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Why are heavy flavors interesting in QCD?

Mass scale of quarks
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Chiral Symmetry Heavy Quark (Spin & Flavor) Symmetry
SU(3)LX SU(S)R SU(Z) X SU(Nh)ﬂavor

spin

v New energy scale (m_,) is introduced in addition to Aqp.
v New symmetry (heavy quark symmetry) appears.

v QCD Effective Theory (HQET, NRQCD, pNRQCD, ...)

v Lattice QCD approach

etc.



Why are heavy flavors interesting in QCD?
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* Normal Nuclei
* Large Isospin Nuclei
(neutron/proton rich)
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 Strangeness Nuclei @J-PARC
(Hypernuclei/K-nuclei)




Why are heavy flavors interesting in QCD?
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* Charmed Nuclei ? @J-PARC and GSI
(Charm baryon nuclei/D-nuclei)




Why are heavy flavors interesting in QCD?

Mass scale of quarks
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* Bottom Nuclei ??
(Bottom baryon nuclei/B-nuclei)



Why are heavy flavors interesting in QCD?

Mass scale of quarks
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Theory based on QCD Charm/Bottom Nuclei

- Heavy Quark Symmetry
- QCD Effective Theory

* New sates and properties

* Further understanding of

(HQET, NRQCD, pNRQCD, ...) exotic nuclei with flavors

* Lattice QCD approach

* Confinement, xSB, ...

Cf. Charmonium-Nucleon interaction from Lattice QCD; Hatsuda-Kawanai-Sasaki



What are charm/bottom nuclei?

Charm/Bottom

/"‘

neutron

proton

Nucleus



What are charm/bottom nuclei?

Charm/Bottom

Pl ‘I’

Baryons
N 2o Ny, 24, -

c’ ¢/

Dover-Kahana (1977)
lwao (1977)
Gatto-Paccanoni (1978)

neutron Bando-Bando (1982)

proton

Nucleus



What are charm/bottom nuclei?

‘ Charm/Bottom
Mesons
D, D*, B, B¥, ... open

N J/W, N, Y, ... hidden

neutron

proton

Nucleus



What are charm/bottom nuclei?

Charm/Bottom

— @
Mesons
D, D*, B, B*, ... open
n.J/d,n,,Y, ..hidden

Brod_sky—Schmic;t—Teramond (1990)

Luke-Manohar-Savage (1992)

Yokokawa-Sasaki-Hatsuda-
-Hayashigaki (2006)

neutron

proton

Nucleus



What are charm/bottom nuclei?

‘ Charm/Bottom
Mesons
ID, D*, B, B*, ... open]|

N 3/, n,, Y, ... hidden

This is our subject
in this study!

neutron

proton

Nucleus



How to generate charm nuclei?

Possible experiments in J-PARC, GSI, ...

pbar

Nucleus

Charmed Nucleus

Report by PANDA@FAIR (Mar. 2009)
Krein‘s talk in FB19 (Sep. 2009)
Ohnishi‘s talk in HQP (Sep. 2009)



Multi-Favored Nuclear Chart

Strangeness

Hyper Nuclei

Kaonic Nuclei
S=-2

S=-1

J-PARC, GS], ...

Double-A Hypernuclei
= Hypernuclei .
Super Heavy Nuclei
- A, X Hypernuclei

F e

21 = >

Protgh (Up) 52

Neutron Rich Nuclei

Neutron (Down)



Multi-Favored Nuclear Chart

Strangeness JPARC, G3I, ...

Hyper Nuclei i |
Kaonic Nuclei | £ Super Heavy Nuclei

S— A, X Hypernuclei

Charm

S=-1

Charmed
Nuclei

Neutron (Down)



Multi-Favored Nuclear Chart

Strangeness JPARC, G3I, ...

Hyper Nuclei i |
Kaonic Nuclei | £ Super Heavy Nuclei
2 =

S= A, T Hypernuclei

S=-1

Bottom

Bottom NucleF—
Neutron (Down)






DN and BN potential

Q. What is the interaction between D (B) and N ?

D (B)

l\




DN and BN potential

Strangeness, Charm, Botom, ...

K N D N B N

K N D N B N

SU(3) SuU(4) SU(5)
Weinberg-Tomozawa

Lutz-Kolomeitsev (2004), Hoffmann-Lutz (2005), Mizutani-Ramos (2006), Gamermann-
Oset-Strottman-Vacas (2007), Haidenbauer-Krein-Meissner-Sibirtsev (2007), ...



DN and BN potential

Strangeness, Charm, Botom, ...

K*
4

400 MeV

K
500 MeV

Chiral symmetry

K* is almost irrelevant in dynamics.

\

D* and B* are new ingredients!

D*

z R *

3 140 MeV —TAS eV~
D B

1870 MeV 5280 MeV

Heavy quark symmetry



DN and BN potential

One pion exchange potential

K N

‘)(, W, P
------- ¢

K N

One pion is absent.
(short range force)

Weinberg-Tomozawa

D(*) N B(*) N
0--@--0 0--@--0
D(*) N B(*) N

One pion is present.
(long range force)

One pion exchange potential
(OPEP)



DN and BN potential

One pion exchange potential

P(*)P(*) 1t vertex

p(*)
Heavy quark symmetry
B G. Burdman and J.F. Donoghue (1992)
T Lrang = gtrH Hyy,v5 A7, MB. Wise (1992)
@-------- T.-M. Yan, H.-Y. Cheng, C.-Y. Cheung,
| G.-L. Lin, Y.C. Lin and H.-L. Yu (1997)
H, = %ﬁ [ ;,ufyu — Pa’VEB} with Ha — 70H270
(%) vector + pseudoscalar
P 0
. 7 T % Tt Kt
() _ 70 7
K~ KV —\/gn




DN and BN potential

One pion exchange potential 5. Y. and K. Sudoh (2008)
PN-P*N and P*N-P*N potentials
(%)
f X VPN—pN = — ggnny_ 1 1o
Lo s x {5“)*-3 C(rs p)+S1,, T(w)} Fp Ty
VpenN_penN = 99m NN 1 m72r
pP(*) N ,
X [T-EC(T‘;mW)—I—ST T(r;mﬂ)} Tp TN
' . dr - APy q2 e o o oy e ANy = mP AL —m?
T(r;m) = _WLQ/(QW)53§2+m2 {3(61-4)(02-q) — 71-G2} e A2, +32 AL 172
' ~Ax o dPp 1 i AN —m? Ay —m?
Clrim) = 77@2/(27r)3(72+m?€ A+ 72 AL+




DN and BN bound states



DN and BN bound states

Q. Are there bound states of D (B) and N ?

??




DN and BN bound states

Classification of states S. Y. and K. Sudoh (2008)
|state> = |PN>+ |P*N> P=Dba"(charq), B (bb2"q)

* No annihilation process



DN and BN bound states

Classification of states
|state> = |PN>+ |P*N> P=Dba"(charq), B (bb2"q)

S.Y. and K. Sudoh (2008)

* No annihilation process

JP=1/2-(1=0 or 1)

|PN; 251/2 >+ |P*N; 251/2 >+ |P*N; 4D1/2 >

0

P

1/2
S-wave

N

1 1/2
‘Ss-wave

P N

1 1/2
Ad-wave‘

px N




DN and BN bound states

JP=1/2-(1=0 or 1) S. Y. and K. Sudoh (2008)

i functionsl, PN; 251/2 >+ |P*N; 251/2 >+ |P*N; 4D1/2 >
o

| | | 2 |

obtained by _ N (5S1/0)
L |I=0 D*N (231/2) _______
variational method D*N (!Dyp) -
B*N (;Sq/p) =====-~
B*N D1/2) ........

|PN; 251/2>

& - .
=g ke mixing by tensor coupling
oh, —
“|P*N; *D,, >
05 ] ] ] ]




DN and BN bound states

JP=1/2-(1=0 or 1) S. Y. and K. Sudoh (2008)

i functionsl, PN; 251/2 >+ |P*N; 251/2 >+ | P*N; 4D1/2 >
o

obtained by | | | %S, /0)
variationalmeth105d e ]
L\ PNy, BN D) e )
£ D*'N_ BN pupling

2.5 15.3
29 14




DN and BN bound states

Transition from strangeness to charm and bottom systems?

Strangeness —»  Charm — Bottom

KN (pentaquark?)

I 100 MeV
I

T 2.5 MeV ] 15.3 MeV
bar
D""N bound state BN bound state




DN and BN bound states

Transition from strangeness to charm and bottom systems?

Strangeness —»  Charm — Bottom

KN (pentaquark?)

I 100 MeV
I

T 2.5 MeV ] 15.3 MeV
bar
D""N bound state BN bound state

sParqqaq c®'qqqq bParqqaq




DN and BN bound states

Transition from strangeness to charm and bottom systems?

Strangeness —»  Charm — Bottom

KN (pentaquark?)

% 100 MeV
________________________________________________________________________ .
Threshold 2.5 MeV ] 15.3 MeV
b
}Nbeund state BN bound state

Sba(

|DParN; [=0> = |D'p> + |DY20n> + |D*'p> + |D*bar°n;

weak deca\"%\ D*->Dm is closed.

_ K m P y




Exotic charm/bottom nuclei



Exotic charm/bottom nuclei

Q. Are there exotic nuclei with D (B) ?

A=2 charmed (bottom) nucleus ?



Exotic charm/bottom nuclei

D(*)barNN and B*)NN systems

Classification of states
D(*) bar JP=0"

5=1/2, |S_:o1/2’ 1=1/2 |D(NN)s_g -1> + [D*(NN)s_y o>
=0 _
N 1=3/2 |D(NN)s:o,|:1>

N

P=1
1=1/2 |D(NN)s_; -g> + |D*(NN)s_; o> +|D*(NN)s_q ;>

=3/2 |D(NN)_g 1>



Exotic charm/bottom nuclei

D(*)barNN and B*)NN systems

Classification of states  Fraction of (D™)®'N)._, , _,

D () bar JP=0
=12, 1=1/2 |DINN)s_g,1> + | D*(NN)g_y |-0>
3/4 1/4
N 1=3/2 [D(NN)s_y 1>
0
P=1
1=1/2 |D(NN)s_; -g> + |D*(NN)s_; o> +|D*(NN)s_q ;>

1/4 1/6 1/4

=3/2 |D(NN)_g 1>
0



Conclusion & Perspective

* We discuss D(*)paN and B(*)N bound states with respect to
heavy quark symmetry.

JP=1/2-,1=0| D"'N BN
B.E.[MeV]| 2.5 15.3
r [fm] 29 14

* DN-D*N (BN-B*N) mixing with tensor coupling is important.

* Charmed nuclei will be studied in experiments (J-PARC,
GSI, ...).



Conclusion & Perspective

e Further studies;
- Short range potentials (under progress)
- Phenomenological approach (vector meson/chiral loop)
- Lattice QCD
- D*lbarNN and B*)NN systems (under progress)
- Nuclei with more baryon number (in near future)




Perspective

Hypernuclei D (B) meson nuclei
2 N D* N B* N
@-—----- ¢ @-——---- ¢ @--—----- ®
A N D N B N
m,=Mmy Mp=Mps Mg=M;«
N\-Z mixing D-D* (B-B*) mixing

Hiyama et al. This work



Perspective

D-D* molecule D-D* molecule
X(3872) Tee (?)
D* D D* D
@-—-—----- ® @-—-—----- ®
D D* D D*
Torngvist (1994) Manohar and Wise (1992)

D-D* mixing



Perspective

Diguark model; S. H. Lee and S. Y. (2009)
v’ Tetraquark T__ (cP®'cP'ud; C=+2)

udcce uscc dscc
T -74.9 4.3 4.3
D°+D*, D+ D |D°+ D: |D™ + D"
— — — MeV
udbb usbb dsbb
Ty, -123.8 -61.4 -61.4
Bt +B*, B** + B°|BT + B | B° + B
v’ Pentaquark O (udusc®’; S=-1, C=+1)
config. of O|config. of M + B| u S C b
Ogs udus q ud sHuq 389.4(198.9| 8.4 |-56.4
o usdsq ds stug 389.4(198.9| 8.4 |-56.4 MeV
> uds+sq  |256.8]142.5]28.4|-10.7




Perspective

Diguark model; S. H. Lee and S. Y. (2009)

v’ Tetraquark T, (c'oarcIoa C=+2)

udce uscc dscc
T -74.9 4.3 4.3
D°+D*, D**4+ D |D°+ D |D™ + D"
— — — MeV
udbb usbb dsbb
Ty, -123.8 -61.4 -61.4
BT +B*° B*" 4+ B°|BT + B:°| B + B
v’ Pentaquark O, @@bar; S=-1, C=+1)
config. of O|config. of M + B| u S C b
Ogs udus q ud sHuq 389.4(198.9| 8.4 |-56.4
o usdsq ds stug 389.4(198.9| 8.4 |-56.4 MeV
> uds+sq  |256.8]142.5]28.4|-10.7




v H dlbaryon H. (udusuc)

H

ch

V4
ch

ccb

Diquark model; S. H. Lee and S. Y. (2009)

|ﬂav0r| config. of H I | I. S| config. of B+ B’
qqqq qq |22200| udusds 0 | 0 |—2| uds +uds
31110 udus uc 1 1 [-1ludc+ usu, udu +usc
22110 ud == (us de + ds uc) 1| 0 |-l{uds +udc, uds+udc
qqqqq@Q 13110 udds dc 1| -1 [-1ludc+dsd, udd+dsc
(Q=rc) 21210 udus sc 1/2(1/2|-2|udc+ us s, uds+ usc
12210 udds sc 1/2|-1/2|-2| udc+ ds s, uds+ dsc
11310 %(us ds — dsus) sc 0] 0 [-3|uss+dsc, usc+dss -17.37
31101 udus ub 1 1 [-1ludu 4+ usb, udb + usu
22101 ud %(usdb—kds ub) 1] 0 |-1luds+udb, uds+ udb -9.23
qqqq qQ 13101 ud ds db 1| -1 [-1|udb+dsd, udd+ dsb
(Q=0) 21202 udus sb 1/21/2|-2|udb+ us s, uds+ usb -5.54
12201 udds sb 1/2]-1/2{-2| udb+ds s, uds + dsb
11301 %(us ds — dswus) sb 0| O |-3|usb+dss, uss+dsb -5.54
31011 uducub 1 1 [0|udb+ ucu, udu + uch
22011 ud == s (ucdb + dcub) 110 |0|udb+ucu, udu +ucb -9.23
13011 ud de db 1| -1|0|udb+dcd, udd+ decb
30111 us uc ub 3/2(3/2|-1|usu + ucb, usb + ucu
qqqQqQ’ |21111 %((usdc—kdsuc)ub—}—usucdb) 3/2(1/2|-1|udb+ usc, udc+ usb -9.23
(Q, Q' =c¢, b)[12111 %((usdc—i—dsuc) db + dsdcub) |3/2|-1/2|-1| udb+ dsc, udc+ dsb
03111 dsdcdb 3/2(-3/2|-1| dsb+dcd, dsd + dcb
10311 us sc sh 1/21/2|-3| usb+ scs, uss + scb -5.54
01311 ds scsb 1/2|-1/2|-3| dsb+ scs, dss + scb
21111 udus ch 1/2|1/2|-1|udb+ usc, udc+usb -1.84
qqqq QQ" [12111 ud ds cb 1/2]-1/2|-1| udb+ dsec, udc+ dsb
(Q, Q" =c¢, b)|11211 %(usds —dsus)cb 0] 0 [-2|usb+dsc, usc+dsb -1.84
21021 uducch 1/211/2|0 | udb+ uce, ude+ uch -1.84
12021 uddc chb 1/2(-1/2|0 | udb+ dece, udc+ deb
qqqQ QQ’ 20121 usucch 1| 1 -1l usb+uce, usc+uch
(Q, Q' =c, b)[11121 %(us dc + dswuc) cb 1|1 0 [-1| usb+dce, usc+deb -1.84
02121 dsdccb 1| -1 |-1| dsb+dcec, dsc+dch
11121 ud sccb 0 O [-1| udb+ scc, udc+ scb -1.84




v" H dibaryon H_ (udusuc)
multiplets of SU(3):..

Diquark model; S. H. Lee and S. Y. (2009)

99 ad qQ (Q=c) qq aq qQ (Q=b) qq 99 QQ' (Q=c, Q'=b)
H’ b B. E.
S=-1, I=1 -28.95 MeV S=-1, I=1 -9.23 MeV S=-1,1=1/2 -1.84 MeV
S=-2, 1=1/2 -17.37MeV  g=-2 |=1/2 -5.54 MeV
S=-2, 1=0 -1.84 MeV
S=-3, I=0 -17.37 MeV  S=-3, I=0 -5.54 MeV
qq 9Q qQ' (Q=c, Q'=b) qq 9Q QQ' (Q=c, Q'=b)
H B. E. H B E
S=0, I=1 cb -9.23 MeV cch
S=0, I=1/2 -1.84 MeV
S=-1, I=3/2 -9.23 MeV
|=1/2 not bound S=-1, I=1 -1.84 MeV
1=0 -1.84 MeV
S=-2, I=1 not bound
=0 not bound
S=-2, I=1/2 Not bound
S=-3, I=1/2 -5.54 MeV

—> H dibaryons (H, H_, H,, ...

) are stable as 3; multiplet of SU(3);.



Perspective

diquark in QGP

C l

3 [

ud diquark ¢ \i‘

QGP phase ;
l

[

. Hadron phase
(deconﬁned) ‘ 3c* AC (Conﬁned)
—>
time

S. H. Lee, K. Ohnishi, S. Y., I. K. Yoo, C. M. Ko (2008)
S. H. Lee, Y. Oh, C. M. Ko, S. Y. (2009)



Perspective

diquark in QGP

ax
.
...
.
'.-

Decoupllng at short distance

I
/ s, %
/! W 8 |n rn (o o)
U
/
1
U
7
U
7
U
U
7
/
U
U

ud diquark 3\
QGP phfase d A — .=~ Hadron phase
(deconfined) 3" : S (confined)
—
time

S. H. Lee, K. Ohnishi, S. Y., I. K. Yoo, C. M. Ko (2008)
S. H. Lee, Y. Oh, C. M. Ko, S. Y. (2009)



Perspective

diquark in QGP

C quark as a color source

=% for ud diquark
Cqg |/ J
3N\
ud diquark ¢ I
QGP phfase P i A ———. Hadron phase
(deconfined) 3" : S (confined)
—>
time

S. H. Lee, K. Ohnishi, S. Y., I. K. Yoo, C. M. Ko (2008)
S. H. Lee, Y. Oh, C. M. Ko, S. Y. (2009)



Perspective

diquark in QGP

C quark as a color source

=% for ud diquark
Cqg |/ J
® |
: 3. \I /
ud diquark ° \/
QGP phase A — .=~ Hadron phase
(deconfined) <& 3" e (confined)
|
—
time

M ud diquark 4 A_
S. H. Lee, K. Ohnishi, S. Y., I. K. Yoo, C. M. Ko (2008)
S. H. Lee, Y. Oh, C. M. Ko, S. Y. (2009)



Perspective

In the process of yielding A. ...

a) With diquark b) Without diquark
C@® CO®
\ o |
) A A

ud diquark d ‘/
Kinematically

2 body collision >> 3 body collision

-> ud diquark enhances A_yield by more than 2 times.

S. H. Lee, K. Ohnishi, S. Y., I. K. Yoo, C. M. Ko (2008)
S. H. Lee, Y. Oh, C. M. Ko, S. Y. (2009)



Multi-Favored Nuclear Chart

Strangeness

J-PARC, GS], ...

A, X Hypernuclei

Hyper Nuclei i |
Kaonic Nuclei | £ Super Heavy Nuclei

S=-
Charm
Charmed\ .
Nuclei
Bottom

Protgh (Up). g0
Neutron Rich Nuclei

Neutron (Down)



DN and BN bound states

Classification of states
|state> = |PN>+ |P*N> P=Dba"(charq), B (bb2"q)

* No annihilation process

JP=1/2-(1=0 or 1)

|PN; 251/2 >+ |P*N; 251/2 >+ |P*N; 4D1/2 >

0

P

1/2
S-wave

N

1 1/2
‘Ss-wave

P N

This was missing in Cohen-Hohler-Lebed (2005).

+

|

1 1/2
Ad-wave‘

px N




DN and BN bound states

Classification of states
|state> = |PN>+ |P*N> P=Dba"(charq), B (bb2"q)

* No annihilation process

Case 1. JP=1/2-(I=0 or 1)

|PN; 251/2 >+ |P*N; 251/2 >+ |P*N; 4D1/2 >

Case 2. JP=3/2-(I=0 or 1)

|PN; 2D3/2>+ |P*N; 453/2>+ |P*N; 4DE,,/2>+ |P*N; 2D3/2>



