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R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 118, 182001 (2017).

yield in the signal region divided by the total yield in the
same region. A purity of 41% is obtained, which is not
sufficient for the spectroscopy study but allows the extrac-
tion of background-subtracted probability density functions
(PDFs) of the kinematic and geometric properties of the
signal. These distributions are taken from the data rather
than the simulation, given the limited understanding of
heavy baryon production dynamics and the difficulty of
modeling them correctly for different center-of-mass
energies.
For each variable of interest, the background PDF is

obtained from the corresponding distribution in the mass
sideband regions and is also used for the background
subtraction. The signal PDF is obtained from the normal-
ized, background-subtracted distribution in the signal mass
region. Variables found to have a good discrimination
between the signal and background are the vertex fit χ2,
the Ξþ

c flight-distance significance and χ2IP, the particle
identification probability for the proton and the kaon from
the Ξþ

c decay, the χ2IP of the three individual tracks, the Ξþ
c

transverse momentum pT with respect to the beam axis, the
pseudorapidity η, and the angle between the Ξþ

c momentum
and the vector joining the PV and the Ξþ

c decay vertex.
The PDFs of the 11 variables (x) above are used to form

a likelihood ratio, whose logarithm is defined as

LðxÞ ¼
X11

i¼1

½ln PDFsigðxiÞ − ln PDFbackðxiÞ&; ð1Þ

where PDFsig and PDFback are the PDF distributions for the
signal and background, respectively. Correlations between
the variables are neglected in the likelihood.
The likelihood ratios and their PDFs are defined sepa-

rately for the three data sets at different center-of-mass
energies due to their different trigger conditions. The
selection requirements on the likelihood ratios are also
chosen separately for the three samples and lead to Ξþ

c
purities of approximately 83% in the inclusive Ξþ

c sample.
Figure 1 shows the pK−πþ mass spectrum of Ξþ

c
candidates passing the likelihood ratio selection for all
three data sets combined, along with the result of a fit with
the functional form described above. The Ξþ

c signal region
contains 1.05 × 106 events. Note that this inclusive Ξþ

c
sample contains not only those produced in the decays of
charmed baryon resonances but also from other sources,
including decays of b hadrons and direct production at
the PV.
Each Ξþ

c candidate passing the likelihood ratio selection
and lying within the Ξþ

c signal mass region is then
combined in turn with each K− candidate in the event.
A vertex fit is used to reconstruct each Ξþ

c K− combination,
with the constraint that it originates from the PV. The Ξþ

c K−

candidate must have a small vertex fit χ2, a high kaon
identification probability, and transverse momentum
pTðΞþ

c K−Þ > 4.5 GeV.

The Ξþ
c K− invariant mass is computed as

mðΞþ
c K−Þ ¼ mð½pK−πþ&Ξþ

c
K−Þ −mð½pK−πþ&Ξþ

c
Þ þmΞþ

c
;

ð2Þ

where mΞþ
c
¼ 2467.89þ0.34

−0.50 MeV is the world-average Ξþ
c

mass [16] and ½pK−πþ&Ξþ
c

is the reconstructed Ξþ
c →

pK−πþ candidate.
In this analysis, the distribution of the invariant mass

mðΞþ
c K−Þ is studied from the threshold up to 3450 MeV.

The Ξþ
c K− mass distribution for the combined data sets

is shown in Fig. 2, where five narrow structures are
observed. To investigate the origin of these structures,
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FIG. 1. Distribution of the reconstructed invariant mass
mðpK−πþÞ for all candidates in the inclusive Ξþ

c sample passing
the likelihood ratio selection described in the text. The solid (red)
curve shows the result of the fit, and the dashed (blue) line
indicates the fitted background.
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FIG. 2. Distribution of the reconstructed invariant mass
mðΞþ

c K−Þ for all candidates passing the likelihood ratio selection;
the solid (red) curve shows the result of the fit, and the dashed
(blue) line indicates the fitted background. The shaded (red)
histogram shows the corresponding mass spectrum from the Ξþ

c
sidebands, and the shaded (light gray) distributions indicate the
feed-down from partially reconstructed ΩcðXÞ0 resonances.
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The new 𝜴𝒄# 𝒔 observed at LHCb:

S = �2, C = 1, I = 0
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Constituent Quark Models (CQMs) interpretation:
•  Bound states consisting of 1 heavy quark (c) and a P-wave (ss) diquark.
     (System that gives 5 possible combinations) 

 Sc =
1
2 , Sss = 1 + Lss = 1 ! JP = 1

2
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M. Karliner and J. L. Rosner, Phys. Rev. D 95, no.11, 114012 (2017).
W. Wang and R. L. Zhu, Phys. Rev. D 96, no.1, 014024 (2017).
Z. G. Wang, Eur. Phys. J. C 77, no.5, 325 (2017).
B. Chen and X. Liu, Phys. Rev. D 96, no.9, 094015 (2017).

• Alternative interpretation: some states (the 3 lightest ones) remain with (ss)  diquark  with 1P orbital excitation and the 
others with 2S radial excitations.     

 

S. S. Agaev, K. Azizi and H. Sundu, EPL 118, no.6, 61001 (2017).
S. S. Agaev, K. Azizi and H. Sundu, Eur. Phys. J. C 77, no.6, 395 (2017).
H. Y. Cheng and C. W. Chiang, Phys. Rev. D 95, no.9, 094018 (2017).
K. L. Wang, L. Y. Xiao, X. H. Zhong and Q. Zhao, Phys. Rev. D 95, no.11, 116010 (2017).
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R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 118, 182001 (2017).
What about a molecular interpretation of these states?

• The !𝐾Ξ! (2964 MeV) and !𝐾Ξ!"  (3070 MeV) thresholds are within the energy range where the physical Ω! states pop up!!! 

• Prior to the experimental measurement, some theoretical works predicted some states in this sector :
1. SU(8) spin-flavor sym. Model à  5 states much more bound than the LHCb ones. O. Romanets et al., Physical. Rev. 

D85,114032  (2012)
2. SU(4) finite range Model
     J. Hofmann and M.F.M. Lutz, Nucl. Phys. A 763, 90-139 (2005) à 3 states below 2953 MeV
     C. E. Jimenez-Tejero, A. Ramos and I. Vidaña, Phys. Rev. C 80, 055206 (2009) à 3 states, one at 3117 MeV (Γ = 16 MeV)!!! 
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Molecular-Picture Models revisited G. Montaña, A. F. and A. Ramos, Eur. Phys. J. A 54, no.4, 64 (2018)

0� � 1
2

+
interaction in the (I, S, C) = (0,�2, 1) sector

Model 1
M [MeV] 3051.6 3103.3
� [MeV] 0.45 17

|gi| �g2i dG/dE |gi| �g2i dG/dE
K̄⌅c(2964) 0.11 0.00 + i 0.00 0.58 0.01 + i 0.03
K̄⌅0

c(3070) 1.67 0.54 + i 0.01 0.30 0.01� i 0.01
D⌅(3189) 1.10 0.05� i 0.01 4.08 0.90� i 0.05
⌘⌦c(3246) 2.08 0.23 + i 0.00 0.44 0.01 + i 0.01
⌘0⌦c(3656) 0.04 0.00 + i 0.00 0.28 0.00 + i 0.00

<latexit sha1_base64="hWLMQez1/OHdXv9NQ+KptYDdGxE="></latexit>

⌦c(3050)
0 : M = 3050.2± 0.1± 0.1+0.3

�0.5 MeV,

� = 0.8± 0.2± 0.1 MeV,

⌦c(3090)
0 : M = 3090.2± 0.3± 0.5+0.3

�0.5 MeV,

� = 8.7± 1.0± 0.8 MeV
<latexit sha1_base64="NTzh//qUM6ZTr54SeC9r8PKqiok="></latexit>

Ω! states dynamically generated by the s-wave interaction between a pseudoscalar meson and a ground state baryon: 

The state at 3051 MeV mainly
composed by 𝐾Ξ!" and 𝜂Ω!

The state at 3103 MeV is
basically a 𝐷𝛯 bound state

➔10 MeV too heavy and too wide…

Experimental states

qK� |
X

i

Ti!K̄⌅c
|2

<latexit sha1_base64="FPt9mZnw1lKK/xmO1Fo6xXob1sQ="></latexit>

Assuming this scheme, spin-parity
can only be 1/2-!
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Molecular-Picture Models revisited

V. R. Debastiani, J. M. Dias, W. H. Liang and E. Oset, Phys. Rev. D 97, no.9, 094035 (2018)

J. Nieves, R. Pavao and L. Tolos, Eur. Phys. J. C 78, no.2, 114 (2018)

• Extension of the local hidden gauge approach with heavy-baryon states as a spectator c quark + sym. wave funtions
of the remaining light quarks 

• Inclusion of pseudoscalar-decuplet baryon channels

➔ Same 2 states with 𝐽# = $
%

&
and a new 𝐽# = '

%

&
Ω! resonance which could be identified with the LHCb Ω!(3119)

• SU(6)lsf xHQSS-extended WT meson-baryon interaction

• The symmetries automatically account for the additional presence of additional vector mesons and 3/2(baryons

➔ 2 states with 𝐽# = $
%

&
and 1 𝐽# = '

%

&
state consistent with the experimental Ω!(3000) , Ω!(3050) and Ω!(3119)
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R. Aaij et al. [LHCb], Phys. Rev. Lett. 124, no.8, 082002 (2020)

Predictions by Molecular-Picture Models:
• W. H. Liang, J. M. Dias, V. R. Debastiani and E. Oset, Nucl. Phys. B 930, 524 (2018)
7 Ω)& states were generated dinamically with 1/2- and 3/2- (lowest mass 50MeV above Ω)&(6350))

• W. H. Liang and E. Oset, Phys. Rev. D 101, no.5, 054033 (2020)
Arguments against the molecular nature of these states, instead structures at higher energies should be analysed

• J. Nieves, R. Pavao and L. Tolos, Eur. Phys. J. C 80, 22 (2020)
Prediction of a 1/2- state Ω)&(6360) as member of a sextet jointly with Ξ)(6227) and Σ)(6227)

• G. Montaña, A. F. and A. Ramos, Eur. Phys. J. A 54, no.4, 64 (2018)
2 Ω)& states were generated dinamically with 1/2- (lowest mass 70MeV above Ω)&(6350))
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Theoretical studies dedicated to this topic from different approaches:

• Quark Models
Mod. Phys. Lett. A 14, 135 (1999), Phys. Rev. D 66, 014008 (2002), Int. J. Mod. Phys. A 23, 2817 (2008)
Phys. Lett. B 683, 21 (2010), Phys. Rev. D 98, 094021 (2018), Chin. Phys. C 44, 013102 (2020)
…
• Lattice QCD
Phys. Rev. D 64, 094509 (2001), Phys. Rev. D 90, 094507 (2014 )
Phys. Rev. D 94, 074003 (2016), Phys. Rev. D 98, 114505 (2018)
…
• QCD sum rules
Eur. Phys. J. A 45, 267 (2010), Chin. Phys. C 42, 123102 (2018)
Eur. Phys. J. C 78, 826 (2018)
…
• Other approaches
Phys. Rev. D 83, 056006 (2011), Phys. Rev. Lett. 115, 122001 (2015), 
Phys. Rev. D 102, 014013 (2020), [Erratum: Phys.Rev.D 104, 059901 (2021), 
Phys. Rev. D 104, 074027 (2021)

à The plans of LHCb to measure 𝜴𝒄𝒄, 𝜴𝒃𝒄 and 𝜴𝒃𝒃 states has motivated the present study.
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W. F. Wang, A. F., J. Song and E. Oset, arXiv:2208.14858 [hep-ph]
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W. F. Wang, A. F., J. Song and E. Oset, arXiv:2208.14858 [hep-ph]

<latexit sha1_base64="y1shIv+bP4WqJWcMwiaymKvTbL8="></latexit>

P =

0

BBB@

1p
2
⇡0 + 1p

3
⌘ + 1p

6
⌘0 ⇡+ K+ D̄0

⇡� � 1p
2
⇡0 + 1p

3
⌘ + 1p

6
⌘0 K0 D�

K� K̄0 � 1p
3
⌘ +

q
2
3⌘

0 D�
s

D0 D+ D+
s ⌘c

1

CCCA
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V =

0

BB@

1p
2
⇢0 + 1p

2
! ⇢+ K⇤+ D̄⇤0

⇢� � 1p
2
⇢0 + 1p
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V =

0

BB@

1p
2
⇢0 + 1p

2
! ⇢+ K⇤+ B⇤+

⇢� � 1p
2
⇢0 + 1p

2
! K⇤0 B⇤0

K⇤� K̄⇤0 � B⇤0
s

B⇤� B̄⇤0 B̄⇤0
s ⌥

1

CCA

Charm sector Bottom sector

<latexit sha1_base64="O+u0b+YpRWbbGqIebs4xzjcWjew="></latexit>

LVPP = �ig h[P, @µP ]V µi
<latexit sha1_base64="+xCd+uoahXVFEINb+qRKhVz97vg="></latexit>

LVVV = ig h(V µ@⌫Vµ � @⌫V
µVµ)V

⌫i
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W. F. Wang, A. F., J. Song and E. Oset, arXiv:2208.14858 [hep-ph]

<latexit sha1_base64="hhieul58Oo0f+pXve/gQgHD/jUM="></latexit>

eLVBB ⌘ gqq̄(V ) = g

8
>>>>><

>>>>>:

1p
2
(uū� dd̄), ⇢0

1p
2
(uū+ dd̄), !

ss̄, �

9
>>>>>=

>>>>>;
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�flavor · �spinSymmetric spin-flavor wave function

<latexit sha1_base64="bWz7m3bnqrYJZOaSUmB7CK+i4uA="></latexit>

h�B0

flavor�
B0

spin|gqq̄|�B
flavor�

B
spini

<latexit sha1_base64="Me3tOWJXauKbbTZpwGtIcHHv7FM="></latexit>

h�MS(12)|�MS(23)i = �1

2

h�MS(12)|�MA(23)i = �
p
3

2

<latexit sha1_base64="JN5xpsgSxaT/4CtTjkZewic+KUM="></latexit>

�MS(12) =
1p
6
("#" + #"" �2 ""#)

�MS(23) =
1p
6
("#" + ""# �2 #"")

�MA(23) =
1p
2
(""# � "#")

W. Roberts and M. Pervin, Int. J. Mod. Phys. A 23, 2817 (2008)
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W. F. Wang, A. F., J. Song and E. Oset, arXiv:2208.14858 [hep-ph]
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Vij = �Cij
1

4f2
⇡

(p01 + p03)

<latexit sha1_base64="UvK4/u54sSiPuvhv6hfhER+Nr1M="></latexit>

1

(q0)2 � |~q|2 �m2
D⇤

⇡ 1

(mD �m⌘)2 �m2
D⇤

<latexit sha1_base64="1jDvlEbSfTnqM0JcYsQG+9jIR7E="></latexit>

� ⌘ �m2
V

(mD �m⌘)2 �m2
D⇤

⇡ 0.25
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Tij = (1� VilGl)
�1Vlj

Unitarized T-matrix from coupled-channel Bethe-Salpeter equation solved through On-shell factorization: 

<latexit sha1_base64="q8gK3/Mesy/QrfkyqY9ru1AWXGk="></latexit>

Gcut
l =

Z ⇤

0

d3q

(2⇡)3
1

2!l(~q)

Ml

El(~q)

1p
s� !l(~q)� El(~q) + i✏

<latexit sha1_base64="OMufPWZ/hsSdYCSxEy5darOlpVQ=">AAAB8nicdVDLSgNBEJyNrxgfWfXoZTAInpbNJtnEgxD04kEhgnlAsoTZSScZMvtgZlYIIT+iJ1Fvfoo/4N84GyOoaJ2qq6qhq/2YM6ls+93IrKyurW9kN3Nb2zu7eXNvvyWjRFBo0ohHouMTCZyF0FRMcejEAkjgc2j7k4vUb9+BkCwKb9U0Bi8go5ANGSVKS30z37vS4QE5cys2voZW3yzY1mnNdSoOti3brjolNyVOteyUcFErKQpoiUbffOsNIpoEECrKiZTdoh0rb0aEYpTDPNdLJMSETsgIupqGJADpzRaHz/HxMBJYjQEv5u/ZGQmknAa+zgREjeVvLxX/8rqJGta8GQvjREFIdUR7w4RjFeG0Px4wAVTxqSaECqavxHRMBKFKfymn6391xP+TlmMVXat8Uy7Uz5ePyKJDdIROUBFVUR1dogZqIooS9ICe0YuhjHvj0Xj6jGaM5c4B+gHj9QMNr4/A</latexit>

⇤ = 650MeV

Meson-baryon loop function

Cut-off regularization method 
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We have studied 𝜴𝒄𝒄, 𝜴𝒃𝒄 and 𝜴𝒃𝒃 molecular states arising from the meson-baryon interaction 
with different  𝑱𝑷 within an extension of the hidden gauge approach.

• (𝑪 = 𝟐, 𝑺 = −𝟏, 𝑰 = 𝟎) sector
PB(𝟏

𝟐

&
): 3 states,  𝑱𝑷 = 𝟏

𝟐

'
                      PB(𝟑

𝟐

&
): 2 states,  𝑱𝑷 = 𝟑

𝟐

'

VB(𝟏
𝟐

&
): 3 states,  𝑱𝑷 = 𝟏

𝟐

'
, 𝟑
𝟐

'
                 VB(𝟑

𝟐

&
): 2 states,  𝑱𝑷 = 𝟏

𝟐

'
, 𝟑
𝟐

'
, 𝟓
𝟐

'

• (𝑩 = −𝟐, 𝑺 = −𝟏, 𝑰 = 𝟎) sector
PB(𝟏

𝟐

&
): 3 states,  𝑱𝑷 = 𝟏

𝟐

'
PB(𝟑

𝟐

&
): 2 states ,  𝑱𝑷 = 𝟑

𝟐

'

VB(𝟏
𝟐

&
): 2 states, 𝑱𝑷 = 𝟏

𝟐

'
, 𝟑
𝟐

'
VB(𝟑

𝟐

&
): 1 states,  𝑱𝑷 = 𝟏

𝟐

'
, 𝟑
𝟐

'
, 𝟓
𝟐

'

• (𝑪 = 𝟏, 𝑩 = −𝟏, 𝑺 = −𝟏, 𝑰 = 𝟎) sector
PB(𝟏

𝟐

&
): 6 states,  𝑱𝑷 = 𝟏

𝟐

'
PB(𝟑

𝟐

&
): 3 states,  𝑱𝑷 = 𝟑

𝟐

'

VB(𝟏
𝟐

&
): 6 states, 𝑱𝑷 = 𝟏

𝟐

'
, 𝟑
𝟐

'
                  VB(𝟑

𝟐

&
): 3 states,  𝑱𝑷 = 𝟏

𝟐

'
, 𝟑
𝟐

'
, 𝟓
𝟐

'

Experimental outputs for these sectors are expected  to be provided by LHCb in 2y approx.
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Thank you for your attention!


