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Outline

Motivation: the Λc(2940)+ and the Xc(3250).

The Chiral Quark model

hadron-hadron states

The two-baryon sector:

NN sector

∆∆ states

The two-meson sector:

The X(3872)

The baryon-meson sector:

The Λc(2940)+

The Xc(3250)

Other states and bottom analogs.

Summary
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The Λc(2940)+

B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett. 98, 012001 (2007)

e+e− annihilation near
√

s = 10,58 GeV

D0p signal found

No D+p signal found

No D̄0p signal found
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The Λc(2940)+

R. Mizuk et al. (Belle Collaboration), Phys. Rev. Lett. 98, 262001 (2007)
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The Xc(3250)

J.P.Lees et al. (BaBar Collaboration), Phys. Rev. D 86, 091102 (2012)

B− → Σ++
c p̄π−π−

Σ++
c π−π− invariant mass distribution with peaks at 3.25 GeV/c2, 3.8 GeV/c2 and 4.2 GeV/c2

Preliminary Breit-Wigner fit

M = 3245 ± 20 MeV/c
2

Γ = 108 ± 60 MeV
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The Λc spectrum

Λ+
c I(JP ) = 0( 1

2
+) M = 2286,46 ± 0,14 MeV

Λ+
c (2595) I(JP ) = 0( 1

2
−) M = 2592,25 ± 0,28 MeV Γ = 2,59 ± 0,30 ± 0,47 MeV

Λ+
c (2625) I(JP ) = 0( 3

2
−) M = 2628,11 ± 0,19 MeV Γ < 0,97 MeV

Λ+
c (2765) or Σc(2765) I(J

P ) =?(??) M = 2766,6 ± 2,4 MeV Γ = 50 MeV

Λ+
c (2880) I(JP ) = 0( 5

2
+) M = 2881,53 ± 0,35 MeV Γ = 5,8 ± 1,1 MeV

Λ+
c (2940) I(JP ) = 0(??) M = 2939,3+1,4

−1,5 MeV Γ = 17+8
−6 MeV
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S. Capstick and N. Isgur, Phys. Rev. D 34

Confinement 2014– p. 6



The Λc spectrum

Λ+
c I(JP ) = 0( 1

2
+) M = 2286,46 ± 0,14 MeV

Λ+
c (2595) I(JP ) = 0( 1

2
−) M = 2592,25 ± 0,28 MeV Γ = 2,59 ± 0,30 ± 0,47 MeV

Λ+
c (2625) I(JP ) = 0( 3

2
−) M = 2628,11 ± 0,19 MeV Γ < 0,97 MeV

Λ+
c (2765) or Σc(2765) I(J

P ) =?(??) M = 2766,6 ± 2,4 MeV Γ = 50 MeV

Λ+
c (2880) I(JP ) = 0( 5

2
+) M = 2881,53 ± 0,35 MeV Γ = 5,8 ± 1,1 MeV

Λ+
c (2940) I(JP ) = 0(??) M = 2939,3+1,4

−1,5 MeV Γ = 17+8
−6 MeV

 2

 2.2

 2.4

 2.6

 2.8

 3

 3.2

1/2+ 1/2- 3/2+ 3/2- 5/2+ 5/2-

M
(G

eV
)

ND

ND*

S. Capstick and N. Isgur, Phys. Rev. D 34

Confinement 2014– p. 6



The Xc(3250)
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The Λc(2940)+

cnn candidates

S. Capstick and N. Isgur, Phys. Rev. D 34, 3/2+ or 5/2−

C. Chen, Phys. Rev. 75

Strong decays using the 3P0 model

Possible D-wave states in 1/2+ or 3/2+

First radial excitation of the Λc(2286)+ fully excluded

X.-H. Zhong, Phys. Rev. 77

Chiral quark model

Possible D-wave in 5/2+ (studying strong decays)

Strong decays too small

Possible ND∗ molecule

X.-G. He et al., Eur. Phys. J. C 51

Effective Lagrangian at hadron level

Possible 1/2− also a possible 3/2−

Y. Dong et al., Phys. Rev. D 81

Effective Lagrangian at hadron level

Rule out 1/2− due to very large widths

Possible 1/2+ with an small width with dominant Σcπ decay channels

C. Garci-Recio et al., Phys. Rev. D 79

Unitarized couple channel calculation

A possible candidate in 3/2− with an small width (two meson states only in S−waves)

J. He et al., Phys. Rev. D 82

OBE model

Possible 1/2± or 3/2±
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The Xc(3250)

ND∗
0(2400) molecule?

J. He et al., Eur. Phys. J C 72 (2012)

Effective Lagrangian with σ, ρ and ω.

I = 1 and JP = 1/2+ with Λ ∼ 1,2 GeV.

I = 0 with Λ ∼ 4,2 GeV.

J-R. Zhang, Phys. Rev. D 87 (2013)

QCD sum rules.

Realesed the OPE convergence criterion.

I = 1 M = 3,18 ± 0,51 GeV.

Only weak conclusions can be obtained for the ND∗
0 hypothesis.
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The Model

J. Vijande et al., J. Phys. G 31

Spontaneous Chiral Symmetry Breaking →
→ Golstone bosons

→ Goldstone bosons exchange

→ Scalar boson exchanges

π0

η

K0 K+

K− K̄+

π− π+

Gluon coupling

Lgqq = i
√

4παsΨ̄γµG
µ
c λ

c
Ψ

→ One gluon exchange

Confinement

Color screened confinement

Interactions:

Vqiqj
=

8

>

>

<

>

>

:

qiqj = nn ⇒ VCON + VOGE + VGBE + VSBE

qiqj = nQ ⇒ VCON + VOGE

qiqj = QQ ⇒ VCON + VOGE
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The NN interaction

ψB = φB(~pξ1 , ~pξ2 )χBξc[1
3]

φB(~pξ1 , ~pξ2 ) =

»

2b2

π

–

3
4

e
−b2p2ξ1

»

3b2

2π

–

3
4

e
− 3b2

4
p2ξ2

ψB1B2
= A

h

χ(~P )ψSTB1B2

i

= A
h

φB1
(~pξB1

)φB2
(~pξB2

)χ(~P )χSTB1B2
ξc[2

3]
i

6V12 9V36 2V12P36 V36P36

4V14P36 4V13P36 4V16P36

Rayleigh-Ritz variational principle (Resonating Group Method)

(H− ET ) |ψ 〉 = 0 ⇒ 〈 δψ | (H− ET ) |ψ 〉 = 0
„

~P
′ 2

2µ
− E

«

χ(~P
′
) +

R

“

RGMVD(~P
′
, ~Pi) +RGMK(~P

′
, ~Pi)

”

χ(~Pi)d~Pi = 0

Tα
′

α (z; p′, p) = V α
′

α (p′, p) +
P

α′′
R

dp′′ p′′2 V α
′

α′′ (p
′, p′′) 1

z−Eα′′ (p′′)T
α′′
α (z; p′′, p)

Lippmann-Schwinger Equation

Confinement 2014– p. 11



NN System

Quark χN3LO CD-Bonn Exp.

ED (MeV) 2.2246 2.224575 2.224575 2.224575(9)

rm (fm) 1.985 1.978 1.970 1.97535(85)

AS (fm−1/2) 0.8941 0.8843 0.8846 0.8846(9)

η 0.0250 0.0256 0.0256 0.0256(4)

Constituent quark model, Phys. Rev C 62, 034002 (2000)

Antisymmetry is not present in ND∗ and ∆D∗

One bound state in NN , what happens in ND∗ and ∆D∗?
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∆∆ states

The ABC effect (WASA/CELSIUS Collaboration)

The observables are consistent with a

I(JP ) = 0(3+) resonance

Inconsistency with the NN inelastic

cross section?

G. Faldt and C. Wilkin, Phys, Lett. B

701 for π0π0

M. Albaladejo and E. Oset

arXiv:1304.7698 for π+π−

A posible candidate for a ∆∆ state

A. Pricking, M. Bashkanov and H.

Clement arXiv:1310:5532

A new proposal as a NN∗ state

D. Bugg Eur. Phys. J A50
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∆∆ states
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∆∆ states

Also in the QDCSM the 3+ I = 0 state appears

J.L. Ping et al., Phys. Rev. C 78 (2009)
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Measured Properties of X(3872)

Quantum Numbers JPC = 1++ (confirmed by LHCb)

Width : Γ < 1,2MeV

Mass : MX = 3871,68 ± 0,17 MeV/c2 → below D0D∗0 mass threshold of

3871,80 ± 0,35 MeV/c2

B(X→J/ψπ+π−π0)

B(X→J/ψπ+π−)
= 0,8 ± 0,3

B(X→J/ψγ)

B(X→J/ψπ+π−)
= 0,33 ± 0,12 B(X→ψ(2S)γ)

B(X→J/ψγ)
< 2,1

B(X→ψ(2S)γ)

B(X→J/ψπ+π−)
= 1,1 ± 0,4

We perform a couple channel calculation with DD∗ and P -wave cc̄

states.
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The M1M2 system

Quark interactions → Cluster interaction.

For the DD∗ system only direct RGM Potential:

RGMVD(~P ′, ~Pi) =
P

i∈A,j∈B

R

d~pξ′
A
d~pξ′

B
d~pξAd~pξB

φ∗
A(~pξ′

A
)φ∗
B(~pξ′

B
)Vij(~P

′, ~Pi)φA(~pξA)φB(~pξB )

φC(~pC) is the wave function for cluster C solution of Schrödinger’s

equation using Gaussian Expansion Method.
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The M1M2 system

Quark interactions → Cluster interaction.

For the DD∗ system only direct RGM Potential:

RGMVD(~P ′, ~Pi) =
P

i∈A,j∈B

R

d~pξ′
A
d~pξ′

B
d~pξAd~pξB

φ∗
A(~pξ′

A
)φ∗
B(~pξ′

B
)Vij(~P

′, ~Pi)φA(~pξA)φB(~pξB )

φC(~pC) is the wave function for cluster C solution of Schrödinger’s

equation using Gaussian Expansion Method.

Rearrangement processes (like DD∗
→ J/ψω)
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Coupling qq̄ and qq̄q̄q sectors

Hadronic state: |Ψ〉 =
P

α cα |ψ〉 +
P

β χβ(P ) |φM1φM2β〉

Solving the coupling with cc̄ states → Schrödinger type equation:

X

β

Z

“

H
M1M2
β′β (P

′
, P ) + V

eff

β′β (P
′
, P )

”

χβ(P )P
2
dP = Eχβ′ (P

′
)

with

V
eff

β′β (P
′
, P ) =

X

α

hβ′α(P ′)hαβ(P )

E −Mα

qq̄
A

B

A′

B′

The cc̄ amplitudes are given by,

cα =
1

E −Mα

X

β

Z

hαβ(P )χβ(P )P
2
dP
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The X(3872)

3S1 and 3D1 DD
∗ partial waves included.

Coupling to 1++ ground and first excited cc̄ states with bare masses within the model:

cc̄(13P1) → M = 3503,9 MeV cc̄(23P1) → M = 3947,4 MeV and

Isospin breaking MD± +MD∗± 6= MD0 +MD∗0

Parameter free calculation.

M (MeV ) cc̄(13P1) cc̄(23P1) D0D∗0 D±D∗∓ Assignment

3937 0 % 79 % 7 % 14 %

3863 1 % 30 % 46 % 23 % → X(3872)

3467 95 % 0 % 2,5 % 2,5 %

Isospin probabilities: PI=0 = 66 %, PI=1 = 3 %, Pcc̄ = 30 %.

Fine tune 3P0 γ strength parameter to Ebind. PI=0 ∼ 70 %, PI=1 ∼ 23 %, Pcc̄ ∼ 7 %

P.G. Ortega, J. Segovia, DRE, F. Fernández, Phys. Rev. D 81 (2010)

P.G. Ortega, DRE, F. Fernández, J. Phys. G 40 (2013)

M. Takizawa, S. Takeuchi, PTEP 9 (2013) at hadron level
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The BM system

Quark interactions → Cluster interaction.

For the ND∗ system only direct RGM Potential:

RGMVD(~P ′, ~Pi) =
P

i∈N,j∈D∗
R

d~pξ′
N
d~pξ′

D∗ d~pξN d~pξD∗

φ∗
N (~pξ′

N
)φ∗
D∗(~pξ′

D∗ )Vij(~P
′, ~Pi)φN (~pξN )φD∗(~pξD∗ )

φC(~pC) is the wave function for cluster C solution of Schrödinger’s

equation using Gaussian Expansion Method.
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The BM system

Quark interactions → Cluster interaction.

For the ND∗ system only direct RGM Potential:

RGMVD(~P ′, ~Pi) =
P

i∈N,j∈D∗
R

d~pξ′
N
d~pξ′

D∗ d~pξN d~pξD∗

φ∗
N (~pξ′

N
)φ∗
D∗(~pξ′

D∗ )Vij(~P
′, ~Pi)φN (~pξN )φD∗(~pξD∗ )

φC(~pC) is the wave function for cluster C solution of Schrödinger’s

equation using Gaussian Expansion Method.

Rearrangement processes (like ND∗
→ Σcπ)
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Charm sector JP = 3/2−

BaBar

M = 2939,8 ± 1,3 ± 1,0MeV/c
2

Γ = 17,5 ± 5,2 ± 5,9MeV/c
2

Belle

M = 2938,0 ± 1,3
+2,0
−4,0MeV/c

2

Γ = 13
+8
−5

+27
−7 MeV/c

2

M (MeV ) P4S3/2 P2D3/2 P4D3/2 PD∗0p PD∗+n PI=0 PI=1

2938.8 96.22 0.86 2.92 63.93 36.07 97.52 2.48

Decay channel Width (MeV ) decay channel Width (keV )

Λ+
c → D0p 9.42 Λ+

c → Σ++
c π− 29.7

Λ+
c → D+n 10.74 Λ+

c → Σ+
c π

0 25.2

Λ+
c → Σ0

cπ
+ 21.1

Γ(total) 20.2

P.G. Ortega, D.R.E., F. Fernández, PLB 718, 1381 (2013)
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Bottom sector JP = 3/2−

M (MeV ) P4S3/2 P2D3/2 P4D3/2 PB∗−p PB̄∗0n PI=0 PI=1

6248.3 95.15 1.08 3.77 52.56 47.44 99.91 0.09

Decay channel Width (MeV ) Decay channel Width (keV )

Λb → B−p 3.69 Λb → Σ+
b π

− 40.9

Λb → B̄0n 3.75 Λb → Σ0
bπ

0 39.5

Λb → Σ−
b π

+ 38.1

Γ(total) 7.56
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ND(∗) and NB̄(∗) states

JP Isospin Molecule Mass(MeV ) Eb(MeV ) Pmax(Channel)

1
2
− 0 DN 2805 −1,70 98,08(2S1/2)

1
2
− 1 D∗N 2948 −0,48 99,93(2S1/2)

3
2
− 0 D∗N 2939 −8,02 96,05(4S3/2)

1
2
− 0 B̄N 6206 −12,09 87,61(2S1/2)

1
2
− 1 B̄N 6218 −0,36 99,05(2S1/2)

1
2
− 1 B̄∗N 6261 −3,43 99,86(2S1/2)

3
2
− 0 B̄∗N 6248 −15,15 95,07(4S3/2)
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∆D(∗) and ∆B̄(∗) states

JP Isospin Molecule Mass(MeV ) Eb(MeV ) Pmax(Channel)

1
2
− 2 D∗∆ 3233 −6,47 99,71(2S1/2)

3
2
− 1 D∆ 3097 −0,88 99,13(4S3/2)

3
2
− 2 D∗∆ 3238 −0,98 99,69(2S1/2)

5
2
− 1 D∗∆ 3226 −13,12 97,25(6S5/2)

1
2
− 2 B̄∗∆ 6541 −14,21 99,69(2S1/2)

3
2
− 1 B̄∆ 6499 −10,72 88,14(4S3/2)

3
2
− 2 B̄∆ 6506 −3,67 94,72(4S3/2)

3
2
− 1 B̄∗∆ 6555 −0,39 97,10(4S3/2)

3
2
− 2 B̄∗∆ 6550 −4,85 99,48(4S3/2)

5
2
− 1 B̄∗∆ 6532 −23,16 96,76(6S5/2)

Three possible candidates for the Xc(3250)
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Decays of ∆D(∗) and ∆B̄(∗) states

JP I ΓD∆ ΓΣcρ ΓΣcππ ΓD∗N ΓDN ΓDπ∆ ΓD∗Nπ ΓDNπ

1
2
− 2 D∗∆ 0,005 0,018 2,60 0 0 0 111 0

3
2
− 1 D∆ 0 0 0 1,31 0,001 0 0,049 113

3
2
− 2 D∗∆ 6,18 0,007 0 0 0 0,038 114 0

5
2
− 1 D∗∆ 0,003 0 0 1,23 0,64 0 108 0

Xc(3250) → (D∗N)π → (Σcπ)π

JP I ΓB̄∆ ΓΣbη ΓB̄∗N ΓB̄N ΓB̄π∆ ΓB̄∗Nπ ΓB̄Nπ

1
2
− 2 B̄∗∆ 0,002 0 0 0 0 111 0

3
2
− 1 B̄∆ 0 0,02 3,91 0,02 0 10 98

3
2
− 2 B̄∆ 0 0 0 0 0 5 108

3
2
− 1 B̄∗∆ 12,5 0,12 0,224 0,019 0,076 115 0

3
2
− 2 B̄∗∆ 19,9 0 0 0 0 114 0

5
2
− 1 B̄∗∆ 0,001 0,18 0 0,90 0 108 0

P.G. Ortega, D.R.E., F. Fernández, PLB 729, 24 (2014)
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Summary

We have used a chiral constituent quark model to study possible hadron-hadron molecules.

In the BB sector the model describes the deuteron as a NN bound state and there is candidate for the

resonance found by WASA as a ∆∆ state.

The model describes the X(3872) as a DD∗ resonance state coupled to cc̄ states.

In the ND∗ sector we found a bound state with JP 3/2− which can be identified with the Λc(2940)+

state.

There is an analog NB̄∗ state with the same quantum numbers which could be a possible Λb(6248).

We find several bound states in the ND(∗) (NB̄(∗)) and ∆D(∗) (∆B̄(∗)) sectors.

No ND∗
0 (2400) molecule found in 1/2+, 1/2− and 3/2−

I = 2 JP = 1/2− candidate for the Xc(3250) as ∆D∗ molecules

Negative parity against positive parity for ND∗
0 hypothesis

I=2 candidate against I = 1 for ND∗
0 hypothesis

Bottom partner with M ∼ 6,5 GeV/c2 against M ∼ 6,6 GeV/c2

Main decay channel Xc → D∗Nπ against Xc → DNπ
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