The effective Lagrangians for HEAVY MESONS and iﬂé"l‘t’.dit’ﬂl.S
the Nambu-Goldstone boson, satisfying the heavy quark and chiral symmetries are [1,2,3,4,5,6]

Lruaa = gr 1 [Hb%%AZaHa] :
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T. M. Yan, H. Y. Cheng, C. Y. Cheung, G. L. Lin, Y. C. Lin, and H. L. Yu, Phys. Rev. D
46, 1148 (1992); 55, 5851(E) (1997).
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The Model in brief lht. kev EE

The effective Lagrangians for and ingredients
the Nambu-Goldstone boson, satisfying the heavy quark and chiral symmetries are [7] [8]

(%) ++ (%)+
ZC(M) ZC(M)

1 y()+ (%)0
ZC(M) ZC(M)

[7] T. M. Yan, H. Y. Cheng, C. Y. Cheung, G. L. Lin, Y. C. Lin, and H. L. Yu, Phys. Rev. D
46, 1148 (1992); 55, 5851(E) (1997).

[8] Y.-R.Liuand M. Oka, Phys. Rev. D 85, 014015 (2012) [arXiv:1103.4624 [hep-ph]].




Heavy Quark Spin Symmetry with Chiral Tensor Dynamics

in the Light of the Recent LHCb Pentaquarks

Based on the new LHCDb 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 r assignments:

]P(Pc(4’312)) == ,J° (PC(444-0)) = % and ]P(Pc(44‘57)) >

We find that the dominant components of these states are the nearby threshold
channels:

P.(4312) is dominated by 2. D
P.(4440) and P.(4457) are both dominated by 2. 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.



Our predictions
State Mass Width Our pred. (M,J* I') =1/ 3/ 5/

Ps12) L1190 g8 1) ¢ (4312, 17, 5)
P,

4380)" 438048 +£29 205+ 18 + 86 (4376, 3_,8)

(4312)
(4380)

P.(4440)* 4440.3 +1.3t32 20.6 £ 4913, (4442, 3~
(4457)

26)
P-(4457)" 44573+ 0.6771 6.4+2.0737 (4462, 17 .6.6)

| @ (4524, 17 1. 5)\
3 states -

still to be -4 e
observed | (4511 2 55)

agreement with the experimental
masses and decay widths

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




Where does the P.(4440) and P.(4457) mass difference come from?

Since these two states are located near . D~ threshold and both states have
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 speciroscopic factor). The other
is the long range interaction by the OPEP, especially the

heavy quark and chiral symmetries [IERD Vi(r) = GZ[O) - O4C(rim,)

OPE Potential

d*q  m? oy
C(r;m) = ——¢€ , Tensor operator:

Sey i (F) =30, - 20 -+ = O - O]

(27)3 G2 +m?2

So(r)T'(r;m)

. (13(7 _(7‘2 o id D .. o f |
= (27r):3m50(q>€ V\W7al Dipole form factor

172

Tensor part




To examine the effects of OPEP tensor interaction, we have investigate
the energy of the resonant Pentaquark states of spin 1/2 and 3/2
around the . D ~ threshold without the OPEP tensor term

In this case, the attractive force is not
enough, and the resonant states turn into
virtual states.

\ 4

The tensor term is necessary to form
resonant states



QUANTITATIVELY

We found that the tensor interaction
gives about 4 MeV attraction for the J¥ = %

and 15 MeV for the J¥ = g_ state

That isi, more attraction is found_in the
JP =§ state than in the J© =% state

Why?




The tensor interaction provides attraction through
channel couplings such as S-D and D-D.

>. D " with JP = %_consists of 2S, 4D

>.D " with JP = % consists of 4S, 2D and 4D No’rc’rion 25+1|

— e.g. °S means
‘ >.andD inS
3- o wave so that
For the - state there are three combinations of such J=S=1/2

channel couplings, while for %_ state there is only one.

More channels available imply more attraction




Since the obtained mass difference between P.(4440) and
P.(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 partnersl!



CONCLUSION

By coupling the open charm meson-baryon
channels to a compact uudcc 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 gquantum numbers:

& _ N We found that both the short range interaction provided by the coupling
JP (P.(4312)) = - , to the 5-quark-core states and the long range interaction provided by
JP(P.(4440)) = 3” the one-pion exchange potential make contributions to the attraction
i 2 _ between X, and D .
P _1 ¢ .
JP(P(4457)) =5 The importance of what we referred to as the chiral tensor dynamics is a
/ universal feature for the heavy hadrons with light quarks.

N | =







