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New Charm Spectra
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Open Charm Events

D0*(2308) ,    D1’(2427)
Ds0*(2317) ,   Ds1(2460)
DsJ(2715) ,   DsJ(2860)
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• The system is classified by jq, total angular momentum of light 
quark degrees of freedom in the heavy quark limit.

• (Heavy) Spin Doublet

• (0-, 1-) and (1+, 2+) doublets agree with theoretical calculation.
• But, there are discrepancies for (0+, 1+) states.
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Non-Strange (0+,1+) Doublet

• D0*(2308)[0+] and D1’(2427)[1+]
– Belle, PRL91, 262002 (2003); PRD69, 112002 (2004)

• Very broad widths: through π s-wave decay

**0 **0,B D D Dπ π− − + −→ → **0 **0 *,B D D Dπ π− − + −→ →
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Strange (0+,1+) Doublet

• Ds0*(2317)[0+] and Ds1(2460)[1+]
– BaBar, PRL90, 242001 (2003); CLEO, PRD68, 032002 (2003)

• Very narrow widths: below DK/D*K thresholds 

BaBar

Ds0*(2317)
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DsJ Puzzle

• Discrepancies with predictions for L=1 (0+ and 1+) states
– Masses are smaller (~160 MeV)
– Decay width are narrow 
– Below DK (D*K) threshold
– Isospin violating decay mode: 

K. Abe, Talk at PENTAQUARK04, 
July 20-23, 2004.

already observed
newly observed
prediction by conventional 
potential model
(Godfrey et al., PRD43, 1679 (1991))

Something odd must happen!?

(0 ,1 ) (0 ,1 )sJ sJD D π+ + − −→ +
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Exotic States?

• Tetraquark
– K. Terasaki, PRD68, 011501 (2003)

• Explain the decay property of Ds(0+) as a Tetraquark
– V. Dmitrasinovic, PRL94, 162002 (2005)

• D(0+) and Ds(0+) are in the anti-symmetric 3A* multiplet

– Always contain color-singlet*singlet component broad width
– Where are those partner states in same multiplet?

• Coupled Channel / Meson Molecule (T. Barns et al., PRD68, 054006 (2003))

– S-wave DK (D*K) continuum
– Very close to DK (D*K) thresholds (46 MeV)

• Where are ordinary (0+, 1+) states in QM?

0 13 ( ( ) ( ))
2
13 ( ( ) ( ))
2

A

s A

D c s u s s u d d u u d

D c u u s s u d d s s d

⊂ = − − −

⊂ = − − −
Same Mass!
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Conventional cs ?

• Chiral Effective Theory
– Ginzburg-Landau Type (Bardeen et al., PRD68, 054024 (2003))

– Vector Manifestation based on Hidden Local Symmetry
(M. Harada, M. Rho, C. Sasaki, PRD70, 074002 (2004).)

Above approaches can reproduce only mass differences between 
parity doublets               and             , not absolute values.
– It works in Ds meson, but it seems to not work in D meson system.

• Potential Model
– Relativized model (Godfrey et al., PRD43, 1697 (1991))
– 1/mQ expansion (Our model, PTP117, 1077 (2007); PLB606, 329 (2005))

• QCD Sum Rule
– Branching ration is consistent with data (Wei, Zhu, PRD06; Lu, Zhu, 

PRD06; Colangelo, PRD05)

• Lattice
– Masses are still larger than experimental data

(0 , 0 )− + (1 , 1 )− +
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Other New DsJ States

• DsJ(2715) (Belle, hep-ex/0608031)

• DsJ(2860) (BaBar, PRL97, 222001 (2006))

DsJ(2700)
new state 

J=0
J=1
J=2

JP = 1-

2S state?

6.3 σ
↓

5.1 σ
↓

2.8 σ
↓

JP = 0+

2P state?
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SELEX DsJ(2632)

• SELEX: charged hyperon beam at 600 GeV on Cu or C targets
• DsJ

+(2632): 2632.6±1.6 MeV, Γ< 17 MeV
– Decay process: DsJ(2632)→Dsη(7.2σ),  D0K+ (5.3σ)

• DsJ
+(2632) might be radial excitation.

SELEX Collab., PRL93,242001(2004)

But BaBar/CLEO/Focus did not confirm DsJ(2632)!!
Some people claim this might be a fake.

DsJ(2632) is probably an experimental artifact.

cf. : (2 ) (1 ) 600MeVJ M S M Sψ − ≈
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New B and Bs Mesons

• B1(5720)[1+],  B2*(5745)[2+], Bs2*(5839)[2+]
– CDF and D0, hep-ex/0605076

• New heavier states will be discovered in LHC.

D. Gele, talk in DIS2006
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Hidden Charm Events

X(3872) ,    X(3940)
Y(3940) ,    Y(4260)
Z(3930)
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X(3872)

• Observed by Belle(‘04), and confirmed by CDFII, D0, BaBar(‘05)
• M(X)=3871.9±0.5 MeV,  Γ< 2.3 MeV

• It is likely that X is a 1++ charmonium state.

Belle, BaBar      (10 )
CDFII, D0         (11.6 )

B K X K J
pp X J

π π ψ σ

π π ψ σ

± ± ± + −

+ −

→ →

→ →

( ) 0.14 0.05
( )

X J
X J

γ ψ
π π ψ+ −

Γ →
= ±

Γ →
Belle(‘05) C = + is established

0( ) 1.0 0.4 0.3
( )

Br X J
Br X J

π π π ψ
π π ψ

+ −

+ −

→
= ± ±

→
strong isospin violation

－ Angular correlation: rule out 0++, 0-+

－ dilepton mass distribution: strongly disfavor 1-+, 2-+

CDFII, PRL93,
072001(2004)
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X(3872)  (cont.)

• Charmonium spectra
– Swanson, hep-ph/0601110, 

Table II

• Experiments favor 

• Theoretical prediction of 
decay width is too much 
large.

• The others??
– hyblid, glueballs,    

tetraquark(diquark cluster), 
molecule,,,

{Possible candidates

3
1 1(2 ) 1Pχ ++"
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Theoretical Approaches

• Quark (Potential) Model
– Large mass (~ 100 MeV above), Broad width
– can not explain large isospin violating ρJ/ψ decay mode

• Tetraquark: 
– Charged partner should sit around 3872 GeV.
– But, no charged X states in experiments.

• Hybrid: 
–
– Lattice & flux tube model predict 

• Glueball: 
– Vector glueball with a small admixture of vector 

• Molecular State:
– Small binding energy
– Pion exchange at long range & quark/gluon exchange at short range
– Can explain hidden charm decay mode: ρJ/ψ , ωJ/ψ
– Cannot explain branching ratio

cqcq

ccg
X J gg Jψ ψππ→ →

( ) 4200 4400 MeVM ccg ≈ −

cc
*DD

0 0* 3871.2 1.0 MeVD D = ±

cc

gg
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Y(4260)

• Observed by BaBar(‘05), and confirmed by CLEO, Belle(‘06)
• M(X)=4259±8 MeV,  Γ=88 ±23MeV

• But, PDG 1-- charmonium state is already occupied.

ISR

1PCJ

e e Jγ ψ ππ
−

−

−

+ →

=

BaBar, PRL95,
142001 (2005)

BaBar CLEO-c CLEO III Belle

N 125 ± 23 (~8σ) ~50 (11σ) 14.1 ± 5.2 (4.9σ) 165 ± 24 (>7σ)

Mass (MeV) 4259 ± 8 4260 4283 ± 17 4295 ± 10
Width (MeV) 88 ± 23 70 ± 40 133 ± 26
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What is Y(4260)?

• 1-- charmonium
– No suitable position around this mass region (overpopulation)
– Hidden charm decay width is large

• Molecule
– Close to                                               thresholds
– Possibility not excluded

• Tetraquark
– Decay into DD easily Y’s width would be much larger
– Isospin-partner can decay into J/ψπππ : Ruled out by BaBar!

( ) 50 keV   vs    ( ) 1.8 MeVJ Y Jψ ψ ππ ψ ππ′′Γ → ≈ Γ → >

One might expect comparable J/ψππ width

* * *
1 1 0(2420), , (2310)DD DD D D
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1-- Charmonium

• Predicted 4S charmonium at 4262 MeV exactly
– Ding, Chao, Qin, PRD51, 5064 (1995)

• PDG assignment is correct? PDG miss a 1-- state?
• Challenge: How to explain large J/ψππ decay width?

PDG
3097
3686
4040
4415

3770
4160

4 1( )
3

r
s eV r Tr

r r

μα
μ

−⎛ ⎞−
= − + ⎜ ⎟

⎝ ⎠

?
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X(3940)

• Observed by Belle(‘07)
• M(X)=3936±14 MeV,  Γ<52 MeV, C= +

• But the ground state χc1(3510) is not seen

• ηc(3S) is another candidate of X(3940) except it’s 100 MeV  
below QM prediction 

e+e−→J/ψX
Observed in DD* cannel
Not seen in DD and ωJ/ψ

Probably χ’c1 (2P) or η”c (3S)
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Summary of Hidden Charm Events

• X(3872), Γ < 2.3 MeV

• X(3940), Γ < 52 MeV

• Y(3940), Γ ~ 87 MeV

• Z(3930), Γ ~ 20 MeV

• Y(2460), Γ ~ 88 MeV

*    not to ,X DD J DDω ψ→ 3 1
1 1 0(2 )maybe  or (3 )c cP Sχ η′ ′′

*   not to ,Y J DD DDω ψ→ 　

Hybrid model strongly suppress                      decay modes.
But, mass less than 4000 MeV is in conflict with lattice calculation.

* * *, ,DD DD D D

Z DD→ to be consistent with J=2 form decay helicity distribution
Natural assignment is       . 2cχ′

Y J ψ ππ→ higher radial excitation, ψ(4S), ψ(5S)??

3
1 1may ( )be 2c Pχ ′,X J Jρ ψ ω ψ→
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Relativistic Potential Model Approach

within 1/mQ Expansion

T. Matsuki, T. Morii, and K. Sudoh

References:

• New Heavy-Light Mesons 
Prog. Theor. Phys. 117, 1977 (2007).

• 0+ and 1+ States of B and Bs Mesons, 
Phys. Lett. B606, 329 (2005). 

• Spectroscopy of heavy mesons expanded in 1/mQ , 
by T. M. and T. M., PRD56, 5646 (1997).

Qq
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Conventional Potential Model

• Effective Hamiltonian

– Kinetic terms are Klein-Gordon (not spinors).
– does not respect heavy quark symmetry & chiral symmetry.

• How do we incorporate relativistic effects in the system?
– Succeeded in heavy quarkonium system

non-relativistic picture works well
– No negative energy states both of q and Q.

degrees of freedom of wave function is reduced

free int
2 2 1/ 2 2 2 1/ 2

free

int conf+Coulomb tensor spin-orbit

( ) ( ) :Klein-Goldonq Q

H H H

H p m p m

H H H H

= +

= + + +

= + +

including many parameters

(Godfrey et al., PRD43, 1697 (1991))

4 4 2 2 1 1FWT trans. neglect
negative part⊗ ⎯⎯⎯⎯→ ⊗ ⎯⎯⎯⎯⎯→ ⊗
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Strategy of Our Approach

• We propose a model with some improvements of  
the conventional potential model.
– Construct the effective Hamiltonian with chiral symmetry

and heavy quark symmetry
– Treat quarks as Dirac particles

• Light quark: 4-component spinor
• Heavy quark: 2-component by Foldy transformation

– Hamiltonian and wave function are expanded in 1/mQ

– Include the contribution from both positive and negative 
components of the wave function

2

2

FWT 1 0 1 2

0 1 2

0 21 2

1 1

1 1

1 1

             

                                

                               

Q
Q Q

Q Q

l
l l Q

l l l l

l
Q

l
Q

l l

m m

m m

m m

H E H H m H H H H

E E E E

mψ ψ

ψ ψ ψ ψ

−= = − = + + + +

= + + +

= + + +

"

"

"
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Hamiltonian Density

• Hamiltonian density:

• Wave function:

• Eigenvalue equation:

( ) ( )3 † †
0

3 3
int

( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

c c
q q q q Q Q Q Q

c c
i i i

dx q x p m q x Q x p m Q x

dx dx q x O q x V x x Q x O Q x

α β α β⎡ ⎤= ⋅ + + ⋅ +⎣ ⎦
′ ′ ′ ′= −

∫
∫ ∫

G GG GH

H

scalar confining potential
vector Coulomb pote

1, ( ) for
, ( ) for ntial

s s

v v

O V S r
O V V rμγ

= =

= =

3 3 † †( ) ( ) ( ) 0cd x d y x y q x Q yαβ α βψ ψ= −∫ ∫

( ) :Q QH m E E E mψ ψ= + = −� �

FWT FWT F FWT FWT WT: ( ) ( ) ( )( ) q q QQ QO O O OH m E αβ βγ γδψ ψψ ψ⊗⊗ =− = �
FWT
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Eigenvalue Equation

• Fermi-Yang Eq. - effective Hamiltonian for 2-body bound state

• Heavy Meson System

{ }1
2

( ) ( )

1 ( )( )

q q q q Q Q Q Q q Q

q Q q Q

H p m p m S

n n V

α β α β β β

α α α α

= ⋅ + + ⋅ + +

⎡ ⎤+ − ⋅ + ⋅ ⋅⎣ ⎦

G GG G

G G G GG G

2

4( ) , ( )
3

srS r b V r
a r

α
= + = −

2

2

FWT 1 0 1 2

0 1 2

0 21 2

1 1

1 1

1 1

             

                                

                               

Q
Q Q

Q Q

l
l l Q

l l l l

l
Q

l
Q

l l

m m

m m

m m

H E H H m H H H H

E E E E

mψ ψ

ψ ψ ψ ψ

−= = − = + + + +

= + + +

= + + +

"

"

"

Semi-relativistic approach to heavy meson
Foldy-Wouthuysen-Tani (FWT) transformation
to the heavy quark         ~1/mQ expansion
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Foldy Transformation

• FWT transformation:
– describe a heavy quark non-relativistically
– Degrees of freedom for      and      independently conserve.

– Heavy quark symmetry ~ in a limit

• 2-particles system

1 1
FWT FWT FWT

FWT FWT

( ) ( )

( )
c Q Q c

c Q

H U U p HU p U

U U pψ ψ

− −′=

=

FWT

2 2

0 2 1

ˆ ˆ: ( ) exp( ( ) ) cos sin

ˆ , tan ( ) ,

:

Q Q

Q
Q

c Q Q c

U p W p p W p W

p pp W p E p m
p m E

U i U

γ γ

γ γ −

= ⋅ = + ⋅

= = = +
+

= = −

G GG G
GG G

( )H βαψ⊗ ( )H βαψ ′⊗(16-component) (8-component)
FWT

4 4 4 2
light quark heavy quark

Q Q

Qm → ∞
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Effective Hamiltonian Expanded in 1/mQ

{ }
( )

( )
( )

FWT 1 0 1 2

1

1
0 2

2
1

2

2

1
2

1
2

1
2

(1 )

1 [ ( )( )]

1 1 1
2 2

1 ( )
2

1
2

Q

Q Q

q q q q Q q Q q Q

Q q Q Q
Q Q Q

Q Q Q q q
Q

q Q
Q

H m H H H H

H m

H p m S n n V

H p p q S qV
m m m

p q iq n n V
m

iH p q S
m

β

α β β β α α α α

β β α γ

β β α α

β β

−

−

− = + + +

= − +

= ⋅ + − + + ⋅ + ⋅ ⋅

= − + ⋅ + + ⋅

⎡ ⎤ ⎡ ⎤− + + × Σ ⋅ + ⋅⎣ ⎦⎢ ⎥⎣ ⎦

= + −

G G G G GG G G

G GG G G G

G G GG G G G G

G G

{ }

2
2 2 2

5
2

1
4 8 4

1 ( )( ) [ ( )] ( )
8

q Q Q Q
Q Q Q

Q Q Q q q
Q

iq p S q V q p V
m m m

p q p p p q iq p n n V
m

β β

α α γ α α

× ⋅ Σ − − × ⋅Σ

⎡ ⎤− + ⋅ + ⋅ + + × ⋅ + ⋅⎣ ⎦

G GG G G G G

G G G GG G G G G G G G G G

, ,q Q q Qp p p p p p q p p′ ′ ′ ′= = − = = − = −
G G G G G G G G G∵

FWT FWT FWT( )QH m Eψ ψ⊗− = �
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Structure of Mass Level

• We treat quarks as relativistic as possible and consistently 
takes into account chiral & heavy quark symmetry.

– Negative energy states both of q and Q are included.

• Structure of mass level

0−
1−

0+
1+1 ( 1)k L= =

1 ( 0)k L= − =
0, 0

no 1/ corrections
q

Q

m S
m
→ →⎛ ⎞

⎜ ⎟
⎝ ⎠ ( 0, 0)qm S≠ ≠

(1/ corrections)Qm

1 ( 0,1)k L= ± =

parity doublet

heavy spin
doublet

Chiral symmetry 
is broken.

Heavy quark symmetry 
is broken.

Semi-relativistic approach quark: relativistic, 4-spinor particle
heavy quark: (semi-)relativistic

+ 1/mQ corrections: relativistic effects of heavy quark
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Analysis in Variational Method

• Input values to determine parameters
– 6 D meson masses
– 6 Ds meson masses
– B and Bs meson masses are not input in a first step.

• Most optical values of parameters

21
2

trial wavefunction : ~ ( ) exp ( )k q
r r
a a

w r m b r
γ

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

⎡ ⎤− + −⎢ ⎥⎣ ⎦
2

4
,

3
( ) ( )s r

r a
V r S r bα= − = +

1

,(GeV ) (GeV) (GeV) (GeV) (GeV) (GeV)Parameters
first order 0.2610 1.939 0.0749 0.0112 0.0929 1.032 4.639
second order 0.3066 2.610 0.0999 0.0200 0.0825 1.173 4.668

s u d s c ba b m m m mα −

Using above parameters, other mass levels are calculated up to 1/mQ
2.
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Prelim
inary

Prelim
inary
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B and Bs Mesons

• Include recently observed B(1+), B(2+) and Bs(2+)

• Parameter αs is slightly modified
– Actually αs is running with a momentum 

• Typical energy scale is given by      parameter in HQET
– A kind of binding energy

– Similar tendency for Ds and Bs

– In HQET,     ~ residual momentum k;  p=mQv+k, not mQ

1

,(GeV ) (GeV) (GeV) (GeV) (GeV) (GeV)Parameters
0.261 0.393 1.939 0.0749 0.0112 0.0929 1.032 4.639

c b
s s u d s c ba b m m m mα α −

Λ

lim ( )calc
Q

Qm
M m

→∞
Λ ≡ − 0

0

( : 1)
( : 1)

 MeV for 
  MeV 
752
638 for 

u c

u b

M D k m D
M B k m B

Λ ≡ = − − =

Λ ≡ = − − =

Λ

determine mb
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Radial Excitation

• New DsJ particles were observed.
– DsJ(2715) : from Belle (hep-ex/0608031)
– DsJ(2856) : from BaBar (hep-ex/0607082)

• These states might be radial excitation (n=2).

• We estimate masses of radial excitation using parameters 
which are obtained by n=1 analyses.
(but only αs is different)



Page-38K. Sudoh

D and Ds: n=2
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B and Bs: n=2
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Summary

• We treated       system in a semi-relativistic approach.
– Hamiltonian and wave functions are expanded in 1/mQ.
– Masses are calculated up to 2nd order: 1/mQ

2.

• Masses in our model are in good agreement within 1% accuracy.
– Degeneracy between each heavy spin multiplet              and   

is automatically derived.
– We expect these states will be measured in future experiments.

• Accidental flavor SU(3)f symmetry is realized for L=1 states.
– We predict same phenomena for B and Bs mesons.

• Mass spectra of radial excitation (n=2) are estimated.
• Open a new way to calculate heavy mesons/baryons. 

Lots more coming. 

Qq

(0 , 1 )− − (0 , 1 )+ +
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