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Heavy meson and Heavy Quark Symmetry
Introduction

Heavy Quark Symmetry  N.Isgur, M.B.Wise,PRL66,1130

o This symmetry appears in the heavy quark mass limit
(mg — 00).
@ Spin-spin interaction — 0

P f * P * * Heavy pseudoscalar meson P(07) and
Heavy vector meson P*(17) are degenerate.

Indeed, mass splitting between P and P* is small.

mpx — mpg ~ 45 MeV
mp+ —mp ~ 140 MeV

my~ — mg ~ 400 MeV

This degeneracy induces PP*7m vertex. p

K K*r is suppressed by large Amgg+. P

{ PPr is forbidden due to parity violation. | [

2-5 December, 2012 0000 (RCNP) J-PARC O00ODODOODO



7 exchange interaction: Tensor force
Introduction

o 7 exchange(Tensor force) generates a strong attraction.

o Tensor force appears through the mixing DN and D*N.

_ D—-N
D N
S1/2
R
D* | %Dy N
5-q] &  |&-q
S1/2
D N
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7 exchange interaction: Tensor force

Introduction

o 7 exchange(Tensor force) generates a strong attraction.
o Tensor force appears through the mixing DN and D*N.
Deuteron pn

~ D—-N
D N N N
251/2 3%,
—m-ooe- —m-ooe-
D*| “D, N N| 3p, N
s.¢] w lsq@q s-q| = |5q
251/2 38,
D N N N
o Deuteron: 3D; induces large kinetic term.
(r?).

— Loosely bound state with small E'p and large
o Tensor force constructs DN hadronic molecule?
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Purpose

o Searching for exotic hadrons formed by
Heavy meson-Nucleon molecule with 7 exchange.

Meson-Baryon

o)~ N

o We employ 7, p, w exchange potentials.

o We study bound and resonant states by solving the
coupled-channel Schrodinger equations for PN and P*N
channels.
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Interactions

Heavy quark effective theory &r.casalbuoni et al. PhysRept.281,145(1997)
© LrgH = gy Tr [HbVMFYSAZLaHa]

° Lygn = —ifTr [Hbvu(pu)baHa] + A Tr [HquVFuu(p)baHa}

Heavy meson field J20) N
1+¢ _
H,= o [P;“,YH - Pa75] , Hy= ’YOHa'VO
vector pseudoscalar
Bonn model R.Machleidt et al. Phys Rept.149,1(1987)

0 LanN = igxNNNyy’ Noftpg

G ~ K VoA
o LonN = guNN DNy ('Yu(pu)ba + 27‘7/11/8 (pu)ba> N,
my
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Interactions

Heavy quark effective theory &r.casalbuoni et al. PhysRept.281,145(1997)
o Lryy = 1gr'Tr [Hbfyu’y&AgaH-a]
From D* — D decay
o Lopn = —iBTr [Hyw"(pu)saHa) + iATr [Hyo™ Fpu(p)paHa)

From leptonic and radiative decay of B

Isola et al. PRD68,114001(2003)
Heavy meson field P
1+¢ _
5 0g 0
HGZT[Pay'YH_Pa’Y]a Hq =~"Hqy
vector pseudoscalar
™, P, W
Bonn model R.Machleidt et al. Phys Rept.149,1(1987)

P
From NN data

. o 5 ~
o LiNN= lngNNb’Y NaTtpa

_ . K LA
o ‘CUNN = g'vNNNb 7#(1)#)6(1 + 2 U;Ll/a (p'u)ba) Na
my

These coupling constants are fixed!
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Form factor and Cut-off parameter A

o Form factor at each vertex

. A? —m?
Fa(AaQ):W

Q Ay is fixed to reproduce the properties of Deuteron.
(NN system with Bonn potential)

Q For Ap, we assume Ap/Ay =ry/rp. P N
rn/rp is obtained from quark model.
Ap = 1.35A ApQ------- An
b N ™, P, W
A =1.29A N
S.Yasui and K.Sudoh PRD80,034008 P(*) N
Potential Axy [MeV] Ap [MeV] Ap [MeV]
s 830 1121 1070
T pyw 846 1142 1091

Coupling constants and Cut-off are not free parameters!
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Various coupled channels for a given J?¥

We investigate J© = 1/2%, ... 7/2% states with I = 0,1
in full channel couplings of PN and P*N.

JP ‘ channels ‘ # of channels

1/2= | PN 51/2) pP* N(251/27 D1/2) 3
1/2% | PN(®Pyj5) P*N(*Pyjs, *Pi)5)

3/2 | PN(®Dyj3) P*N(*S39,2Ds)s, “Dy/o)
3/2+ 2Pyj5) P*N(*Py)p, *P3o, 1Fy o)

5/27 | PN(*D5)5) P*N (*Ds )5, *Ds)5,%Gs2)
5/2F N(2F; 52) P*N (4P5/27 F5/2~, Fy5)

7/27 | PN(2Gz/3) P*N (*Dsj3, 2Grya, 4G )
7/2% | PN(*Fyjy) P*N (2Fy9, *Frjy,*Hy)9)

CERCERC R .
=

(
(
(
(
(
(
(
CF

S Y N SO St

v

o Higher L state plays a crucial role to produce attraction
through the tensor force.
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Various coupled channels for a given J*

We investigate J© = 1/2%, ... 7/2% states with I = 0,1
in full channel couplings of PN and P*N.

JP ‘ channels ‘ # of channels

1/2= | PN 31/2) PN(231/27 D1/2) 3
1/2% | PN(®Pyj5) P*N(*Py)s, “P13)

3/2~ | PN(®Dyj3) P*N(*Ss/,2Ds)s, *D3)5)
3/27 | PN(*Pyj5) P*N(*Py)3, *Py5, *F5)

5/27 | PN(*D5;5) P*N (D53, *D5/2,%G52)
5/2% 2F/2) P*N( 5/2> F5/27 F5/2)

7/27 | PN(>Gzj3) P*N (*Dyj3, 2Gr2, G )2)
7/2% | PN(*Fyj9) P*N (*Fpjy, *Frjp,*Hy)3)

CECERC R,
=

(
(
(
(
(
(
(
CF,

=k R R e e W

T

o Higher L state plays a crucial role to produce attraction
through the tensor force.
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Results of DN and BN states

D& or B™ ‘

[Truly exotic state]

Bound state and Resonance
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The bound state in I(J¥) =0(1/27)

DN and BN states

o We find bound states in I(J¥) = 0(1/27).

o We compare results of two potentials:
(1) Only 7 exchange potential
(2) mpw exchange potential

Table: Binding energies Fg and relative distance 1/(r?).

DN(r) DN(mpw) BN(r) BN(mpw)
Ep [MeV]  1.60 213 1950  23.04
VO [fm] 3.5 3.2 1.3 1.2

(m): Only 7 exchange is used. (mpw): Tpw exchanges are used.

o Small Ep (near the threshold) and large /(r?)
= Loosely bound states

o The result of (7) is close to that of (mpw).
= 7 exchange dominates?
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The bound state in I(JF) =0(1/27)

DN and BN states

o Expectation values of meson exchange potentials

DN expectation values (Unit: MeV)

Component Vi V, Vo

(DN(S)|V [DN(S)) 0 -272 336

(DN(S)|V[D*N(S))  -124 -259 049

(DN(S)|V|D*N(D))  —17.60  1.66 -0.31 <: DN(S) — D*N(D) component with Tensor
(D*N(S)|VID*N(S)) 037 065 0.13

(D*N(S)|VID'N(D)) -250 026 —4.85x1072 Strong attraction!
(D*N(D)|V|D*N(D)) 369 094 039

total —38.63 —4.36 4.35

o Tensor force of m exchange plays a dominant role
while p, w exchanges are minor.
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The bound state in I(J¥) =0(1/27)

DN and BN states

o Expectation values of meson exchange potentials

DN expectation values (Unit: MeV)

BN expectation values (Unit: MeV)

Component Vi v, V. Component Ve v, V.
(DN(S)|V|DN(S)) 0 21 356 (BN(S)|V |BN(S)) 0 ~5.38 702
(DN(S)|V|D*N(S))  -124  -259 049 (B] ( IVIBN(S)  —409  -821 1.56
(DN(S)|V |D*N(D))  —17.60 166 ~031 (BN(S)|V|B'N(D))  —4512 415 —0.77
(D*N(8)|V |D*N(S)) 0.37 0.65 0.13 (B*N(S)|V|B*N(S)) 2.03 3.19 0.62
(D*N(S)|V|D*N(D)) -250 026 —4.85x107? (B*N(S)|V|B*N(D))  -11.17 106 -0.20x 107
(D'N(D)|VID'N(D)) 369 —094 039 (BN(D)|V[BN(D)) 1324 -3 1.36
total —38.63 —4.36 4.35 total —105.49 -11.42 10.17

o Tensor force of w exchange plays a dominant role
while p, w exchanges are minor.

o Small Ampp~ induces strong BB* mixing and tensor force.

Therefore, BN state is more bound than DN.

2-5 December, 2012
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o Bound states and Resonances

< <5 = = = A



Results of DN and BN in I =0

DN and BN states

o Bound states and Resonances

\E DN
176.0 — i87.4
—5/27F
148.2 — ¢5.1
_ 142 —_—3/2F
D*N 113.2 — ¢8.9
(2949 MeV) 3/2-
26.8 — i65.7
0 1/2+
DN —_1/2"
(2807 MeV) —21 Y
P=— P =4

2-5 December, 2012

——: Bound state

E BN
A E—
58.4 — i24.8
5/2F
46
B*N 31.8 —i14.4 3/2+
(6265 MeV) i e
6.9 —i0.053/3- 5.8 —i3.0 5y
0 |
BN 1/2-
(6219 MeV) [ =
—23.0
P=- P=+

——: Resonance (E.. — il'/2) Unit: MeV
Y.Y, S.Ohkoda, S.Yasui and A.Hosaka, PRD84 014032 (2011) and PRD85 054003 (2012)
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Importance of w exchange
DN and BN states

o Without D*N(B*N) channels. (7 exchange is absent.)

= No bound state and resonance.

The 7 exchange potential is important!

o Result of DN and BN in I = 1.

= No bound state and resonance.

This state doesn’t obtain a sufficient attraction.

e —3 (I =0) Strong attraction
PYINTY 1 (I=1) Weak attraction

The contribution from Tensor force is small.

2-5 December, 2012 0oooo (RCNP) J-PARC O00ODODOODO 13



DN and BN states

D™ or B&) ‘

D — D

Heavy baryon 0 0 00O
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Results of DN and BN in I =0

DN and BN states

o DN state is calculated in analogy with DN.
o But V; —» -V, V, = =V, due to G-parity.

\LE DN W E BN
220.8 — 109.1
e
156.0 — i375.4 ' 87.5 — 1468
142 b B2 1370 T8 71.3 — i102.
D*N 5/2+ _ 16 —_— 5/2_
(2949 MeV) ) B*N e
26.0 — 144.?%/2+ (6265 MeV) 20.0 z0.158/2+
() S S—_ < 3 S
DN —_— - BN 3/2t
(2807 MeV) -13.7 3/2 (6219 MeV) 2.6 /
= 7.8
12 Lt =~ _127.8 59—
—82.5 —81.5 — 5 1/2- 1/2+
—185.0
P=— P=4 P=— =

——: Bound state

——: Resonance (E.. — iI'/2) Unit: MeV
We found many bound states and resonances in I = 0.
Compared to DN states, DN states are more bound.
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DN state +Ac, m3c

DN and BN states

A

'E
D* N (2947) , _
y\ DN is more complex than DN.
Ac(5/21)
~140 MeV [ Ac
DN (2803) v Trzc, 7'['2’& e
1 DN, D*N
~150 MeV
Tk v 000000
Ac(3/27) Qqq0 7000000
mXe o Ac(/2)
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DN state +Ac, m3c

DN and BN states

4

'E
DIV (2947) < DN is more complex than DN.
~140 MeV
D N (2803) Y
(DN, D*N

g0 00000
Qqq0 nXc. 000000

gboboobboobuodobbd~gobooobbgogod
goboodgboo-gobdaobobod
— DN -D*NODOOOOOOO
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o 00IDODOOODOODNDOHeavy Quark Symmetry 0 O

Ur-00O0000O0

o /I=00000000000000000
JP =1/2% 3/2% 5/2% 7/2%

Exotic
DN,BN

Non-exotic
DN, BN

I =0 | Some states

Many states

I=1 None

Only one

o 0OODDO-bOODDOODLOODDOODbDOODDO

ogboobooboo

o Non-exotic: UO0DOO0OO0O0O0OOO0ODOOODN —D*NOO

goboooboooobooobooo
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[]__)N molecule (2-body system)J

e Tensor force plays an important role.

4

DNN (Few-body system)?
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Heavy meson in nuclear matter

DNN and BNN
/- @

o

o DOODODOODO
e 00000D00D0O0000ODOOOOO
e 000000D0ODODDOOOOOODOD
e 00000D0D0DDO0OOOODODODDOOO
o JUOOOOCOOOOOOOOOODOODDODDODODOO

o 70000000 DNN bound state 00000007
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Heavy meson in nuclear matter: Bound state
DNN and BNN

o DWNN, B®NN (3-body system) JF =0~,17,1 =1/2

B
T /ﬂ'\
N — N N — N

o P®N interaction: One pion exchange potential
o NN interaction: Minnesota potential
D. R. Thompson,et.al.,Nucl.Phys. A286(1977)53.

200 (DWN)DDODDOOODOODN — D*N mixing O
00000000000000..
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Heavy meson in nuclear matter: Bound state
DNN and BNN

o D*NN, B* NN (3-body system) J* =07,17,] = 1/2

B*
T VLN
N — N N — N

o P™N interaction: One pion exchange potential

o NN interaction: Minnesota potential
D. R. Thompson,et.al.,Nucl.Phys.A286(1977)53.

000 D*NNOB*NNOOOOOODOOOOO
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Method

o Variational method DO O O0O00000O0OOO0O0OOOO
Oo0o00o0oooooooooo

o Jacobi coordinates

o Wave functions: Gaussian expansion method
2

1/Jz‘,l(7“) =7 €xp (—2%2>
bi=ba"t (i=1,---,10), by = 0.3 fm, byp = 10.0 fm

E. Hiyama, et.al.,Prog.Part.Nucl. Phys.51(2003)223
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Results of D* NN and B*N N states

bl N/Z\N

N — N

JP=0",1"01=1/2
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Results of D* NN, B*N N bound states (I = 1/2)
DNN and BNN

e JP =07: No bound state
e JP=17: DNN (—13.6 MeV), B NN (—35.8 MeV)
I=1/2
D*NN R B*NN
—13.6 46 MeVf
140 MeV] BNN —35-8
DNN
0~ 1~ 0~ 1~

e 000000000 DODOODODOODODOODDOOO
o 000D0D0DOO Feshbach DO DO OO DONN, BONN O
000000000 D0O00O

2-5 December, 2012
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Summary

o 00DDDODDDDDODO PONOPNNOOD -O00OD
0oooo0oooooon

o PONODODI=000000000-00000000
P*NNOODO(I,JP)=(1/2,17)00000000000

©

gobooboobob«~0000DOO0ODOO0ODDOO0On
goboodgbooooo

©

o PNN — P*NN mixingO0OOOOOO
o 30000000ODO - -DO00DOUODODODbOODO
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Back up
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Interactions: Minnesota potential

1 1
Vn(r) = <V0R e R 5(1 + P7) Vet — 5(1 — PV, e—nsr2>

11
X <2u+ 5(2 U)PT> s
Vor = 200MeV, kp = 1.487fm ™2,
Vor = 178 MeV,  k; = 0.639 fm 2,
Vos = 91.85MeV, kp = 0.465fm™2,

u=0.95

D. R. Thompson,et.al.,Nucl.Phys. A286(1977)53.
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