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Heavy-Quark Hadrons at J-PARC

# The 1st week: 9 Seminars + Symposium
Olsen, Spectroscopy at BES and Belle
Ozawa, Heavy quarks at J-PARC
Takeuchi, Takizawa, X(3872)
Molina, Ohkoda, D-D* D*-D* bound/resonances
Hyodo, Yamaguchi, D-N bound state
Namekawa, Takahashi, LOCD for charmed hadrons
Lee, Heavy quark and QCD correlators
Kim, QCD sum rule and diquarks
Harada, Chiral effective theories for heavy hadrons
Sudo, Kiyo, Charm production
Suzuki, Fujii, Heavy hadrons in medium
Sasaki, Koma, Heavy quark interactions
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Heavy Hadron Spectra



Quarkonium

®# Hydrogen atom in QCD

ccharmonium 0 —ss? bottomium
1

S.N. Mukherjee, et al.,

Phys Rep 23101993y Ml Lo tE



Quarkonium

# Linear + Coulomb (Cornell) potential (Eichten et al.)

V(r) = —; +or

®# Heavy quark potential from LQCD
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Heavy-Quark Hadrons

# Heavy mesons and baryons
The SU(4) classification for the ground states works.
They follow the quark model assignments (as the light sector)

(b)




Heavy-Quark Hadrons

# Heavy mesons and baryons
The SU(4) classification for the ground states works.
They follow the quark model assignments (as the light sector)
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Heavy-Quark Hadrons

New dynamics for heavy quarks
AQcp(~250 MeV) < m(~1.2 GeV) << mp(~4.5 GeV)
— Heavy quark decouples and the system is simpler.

— New symmetries are realized. ex. HQ spin symmetry
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Heavy-Quark Hadrons

# Light Baryons: qqq color singlet (color antisymmetric)
SU(6) 56 dim. L=0, (8, 5=1/2) + (10, $=3/2)

# Heavy Baryons:
Qqq = (3b2r, J=1/2) + |(6, J=1/2) + (6, J=3/2)

HQ spin symmetry

J=3/2




Heavy-Quark Hadrons

New dynamics for heavy quarks
AQcp(~250 MeV) < me(~1.2 GeV) < mp(~4.5 GeV)
— Heavy quark decouples and the system is simpler.

— New symmetries are realized. ex. HQ spin symmetry

New interesting dynamical contents in Heavy Baryons

— Di-quark spectroscopy Q-(qq)

— Chiral partners

diquark Q(qq)* v.s. Q(qq)

quark QQq™ v.s. QQq-
— Appearance of the Roper-like states



Heavy-Quark Hadrons

B Heavy quark spectroscopy < Diquark spectroscopy
Aq (X@) contains only the S (A) diquark.

s* 1385 A diquarks
A
Z*C 2518 %
Scav 2496 Shay 5826 = b S833
>c 2453 T > 5812
200
v>1193

Ac2286  AbS620 S diquarks

®#  What are the roles of (other) diquarks in the excited states?
— PS diquark for the negative-parity excited states
— Novel diquark for the Roper-like states
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Diquarks in QCD

J™ | color flavor
Pseudoscalar) ¢, (uTCdy) 0~ 3 3(I=0)
Scalar (S) €abe (T CY2dy) of| 3 |3(I=0)
Vector Eabe (UL Cy Y dp) 1= 3 |3(I=0)
Axial V. (A) |  eue(ul Cy*dy) 1t 3 |6(I=1)
€abe (12 Cot dy) o 3 bkl = 1)
Color 6 (TCd,) + (a — b) 0] 6 |6(I=1)
%‘;loyulg (uT C+Pdy) + (a — b) ot| 6 |6(I=1)
Hadrons (ul Cy*v°dy) + (a < b) 1 6 |6(I=1)
(ul Cy*dy) + (a < b) by 6 J(FE=10)
(ufCo"dy) + (a —b) | 17,17 6 3 {1 =0)
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Baryon Spectrum

® Light baryon spectrum

Roper(-like) states

A*(1800) =*(1820)
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A e



Baryon Spectrum

# Heavy baryon spectrum looks simpler. They may reveal the
nature of the light baryon excited states.
The higher thresholds make the heavy baryon excited states

narrower.
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Diquarks in QCD

#  QCD predicts attraction in the channels:
PS meson q-q"?' : color 1, spin-parity 0-, flavor 1+8
S diquark q-q : color 3P?", spin-parity 0%, flavor 3bar

U = [d3|c=3,7=0,F=3, D = |[51]303, S =|ud]303
# diquark “meson” d d?" (tetra-quark)
® di-diquark “baryon” d-d-q (pentaquark)
# tri-diquark “dibaryon” d? (6 quarks)
color 1, flavor 1, 0 H dibaryon
H = [UDS|] s = [uuddss]

® diquark matter: color superconductivity
Ubar+pbartShar copndensates: color-flavor locking (CFL)
Shar: 2SC  (UPar: uSC Dbar: dSC)

A e



Diquarks in QCD

# Diquarks in quench lattice calculations

B Hess, Karsch, Laermann, Wetzorke, PR D58, 111502 (1998)
from the correlators in the Landau gauge
mq~342 MeV, M(S)~694 MeV, M(A) ~ 810 MeV

B Alexandrou, de Forcrand, Lucini, PRL 97, 222002 (2006)
gauge invariant calculation inside a Qqq system
M(A)- M(S) ~100-150 MeV, R(S) ~1 fm
M(PS)- M(S) ~ 600 MeV
B Babich, et al., PR D76, 074021 (2007)

diquark correlation and effective mass in the Landau gauge
M(S)- 2mq ~-200 MeV, M(A)-M(S) ~162 MeV

B DeGrand, Liu, Schaefer, PR D77, 034505 (2008)
diquark correlation in the light baryon
S: strongly attractive, PS: attractive for small mq
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Diquarks in QCD

# There are two independent local operators for the octet
baryons, i.e.
Ji=(q'Cy°q)s q
J2=(q"Cq)rs v°q
# Itis found by both the LQCD and QCDSR calculations that

the ground state nucleon couples mainly to J1 while J> couples
to the negative parity nucleon.

# Is the mysterious Roper resonance (the 1st excited state of the
nucleon with J™=1/27) related to the second baryonic current
J2?

# The local operator is unique for the decuplet baryons.

N



Diquarks

®# The Diquark “cluster” may play major roles in the
baryon excitations.

®# How can we quantify the Diquark correlation in QCD?
How heavy are the Diquarks?
How large is the SU(3) breaking mass splitting?
m(U) = m(D) > m(S)
What are the interaction of color-non-singlet Diquarks?

# How can we measure the Diquark correlation in
hadrons?
Colored correlations in hadrons and nuclei.
=> Exotic Hadrons



Chiral Symmetry in Heavy Hadrons

# Mesons (SH Lee, Harada)
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Chiral Symmetry in Heavy Hadrons

®# Baryons
Chiral symmetry of
q* = (8,1)+(1,8) , (3,3"r)+(3"r,3), . ..
Qq* = 3", 1)+(1,3") , (3,3), (6,1)+(1,6)
QQq =(@G3,H+(1,3)

®# P-wave Heavy Baryons have two excitation modes.

& O
o - < ® L=1 (chiral)
Pl
O
®
L=1 I o < :: > @
O L=1 (chiral)

LAl



Chiral Symmetry

in Heavy Hadrons

® Two excitation modes of the P-wave Heavy Baryons

Qqq baryon Qlqq] baryon
quark model with diquark correlations
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New “Exotic” Resonances



Exotic Hadrons: Candidates

#  Mesons
Scalar meson nonets: fi, ap vs KK
Baryonium-like state X(1835)

Charmonium-like resonances: 77(4430) T =45 MeV |
X(3872)
X, Y(3940), Z(3930)

Charged (I=1) resonances:
7:(4430), 7Z.1(4050), Z.2(4250)
Z,(10610), Z(10650) (bbPrar-like)




S. OLSEN, HEAVY QUARK HADRON 2012

BESIII: X(1835) confirmed + 2 new structures

! o R e e e e s

J/weynﬂ:-l-ﬂ: 8500;X(1835)E 4

' - ; " F X(1835 1
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BESIII PRL 106, 072002 (2011)
M, (GeV/c?)
X(1835): same mass and J¢ as the pp peak, but larger width

M( MeV/c?) I'( MeV/c?) Stat.Sig.
X(1835) 1836.5+3.0"¢,,  190.1:9.0"%% , >200

X(2120)  2122.4+6.7*47 . 83+16ﬂ\narrow.. 7.20

X(2370) 2376.3:8.732,,  83:17%, 6.40




S. OLSEN, HEAVY QUARK HADRON 2012

Charmonium & charmonium-like mesons

-outline-
2) New JPC=1--states:
-Y(4260), -Y(4360), -Y(4660)

3) Charged mesons
With hidden charm
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Exotic Hadrons

Exotics are “Colorful”!  (Lipkin@YKIS07)

(q?l)8 or (qq), are allowed only in the multi-quarks.

£
.

9 q




Scalar mesons

# The lowest lying scalar nonets, f0(600, 980), a0(980), K°(800),
have wrong ordering and do not fit the qq’?" spectrum.

fo(1710)
a,(1450) /o(1500) : q-qP* 3P + glueball
7o(370) Ko'(1430)
a,(1320)
@,(1230)
S
= (980)  7,(980)
= L 2_nbar 2
= p(770) Tetra-quark q*-q
nonets?
O(600)
Two sets of the 0" meson nonets
T(137) JPG(|)

0 (1) 11:,‘((11)) 2*7(1) oty o™ 0*(12) m



Scalar mesons

Tetra-quark conjecture (Jaffe, Shechter)

f0(600) ~ SS = (ud)(ud) no strange quark
UU — DD (ds)(ds) — (su)(5u)

ap(980) ~ T = }t | :
U(_] -+ DD 3 (ds)(czg) o (Su)(§ﬂ) WO Sstrange quarks

f0(980) ~ 7 = 5

composed of Di(anti-)quarks in flavor 3

U=(ds)s-oc-3 D=(u)goc3 S=ud)g_oc-3
Now the observed mass ordering can be explained
by the numbers of the strange quarks.

All the quarks are in S-wave, so that no extra excitation energy
is necessary.

LA



A(1405)

#  Why is A(1405) the lowest negative-parity baryon?

A*(1800) =#(1820)
*(1750)
A*(1660) A*(1600) N”‘% —Z670)
1L
A*(1520)
E*(1530) N*(1535) / N*(1520) -15~+50 MeV
N*(1440)
>*(1385) A*(1405)
E(1318) ALs (A¥)= 115 MeV

S(1193) SlEse)
A(1116)i As ~300 MeV 1/2 - 3/2 -

N(O40) A, =150 ~175 MeV P-wave

1/2 324
S-wave



A(1405)

m Lattice QCD calculation by T. Takahashi
Two Lambda states are observed, whose masses are much
higher than A(1403).

The result indicates that A(1405) may not be a 3-quark state.

R 16

b
~

T.T. Takahashi, M.O.
PRD81, 034505 (2010)
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A(1405)

Penta-quark picture of A*(1405)

[ =08 1
AN = —=(SDu+ SUd) = —=uds(uit + dd
\/5( ) 73 ( )
The orbital angular momenta are all zero : J™=1/2-
Need no spin 3/2° partner

Flavor 1+8, ideal mixing

# New X* partner? (B.S. Zou, X*(1385) (1/2°))
e P R 1 BN RN/t T
N \ﬁ(SDﬂ — SUd) = \ﬁuds(uﬂ —dd),SDd, SUu

®  Are many of the “P-wave” hadrons all in S-wave?
AM (qqP*"-pair) v.s. AM (L=1)
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Quark core v.s. Hadron molecule

#  Most of these multi-quark-like resonances lie close to two-
hadron threshold(s)
f0(980) and a0(980) v.s. KKP2r

A(1405) v.s. NKPar
X(3872) v.s. DD"bar

®  Couplings of the “core” quark state with two hadron bound
and/or continuum states are important.

®# Some resonances are dominated by two-hadron components
with significant fraction (sometimes 100%).
“Hadron Molecules” or color-singlet “Hadron Cluster” states

m  “Clustering” is strongly developed at the hadronic thresholds.
®  Are there A(1405)-like baryons with heavy quark(s)?

LA e



A(1405) as a molecule

# A(1405) as a KP?* N “bound” state.

*=10| @ 1580 l
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o- i w0 10 = U E - g
| T 2203 % l | — : e HE
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I " ' . . .
inglet] |Octet| Rez, [MeV] qookd b !
%+ 7L resonance o
S120 Lk l N | P |
1320 1360 1400 1440

Re z [MeV]

Chiral unitary approaches predict rwo resonance poles for
A(1405). (Jido et al., 2003)

They are “generated” by a K’'N bound state and a X
resonance. (Hyodo, Weise)
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Heavy Exotic Hadrons

# New quarkonium-like resonances v.s. open charm thresholds

— 55, Charmonium Spectrum/ .- Coincidences of the new

'_-——.—‘Y*ZEF{H—- D.D,, . .

- pp, Y620 : quarkonium-like resonances
4500 - 55" 10D,
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{00,

(bottom) thresholds motivate
interpretations of those

é s §l§ states as hadronic molecules.
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Exotic Hadrons - Mesons

m  X(3872) Takeuchi, Takizawa
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Exotic Hadrons - Mesons

m  X(3872) Takeuchi, Takizawa
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Exotic Hadrons - Mesons

®#  X(3872) Takeuchi, Takizawa

F'Po

bar¥Q |
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A few questions on Heavy exotics

®# Many mesonic “exotic” resonances have been found at Belle
and the other heavy-quark factories.
What can J-PARC do? Different production processes are
important to reveal exotic natures of resonances.
Are there A(1405)-like baryons with heavy quark(s)?

# How can we distinguish “exotic” hadrons from the “ordinary”
hadrons?
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Charmed Deuteron



Charm in Medium

# Di-baryon and Nuclei with Heavy Quark(s)
AcN, XN, .., (charmed deuteron)
ZeN, AcAcy AcXe, . . (doubly charmed deuteron)
Charmed hypernucleus (super-nucleus??

# DO, BO), J/Ay bound states in nucleus
HQ version of the KP2'-nucleus

" Not anew idea

Possibility of Charmed Hypernuclei

C. B. Dover and S, H. Kahana
PRL 39, 1506 (1977)

X

We suggest that both two-body and many-body bound states of a chay/e(: baryon and
nucleons should exist, Estimates indicate binding in the 'S, state of ¢,N (/ = £) and
SN (I =1). We further estimate the binding energy of C,, C, in various finite nuclei.



Charmed deuteron

® H. Bando, S. Nagata, PTP 69, 557 (1983), H. Bando, PTP S81,

- e — 7 a4 o~ a4

Binding energies of a flavour baryon, A(strange), Ac(charmed) and As(beauty), in nuclear
matter and in the a-particle are investigated within the framework of the lowest-order Brueck-
ner theory by employing the OBE potentials derived on the basis of the Nijmegen model D
interaction,

1001

w
o

Singlet Triplet
PS S \ANCP)
> \ r(fm) \1.0 r(fm)
T W o —
2 \_'e— ‘
o N(P)
g-so ApN V
w 1 s AN/ /ANGS)
-100F8 A N o

SU(4) extension of the Nijmegen D (HC) model potential is employed.

No K, K* exchanges are allowed for the AN, which results in a weaker
YN potential compared with AN.

No 2-body bound state is found.

A e



Charmed deuteron

#  We reexamine the possibility of the YN and Y.Y. bound states from
the modern view points of the heavy quark symmetry and chiral
symimetry.

®#  Advantages of the heavy baryon systems:
- The large mass of Y. suppresses the kinetic energy.
- Strong Y.- Y’ channel couplings give extra attractions.

#  We emphasize the importance of the X - £." degeneracy under the
heavy quark spin symmetry and the couplings of the XN, X.'N
virtual states to the AcN states through the central and tensor forces.

NN (1So, I=1) " NN (381-3Dy, I=0) deuteron
AN-ZN (1So) x AN-XN (*S1-°D1) X
AA-NE-XX (1S0) H dwyon
AcN-EeN-X*eN (1Se-5Do) ? AcN-EeN-X°eN (3S1-35D1) ?
AcAe-ZcZe-Z X e (01) i1

ﬂ
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Charmed deuteron

Our framework:

The Y-N and Y- Y. interactions are composed of one-pion or one-
boson (&, 6, p, ®) exchange potentials.

Heavy-quark spin symmetry, chiral symmetry, and hidden local
symmetry are used to determine the meson-baryon couplings.

The OPE tensor force induces strong mixings of the D-wave X:N (8=1)
and XN (S=1, 2) states, whose thresholds are degenerate in the large
mq limit.

» S-wave AN: I =1, JP =(0,1)" Tensor coupling

» Coupled channels (J¥ = 0%, 3 channels):
(1So AcN), (1So ZcN), (3Dg ZiN)
» Coupled channels (J¥ = 17, 7 channels):

(351 AcN), (381 ZcN), (351 Z:N).|CBrA:N), CD; Z.N),
Dy ), O




Heavy quark symmetry

# The heavy quark (¢, b) is “inactive” in the heavy-light hadron
systems.

21385 > 2518
_11J=1/2 : >'b 5833
2Q = [Q D {Ud}?:flh """""""""" L
_11J=3/2 >c 2453
¥y = [Q @ {ud}s=t
Q [Q t }f_6' > 1193
—01J=1/2 T
Ao = [Q & [ud]7Z3)

(S, f) = (1/2 3bar) (1/2 6)
0 .,\(*_* =+
By = (

-AY 0 22). Br.=(




Heavy quark symmetry

#  Physics of heavy quark systems is simplified for mq > Agcp

# Light quarks do not feel the mass and spin of the heavy quark
in the mqg — oo limit.
- asymptotic freedom
- suppressed magnetic-gluon coupling

m Effective field theory based on the 1/mg expansion, which

leads to a super-selection rule of the heavy quark velocity.
! =mov” + k"
For small ¥ = O(Aqcp) < mqguv” | the velocity of the heavy quark is

preserved. Then, we can remove the large momentum component
by defining a new effective heavy quark field Q,(z) = ¢"™*"*Q(x).

# This is a symmetry of QCD in the large m¢ regime.

# The heavy quark spin is conserved at each velocity. (HQ spin
symmetry)

A e



Heavy quark symmetry

m Effective Lagrangian with the heavy-baryon and light mesons

B Heavy baryon Q(qq): qq (di-quark) (S, f)= (0", 32") or (17, 6)
— (S, f)=(1/2,3") @ [(1/2, 6) D (3/2, 6)]

degenerate in the HQ limit

(S, f)=(1/2 3bar) (1/2 6)
“+ 1 v+ 1 =
By = | =A¢ 0 =0 1, Bs= DN z =
3 —E;*' —E? 0 3-13” 1,-;0 75520(:
- Vil W o
«++ 1 v+ 1 —owi+
Relas = Bl
Bﬁpz ?}EC ~e 72'
E’+ 1 m==er)
2 v H

Georgi
B Psecudoscalar and vector nonet mesons
Pseudoscalar nonet mesons Vector nonet mesons
7 1] 7 o = X 3 "
1 - _2 e =" n I—U - .gv < < 0 s o0

— f T _.\73+\/b \ ! :Zﬁ P _f)/?_'-:?')' K*

1 = 1_.0 2 b - ; -

1 \ o \/gll K* \ ‘




Heavy quark symmetry

# Chiral and Hidden-Gauge symmetries for light quarks/

hadrons
: (G bosons
£=el®) =g2(a)| B grigh|
> = LR'| L— g Lhi(z)| |R— grRhi(z)| By — hByht

1
T, = %(Lfé),,L + R"a,,R)l A, = §(L*a,‘z, - R'6,,R)|

[y — ALkt + hoyht | Ay — hAht |

Vi — hViht +h8,ht| | F2 = 84V — 8°V* + [V¥, VY]]

2
O _{7 {Tx[A, A" + aTx[(T, — v,‘)2]} + ,—Z;—Z’I\r[F,WF""]
Vv
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Heavy quark symmetry

®#  Heavy-Quark-Chiral Effective Lagrangian (@ pcudoscatar )

1 - o ' = Vector (p, ®)
Ls, = zulBs(iv- D)Bs] +iBptr[Bsv* (T, — V) By
+€Btl‘[B30'Bgl
Ls = —tafS%(iv- D - Ap)S] + Son (vl e[S, Ay,

+iBstr[Syva(T — V)SH] + Astr[S,F™S,] [ 5, - 9,By + T,,By + Byl T,
+estr[SuaS*] D,S, = 8,5, +T,S, + S,IT.
£,'"g g.gt.r[S'“A“B3] -+ i)\] FW/\K?.’,,LI'[S,,F,\KB:;] -+ h.(?.,

Ap = M(Bg) — M(B3)

Vi - _g—}mﬂ v*8,(@'7")N — ho NN
-h.vN'y“(T'.p;" + wy)N — hyNo*" 9, (°gb + )N

m A flavor singlet (I=0) scalar ¢ meson (= 600 MeV) is
introduced. It “simulates” exchanges of two pions correlated in
the I=0, J=0 channel. We assume that the ¢ meson couples to «

and d quarks, but not to charm.



Coupling constants

> T g1, 94
o> ¥u:ls
Py 'dB : ‘BS , ASy Al li;ear sigma model Ye—>Actm '
Couping ||Quark Model || Chiral Multiplet VMD QSR xl_)ecay
g1 1.00
94 1.06 0.94 0.999
(B —3.65 —-aM ~ 3.1
X
(BBYvV) —6.0 ~ —5.04
(Bsgv) 12.0 ~ 10.08
(Asgv) 19.2 GeV~—1 21.0,13.5 GeV~!
(Argv) || —6.8 Gev—!
ga 1.25
ho 10.95 14.6
hy 3.0
hr 6.4 GeV—1

Table: The coupling constants in different methods. For the quark model
gj = 0.75, g¢ = 3.65, g1 = 3.0, and fi = 0.0.

The mesons couple to the light quarks only.

estimation, we use




OBEP

The Ac-N, X-N and X°-N diagonal and transition potentials
are composed of one-pion and/or one-boson (m, o, p, ®)
exchange model.

Note that the A. (in general the 32" baryon) does not couple to
the pion (pseudoscalar meson) directly. The other possible
mesons, 11 and ¢, are neglected because they give little

contribution.

® Short range part of the potential is implemented by the cutoff
parameters in the form factors.

B The monopole form factor for each vertex is taken into

account. A2 —m?
Fg) = 45— "
B The cutoff parameters are chosen in two ways:

(1) The universal cutoft for all the mesons
(2) The scaled cutoff A =m + 0. Agcp (Aocp=220 MeV)

A




OBEP

® Standard meson exchange potential with monopole form

factors
3
Valiri) = Calis i)gz2{ 01 - OaYi(mir, Avr) + OenH(ms, A, 1)
: 2
p p f . "IrY ’ g - "I" p
Vo(i) = Cq(i)— {-Ih(n)n,.'\.r)-{»-l,~n-_, /;;(mn.;\.r)}.
)T .-\I_\'
hy | AMyhy M2 -
V(i) = Conlis 1) - {8Yi(mp, A,r) + (1 + =20 ) =& [Yi(my, A,7) — 2L - G2 Z3(mp, A7) | }
DL 1y | i

Shy M s hor
m,hy {(1 4 2 Inhy .

. Cp_)(lj) h\' )[2(’31 . (52}’1 (,mp. A, I') = C)g(;n H:;(mp, A, I)]

36T M N

—6L - O1Z3(my, A, r)} O; : spin operators' Oten : tensor operator'

3 3

Y@ = “ Z@=(G+5)V@E, H@) =0+ +5)Y@),
Yi(m,A,7) = Y(mr)- (%) Y (Ar) — %e“"‘ and so on




AN: Ot

AN('Sy) — ZN(PSg) — ZiN(°Dy)
Diagonal potentials with A, = A, = Ayec = 1 GeV

w

75.0
0.0
v —150.01 tOta‘]‘;l:’_, |
— —225.0 |
—-3000{ -~ 02 |
—37s04° S T
4 '.' E p |
.." :
—450.0 |
0.0 - ]
r [fm]
(11): AcN(1So) <+ AcN(1So)
610.01
305.01
- 0.0 e e,
> 1. T /»./ SPREEE |
® e B
—305.01 - |
% ) . P Ve |
—610.04 / |
= {. / |
_9150- ‘ / / Meson i
1 n
—1220.01 // E Z |
| |
—1525.01 | |
0.0 - |

160.0 7 :

8oo{ - -

0.0 — e
_ 1 [
> 8001 (U i
q) 4 ’.."‘,,' L
Z, 7% total f
N —240.0- o L
] L O- Meson ||
~320.01 - |
4 ",' ........ U -
—40004 e
Tot |}
0.0 1.0 2.0
r [fm]

(22): SN(1So) < SeN(1So)

< (33): BEN(°Dg) +» ZXN(° Do)



AL INE T

Transition potentials with A, = A, = A..

1)
8
°

“ev a3

0.0 1.0
r [fm]

(12): AcN(1So) © EN(1Sp)

»
o

0.0 1.0 20

r [fm]

(13): AcN(1Sp) < Z:2N(°Dy)

2400

0.0 ' 10 ' 20
r [fm]

Strong tensor mixings due to the pion
exchange potential

< (23): TcN(1So) > Z2N(°Do)

19 /3




ANz O AN(Sy) —Z.N(Sy) — TEN(PDy)
OPEP model:

One Pion Exchange Only
F=0* {GeV (BE. in MeV)
= o x Ly SO
Do
&g 3'”' ................................................... ch.nnzl
3
Q 0.5" 'u'
33 - /
| /
~ /
N e e e g / ey
- S0 CYEST .. - /.
‘3‘8‘ 3 00
— X N (°Do)
J,l' ("’) v T T T v T T T
0.0 1.0 20 3.0 4.0

12 13 14 15 16 17
Ax (GeV) r [fm]

Binding energies (B.E.) Wave functions with Ax = 1.3 GeV



A.N: 01 AN (1Sy) — S.N(*So) — BN (° Do)

OMEP model (Acom & @)

FP=0" 1GeV (B.E. in MeV)
N e s e s e S i
Do
SN o o S e R S e
So 'ti"‘m
3% ?EEE
AN ] N
. 3t W I‘JE:'W"’W
| B
Y w/E,
\ I3
' (wio)
31[' ™)
08 09 13 14

P=0* {GeV (BE. in MeV)
e s A B e P G R e S
er, 212@
INsst ... e e ficse
So - :
3r8t}1333 * (wio)
7 ST i 84
! 14697
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7% O S
lso m‘im *ﬂ'm‘
3.2' I’ny m__
4303, b gy
Giﬂ&ira
3
o358 ™" (wio)
31}
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AN: O+ & 1+
OMEP model (Acom)

P=0* 1GeV (BE. in MeV)

R Y
Do

T T
So .

334 \(7:3
AN e s iensas e rens s i
. gty

% 33 muxm IO
- s
3.1} =™ twio)
08 09 10 11 12 13 14
Acom (GeV)

P )t
N

3SI.JDI.5D1”"““

IN 34 b
35:.°Dy

33

AN

AN(1Sy) — LN (PSy) — Z*N(°Dy)
ANGS, —2Dy) =S .N(S; —*Dy) = XIN(*S, —°D; —°Dy)

..............................................

3S,. (3[);) [

2

31y

03 05 16 11 12 I3 T4 15 16 17
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A,

/N: comparison

JF AN (S-wave) AN — XN — %N
0F | OPEP (A) x 1.367: 13.60, 1.38
OMEP (A) | [0.900: -1.24, 3.86] [0.900: 13.60, 1.46
OMEP (a) | [1.533: -0.25, 8.13] [1.533: 13.57, 1.37
1T | OPEP (A) x 1.353: 13.54, 1.40
OMEP (A) | [0.900: -1.24, 3.86] [0.900: 13.49, 1.47
OMEP (a) | [1.618: -0.80, 4.72] [1.618: 13.47, 1.39

Table: Comparison among different cases. The meaning of the numbers are

[cutoff Acom in GeV or dimensionless a: B.E. in MeV, RMS radius in fm].

(A = Mumeson T+ QAQCD)

For the coupled channel calculation, one may get similar binding energies
(and the corresponding RMS radiuses) in the OMEP model and in the

OPEP model.



Aphy (TP

Diagonal potentials (A

For the AcA. systems, we take
only the one-pion exchange
interaction.

Note that there is no TA:Ac
coupling, and thus the binding
comes only from the channel
coupling effect.

Again the tensor coupling
strength is very strong so that the
Y*X*c channel contribution is

large.
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AA. (JP =0%): Only OPEP model

A (GeV) 1.0 1.1 1.2 1.3
B.E. (MeV) 3.39 14.45 35.44 68.37
Vv (r%) (fm) 2.0 1.2 0.9 0.7
Prob. (%) (97.4,0.2,0.2, (94.3,05,05, (90.7,1.1,1.0, (86.8,1.8,1.8,
0.6,1.6) 1.3,3.4) 2.0,5.2) 2.6,7.0)
D-wave prob. 2.2% 4.7% 7.2% 9.6%
L R
soF = 32 9‘2-.”13.66 ‘.3133'"-”"6-_
m ......................................................... \;’i'zji
% g
[
£
'
3
AcAc (1So) Wm """""""""""""""""""""
45F "m (w)
-8B 1B 0.7 B 2 U
A (GeV)

Binding energies (B.E.)

Wave functions with A, = 1.0 GeV



Summary for Charmed Deuteron

®  Possibility of bound Charmed deuteron (AcN, or AcAc bound
states) has been studied in the one-boson exchange potential
approach.

# The effective Lagrangian is derived from the heavy-quark spin
symmetry for charm quarks as well as chiral symmetry and
hidden local symmetry for the light quark sector in order to
determine the couplings of pseudo-scalar and vector mesons to
the heavy baryons.

# The short-range part of the potential is parameterized by the
cut-off parameters. The results are sensitive to the choice of
the cutoff. It is an important and interesting future problem to
evaluate the short range part of the BB interaction.

# The couplings of the XN and XN (EcXc, X' Xc and X 'X")
channels are taken into account and we have found that the
tensor couplings to the D wave X.'N (°Dy etc) states are very

important. e T



Short-range repulsion

®#  Microscopic view of the short-range B-B interactions can be
provided by the quark substructure of the baryons.

#  The quark Pauli effects for Ac-N, Xc-N, Ac-Ac, do not produce strong
repulsion at short distances.

#  On the other hand, the color-magnetic interaction (CMI) will give
some repulsion to these channels. A simple evaluation of the CMI
assuming the heavy-quark limit (charm spin decoupled) gives

V(Ac-N) ~300 MeV at R=0

V(Zc-N) ~ 100 MeV

V(Ac-Ac) ~ 220 MeV
compared with

V(N-N; 1S¢) ~ 450 MeV

V(A-N; 1Sp) ~ 400 MeV

Work in progress



Further interests

#  Other predictions of heavy-quark bound states

B DN bound state — A" (1/2°) by Mizutani, Ramos.
DNN may also be bound (Dote, Hyodo, MO).

B D" N: exotic (pentaquark) bound state by Yamaguchi,
Yasui et al.

B J/y, nc bound nuclei:
Weak attraction to N with a (J/y, nc- N) ~ 0.2-0.4 fm

in lattice QCD calculation by Kawanai, Sasaki.

Such an attraction may produce a bound (J/y, n¢) - *He
nuclei. (Yokota, Hiyama, MO)



Goals of the Workshop

Questions to be answered

# What are the most valuable observables in HQ physics?
@ J-PARC?

# What new information does HQ physics give to QCD?
How are HQs different from q?

Personal answer
# Heavy baryon spectroscopy — excited states

# Exotic heavy meson/baryon states — molecules

# Heavy quark in medium — heavy quark/hadron bound nuclei

A e



