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Hadrons in the heavy quark region

o Hadron: Composite particle of Quarks and Gluons

o Constituent quark model (Baryon(gqq) and Meson ¢g) has
been successfully applied to the hadron spectral
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Hadrons in the heavy quark region

o Hadron: Composite particle of Quarks and Gluons

o Constituent quark model (Baryon(gqq) and Meson ¢g) has
been successfully applied to the hadron spectral
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o Exotic hadrons? — Multiquark state
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Observation of two hidden-charm pentaquarks !
Introduction

week enaing

PRL 115, 072001 (2015) PHYSICAL REVIEW LETTERS 14 AUGUST 2015

§

Observation of J/wp Resonances Consistent with Pentaquark States
in A) — J/wK"p Decays

R. Aaij et al.”
(LHCb Collaboration)
(Received 13 July 2015; published 12 August 2015)

Observations of exotic structures in the J/yp channel, which we refer to as charmonium-pentaquark
states, in A — J/wK~ p decays are presented. The data sample corresponds to an integrated luminosity of
3 fb~! acquired with the LHCb detector from 7 and 8 TeV pp collisions. An amplitude analysis of the
three-body final state reproduces the two-body mass and angular distributions. To obtain a satisfactory fit of
the structures seen in the J/yp mass spectrum, it is necessary to include two Breit-Wigner amplitudes that
each describe a resona {te. The significance of each of these resonances is more than 9 standard
deviations. One has a ma\ 4380 + 8 + 29 MeV and a width of 205 + 18 + 86 MeV, while the second
is narrower, with a ma; 4449.8 4 1.7 +2.5 MeV and a width of 39 + 5 + 19 MeV. The preferred J”
assignments are of op| e parity, with one state having spin 3/2 and the other 5/2.

DOIL: 10.1103/PhysRevLett.115.072001 PACS numbers: 14.40.Pq, 13.25.Gv
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What is the structure of the pentaquarks?

Introduction

o Compact pentaquark? Hadronic molecule?
W.L.Wang et al., (2011), G. Yang and J. Ping, (2015)
J.-J.Wu et al,, (2010), C.W.Xiao et al., (2013)
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What is the structure of the pentaquarks?

Introduction

o Compact pentaquark? Hadronic molecule?
W.L.Wang et al., (2011), G. Yang and J. Ping, (2015)
J-JWu et al., (2010), C.W.Xiao et al., (2013)
> Pentaquarks are close to the meson-baryon thresholds
= Hadronic molecules are a loosely bound state of hadrons.
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Important issue of the heavy pentaquarks

Introduction
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Important issue of the heavy pentaquarks

Introduction

(Heavy Quark Spin Symmetry)
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Important issue of the heavy pentaquarks

Introduction

[Heavy Quark Spin Symmetry]

Charm (c), Bottom (b), Top (t)
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Important issue of the heavy pentaquarks

Introduction

[Heavy Quark Spin SymmetryJ

Charm (c), Bottom (b), Top (t)

4

1. Coupled channels of MB
2. Tensor force

15 Nov 2016 Yasuhiro Yamaguchi(INFN Genova) INFN2016@LNF, Italy



Heavy Quark Spin Symmetry and Mass degeneracy

Introduction

Heavy Quark Spin Symmetry (HQS)  nusgurM.B.wise,PLB232(1989)113

o Suppression of Spin-spin force in mg — co.

0 e.g. Qg meson = Mass degeneracy of spin-0 and spin-1
states!

P* (spin-1) P (spin-0)

T =, 00,
q Q

Heavy quark Light quark

= Mass degeneracy of hadrons with the different J
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Coupled channels of the hidden-charm pentaquark

Introduction

o D — D* and ¥, — ¥} mixings due to the HQS

Meson Baryon
D* —— )
~ 65 MeV
~ 140 MeV Y, 4+—ro
D o
HQS Doublet HQS Doublet

o Coupled channels of DY, DY, D*Y. and D*¥}!
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Coupled channels of the hidden-charm pentaquark

Introduction

o D — D* and ¥, — ¥} mixings due to the HQS

Meson Baryon
D* ——— 37—
~ 65 MeV
~ 140 MeV Yo 4+—
D o
~ 170 MeV
HQS Doublet Ao 4+——

o Coupled channels of DY, DY, D*Y. and D*¥}!
o In addition, A (cqq): D®A, channel?
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Coupled channels of the hidden-charm pentaquark

Introduction

> 6 meson-baryon components

(1) DA, (2) D*A, (3) DX, (4) DX,
(5) D*x., (6) D*x}

= These components are mixed by...Tensor force!
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Coupled channels of the hidden-charm pentaquark

Introduction

> 6 meson-baryon components

(1) DA, (2) D*A, (3) DX, (4) DX,
(5) D*x., (6) D*x}

= These components are mixed by... Tensor force!
Tensor force = Mixing of states with different ¢

efmr

V() = gSup(F) (3 + mr + m2r?) S

> S12(F) = [3(61 - 7)(Oy-F) — Oy - 62} — S — D mixing
> T(r) — Strong attraction
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Tensor force in NN (3S; —3 D)

o Tensor force is important in Deuteron, NN(3S; —3 Dy)

150 . ; . : : : : Table 2 Deuteron properties using
the AV8’ nucleon-nucleon potential.
100 + TE A
; sl central | Energy —2.24 [MeV]
() Kinetic 19.88
= 0 (SS) 11.31
— (DD) 8.57
= i
S 50 Central —4.46
(SS) —3.96
-100 B
tensor (D) —0.50
-150 ! t : . . : . Tensor —16.64
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 (SD) 3903 <—J
r [fm] (DD) 229
LS —-1.02

K. Ikeda, T. Myo, K. Kato and H. Toki, Lect. Notes Phys. 818, 165 (2010).
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Tensor force in NN (3S; —3 D)

o Tensor force is important in Deuteron, NN(3S; —3 Dy)
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Table 2 Deuteron properties using
the AV8’ nucleon-nucleon potential.

Energy —2.24 [MeV]
Kinetic 19.88
(SS) 11.31
(DD) 8.57
Central —4.46
(SS) -3.96
(DD) —0.50
Tensor —16.64 <
(SD) ~1893
(DD) 229
LS -1.02

K. Ikeda, T. Myo, K. Kato and H. Toki, Lect. Notes Phys. 818, 165 (2010).

> Tensor force in S — D component produces the strong

attraction!

> Couplings to the states with £ # 0 are needed!
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Main Subject: Pentaquarks
o Hadronic molecules formed by hidden-charm meson-baryon.J

A. or =)
D
C
””” q q
Baryon
Meson

o Bound and resonant states of D*)A, — D
> Coupling to DA, D*A., DX, DX*, D*¥., and D*X*
> Coupling to the state with £ #£ 0
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Main Subject: Pentaquarks
o Hadronic molecules formed by hidden-charm meson-baryon}

A or ™)
D
< . (&
@
— Baryon
Meson

o Bound and resonant states of D*)A, — D
> Coupling to DA, D*A., DX, DX*, D*¥., and D*X*
> Coupling to the state with £ #£ 0

[ The full-coupled channel analysis has never been performed ]
so far !
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D™ B Interaction: Meson exchange potential

o Effective Lagrangian with heavy quark symmetry
R. Casalbuoni et al., Phys.Rept.281 (1997)145 Y.-R.Liu and M.Oka, PRD85(2012)014015

D)

T P25 0 D™ D or D*
mD(*)D(* -==- mBB
B: A, X or X}

m: w, p,worao
Flg. Meson exchange dlagram
Vwe—pwg = [61 - 02C(r) + S0,0,T(r)

C(r) : Central force, T(r): Tensor force
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D™ B Interaction: Meson exchange potential

o Effective Lagrangian with heavy quark symmetry
R. Casalbuoni et al., Phys.Rept.281 (1997)145 Y.-R.Liu and M.Oka, PRD85(2012)014015

D)

T P25 0 D™ D or D*
mD(*)D(* -==- mBB
B: A, X or X}

m: T, p, wor o
Flg. Meson exchange dlagram
Voee-_pws =G [(51 - 02C(r) + So,0,T(r)
C(r) : Central force, T(r): Tensor force

o Form factor with common cutoff A < Free parameter

A2 — m?

F(N,G) = 27“7‘(‘2 (fixed by the observed mass of P.)
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Results of D(*) B states (2-body)

A. or ()
)
C
eqg — 94
Baryon
Meson

DOA, — DHEH)
Exotic states (ccqqq)

Bound state and Resonance
o We solve the coupled-channel Schrodinger equations with
JP =3/2% 5/2%F and isospin | = 1/2.
o Interaction: wpwo exchange potentials
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Numerical results

> Observed Pentaquarks; P (4380) and P (4450)

> JP assignment by LHCb;
(3/27,5/2%), (3/2*,5/27), (5/2%,3/27)
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Numerical results

> Observed Pentaquarks; P (4380) and P (4450)

> JP assignment by LHCb;
(3/27,5/2%), (3/2%,5/27), (5/2%,3/27)
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Numerical results

> Observed Pentaquarks; P (4380) and P (4450)

> JP assignment by LHCb;

(3/27,5/2%). (3/2%,5/27), (5/2+,3/27)

JP=3/2F
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P+ (4450): JP = 5/2— j
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Numerical results

> Observed Pentaquarks; P (4380) and P (4450)

> JP assignment by LHCb;
(3/27,5/2%), (3/2%,5/27), (5/2%,3/27)

JP=3/2+
T T T T
4.4 DT’ q
P(4380)
Dx, ¢ ]
= 43 L
% D*A, e,
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DA \\
il \ -
. .
12 13 14 15 16 17 18

JP =5/2-
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Cutoff A = 1400 MeV

[ P+(4380): JP = 3/2+

P+ (4450): JP = 5/2— J
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Channel-coupling effects

o Obtained mass with Full channel coupling, without D®™)A,
and without £ > 0 (¢ > 1)

A E JP = 3/2+ A E JP =5/2-
D*Ec' """""""""""""""""""""""""""""""" D*EC' """ 4 429 """"""""""""""""""""""""
DX v DX e
~ 4340 _

D | ) >0

DA D*A |
4207

) )
Full Full
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Channel-coupling effects

o Obtained mass with Full channel coupling, without D®™)A,
and without £ > 0 (¢ > 1)

A E JP = 3/2+ A E JP =5/2-
D*Ec """""""""""""""""""""""""""""""" D*Ec' """ 4 429 """"""""""""""""""""""""
75 3 DE* e
¢ 4340 N
D | T — i DSc |
R 1]...4275.3 I ! state!
o o (o a0 o)

4207
5 2
w/o w/o w/o w/o
Full peoa, -1 Full poa, >0
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Channel-coupling effects

o Obtained mass with Full channel coupling, without D®™)A,

and without £ > 0 (¢ > 1)

A E JP =3/2t
3 3 B I PR R
DX v
_ 4340
DX | oo\ -
_ V| ARTEE
4207
DA, Jrmeeresmeerssssersssnees oo
w/() W/O
Full peoa, -1

A E JP =5/2~
D Bgpogygreeeeeee s
DX e
D¢ |
o ! state!
D*A, E\Io state.)(No btdt(,.]
3 P

w/o w/o
Full JOL 2%

o D™A. and £ > 0 (£ > 1) components are not negligible.
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Summary

with full-channel coupling

U

o Observed Pentaquarks are close to the Meson-baryon
thresholds.
— Hadronic molecules are considered.

[ Subject: Hidden-charm meson-baryon molecules j

o Heavy Quark Spin Symmetry induces the coupled-channel
analysis of DGIN, — D(*)Zﬁ*).

o Tensor force induces the couplings to the states with £ # 0.
o Resonances of the DGIA, — D(*>z£*) are obtained.

o The JP assignment of P} (4380) and P} (4450) is
3/2% and 5/27, respectively.

Outlook
o Coupling to J/vp, cutoff A, 1/mg correction,...
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Coupled-Channels

JP Channels

3/27 | DA(°D), D*A(*S,> D,* D), Dx.(*D), Dx:(*S,* D),
D*¥.(*S,2D,*D), D*x:(*S>2D,*D,° D,° G)

3/2% | DA(?P), D*N(?P,*P*F), DX.(?P), DX:(*P,*F),
D*Y.(?PAP*F), D*S*(?P*POSPAFOF)

5/2~ L?/\C(2D), D*/\C(2D,fD,4 G), DX.(®D), DX:(*D,* G),
D*yY.(>?D,*D*G), D*'c:(°S2D*D°D*G.°G)

5/2% | DA(?F), D*A(*P2F*F), DL (?F), DX*(*P,* F),

D*Y.(*P2F*F), D*S:(*PSP2F*FS5FP°H)

Thresholds (MeV)

DA.(41535), D*A.(4295.5), D¥(4320.5), D¥;(4385.1),
D*¥..(4462.5), D*¥*(4527.1)

15 Nov 2016
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E [GeV]

E [GeV]
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Table: Obtained masses with full channel coupling (Full), without DMIA,
(w/o D™A.) and without large orbital angular momentum ¢ (w/o £ > 0

orw/o £ >1)in A = 1400 MeV.

JP Channels ~ Mass [MeV]

3/2~ Full 4136.0, 4307.9, 4348.7
w/o DWA,  4278.4, 4400.4
w/ol>0 4220.4, 4376.6

3/2% Full 4206.7, 4339.7
w/o DBIA,  —
w/ol>1 42753

5/2" Full 4428.6
w/o DBIA,  —
w/ol>0 —
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Table: Comparison of the lowest mass of hidden-charm meson-baryon
molecules with /(JF) = 1/2(3/27) by this work with the early works.
The obtained masses are shown in the second column in the unit of MeV.
The value of this work is in A = 1400 MeV. The third column gives the
channels which are considered in those works.

Ref. Mass [MeV] Channels
This work 4136.0 DA.,D*Ne, DX, DX}, D*Y., D*¥}
PRL105(2010)232001 4415 D*¥., D*¥* with only S-wave
PRC84(2010)015202 4454 D*ZC, D*Zz with only S-wave
PRD88(2013)056012 4334.5 J/YN, D*N, D*Y., DL¥, D*¥*

with only S-wave
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