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Constituent 
Quark Model 

(CQM)

ρ- and λ-mode excitations of a single-heavy baryon 
λ mode: excitations between the Q and the ldof
ρ mode.: excitations in the inner structure of the ldof

Λ strange 
hyperons

Λ𝑄𝑄=𝑐𝑐,𝑏𝑏 charm and 
bottom hyperons



𝜦𝜦𝒃𝒃[ 𝑱𝑱𝑷𝑷 =
𝟏𝟏
𝟐𝟐

−
] 𝜦𝜦𝒄𝒄[ 𝑱𝑱𝑷𝑷=

𝟏𝟏
𝟐𝟐

−
] 𝚲𝚲[ 𝑱𝑱𝑷𝑷=

𝟏𝟏
𝟐𝟐

−
] 𝜦𝜦𝒃𝒃[ 𝑱𝑱𝑷𝑷=

𝟑𝟑
𝟐𝟐

−
] 𝜦𝜦𝒄𝒄[ 𝑱𝑱𝑷𝑷 =

𝟑𝟑
𝟐𝟐

−
] 𝚲𝚲[ 𝑱𝑱𝑷𝑷=

𝟑𝟑
𝟐𝟐

−
]

chiral symmetry

CQM(𝝀𝝀,𝝆𝝆): T. Yoshida, E. Hiyama, A. Hosaka, M. Oka, and K. 
Sadato, PRD92 (2015) 114029 

HQFS+chiral
symmetry+CQM

HQFS+chiral
symmetry+CQM + HQSS



Chiral symmetry                EFT: Chiral perturbation theory
effective field theory constructed with a Lagrangian consistent with the (approximate) chiral
symmetry of quantum chromodynamics (QCD), as well as the other symmetries of parity and
charge conjugation. ChPT is a theory which allows one to study the low-energy dynamics of
QCD: take explicitly into account the relevant degrees of freedom, i.e. those states with m <<
Λ, while the heavier excitations with M >> Λ are integrated out from the action. One gets in
this way a string of non-renormalizable interactions among the light states, which can be
organized as an expansion in powers of energy/𝜦𝜦. The information on the heavier degrees
of freedom is then contained in the couplings of the resulting low-energy Lagrangian.
Although EFTs contain an infinite number of terms, renormalizability is not an issue since, at a
given order in the energy expansion, the low-energy theory is specified by a finite number of
couplings; this allows for an order-by-order renormalization.

Goldstone boson (𝐾𝐾,𝜋𝜋, 𝜂𝜂, �𝐾𝐾) interactions with other hadrons could be
described using a perturbartive chiral [𝑆𝑆𝑆𝑆(3)𝐿𝐿 × 𝑆𝑆𝑆𝑆(3)𝑅𝑅] EFT: ChPT



Heavy quark spin-flavor symmetry 

= +
Q = b, c

light degrees 
of freedom 

𝐽𝐽 = 𝑆𝑆𝑄𝑄 + 𝚥𝚥𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

The light degrees of freedom in the hadron orbit around the heavy quark, which acts as a source of
color moving with the hadrons’s velocity. On average, this is also the velocity of the “brown muck”.

𝑺𝑺𝑺𝑺 𝟐𝟐𝑵𝑵𝒉𝒉 symmetry 
in the 𝒎𝒎𝑸𝑸 → ∞ limit

Q 
light degrees 
of freedom 

𝒋𝒋𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝟐𝟐 is conserved! 
HQSS

Heavy quark 
flavor 
symmetry
HQFS



HQSS predicts that all types of spin interactions vanish for infinitely massive
quarks: the dynamics is unchanged under arbitrary transformations in the spin
of the heavy quark Q. The spin-dependent interactions are proportional to the
chromomagnetic moment of the heavy quark, hence are of the order of 1/𝑚𝑚𝑄𝑄.

The total angular momentum 𝚥𝚥𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 of the brown muck, which is the subsystem of the hadron apart
from the heavy quark, is conserved and hadrons with 𝐽𝐽 = 𝑗𝑗𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ± 1/2 form a degenerate doublet. For 

instance, 𝑚𝑚�𝐵𝐵∗ 𝐽𝐽𝑃𝑃 = 1− − 𝑚𝑚�𝐵𝐵 𝐽𝐽𝑃𝑃 = 0− = 45.22 ± 0.21 MeV ~ Λ𝑄𝑄𝑄𝑄𝑄𝑄, 𝑚𝑚𝑑𝑑,𝑚𝑚𝑢𝑢 doublet for 𝑗𝑗𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃 = 1/2−
𝑆𝑆𝑄𝑄

HQFS predicts that, besides de mass of the heavy quark, the single-heavy hadron
mass is independent of the flavor of the heavy quark Q. The flavor-dependent
interactions are proportional to 1/𝑚𝑚𝑄𝑄, 𝑴𝑴𝑯𝑯/𝒎𝒎𝑸𝑸~(𝟏𝟏 + 𝑶𝑶(𝚲𝚲𝑸𝑸𝑸𝑸𝑸𝑸)

𝑴𝑴𝑸𝑸
)

[𝑚𝑚�𝐵𝐵∗ 𝐽𝐽𝑃𝑃 = 1− − 𝑚𝑚�𝐵𝐵 𝐽𝐽𝑃𝑃 = 0− ] ~[𝑚𝑚𝐷𝐷∗ 𝐽𝐽𝑃𝑃 = 1− − 𝑚𝑚𝐷𝐷 𝐽𝐽𝑃𝑃 = 0− ] ~ Λ𝑄𝑄𝑄𝑄𝑄𝑄, 𝑚𝑚𝑑𝑑 ,𝑚𝑚𝑢𝑢

HQSFS 𝑺𝑺𝑺𝑺 𝟐𝟐𝑵𝑵𝒉𝒉 approximate  symmetry seen in the hadron spectrum 



For instance, for heavy 
mesons: super-field 
including the 
𝒋𝒋𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝑷𝑷 = 𝟏𝟏/𝟐𝟐− doublet

Goldstone bosons

hadron velocity

𝟏𝟏− 𝟎𝟎−

consistent with the 
1/𝒎𝒎𝑸𝑸 expansion: HMChPT



Odd parity charm and bottom 
Λ𝑄𝑄baryons: general remarks



HQSFS: ground states 

= +
Q = b, c

light degrees 
of freedom 

𝐽𝐽 = 𝑆𝑆𝑄𝑄 + 𝚥𝚥𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

The light degrees of freedom in the hadron orbit around the heavy quark, which acts as a source of
color moving with the hadrons’s velocity. On average, this is also the velocity of the “brown muck”.

𝑺𝑺𝑺𝑺 𝟐𝟐𝑵𝑵𝒉𝒉 symmetry 
in the 𝒎𝒎𝑸𝑸 → ∞ limit

Q 
light degrees 
of freedom 

𝒋𝒋𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝟐𝟐 is conserved! 
HQSS

1/2+

𝑆𝑆𝑄𝑄
𝑃𝑃

⊗ �1+
𝑗𝑗𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑃𝑃

= 1/2+
Σ𝑐𝑐 2455

, 3/2+
Σ𝑐𝑐∗ (2520)

1/2+

𝑆𝑆𝑄𝑄
𝑃𝑃

⊗ �0+
𝑗𝑗𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑃𝑃

= 1/2+
Λ𝑐𝑐(2286)

HQSS doublet

𝓵𝓵𝝀𝝀 = 𝓵𝓵𝝆𝝆 = 𝟎𝟎, S=1, I=1 (sym)

𝓵𝓵𝝀𝝀 = 𝓵𝓵𝝆𝝆 = 𝟎𝟎, S=0, I=0 (sym)
𝓵𝓵𝝀𝝀

𝓵𝓵𝝆𝝆



HQSFS: odd parity excited states  

= +
Q = b, c

light degrees 
of freedom 

𝐽𝐽 = 𝑆𝑆𝑄𝑄 + 𝚥𝚥𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

The light degrees of freedom in the hadron orbit around the heavy quark, which acts as a source of
color moving with the hadrons’s velocity. On average, this is also the velocity of the “brown muck”.

𝑺𝑺𝑺𝑺 𝟐𝟐𝑵𝑵𝒉𝒉 symmetry 
in the 𝒎𝒎𝑸𝑸 → ∞ limit

Q 
light degrees 
of freedom 

𝒋𝒋𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝟐𝟐 is conserved! 
HQSS

1/2+

𝑆𝑆𝑄𝑄
𝑃𝑃

⊗ �1−
𝑗𝑗𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑃𝑃

= 1/2−
Λ𝑐𝑐 2595

, 3/2−
Λ𝑐𝑐(2625)

1/2+

𝑆𝑆𝑄𝑄
𝑃𝑃

⊗ 0−, 1−, 2−
𝑗𝑗𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑃𝑃

= 1/2−, …
Λ𝑐𝑐∗

CQM states

𝓵𝓵𝝀𝝀 = 𝟏𝟏,𝓵𝓵𝝆𝝆 = 𝟎𝟎, S=0, I=0 (sym)

𝓵𝓵𝝀𝝀 = 𝟎𝟎,𝓵𝓵𝝆𝝆 = 𝟏𝟏, S=1, I=0 (sym)

𝓵𝓵𝝀𝝀

𝓵𝓵𝝆𝝆

𝝀𝝀 −mode excitations 𝝆𝝆 −mode excitations

CQM: T. Yoshida, E. Hiyama, A. Hosaka, 
M. Oka, and K. Sadato, PRD92 (2015) 
114029 



HQSFS: odd parity excited states  chiral molecules 

Σ𝑐𝑐
(∗)𝜋𝜋

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙: 1+⊗ 0−=1−
⇒ 𝐽𝐽𝑃𝑃 = 1/2−, 3/2−

NLO SU(3) ChPT: J.-X. Lu, Y. Zhou, H.-X. Chen, J.-J. Xie, and L.-S. Geng, PRD92 (2015) 014036

obtains the Λ𝑐𝑐 2625 [ 𝐽𝐽𝑃𝑃= 3
2

−
] using a moderately large UV cutoff ~ 2.1 GeV   

existence of some relevant degrees of 
freedom (CQM states and/or 𝑁𝑁𝐷𝐷(∗)

components) that are not properly 
accounted for ?

F.-K. Guo, U.-G. Meissner, and B.-S. Zou, Commun. Theor. Phys. 65 (2016) 593
M. Albaladejo, JN, E. Oset, Z.-F. Sun, and X. Liu, PLB757 (2016) 515 

CQM degrees of freedom
Analogy Λ 1520 ,𝜦𝜦 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏
Σ(∗) ↔ Σ𝑐𝑐

(∗), �𝐾𝐾(∗) ↔ 𝐷𝐷(∗)

L. Tolos, J. Schaner-Bielich, and A. Mishra, 
PRC70 (2004) 025203 ; J. Hofmann and M. Lutz, 
NPA763 (2005) 90; 766 (2006) 7 ; T. Mizutani
and A. Ramos, PRC74 (2006) 065201



HQSFS: odd parity excited states  hadron molecules 

Σ𝑐𝑐
(∗)𝜋𝜋

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙: 1+⊗ 0−=1−
⇒ 𝐽𝐽𝑃𝑃 = 1/2−, 3/2−

𝑁𝑁𝐷𝐷(∗)

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙: 1/2+⊗ 1/2− =0−,1−
⇒ 𝐽𝐽𝑃𝑃 = 1/2−, 3/2−

new configuration !

key issue:   𝑵𝑵𝑫𝑫(∗) ⟶𝑵𝑵𝑫𝑫(∗), 𝜮𝜮𝒄𝒄
(∗)𝝅𝝅 coupled-channels interaction consistent with 

HQSS and its breaking pattern. In addition renormalization of BSE amplitudes &  
short distance (UV) physics  

𝜮𝜮𝒄𝒄 and 𝜮𝜮𝒄𝒄∗ or 𝑫𝑫 and 𝑫𝑫∗ are related by a charm quark spin rotation, which commutes
with 𝑯𝑯𝑸𝑸𝑸𝑸𝑸𝑸, up to 𝜦𝜦𝑸𝑸𝑸𝑸𝑸𝑸/𝒎𝒎𝒄𝒄 corrections.

�ℓ
but….



𝜦𝜦𝒃𝒃[ 𝑱𝑱𝑷𝑷 =
𝟏𝟏
𝟐𝟐

−
] 𝜦𝜦𝒄𝒄[ 𝑱𝑱𝑷𝑷=

𝟏𝟏
𝟐𝟐

−
] 𝚲𝚲[ 𝑱𝑱𝑷𝑷=

𝟏𝟏
𝟐𝟐

−
] 𝜦𝜦𝒃𝒃[ 𝑱𝑱𝑷𝑷=

𝟑𝟑
𝟐𝟐

−
] 𝜦𝜦𝒄𝒄[ 𝑱𝑱𝑷𝑷 =

𝟑𝟑
𝟐𝟐

−
] 𝚲𝚲[ 𝑱𝑱𝑷𝑷=

𝟑𝟑
𝟐𝟐

−
]

CQM(𝝀𝝀,𝝆𝝆): T. Yoshida, E. Hiyama, A. Hosaka, M. Oka, and K. 
Sadato, PRD92 (2015) 114029 

HQFS+chiral
symmetry+CQM

HQFS+chiral
symmetry+CQM + HQSS

250-400 MeV 
energy gap

CQM dofs should 
be important



Odd parity charm and bottom Λ𝑄𝑄baryons: 
interplay between CQM and chiral Σ𝑄𝑄

(∗)𝜋𝜋
degrees of freedom



𝑠𝑠𝑖𝑖+ = (𝑀𝑀𝑖𝑖 + 𝑚𝑚𝑖𝑖)2

subtraction at a common scale 𝝁𝝁~ 𝒎𝒎𝝅𝝅
𝟐𝟐 + 𝑴𝑴𝚺𝚺𝒄𝒄

𝟐𝟐 :

common UV cutoff 
𝚲𝚲~𝟎𝟎.𝟓𝟓 − 𝟏𝟏 GeV

finite UV divergent different UV cutoffs for each 
meson-baryon channel

J. Hofmann and M. Lutz, NPA763 (2005) 90

𝑉𝑉𝜒𝜒
𝐽𝐽=1/2~ 𝑉𝑉𝜒𝜒

𝐽𝐽=3/2~ − 4
𝑠𝑠 −𝑀𝑀
2𝑓𝑓2

𝑽𝑽𝑱𝑱 = 𝑽𝑽𝝌𝝌
𝑱𝑱 + 𝑽𝑽𝒆𝒆𝒆𝒆

𝑱𝑱

renormalization scheme 
consistent with HQS J.-X. Lu et al., PRD92 (2015) 014036



… coupling chiral 
𝜮𝜮𝑸𝑸

(∗)𝝅𝝅 and 𝝀𝝀 −mode 
CQM degrees of 
freedom, taking into 
account HQSS 
constraints…

𝜮𝜮𝑸𝑸
(∗)𝝅𝝅 ⟶ 𝜮𝜮𝑸𝑸

(∗)𝝅𝝅

WT chiral interaction

dressed CQM

bare CQM

UHMChpT
interaction

𝜮𝜮𝑸𝑸
(∗)

𝜮𝜮𝑸𝑸
(∗)

𝜋𝜋𝜋𝜋

UHMChpT
interaction



𝝅𝝅

CQM: 𝑸𝑸�𝑸𝑸
(lowest 

𝝀𝝀 −excitation)

𝜮𝜮𝒄𝒄,𝒃𝒃
(∗)

𝝅𝝅

𝜮𝜮𝒄𝒄,𝒃𝒃
(∗)

𝑉𝑉𝑒𝑒𝑒𝑒
𝐽𝐽=1/2 ~ 𝑉𝑉𝑒𝑒𝑒𝑒

𝐽𝐽=3/2 = 2𝑀𝑀CQM
𝑑𝑑𝑄𝑄2

𝑠𝑠 −𝑀𝑀CQM
2

LEC 𝒅𝒅𝑸𝑸𝟐𝟐 (up to 𝚲𝚲𝐐𝐐𝐐𝐐𝐐𝐐/𝒎𝒎𝑸𝑸
corrections):

• HQSS: independent of  
heavy quark spin (J=1/2 
or J=3/2) 

• HQFS: independent of 
heavy quark flavor 
(bottom or charm)

1/2+

𝑆𝑆𝑄𝑄
𝑃𝑃

⊗ �1−
𝑗𝑗𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑃𝑃

= 1/2−
Λ𝑏𝑏 5912
Λ𝑐𝑐 2595

, 3/2−
Λ𝑏𝑏(5920)
Λ𝑐𝑐 2625

(ℓ𝜆𝜆 = 1, ℓ𝜌𝜌 = 0)

CQM: T. Yoshida, E. Hiyama, A. Hosaka, M. Oka, and K. Sadato, 
PRD92 (2015) 114029 



we determine |𝑑𝑑𝑄𝑄| for 
different UV cutoffs Λ from 
the pole position of the  
Λ𝑏𝑏 5912 [𝐽𝐽𝑃𝑃 = ⁄1 2

−] and 
Λ𝑏𝑏 5920 [𝐽𝐽𝑃𝑃 = ⁄3 2

−]

Λ(GeV)

|𝑑𝑑
𝑄𝑄

|

Log[𝜒𝜒2( 𝑑𝑑𝑄𝑄 ,Λ)]



𝑔𝑔
Σ𝑏𝑏 𝜋𝜋
2

𝑔𝑔Σ𝑏𝑏∗𝜋𝜋
2

𝑑𝑑𝑄𝑄

~ − 0.1

~ 0.15 − 0.35
Λ𝑏𝑏(5912) and Λ𝑏𝑏(5920) are:

• largely CQM states
• HQSS partners 

molecular probability 

D. Gamermann, J.N., E. 
Oset, and E. Ruiz Arriola, 
PRD81 (2010) 014029 



neglecting the interaction driven by the 
CQM bare state  

[fm] FRS 𝐺𝐺
Σ𝑏𝑏
∗ 𝜋𝜋

−1 ( 𝑠𝑠 = 𝑀𝑀Λ𝑏𝑏
∗ ,Λ) inverse of  the 

loop function at the resonance mass

𝑽𝑽𝝌𝝌
𝑱𝑱 ( 𝑠𝑠 = 𝑀𝑀Λ𝑏𝑏

∗ ) chiral interaction

𝑽𝑽𝝌𝝌
𝑱𝑱 ( 𝑠𝑠 = 𝑀𝑀Λ𝑏𝑏

∗ )+
2𝑀𝑀CQM

𝑀𝑀Λ𝑏𝑏
∗2 −𝑀𝑀CQM

2

CQM exchange potential for 𝒅𝒅𝑸𝑸 = 𝟏𝟏

intersection: bound states 

Λ(GeV)

consistent  with NLO SU(3) ChPT: J.-X. Lu et al., PRD92 (2015) 

014036 (large UV cutoff ~ 𝟐𝟐. GeV)



small 3-body decay widths (tens of keV)



𝑑𝑑𝑄𝑄 = 0𝑑𝑑𝑄𝑄 = 1.79

𝑑𝑑𝑄𝑄 = 0.75

𝑑𝑑𝑄𝑄 = 1.06

𝑑𝑑𝑄𝑄 = 0.55
Λ𝑏𝑏 6070

M=6072 ± 3 MeV
Γ = 72 ± 12 MeV

poles in the SRS

𝜦𝜦𝒃𝒃 𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔



• LHCb reported a broad excess of events in the Λ𝑏𝑏𝜋𝜋+𝜋𝜋−
spectrum in region of 6040 - 6100 MeV.

• The spin and parity quantum-numbers of the Λ𝑏𝑏 6070
were not established by LHCb. 

• In the RPP, it is assumed to be the  radial excitation 
Λ𝑏𝑏 2𝑆𝑆 , which would have  𝐽𝐽𝑃𝑃 = ⁄1 2

+

• We naturally  find for UV cutoffs around 500 MeV  two 
resonances (𝐽𝐽𝑃𝑃 = ⁄1 2

− and 𝐽𝐽𝑃𝑃 = ⁄3 2
−) which 

should be observed in  the Λ𝑏𝑏𝜋𝜋+𝜋𝜋− in the region of 
6050 MeV

CQM(𝝀𝝀,𝝆𝝆): T. 
Yoshida, E. Hiyama, 
A. Hosaka, M. Oka, 

and K. Sadato, 
PRD92 (2015) 

114029 

𝜦𝜦𝒃𝒃 𝟏𝟏𝟏𝟏

𝜦𝜦𝒃𝒃 𝟐𝟐𝟐𝟐
Λ𝑏𝑏 6070 the vertical range shows masses ± widths of our

predicted resonances. The horizontal range does
not have any meaning since the resonances have
⁄1 2

− and ⁄3 2
− spin-parities

LHCb+CMS



• LHCb reported a broad excess of events in the Λ𝑏𝑏𝜋𝜋+𝜋𝜋− spectrum in region of 6040 - 6100 MeV.
• The spin and parity quantum-numbers of the Λ𝑏𝑏 6070 were not established by LHCb. 
• In the RPP, it is assumed to be the  radial excitation Λ𝑏𝑏 2𝑆𝑆 , which would have  𝐽𝐽𝑃𝑃 = ⁄1 2

+

• We naturally  find for UV cutoffs around 500 MeV  two resonances (𝐽𝐽𝑃𝑃 = ⁄1 2
− and 𝐽𝐽𝑃𝑃 = ⁄3 2

−)
which should be observed in  the Λ𝑏𝑏𝜋𝜋+𝜋𝜋− in the region of 6050 MeV

• Hence, we can fix the UV cutoffs and the strength 𝑑𝑑𝑄𝑄 of the coupling of the Σ𝑐𝑐
(∗)𝜋𝜋 pair to the CQM

lowest-lying 𝜆𝜆 −mode excitation, which are now fully determined by the pole position of the
Λ𝑏𝑏 5912 and Λ𝑏𝑏 5920 resonances

• Now using Heavy Quark Flavor Symmetry we can make predictions in the charm sector
Log[𝜒𝜒2( 𝑑𝑑𝑄𝑄 ,Λ)]

|𝑑𝑑
𝑄𝑄

|

Λ(GeV)

favored natural size UV cutoffs
𝜦𝜦 ∽ 𝟔𝟔𝟔𝟔𝟔𝟔 − 𝟒𝟒𝟒𝟒𝟒𝟒 MeV
and 𝒅𝒅𝑸𝑸(𝜦𝜦) ∼ 1-1.8



charm sector

𝑴𝑴𝜮𝜮𝒄𝒄∗ + 𝒎𝒎𝝅𝝅

𝑴𝑴𝜦𝜦𝒄𝒄(𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐)
∗ 𝑴𝑴𝜦𝜦𝒄𝒄(𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐)

∗

𝑴𝑴𝜦𝜦𝒄𝒄(𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐)
∗ 𝑴𝑴𝜦𝜦𝒄𝒄(𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐)

∗

𝑴𝑴𝜮𝜮𝒄𝒄∗ + 𝒎𝒎𝝅𝝅

𝑴𝑴𝜮𝜮𝒄𝒄
+ 𝒎𝒎𝝅𝝅

𝑴𝑴𝜮𝜮𝒄𝒄
+ 𝒎𝒎𝝅𝝅

prediction 𝑱𝑱𝑷𝑷 = ⁄𝟑𝟑 𝟐𝟐
− mass

prediction 𝑱𝑱𝑷𝑷 = ⁄𝟏𝟏 𝟐𝟐
− mass

Λ = 400 MeV Λ = 650 MeV

𝑑𝑑𝑄𝑄 𝑑𝑑𝑄𝑄

For each UV cutoff, the grey band shows the range of values for 𝒅𝒅𝑸𝑸
obtained in the bottom sector, enhanced by HQFS breaking corrections 

HQFS uncertainty bands HQFS uncertainty bands



Reasonable simultaneous description of the Λ𝑐𝑐(2595) and Λ𝑐𝑐(2625) resonances
considering chiral Σ𝑐𝑐

(∗)𝜋𝜋 pairs and their coupling to lowest-lying 𝝀𝝀−mode CQM states fixed in
the bottom sector from Λ𝑏𝑏(5912) , Λ𝑏𝑏 5920 and Λ𝑏𝑏(6070)

(𝑀𝑀
−
𝑀𝑀
Λ
𝑄𝑄

)[
M

eV
] 0.22 – 0.37                           > 0.6 – 0.7                                                                 0.17 – 0.34   0.15  – 0.29 

molecular probability 

𝜦𝜦𝒄𝒄(𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐) 𝜦𝜦𝒄𝒄(𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐)
Λ𝑏𝑏(5912) Λ𝑏𝑏(5920)

 The Λ𝑐𝑐(2595) and the Λ𝐶𝐶(2625) might not be HQSS partners  (𝜦𝜦𝒄𝒄∗ −puzzle)
 The 𝐽𝐽𝑃𝑃 = 3/2− resonance should be viewed mostly as a quark-model state 

naturally predicted to lie very close to its nominal mass
 The Λ𝑐𝑐(2595) is predicted to have a predominant chiral Σ𝑐𝑐𝜋𝜋 molecular 

structure, which threshold is located much more closer than the mass of the 
bare three-quark state

𝑱𝑱𝑷𝑷 =
𝟏𝟏
𝟐𝟐

−
𝑱𝑱𝑷𝑷 =

𝟑𝟑
𝟐𝟐

−

diverges at 
threshold!

𝒈𝒈𝜦𝜦𝒄𝒄(𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐)𝜮𝜮𝒄𝒄𝝅𝝅
𝟐𝟐 = 𝟏𝟏.𝟑𝟑𝟑𝟑 ± 𝟎𝟎.𝟑𝟑𝟑𝟑



Three body Λ𝑐𝑐𝜋𝜋𝜋𝜋 decay width and the 𝑔𝑔Λ𝑐𝑐∗Σ𝑐𝑐(∗)𝜋𝜋 coupling 

In the charm sector, these resonant
contributions to the Λ𝑐𝑐𝜋𝜋𝜋𝜋 three-
body decay channel are much larger
than in the bottom sector because the
intermediate 𝜮𝜮𝒄𝒄 and 𝜮𝜮𝒄𝒄∗ states are
closer to be on the mass shell,
especially for the Λ𝑐𝑐(2595)

𝜞𝜞[𝜦𝜦𝒄𝒄 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 = 𝟐𝟐.𝟔𝟔 ± 𝟎𝟎.𝟔𝟔 MeV

𝒈𝒈𝜦𝜦𝒄𝒄(𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐)𝜮𝜮𝒄𝒄𝝅𝝅
𝟐𝟐 = 𝟏𝟏.𝟑𝟑𝟑𝟑 ± 𝟎𝟎.𝟑𝟑𝟑𝟑



𝑑𝑑𝑄𝑄 = 1.06 & Λ = 0.65 GeV𝑑𝑑𝑄𝑄 = 1.79 & Λ = 0.4 GeV

𝑑𝑑𝑄𝑄 = 0
FRS & SRS 
𝑇𝑇Σ𝑐𝑐𝜋𝜋( 𝑠𝑠 = 𝑥𝑥 + 𝑖𝑖𝑖𝑖)

𝜦𝜦𝒄𝒄 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐

𝜦𝜦𝒄𝒄 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐

Λ𝑐𝑐 2765 or Σ𝑐𝑐 2765
or 

M=2766 ± 3 MeV
Γ ≃ 50 MeV

if 𝑑𝑑𝑄𝑄 = 0, the second 
resonance is not 
generated  



poles in the SRS

• The CLEO collaboration investigated the spectrum of charmed baryons which decay into
Λ𝑐𝑐𝜋𝜋+𝜋𝜋− spectrum and found a evidence of a broad state (Γ ≈ 50 MeV) which would have an
invariant mass roughly 480 MeV above that of the Λ𝑐𝑐 ground state baryon

• This is collected in the RPP as the 𝛬𝛬𝑐𝑐 2765 or 𝛴𝛴𝑐𝑐 2765 and it is explicitly stated that
nothing at all is known about its quantum numbers, including whether it is a 𝛬𝛬𝑐𝑐, or a 𝛴𝛴𝑐𝑐, or
whether the width might be due to overlapping states

• For UV cutoffs in the range 400-650 MeV, we obtain broad resonances around 2675-2755
MeV in both the 𝐽𝐽𝑃𝑃 = ⁄1 2

− and 𝐽𝐽𝑃𝑃 = ⁄3 2
− sectors, which will provide a natural

explanation for the excess of events in the Λ𝑐𝑐𝜋𝜋+𝜋𝜋−spectrum reported by CLEO.
• These resonances will be heavy quark flavor siblings of those related to the Λ𝑏𝑏(6070) in the

bottom sector.



poles in the SRS

𝜦𝜦𝒄𝒄 𝟐𝟐𝟐𝟐
𝚺𝚺𝒄𝒄 𝟐𝟐𝟐𝟐

Λ𝑐𝑐 2765 or Σ𝑐𝑐 2765
or 

M=2766 ± 3 MeV
Γ ≃ 50 MeV

the vertical range shows masses ± widths of our
predicted resonances. The horizontal range does
not have any meaning since the resonances have
⁄1 2

− and ⁄3 2
− spin-parities

CLEO

CQM(𝝀𝝀,𝝆𝝆): T. 
Yoshida, E. Hiyama, 
A. Hosaka, M. Oka, 

and K. Sadato, 
PRD92 (2015) 
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𝜦𝜦𝒄𝒄 𝟏𝟏𝟏𝟏
𝚺𝚺𝒄𝒄 𝟏𝟏𝟏𝟏

𝚺𝚺𝒄𝒄∗ 𝟏𝟏𝟏𝟏



CONCLUSIONS 
• Unitarized chiral 𝜮𝜮𝑸𝑸

(∗)𝝅𝝅 + CQM exchange interaction: heavy quark symmetry consistent
description of lowest lying S-wave bottom and charm resonances: Λ𝑏𝑏(5912) ,
Λ𝑏𝑏 5920 ,Λ𝑐𝑐(2595) and Λ𝑐𝑐 2625

 The Λ𝑏𝑏(5912) and the Λ𝑏𝑏(5920) are HQSS partners and largely CQM states
 The Λ𝑐𝑐(2595) and the Λ𝐶𝐶(2625) might not be HQSS partners (𝜦𝜦𝒄𝒄∗ −puzzle)

o The 𝐽𝐽𝑃𝑃 = 3/2− resonance should be viewed mostly as a quark-model state naturally
predicted to lie very close to its nominal mass

o The Λ𝑐𝑐(2595) is predicted to have a predominant chiral Σ𝑐𝑐𝜋𝜋 molecular structure, 
which threshold is located much more closer than the mass of the bare three-quark 
state

 At higher energies, we find  heavy quark flavor sibling resonances (bottom and charm 
sectors) with spin-parities  𝐽𝐽𝑃𝑃 = ⁄1 2

− and ⁄3 2
− which would contribute to the  broad 

excesses of events in the Λ𝑏𝑏,𝑐𝑐𝜋𝜋+𝜋𝜋− spectra associated  to the 𝜦𝜦𝒃𝒃(𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔) and 𝜦𝜦𝒄𝒄 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐
resonances. 



Final remark: dynamics of the Λ𝑐𝑐(2595) and the Λ𝑐𝑐(2625) is complicated
o 𝜦𝜦𝒄𝒄∗ −puzzle and HQSS
o role played by the CQM degrees of freedom
o role played by the chiral 𝚺𝚺𝒄𝒄

(∗)𝝅𝝅 thresholds 

… LQCD seems to 
support our findings!

Thanks to all my collaborators!



Back up



and  Lattice QCD…
[J. Bulava et al. (Snowmass 2021) 
arXiv:2203.03230]

strategy: combining effective field theory methods with 
LQCD results to describe data!



increasing by  15 MeV the mass of the bare CQM state the agreement is excellent!



LO HQSS does not fix 𝑵𝑵𝑫𝑫(∗) ⟶𝑵𝑵𝑫𝑫(∗), 𝜮𝜮𝒄𝒄
(∗)𝝅𝝅 coupled-channels interaction; 

There exist several models in the literature consistent with LO HQSS 
constraints. Moreover, renormalization parameters can be fine tuned to 
reproduce the position of the 𝚲𝚲𝒄𝒄(𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐) and 𝚲𝚲𝒄𝒄 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 resonances….  
(see detailed discussion in JN+R.Pavao, PRD101 (2020) 014018

Extended local hidden gauge (ELHG) model W. Liang, T. Uchino, C. Xiao, E. Oset, EPJ A51 (2015) 16

light vectors light vectors +



A different approach: 𝑆𝑆𝑆𝑆(6)𝑙𝑙𝑙𝑙𝑙𝑙 × 𝑆𝑆𝑆𝑆(2)𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 extension of the Weinberg-
Tomozawa 𝑁𝑁𝜋𝜋 interaction

light spin-flavor (mesons 
and baryons)

• 𝐶𝐶 = 1, C. Garcia-Recio, V.K. Magas, T. Mizutani, JN, A. Ramos, L.L. Salcedo, L. Tolos, PRD79 
(2009), 054004; O. Romanets, L. Tolos, C. Garcia-Recio, JN, L.L. Salcedo and R.G.E. 
Timmermans, PRD85 (2012) 114032.

• 𝐶𝐶 = −1, D. Gamermann, C. Garcia-Recio, JN, L.L. Salcedo and L. Tolos, PRD81 (2010) 
094016.

• beauty Λb(5912) and  Λb(5920), C. Garcia-Recio, JN, O. Romanets, L.L. Salcedo and L. 
Tolos, PRD 87 (2013) 034032.

• LHCb Ω𝑐𝑐∗ states, Ξ𝑐𝑐,𝑏𝑏 JN, R. Pavao and L. Tolos, EPJC78 (2018) 114; EPJC80 (2020) 22

 consistent with HQSS and chiral 
symmetry

 dependence of renormalization 
scheme  [see also JN+R.Pavao, 
PRD101 (2020) 014018]

 𝝅𝝅 −octet, 𝝆𝝆 −nonet, 
𝑫𝑫(𝒔𝒔)

(∗), �𝑫𝑫(𝒔𝒔)
(∗)

 𝑵𝑵−octet, 𝜟𝜟 −decuplet, 
𝜦𝜦𝒄𝒄,𝜮𝜮𝒄𝒄

(∗),𝜩𝜩𝒄𝒄
(∗,′),𝜴𝜴𝒄𝒄

(∗)



𝐽𝐽𝑃𝑃 = 1/2− 𝐽𝐽𝑃𝑃 = 3/2−

SRS

SRS SRS

SRS

𝐽𝐽𝑃𝑃 = 3/2−𝐽𝐽𝑃𝑃 = 1/2−

𝐶𝐶 = 1, 𝑁𝑁𝐷𝐷(∗),Σ𝑐𝑐
(∗)𝜋𝜋 coupled-channels

common UV cutoff 650 MeV 

subtraction at a common 
scale 
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 main features of 3/2− pole 
do not depend much  on the 
RS: 𝑀𝑀 = 2660 − 2680 MeV 
and Γ = 55 − 65 MeV: 
difficult to assign it to the 
narrow 𝜦𝜦𝒄𝒄 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 .

 spectrum in the 𝟏𝟏/𝟐𝟐− sector 
depends strongly on the 
adopted RS

(no fit!)

(no fit!)
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𝐽𝐽𝑃𝑃 = 1/2−

SRS

SRS

𝐽𝐽𝑃𝑃 = 1/2−

subtraction at a common scale 

common UV 
cutoff 650 
MeV

𝐶𝐶 = 1, 𝑁𝑁𝐷𝐷(∗),Σ𝑐𝑐
(∗)𝜋𝜋 coupled-channels

Two pole pattern , but
 narrow resonance has a small coupling to Σ𝑐𝑐𝜋𝜋, since it has 

dominant 𝟎𝟎− configuration for the light degrees of 
freedom. Moreover its position depends strongly on the 
RS, since it might appear close to the 𝑁𝑁𝑁𝑁 or  Σ𝑐𝑐𝜋𝜋
thresholds (~200 MeV of difference!).  In the latter case 
(subtraction at a common scale), it could be identified with 
the Λ𝑐𝑐 2595 . In both RS’s the narrow resonance has large 
𝑁𝑁𝑁𝑁 and 𝑁𝑁𝐷𝐷∗ components.

 broad resonance has a large coupling to Σ𝑐𝑐𝜋𝜋, and hence 
has a dominant 𝟏𝟏− configuration for the light degrees of 
freedom. It is located around 2610 MeV and with  a width 
of 60-80 MeV. In the subtraction at a common scale RS, 
this state will be completely shadowed by the narrow 
Λ𝑐𝑐(2595) state.  When a common UV cutoff is used, it is 
difficult to assign this pole to the Λ𝑐𝑐 2595 .

(no fit!)

(no fit!)



…and CQM predictions: 
1/2+

𝑆𝑆𝑄𝑄
𝑃𝑃

⊗ �1−
𝑗𝑗𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑃𝑃

= 1/2−
Λ𝑐𝑐 2595

, 3/2−
Λ𝑐𝑐(2625)

𝓵𝓵𝝀𝝀 = 𝟏𝟏,𝓵𝓵𝝆𝝆 = 𝟎𝟎, S=0, I=0 (sym) 𝝀𝝀 −mode excitations

bare CQM state should be 
explicitly taken into account in 
the dynamics, in particular for 
the 𝜦𝜦𝒄𝒄 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 resonance: for 
these energies it produces a 
rapidly changing energy 
dependent interaction
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SRS

dressed CQM 
state

dressed CQM 
state

dressed CQM 
state

dressed 
CQM state

dressed 
CQM state

dressed 
CQM 
state

𝐽𝐽𝑃𝑃 = 3/2−

subtraction at a 
common scale 

common UV 
cutoff 650 
MeV

different  sets of couplings between meson-baryon & CQM [ �1−
𝑗𝑗𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑃𝑃

]degrees of freedom  

 In both RSs, the dressed CQM state describes fairly well de Λ𝑐𝑐(2625) resonance. 
Moreover, the coupling to Σ𝑐𝑐∗𝜋𝜋 is compatible with the existing measurements of 
the resonant contribution to Γ[Λ𝑐𝑐(2625) ⟶ Λ𝜋𝜋𝜋𝜋]

 In addition, a second broad pole is predicted in the region of 2.7 GeV.



𝐽𝐽𝑃𝑃 = 1/2−
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subtraction at a 
common scale 

common UV 
cutoff 650 
MeVSRS

different  sets of couplings between meson-baryon & CQM [ �1−
𝑗𝑗𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑃𝑃

]degrees of freedom  

 𝑗𝑗𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃 = 0− −components are not affected by the consideration of the CQM degrees of freedom
 There  are appear three poles, but their characteristics and interpretations depend on the RS and 

the interplay between CQM and meson-baryon degrees of freedom



subtraction at a common scale common UV cutoff 650 MeV

coupling between Σ𝑐𝑐𝜋𝜋 and bare CQM state

 The mass and the width of the narrow state at 2800 MeV (common UV cutoff 650 MeV) or 2610 MeV (subtraction at a 
common scale  ) are practically unaltered by the coupling between meson-baryon and CQM degrees of freedom. This is 
a trivial consequence of the largely dominant 𝑗𝑗𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃 = 0− configuration of these states, since HQSS forbids their 
coupling to the (𝑗𝑗𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃 = 1−) −CQM bare state.

 in both renormalization schemes we obtain the dressed CQM pole at masses around 2640-2660 MeV and with a width 
of the order of 30-50 MeV, depending on the chosen regulator and on the details of coupling meson-baryon and CQM 
degrees of freedom.



 The Λ𝑐𝑐(2595) and the Λ𝐶𝐶(2625) might not be HQSS partners.  (𝜦𝜦𝒄𝒄∗ −puzzle)

 The 𝐽𝐽𝑃𝑃 = 3/2− resonance should be viewed mostly as a quark-model state naturally predicted 
to lie very close to its nominal mass. In addition, there will exist a molecular baryon, 
moderately broad, with a mass of about 2.7 GeV and sizable couplings to both Σ𝑐𝑐∗𝜋𝜋 and 
𝑁𝑁𝐷𝐷∗ that will fit into the expectations of being Σ𝑐𝑐∗𝜋𝜋 molecule generated by the chiral 
interaction of this pair.

 The Λ𝑐𝑐(2595) is predicted, however, to have a predominant molecular structure. This is 
because, it is either the  result of the chiral Σ𝑐𝑐𝜋𝜋 interaction [J.-X. Lu, Y. Zhou, H.-X. Chen, J.-J. Xie, and L.-S. 

Geng, PRD92 (2015) 014036; but this contradicts the conclusions of T. Hyodo in PRL 111 (2013) 132002], which threshold 
is located much more closer than the mass of the bare three-quark state, or because the ldof
in its inner structure are coupled to the unnatural 0− quantum-numbers, depending on the RS. 
In the latter case, the resonance would have dominant 𝑁𝑁𝐷𝐷(∗) components.

 The relative importance of 0− and 1− components in the Λ𝑐𝑐(2595) can be extracted from the 
ratio between the widths of the semileptonic decays Λ𝑏𝑏[𝑔𝑔𝑔𝑔] ⟶Λ𝑐𝑐(2595) and   Λ𝑏𝑏[𝑔𝑔𝑔𝑔] ⟶
Λ𝑐𝑐(2625) [W.-H. Liang, E. Oset, Z.-S. Xie, PRD95 (2017) 014015; JN, R. Pavao and S. Sakai, EPJC79 (2019) 417]
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