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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

gi;’@q @ a

q

Baryon(proton,nucleon,...) Meson (7,K,...)

> Qua rk—quark potential S. Godfrey and N. Isgur, PRD32(1985)189

V(r) = —; + br+ ...
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Exotic hadrons in the heavy quark region

Introduction

> Observation of the Exotic Hadron in the heavy quark
(c, b) sectors!
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Exotic hadrons in the heavy quark region

Introduction
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> Observation of the Exotic Hadron in the heavy quark

(c, b) sectors!

e.g. Spectra of Charmonia
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Exotic hadrons in the heavy quark region
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> Observation of the Exotic Hadron in the heavy quark

(c, b) sectors!

e.g. Spectra of Charmonia
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and
Exotic hadrons (# cc)

N. Brambilla,et al. Eur.Phys.J.C 71(2011)1534
S. Godfrey and N. Isgur, PRD32(1985)189

> What is the structure of exotic hadrons ?
> Why are many exotic hadrons found in the heavy quark_region?
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MENU2016@Kyoto



Exotic structure: Hadronic molecules

Introduction

Exotic hadrons = Multiquark states?

- g D™

q _
@ 5 @ - D

q @ @ q
Tetraquark
(Compact) Hadronic molecule
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Exotic structure: Hadronic molecules
Introduction

Hadronic molecules
Meson-Meson (X,Y, Z7) Meson-Baryon

@7 @a 0z S0
X(3872), Z, A}, Pentaquark???

o Loosely bound states (resonances) of hadrons
— Appearing near the thresholds (M-M, M-B,...)
= Analogous to Atomic Nuclei
o Molecules are formed by the Hadron-Hadron interaction

dynamically.
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Exotic structure: Hadronic molecules

Introduction

Hadronic molecules
Meson-Meson (X,Y, Z7) Meson-Baryon

X(3872), Z, A}, Pentaquark???

> Theoretical researches
o X(3872) as DD*,

M. T. AlFiky, et al.,PLB640(2006)238,M. B. Voloshin, Prog.Part.Nucl.Phys.61(2008)455

Zp as BB™, 1. R zhang, et al, PLBT04(2011)312,5.0hkoda, et al., PRD86(2012)014004

©

/\(1405) as KN, T. Hyodo and D. Jido, Prog. Part. Nucl. Phys. 67 (2012) 55

©

()

*
N} as DN, T Mizutani, ARamos PRCT4(2006)065201,C. Garcia-Recio, et al., PRD79(2009)054004
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Observation of two hidden-charm pentaquarks

Introduction

27 July 2016

cen cnang

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

§

Observation of J/yp 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/y p channel, which we refer to as charmonium- penmqumk
states, in AY — J/wK~p decays are presented. The data sample ponds to an integrated | 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/y p mass spectrum, it is necessary to include two Breit-Wigner amplitudes that
each describe a resona e. 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 may5X4449.8 + 1.7 + 2.5 MeV and a width of 39 + 5 + 19 MeV. The preferred J”
assignments are of opj fe parity, with one state having spin 3/2 and the other 5/2.

DOI: 10.1103/PhysRevLett.115.072001 PACS numbers: 14.40.Pq, 13.25.Gv

[Ag — K- PF decay]

P
W ( ﬁ} K ccuud
b u . Pentaquark!
Ag u :Ci e
d—o>— 5 ¢ J=3/2,5/2
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Observation of two hidden-charm pentaquarks !!
Introduction

PRL 115, 072001 (2015) PHYSICAL REVIEW LETTERS 14 AUGUST 2015
Observation of J/yp R es 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-| penldqud!k

ds to an integrated | of

states, in A) — J/y K~ p decays are presented. The data sample
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/y p mass spectrum, it is necessary to include two Breit-Wigner amplitudes that
each describe a resona e. 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 maj (4449.8 + 1.7 + 2.5 MeV and a width of 39 + 5 + 19 MeV. The preferred J”
assignments are of opdZAe parity, with one state having spin 3/2 and the other 5/2.

DOI: 10.1103/PhysRevLett.115.072001 PACS numbers: 14.40.Pq, 13.25.Gv

1. M =4380+8+29 MeV, I' =205+ 18 + 86 MeV (Broad)
2. M =44498+1.7+25 MeV, I =39+£5+19 MeV (Narrow)
JP Assignment: 3/27,5/2%; 3/2+ 5/27; 5/2% 3/2~

©
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What is the structure of the pentaquarks?

Introduction

(Theoretical discussions)

2@

o Compact pentaquark? . ‘
C

> Quark model
W.L.Wang et al.,, PRC84(2011)015203
G. Yang and J. Ping, (2015), arXiv:1511.09053Pentaquark

(Compact)
o Hadronic molecule? c
> SU(4) flavor symmetry q 7 .
J.-J.Wu et al., PRL105(2010)232001 .
C.W.Xiao et al., PRD88(2013)056012 ®c

T. Uchino,et al., Eur.Phys.J.A52(2016)43 .
Hadronic molecule
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Important issue of the heavy pentaquarks

Introduction

1. Pentaquarks are close to the meson-baryon thresholds
= Hadronic molecules appears near the thresholds!

|IMeV]|
D i *
as30 21X
4500 - =
Rl Sotepide S 4408 225
4 P.asso D>y
Feazso) 4300 2=
4325 D> D*A.
=+ 4296
T D <
4156
T)pIN
4000 +

2. Heavy Quark Spin Symmetry
= SU(4) symmetry is broken in the charm quark sector.
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Heavy Quark Spin Symmetry and Mass degeneracy

Introduction

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

o Suppression of Spin-spin force in mg — co.
= Decomposition of Heavy quark spln and Light components
J=L + S = SQ +J

SQ j

Heavy Hadron Light quarks + Gluons

( Brown muck)

= Mass degeneracy of hadrons with the different J

o Mass degeneracy of {D, D*}(Qg) , {ne, J/¥}(QQ),
{Xc, 2¢}(Qqq) (baryons)...

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto
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Mass degeneracy of heavy hadrons

Introduction

o Mass difference between vector and pseudoscalar mesons.

(Qg, g = u,d)
Vector meson (J¥ =17)
p K*  D* B*
770 MeV 890 MeV 2010 MeV 5325 MeV
A §45 Mev
140 MeV 5
B @va)
390 MeV D( D
cq
Am 630 MeV :
NV |
ANANNY

y K9
= Pseudoscalar meson
7 (99) ( JP — 0-)

Light ««——F+—> Heavy

> Am decreases when the quark mass increases.
> Mass degeneracy of heavy hadrons appears!

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto



Mass degeneracy of heavy hadrons

Introduction

o Mass difference between 1/2% and 3/2% baryons. (Qqq,
q:u,d) JE =32+
VD >SS > N 513

1230 MeV 1385 MeV | 2520 MeV ~ 5830 MeV

T §20 Me
MV
195 MeV
e EC
290 MeV ‘
b))
— JP =1/2+
N

Light «—————> Heavy

> Am decreases when the quark mass increases.
> Mass degeneracy of heavy hadrons appears!

=- Small mass splitting leads to Channel couplings!

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto



Small mass splitting and Interactions (KN and DN)

Introduction

o Interaction between K (light meson) and N
= Short range force (p, w exchanges...) dominates.

[Strange (Light)J [Charm (Heavy)j
K N D N
p, w, ... p, w, ...

K N D N

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto 12



Small mass splitting and Interactions (KN and DN)

Introduction

o Interaction between K (light meson) and N
= Short range force (p, w exchanges...) dominates.

(Strange (Light)] (KK7 x) (Charm (Heavy)]
K N D N
o Ty PyW...
£ 2 Ty PyW... N
K N D N

o In the heavy (c, b) sector, the Heavy Quark Spin Symmetry

induces the D — D* mixing.
mg+ — mg ~ 400 MeV < mp« — mp ~ 140 MeV
o Appearance of the the one 7 exchange potential .
T.D.Cohen,P.M.Hohler,R.F.Lebed PRD72(2005)074010,S.Yasui,K.Sudoh, PRD80(2009)034008,
Y.Yamaguchi,S.Ohkoda,S. Yasui,A.Hosaka PRD84(2011)014032,...
27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto
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7 exchange potential (OPEP) and Coupled channel

Introduction

> OPEP is important to bind atomic nuclei.
> Tensor force of the OPEP generates a strong attraction.

Deuteron P _ N
N P — N
38; 2S1/2
- ——————= ¢ - ——————= ¢
™ ™
N 3D, N P* 401/2 N
N L —————— ®. L e —————— ®.
S-q T §-q S-q T 5-q
3S; 2S1/2
N N P N
Tensor force = 3S; — 3D, PN(2S1/2) — P*N(*Dy )

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto 13



7 exchange potential (OPEP) and Coupled channel

Introduction

> OPEP is important to bind atomic nuclei.
> Tensor force of the OPEP generates a strong attraction.

Deuteron P _ N
N P — N
38; 2S1/2
- ——————= ¢ - ——————= ¢
™ ™
N 3D, N P* 401/2 N
N L —————— ®. L e —————— ®.
S-q T §-q S-q T 5-q
3S; 2S1/2
N N P N
Tensor force = 3S; — 3D, PN(2S1/2) — P*N(*Dy )

> HQS: mixing of D — D*
> Tensor force: mixing of S — D (P — F)

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto 13



Energy spectra of D meson-Nucleon (DN) states

Introduction

L E DN
P 142 D*N Threshold
(2949 MeV)
pN O DN Threshold
(2807 MeV)
P=- P=+

Unit: MeV
Y.Y., S.Ohkoda, S.Yasui and A.Hosaka, PRD84 014032 (2011) and PRD85 054003 (2012)

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto
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Energy spectra of D meson-Nucleon (DN) states

Introduction

o One bound state

L E DN
N 142 D*N Threshold
(2949 MeV)
pN O Te DN Threshold
(2807 MeV) —21 Y/
P=— P=+

——: Bound state
Unit: MeV

Y.Y., S.Ohkoda, S.Yasui and A.Hosaka, PRD84 014032 (2011) and PRD85 054003 (2012)
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Energy spectra of D meson-Nucleon (DN) states

Introduction

o One bound state, and resonances in charm

A E DN
176.0 — i87.4
— 5 /Ot
1482 5.1’ _
_ T *
N2 155w D*N Threshold
(2949 MeV) 3/2~
26.8 — i65.7
0 1/2% _
DN el e DN Threshold
(2807 MeV) —2.
P=— P=+4

——: Bound state
——: Resonance (E,. — i'/2) Unit: MeV
Y.Y., S.Ohkoda, S.Yasui and A.Hosaka, PRD84 014032 (2011) and PRD85 054003 (2012)

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto



Energy spectra of D meson-Nucleon (DN) states

Introduction

o One bound state, and resonances in charm and bottom

sectors!
\E DN \E BN
176.0 — i87.4
—5/2+
148.2 — i5.1
_ 142 ——=3/2F
D*N 113.2 — 8.9 58.4 — i24.8
(2949 MeV) 3/2~ — g /21
B*N46 31.8 — i14.4
. 8 —14. +
26.8 — i65.7 (6265 MoV) ‘ %32
1/2% 6.9 —40.053/2— 5.8 —i3.0¢ /o4
= 1) S— 0
DN 21 1/27 BN 1/2-
(2807 MeV) —a (6219 MeV) | e
—23.0
P=- P=+ P=- P=+

——: Bound state

——: Resonance (E.. — iI'/2) Unit: MeV

Y.Y., S.Ohkoda, S.Yasui and A.Hosaka, PRD84 014032 (2011) and PRD85 054003 (2012)

o Many states near the thresholds. < No KN bound state

27 July 2016

Yasuhiro Yamaguchi(INFN Genova)

MENU2016@Kyoto
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Energy spectra of D meson-Nucleon (DN) states

Introduction

o One bound state, and resonances in charm and bottom

sectors!
176.0 — ¢87.4
—5/2%
148.2 — 5.1
142 321
D*N 113.2 — 8.9 58.4 — i24.8
(2949 MeV) 3/2~ 5/21
B*N46 31.8 — i14.4
. 8 —14. +
26.8 — i65.7 (6265 MeV) ‘ ——"3/2
1/2% 6.9 —40.053/2— 5.8 —i3.0¢ /o4
I 0
DN 21 1/27 BN 1/2-
(2807 MeV) —a (6219 MeV) | e
—23.0
P=— P=4 P=— P=4

——: Bound state
——: Resonance (E.. — iI'/2) Unit: MeV
Y.Y., S.Ohkoda, S.Yasui and A.Hosaka, PRD84 014032 (2011) and PRD85 054003 (2012)
o Many states near the thresholds. < No KN bound state
o The tensor force from the D — D* mixing is important to
produce a strong attraction!
27 July 2016
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Channel coupling of Hidden-charm meson-baryon state

A, or =™
)
C
cq a4
Baryon
Meson

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto 15



Coupled channels of the hidden-charm pentaquark

Introduction

o D — D* and ¥, — ¥} mixings

Meson Baryon
D* ——— X 5
~ 65 MeV
~ 140 MeV 2c —_
D
HQS Doublet HQS Doublet

o Mass degeneracy of Dy, DZZ, D*Y. and D*ZZ

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto
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Coupled channels of the hidden-charm pentaquark

Introduction

o D — D* and ¥, — ¥} mixings

Meson Baryon
D ||=o
~ 65 MeV
~ 140 MeV 2c JF
D
~ 170 MeV
HQS Doublet Ao +—

o Mass degeneracy of Dy, DZZ, D*Y. and D*ZZ
o A (cqq): D¥A, channel?

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto



Coupled channels of the hidden-charm pentaquark

Introduction

o DG, — D)

my, — mp, ~ 170 MeV

[5(*)Z£*) coupling]

Ty Py W,y oo

=)

(%)

27 July 2016 Yasuhiro Yamaguchi(INFN Genova)

mixing (analogous to AN — XN)

(BXIAL) — BHEE) coupling]

P 5(*)
TP
O Ae



Coupled channels of the hidden-charm pentaquark

Introduction

o DA,

— D

my, — mp, ~ 170 MeV

[5(*)Z£*) coupling]

D)

Q)

Ty Py W,y oo

=)

=)

mixing (analogous to AN — XN)

(BXIAL) — BHEE) coupling]

P 5(*)

D® Ac

= DA, D*A., DX, DX, D*Y., D*L* (6 thresholds!)

27 July 2016

Yasuhiro Yamaguchi(INFN Genova)
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Coupled channels of the hidden-charm pentaquark

Introduction

o DWA, — DHE) mixing (analogous to AN — X N)
my,. — mp, ~ 170 MeV

[[-)(*)Zg*) coupling] ([_)(*)I\g*) — f)(*)):g*) coupling]
D® =) D® ()
Ty Py Wy oo T, P
D =) D& A

= DA, D*A., DX, DX, D*Y., D*L* (6 thresholds!)

o Coupling to a state with ¢ # 0 (D—wave,...)
= Tensor force producing a strong attraction!

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto 17



Coupled-Channels

o Allowed channels (2°*1L) for JP = 3/2% 5/2%

JP Channels

3/2-
3/2+
5/2~

5/2+

o JP =3/2%:
o JP =5/2%:

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto



Coupled-Channels

o Allowed channels (2°*1L) for JP = 3/2% 5/2%

JP | Channels
3/2= | DA.(°D), D*N\.(*S,? D,* D), Dx.(*D), DX:(*S,* D),
D*¥.(*S,2D,*D), D* :(*S2D,*D,° D,° G)
3/2*
5/2~
5/2F

o JP =3/2%: 15 channels!
o JP =5/2%:

27 July 2016
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Coupled-Channels

o Allowed channels (2°*1L) for JP = 3/2% 5/2%

JP Channels

3/2= | DA.(°D), D*N\.(*S,? D,* D), Dx.(*D), DX:(*S,* D),
D*¥.(*S,?D,*D), D*x*(*S>D,*D,° D% G)

3/2% | DA(*P), D*A(*P,* P,*F), DX.(*P), DX:(*P*F),
D*x.(?PA*PAF), D*c:(?PAPOPAFOF)

5/2~

5/2+F

o JP =3/2%: 15 channels!
o JP =5/2%:

27 July 2016
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Coupled-Channels

o Allowed channels (2°*1L) for JP = 3/2% 5/2%

JP | Channels

3/2= | DA.(°D), D*N\.(*S,? D,* D), Dx.(*D), DX:(*S,* D),
D*¥.(*S,2D,*D), D* :(*S2D,*D,° D,° G)

3/2% | DA(*P), D*A(*P,* P,*F), DX.(*P), DX:(*P*F),
D*y.(?PAPA*F), D*T:(PPAPOSPAFOF)

5/2= | DA(?D), D*A.(?°D,* D,* G), DX.(?°D), DX:(*D,*G),
D*v.(>D,*D*G), D*'L(°S2D,*D,°D,* G ° G)

5/2F

o JP =3/2%: 15 channels!
o JP =5/2%: 16 channels!

27 July 2016
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Coupled-Channels

o Allowed channels (2°*1L) for JP = 3/2% 5/2%

JP | Channels

3/2= | DA.(°D), D*N\.(*S,? D,* D), Dx.(*D), DX:(*S,* D),
D*¥.(*S,2D,*D), D* :(*S2D,*D,° D,° G)

3/2% | DA(*P), D*A(*P,* P,*F), DX.(*P), DX:(*P*F),
D*Y.(*P*PA*F), D*S:(*PAPePAFOF)

5/2= | DA(?D), D*A.(?°D,* D,* G), DX.(?°D), DX:(*D,*G),
D*v.(>D,*D*G), D*'L(°S2D,*D,°D,* G ° G)

5/2% | DA(?F), D*N(*P,2F*F), DX.(3F), DX:(*P*F),

D*Y.(*P2F*F), D*S:(*PSP2F*FSF°H)

o JP =3/2%: 15 channels!
o JP =5/2%: 16 channels!

27 July 2016
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Main Subject: Pentaquarks
o Hadronic molecules formed by hidden-charm meson—baryon.J

A, or ¥
)
C
””””” q q
Baryon
Meson

Bound and resonant states of [7(*)/\C — D(*)Z‘(;*)

Coupling to D*)A, and [_)(*)Zg*)
Coupling to the state with £ £ 0
Negative and Positive parity states (P = +)

(*]

v VvV VvV
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Main Subject: Pentaquarks
o Hadronic molecules formed by hidden-charm meson—baryon.J

A, or ¥
)
/"777; \ c
— N
/\cq /:‘/’ 22
- Baryon
Meson

o Bound and resonant states of [7(*)/\C — D(*)Z‘(:*

> Coupling to D*)A, and 5(*)Z£*)
> Coupling to the state with £ £ 0
> Negative and Positive parity states (P = =)

The full-coupled channel analysis of D*)A, — 5(*)):5:*)
has never performed so far !

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto 19



Results of D*)B states (2-body)

A, or ()
e
C
cq ad
Baryon
Meson

DO, — DEE)
Exotic states (ccqqq)

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

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto 20



D(*)B Interaction: Meson exchange potential

Qo

Qo

27 July 2016

Effective Lagrangian with heavy quark symmetry

R.Casalbuoni et al., Phys.Rept.281 (1997)145, T.M.Yan et al., PRD46(1992)1148,
Y.-R.Liu and M.Oka, PRD85(2012)014015

Meson: L. pyy = g 1r [Hb'y#’yg,A‘;al:la}
Baryon:
3 . _ _
LB = Egﬂvrﬁ“ Atr [5,ALSy] + gatr [SPALN]

Heavy meson and baryon fields

1+ _ _
H, = Ty [P:“'y” — Pa’ys} (1" and 07)

1)
Su=3r%+ 7 (Y. +vu) 52 (3/2% and 1/27)

D — D* and . — X} mixings
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D(*)B Interaction: Meson exchange potential

Qo

Qo

27 July 2016

Effective Lagrangian with heavy quark symmetry

R.Casalbuoni et al., Phys.Rept.281 (1997)145, T.M.Yan et al., PRD46(1992)1148,
Y.-R.Liu and M.Oka, PRD85(2012)014015

Meson:  Lrpy = g« Tr [Hpv,75A% Ha]
Baryon:
3 . _ _
Lrgg = Egllvngu ity [SHAVS)\] + gatr [SH’A#/\C]

Heavy meson and baryon fields

1+ N _ _
H, = Ty [Pa“*y“ — Pa’ys} (1" and 07)

1)
Su=3r%+ 7 (Y. +vu) 52 (3/2% and 1/27)

D — D* and . — X} mixings
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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, T.M.Yan et al., PRD46(1992)1148,
Y.-R.Liu and M.Oka, PRD85(2012)014015

D®)

TP W, 0 D™ D or D*
mD(*)D(* -==- mBB
B: A¢, X or X
D®)

m: m, p, woro
Fig: Meson exchange dlagram

VZ s bog _Gpl@qn+%@Tm

C(r) : Central force, T(r): Tensor force

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto

22



D(*)B Interaction: Meson exchange potential

o Effective Lagrangian with heavy quark symmetry

R.Casalbuoni et al., Phys.Rept.281 (1997)145, T.M.Yan et al., PRD46(1992)1148,
Y.-R.Liu and M.Oka, PRD85(2012)014015

D®)

TP W, 0 D™ D or D*
mD(*)D(* -==- mBB
B: A¢, X or X
D®)

m: m, p, woro
Fig: Meson exchange dlagram

VZ s bog _Gpl@qn+%@Tm

C(r) : Central force, T(r): Tensor force

o Form factor with common cutoff A <— Free parameter

A% —
/\ 701

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto 22

(fixed by the observed mass of P,)



Determination of cutoff A by observed P}

> Narrow resonance P} (4450) (120)
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Determination of cutoff A by observed P}

> Narrow resonance P} (4450) (120)

— In our results, only the JP = 5/2~ state appears above
the DY.% threshold!

T T T T T

4.4 D% \ E
43k
DA \

42 g

E [GeV]

41 F B

1
12 13 14 15 16 17 18
A[GeV]
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Determination of cutoff A by observed P}

> Narrow resonance P} (4450) (120)

— In our results, only the JP = 5/2~ state appears above
the DY.% threshold!

T T T T T

P(4450)

4.4 (DX’ \ 7
Dx, \

E 4.3 7D*Ac \
. 42 | i
DA,
4.1 .
1.2 1.3 1.4 1‘.5 1.6 1.7 1.8
A [GeV]
P (4450): M = 4449.8 + 1.7 + 2.5 MeV

JP =5/27 state: M = 4428.6 MeV in A = 1400 MeV
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Determination of cutoff A by observed P}

> Narrow resonance P} (4450) (120)

— In our results, only the JP = 5/2~ state appears above

the DY threshold!
N

— TN T T T

P(4450)
4.4 DX* 4
D5, \t\

E 43 7D*Ac \\:
“ 42 | i
DA,
4.1 .
1.2 1‘.3 1‘.4 1‘.5 1‘.6 1‘.7 1.8
A[GeV]
P (4450): M = 4449.8 + 1.7 + 2.5 MeV

JP =5/27 state: M = 4428.6 MeV in A = 1400 MeV
(Cutoff A = 1400 MeV, J” of P (4450) = 5/2"

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto
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What is J® of PF(4380)?

> PF(4450): JP =5/2= = JP of PF(4380) is 3/27!
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What is J® of PF(4380)?

> PF(4450): JP =5/2= = JP of PF(4380) is 3/27!

T T T T T

4.4 DX, E

43 .. i

42 b e g
DA,
a1 b \\ -
Il Il Il Il

L
1.2 1.3 1.4 1.5 1.6 1.7 1.8
A[GeV]

E [GeV]
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What is J® of PF(4380)?

> PF(4450): JP =5/2= = JP of PF(4380) is 3/27!

4.4 DX, E
. P,(4380)
[ oo
— 43| LN 4
w
a2l \‘\ e T
DA,
41t \\ o
1.2 1.3 1.4 15 16 1.7 1.8
A [GeV]
P (4380): M = 4380 + 8 = 29 MeV

JP =3/2% state: M = 4339.7 MeV in A = 1400 MeV
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What is J® of PF(4380)?

> PF(4450): JP =5/2= = JP of PF(4380) is 3/27!

T T T T T

4.4 DX* 4

43 L LN i

E [GeV]

4.2 on, \ .

1.2 1.3 1.4 1.5 1.6 1.7 1.8
A[GeV]

P+ (4380): M = 4380 + 8 + 29 MeV
JP =3/2% state: M = 4339.7 MeV in A = 1400 MeV

P+ (4380): JP =3/2t P+(4450): JP =5/2—
Cutoff A = 1400 MeV
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Other predicted states

E [GeV]

27 July 2016

(i) JF =3/2-
4.4 DX
Dz, B e
43 | VN
DA, .

‘ o
42 T~
DA, \ *
\\
N
N

-
1.2 1.3 1.4 1.5 1.6 1.7

A[GeV]

In A = 1400 MeV,

E [GeV]

(i) JF =3/2F
4.4 DX
DX, B * _
43 L .
D*A, .
a2t \‘\\ .
DA,
al \\

JP =3/27: 4136.0 MeV, 4307.9 MeV and 4348.7 MeV

JP =3/2%: 4206.7 MeV

New states are predicted!
(can be decayed to J/1p, DA, ...)

Yasuhiro Yamaguchi(INFN Genova)
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Other predicted states

(i) JF =3/2- (i) JF =3/2F
aa 0w, N | aa for, P (4380)
<. o | X
Dx, B i N Dx, i
— 43k T -~ N = 43F LI N
E DA, 1 S E DA, =
4.2 N B 4.2 N B
DA, . DA, S %
a1t N a1t \\ |
1.2 1.3 1.4 15 1.6 1.7 1.8 1.2 1.3 1.4 1.5 1.6 1.7
A[GeV] A[GeV]

o In A = 1400 MeV,
JP =3/27: 4136.0 MeV, 4307.9 MeV and 4348.7 MeV
JP =3/2%: 4206.7 MeV
New states are predicted!

(can be decayed to J/1p, DA, ...)
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Channel-coupling effects

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

A JP =3/2~
550 5V SRS —
DXT eoeeejgagigreemeeeeeeee s
DX [ 04308 oo
DA | T
_ 4136
DA o

Full
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Channel-coupling effects

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

A JP =3/2~

3 3
4400

DXT eeeeejgagyigreemeereeeeeee s

DX [ 4308 oo

_ T A28

D*A.

_ 4136

DA oottt
w/o

Fll].l D(*)Ac
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Channel-coupling effects

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

A JP =3/2-
_*Ec' ............................................................
D 4400 4377

c 77 4349 ———
D3 |... A308.cemeeeeeeenieseee e
_ T AT
D*A.

4220
_ 4136
DA ot
w/o w/o
Full D®A, £>0
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Channel-coupling effects

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

A JP =3/2- AL JP =3/2+
D Y B D Y
4400
_ 4377 =
23 3 st 25 23 PO
o 4349 C e 4940
DX | 4308 i Dy
_ e T AT S
D*A. D*A.
4220 4207
_ 4136
DA et 5
w/o w/o
Full D®A, £>0 Full
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Channel-coupling effects

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

A JP =3/2~
5
D 4400 4377

c 770 4349 ——
D*A.]
4220
_ 4136
DA oo
w/o w/o
Fllll D(*)Ac £>0

27 July 2016

Yasuhiro Yamaguchi(INFN Genova)
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Channel-coupling effects

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

A JP =3/2~
550 5V SRS —
B 4400 4377

c 77 4349 ———
DX¢ | 4308
_ Lo AT
D*A.

4220
_ 4136
DA oot
w/o w/o
Fllll D(*)Ac £>0

pE JP =3/2t

D R Y e

53 > S
i 4340

DY, | T\ T

I R 1]...4275.3....
4207

3 R

w/o w/o

o D®A, and £ > 0 (£ > 1) components are not negligible.

27 July 2016
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Channel-coupling effects

o Obtained mass with Full channel coupling, without DA,
and without £ > 0

AE JP =5/2"

F D Y L R

DS oo

75) > M R

DA |

DA o
Full
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Channel-coupling effects

o Obtained mass with Full channel coupling, without DA,
and without £ > 0

F D Y L R

)

DE. |..
DA
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Channel-coupling effects

o Obtained mass with Full channel coupling, without DA,
and without £ > 0

Al JP =5/2~
F D Y L R
)
D3¢ o
Fo L0 W — [No stategﬁ\lo state!]

o DA, and £ > 0 components are important!

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto



Summary

[ Subject: Hidden-charm pentaquarks as a meson-baryon molecule J

U

o Coupled-channel analysis is peformed, taking into acoount...
> Meson-baryon components D(*JA, — D)X (*)
> Couplings to states with £ >0(S—D — G, P— F — H)
= Tensor force
> Negative and positive parity states with J© = 3/2% 5/2%

o The meson exchange potential respecting to the heavy quark
spin symmetry is employed.

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

o New states are predicted in J© = 3/2%.

Outlook
° Coupllng to J/v¢p, cutoff A, 1/mg correction,.
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Back up
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E [GeV]

E[GeV]

27 July 2016

4.4

4.3

4.2

4.1

44

4.3

4.2

4.1

| Dy |
Dr, e
L . ‘\ -
DA, RS
. N
DA, \ n\\
. <
. \ . . .
12 13 14 15 16 17 18
A[GeV]
“en P —
(i) J© =5/2
: :
| Ds*, \ |
Dx, \-\
D*A; \
DA,
‘ ‘ ‘ ‘ ‘
12 13 14 15 16 17 18
A[GeV]

Yasuhiro Yamaguchi(INFN Genova)

4.4 (DX 4
..
Dz, e
= 43- .- B
% D*A, e
S, -
w
a2 e E
DA, -
41} \\ y
. . . . .
1.2 1.3 1.4 15 1.6 1.7 1.8
A[GeV]
: P
(iv) J& =5/2F
4.4 DX* .. q
Dx, \
= 43F e i
> D*A,
S
w
42| e
DA
41t K
. . . . .
1.2 1.3 1.4 15 1.6 1.7 1.8
A[GeV]
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Table :

Obtained masses in A = 1400 MeV.

JP

E=E.—il/2 [MeV]

3/2-
3/2+
5/2-

4136.0, 4307.9 — i18.8, 4348.7 — i21.1
4206.7 — i41.2, 4339.7 — i26.8
4428.6 — i89.1

27 July 2016 Yasuhiro Yamaguchi(INFN Genova) MENU2016@Kyoto
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27 July 2016

Table : Obtained masses with full channel coupling (Full), without DM,
(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 —

Yasuhiro Yamaguchi(INFN Genova)

MENU2016@Kyoto
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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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