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1. Heavy quark and chiral symmetries
2. Even parity open charm states: 𝐷𝐷0∗ 2300 & 𝐷𝐷𝑠𝑠0∗ 2317

o HMChpT & infinite volume
o Lüscher & finite volume
o Spectroscopy & phase shifts and ineslaticities
o SU(3) limit 
o Predictions for other states: charm & bottom sectors
o LHCb S-wave 𝑃𝑃𝜙𝜙 amplitudes 

3. Conclusions 

combining EFT methods with LQCD results  to 
describe data and make theoretical predictions
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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
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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 Ο(1/𝑚𝑚𝑄𝑄).

The total angular momentum 𝒋𝒋𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 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, 𝑚𝑚𝑙𝑙,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− ] ~[𝑚𝑚𝑄𝑄∗ 𝐽𝐽𝑃𝑃 = 1− − 𝑚𝑚𝑄𝑄 𝐽𝐽𝑃𝑃 = 0− ] ~ Λ𝑄𝑄𝑄𝑄𝑄𝑄, 𝑚𝑚𝑙𝑙 ,𝑚𝑚𝑢𝑢

HQSFS 𝑺𝑺𝑺𝑺 𝟐𝟐𝑵𝑵𝒉𝒉 approximate  symmetry seen in the hadron spectrum 
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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 single heavy hadrons
could be described using a perturbartive chiral [𝑆𝑆𝑆𝑆(3)𝐿𝐿 × 𝑆𝑆𝑆𝑆(3)𝑅𝑅]
EFT consistent with the 1/𝑚𝑚𝑄𝑄 expansion: HMChPT
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and  Lattice QCD…
[J. Bulava et al. (Snowmass 2021) 
arXiv:2203.03230]
(see also talks by Sinead Ryan at 
this meeting)

strategy: combining effective field theory methods with 
LQCD results to describe data!
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F.K. Guo @ CHARM 2018
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RPP 2022  
𝑸𝑸𝟎𝟎
∗ (2300)

but “strong 
evidence 
two poles” 
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𝑸𝑸𝟎𝟎
∗ 𝟐𝟐𝟑𝟑𝟎𝟎𝟎𝟎 interesting:

 Lightest scalar (𝐽𝐽𝜋𝜋 = 0+) open charm states: �
𝐷𝐷𝑠𝑠0∗ 2317 , 𝑆𝑆, 𝐼𝐼 = (1,0)
𝐷𝐷0∗ 2300 , 𝑆𝑆, 𝐼𝐼 = (0,1/2)

 Lightest systems to test ChPT with heavy mesons, besides 𝐷𝐷∗ → 𝐷𝐷𝜋𝜋
 𝐷𝐷𝜋𝜋 interactions are relevant, since 𝐷𝐷𝜋𝜋 appears as a final state in many reactions where 

exotic states are discovered (f.i. 𝑍𝑍𝑐𝑐 3900 & �𝐷𝐷∗𝐷𝐷𝜋𝜋)
 Difficult to describe within Constituent Quark Model schemes:

o 𝐷𝐷𝑠𝑠0∗ 2317 is around 150 MeV below the predicted mass.
Godfrey & Isgur, PRD 32 (1985) 189; Godfrey & Moats, PRD 93  (2016) 034035 
Lakhina, & Swanson, PLB 650 (2007) 159; Ortega et al., PRD94 (2016) 074037 

o One would expect 𝑸𝑸𝒔𝒔𝟎𝟎
∗ (∼ 𝒄𝒄�𝒔𝒔) to be heavier than 𝑸𝑸𝟎𝟎

∗ ∼ 𝒄𝒄�𝒏𝒏 .

 𝐷𝐷0∗ 2300 might be important in weak interactions and CKM parameters
Yao, Fernández-Soler , Albaladejo, Guo, Nieves EPJC 70 (2018) 310

o It determines the shape of the scalar form factor 𝑓𝑓0(𝑞𝑞2) in semileptonic 𝐷𝐷 ⟶ 𝜋𝜋 decays.
o Relation to 𝑉𝑉𝑐𝑐𝑙𝑙 : 𝑓𝑓+ 0 = 𝑓𝑓0(0) and 𝑑𝑑Γ ∼ 𝑉𝑉𝑐𝑐𝑙𝑙 𝑓𝑓+ 𝑞𝑞2 2 𝑑𝑑𝑞𝑞2
o Interesting also the relation of the bottom partner and 𝑉𝑉𝑢𝑢𝑢𝑢



𝑸𝑸𝟎𝟎
∗ 𝟐𝟐𝟑𝟑𝟎𝟎𝟎𝟎 : Experimental situation [PDG avg: 𝑴𝑴, 𝚪𝚪

𝟐𝟐
= 𝟐𝟐𝟑𝟑𝟐𝟐𝟑𝟑 ± 𝟏𝟏𝟎𝟎,𝟏𝟏𝟏𝟏𝟏𝟏 ± 𝟖𝟖 MeV]

(𝟐𝟐𝟑𝟑𝟎𝟎𝟎𝟎 ± 𝟏𝟏𝟗𝟗, 𝟏𝟏𝟑𝟑𝟏𝟏 ± 𝟐𝟐𝟎𝟎) MeV neu
𝟐𝟐𝟑𝟑𝟐𝟐𝟗𝟗 ± 𝟏𝟏, 𝟏𝟏𝟏𝟏𝟎𝟎 ± 𝟗𝟗 MeV char 

𝑸𝑸𝟎𝟎
∗ 𝟐𝟐𝟑𝟑𝟎𝟎𝟎𝟎 & 𝑸𝑸𝒔𝒔𝟎𝟎

∗ (2317) Lattice QCD (problems obtaining accurate results for physical 
masses)

o Masses larger than the physical ones if using 𝒄𝒄�𝒔𝒔 interpolators only [Bali, PRD68 (2003) 
071501; UKQCD  PLB569 (2003) 41]. Study including four quark operators [Bali et al., PRD96 
(2017) 074501]    

o Masses consistent with 𝑸𝑸𝟎𝟎
∗ 𝟐𝟐𝟑𝟑𝟎𝟎𝟎𝟎 and 𝑸𝑸𝒔𝒔𝟎𝟎

∗ (𝟐𝟐𝟑𝟑𝟏𝟏𝟏𝟏) obtained when “meson-meson” 
interpolators are employed [Mohler, Prelovsek, Woloshyn, PRD 87 (2013) 034501; Mohler et 
al., PRL111 (2013) 222001

Collab. 𝑴𝑴 (MeV) 𝚪𝚪/𝟐𝟐 (MeV) Ref.
BaBar 2297±8±20 137±6 ± 24 Phys. Rev. D79 (2009) 112004
Belle 2308±17 ± 32 138±11 ± 32 Phys. Rev. D69 (2004) 112002
LHCb 2360±15 ± 30 128±13 ± 26 Phys. Rev. D92 (2015) 012012
LHCb 2349±6 ± 4 109±7 ± 7 Phys. Rev. D92 (2015) 032002 

ne
u.

ch
ar
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o Hadron Spectrum Collab.

• JHEP 10 (2016) 011: 𝐷𝐷𝜋𝜋,𝐷𝐷𝜂𝜂,𝐷𝐷𝑠𝑠 �𝐾𝐾 coupled-channels and a bound state with large
coupling to 𝐷𝐷𝜋𝜋 is identified with the 𝐷𝐷0∗(2300) [𝑚𝑚𝜋𝜋 ∽ 391 MeV]

• JHEP 02 (2021) 100: i) 𝐷𝐷𝐾𝐾 𝐼𝐼 = 0 & 𝐷𝐷𝑠𝑠0∗ (2317): bound-state pole consistent with a
dominant 𝐷𝐷𝐾𝐾 configuration, ii) 𝐷𝐷�𝐾𝐾 (𝐼𝐼 = 0) scattering: hints of a virtual bound state
pole below threshold, and iii) 𝐷𝐷�𝐾𝐾 (𝐼𝐼 = 1) scattering: weakly repulsive.

• JHEP 07 (2021) 123 (𝑰𝑰 = 𝟏𝟏/𝟐𝟐 𝑸𝑸𝝅𝝅 ⟶ 𝑸𝑸𝝅𝝅 elastic channel): i) study how the 𝐷𝐷0∗
evolves with the light quark mass [𝑚𝑚𝜋𝜋 ∽ 391 and 239 MeV]: slow decrease in the
pole mass with decreasing 𝑚𝑚𝜋𝜋 and at the lightest 𝑚𝑚𝜋𝜋 , the pole migrates deep into
the complex plane while its real part stays close to 𝐷𝐷𝜋𝜋 threshold, and ii) comparison
of the 𝐷𝐷0∗ and 𝐷𝐷𝑠𝑠0∗ poles: “natural” mass ordering with 𝑀𝑀𝑐𝑐 ̅𝑙𝑙 ≤ 𝑀𝑀𝑐𝑐 ̅𝑠𝑠

LQCD: problems obtaining accurate results for physical masses. Unitarized chiral
perturbation theory (UChPT): powerful (complementary) tool to account for the
dependence of the amplitudes on the light quark masses.
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Theoretical Approach: 
Infinite volume
 Coupled-channels T-matrix: 𝐷𝐷𝜋𝜋,𝐷𝐷𝜂𝜂,𝐷𝐷𝑠𝑠 �𝐾𝐾 S-wave scattering 𝐽𝐽𝜋𝜋 = 0+, 𝑆𝑆, 𝐼𝐼 = 0, 1

2
 Unitarity: 𝑇𝑇−1 𝑠𝑠 = 𝑉𝑉−1 𝑠𝑠 − 𝒢𝒢(𝑠𝑠)

o Normalization: −𝑖𝑖 𝑝𝑝𝑖𝑖𝑖𝑖 𝑠𝑠 𝑇𝑇𝑖𝑖𝑖𝑖 𝑠𝑠 = 4𝜋𝜋 𝑠𝑠 𝜂𝜂𝑖𝑖 𝑠𝑠 𝑒𝑒2𝑖𝑖𝛿𝛿𝑖𝑖𝑖𝑖 𝑠𝑠 − 1
o 𝒢𝒢𝑖𝑖𝑖𝑖 𝑠𝑠 = 𝛿𝛿𝑖𝑖𝑖𝑖 𝐺𝐺 𝑠𝑠,𝑚𝑚𝑖𝑖 ,𝑀𝑀𝑖𝑖 , loop function regularized with a subtraction constant 𝑎𝑎(𝜇𝜇), 

𝜇𝜇 = 1 GeV
o Two particle irreducible amplitude 𝑉𝑉 𝑠𝑠 taken from 𝒪𝒪 𝑝𝑝2 HMChPT

 Analytical continuations: Riemann sheets (RS) denoted as 𝜉𝜉1𝜉𝜉2𝜉𝜉3 : 

𝒢𝒢𝑖𝑖𝑖𝑖 𝑠𝑠 ⟶ 𝒢𝒢𝑖𝑖𝑖𝑖 𝑠𝑠 + i 𝑝𝑝𝑖𝑖 𝑠𝑠
4𝜋𝜋 𝑠𝑠

𝜉𝜉𝑖𝑖
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Chiral symmetry used to compute the 𝐷𝐷𝜋𝜋,𝐷𝐷𝜂𝜂,𝐷𝐷𝑠𝑠 �𝐾𝐾 coupled-
channels potential 𝑉𝑉(𝑠𝑠)
At 𝒪𝒪(𝑝𝑝2) 𝑓𝑓2𝑉𝑉𝑖𝑖𝑖𝑖 𝑠𝑠, 𝑡𝑡,𝑢𝑢 = 𝐶𝐶𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿

𝑠𝑠−𝑢𝑢
4

+ ∑𝑘𝑘=05 ℎ𝑎𝑎𝐶𝐶𝑖𝑖𝑖𝑖𝑎𝑎 (𝑠𝑠, 𝑡𝑡,𝑢𝑢)

Guo et al., PLB666 (2008) 251
Liu et al.,  PRD87 (2013) 014508
Z.-H. Guo et al., EPJC79 (2019) 13

Lowest order: totally 
predicted by Chiral symmetry

Next-to-leading LECs, together with the 
subtraction constant 𝒂𝒂 𝝁𝝁 , have been 
previously fitted to reproduce 
scattering lengths as a function of the 
pion mass (300 -600 MeV) obtained in a 
LQCD simulation
Liu et al.,   PRD87 (2013) 014508

structures determined by chiral 
symmetry and its pattern of breaking
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𝐷𝐷𝜋𝜋,𝐷𝐷𝜂𝜂,𝐷𝐷𝑠𝑠 �𝐾𝐾 energy levels in a finite volume

 Periodic boundary conditions imposes
momentum quantization

 Lüscher formalism (C. Math. Phys. 105 
(1986) 153 ; NPB 354 (1991) 531

 In practice, changes in the T –matrix: 𝑇𝑇(𝑠𝑠) ⟶ �𝑇𝑇 (𝑠𝑠, 𝐿𝐿) [Döring et al., EPJA47 (2011) 139]

𝒢𝒢𝑖𝑖𝑖𝑖 𝑠𝑠 ⟶ �̃�𝒢𝑖𝑖𝑖𝑖 𝑠𝑠, 𝐿𝐿 = 𝒢𝒢𝑖𝑖𝑖𝑖 𝑠𝑠 + lim
Λ⟶∞

1
𝐿𝐿3

�
𝑛𝑛

𝑞𝑞 < Λ

𝐼𝐼𝑖𝑖(�⃗�𝑞) −�
0

Λ 𝑞𝑞2𝑑𝑑3𝑞𝑞
2𝜋𝜋 3 𝐼𝐼𝑖𝑖(�⃗�𝑞)

𝐼𝐼𝑖𝑖 �⃗�𝑞 = 1
2𝜔𝜔𝑖𝑖(𝑞𝑞)𝜔𝜔𝑖𝑖

′(𝑞𝑞)
𝜔𝜔𝑖𝑖(𝑞𝑞)+𝜔𝜔𝑖𝑖

′(𝑞𝑞)

𝑠𝑠− 𝜔𝜔𝑖𝑖 𝑞𝑞 +𝜔𝜔𝑖𝑖
′ 𝑞𝑞

2
+𝑖𝑖𝜖𝜖

,     𝜔𝜔𝑖𝑖 �⃗�𝑞 = 𝑚𝑚𝑖𝑖
2 + �⃗�𝑞2,       𝜔𝜔𝑖𝑖′ �⃗�𝑞 = 𝑀𝑀𝑖𝑖2 + �⃗�𝑞2

𝑉𝑉 𝑠𝑠 ⟶ �𝑉𝑉 𝑠𝑠, 𝐿𝐿 = 𝑉𝑉 𝑠𝑠

𝑇𝑇−1 𝑠𝑠 ⟶ �𝑇𝑇 −1 𝑠𝑠, 𝐿𝐿 = 𝑉𝑉−1 𝑠𝑠 − �𝒢𝒢 (𝑠𝑠, 𝐿𝐿)
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 Free energy levels:  𝑬𝑬𝒏𝒏,𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟
𝒊𝒊 𝑳𝑳 = 𝝎𝝎𝒊𝒊

𝟐𝟐𝝅𝝅
𝑳𝑳
𝒏𝒏 + 𝝎𝝎𝒊𝒊

′ 𝟐𝟐𝝅𝝅
𝑳𝑳
𝒏𝒏

 Interacting energy levels 𝐸𝐸𝑛𝑛 𝐿𝐿 such that: �𝑇𝑇 −1 𝐸𝐸𝑛𝑛2 𝐿𝐿 , 𝐿𝐿 = 0 [ poles of  the �𝑻𝑻 matrix]

LQCD: G. Moir et al., JHEP 10 
(2016) 011 (Hadron Spectrum 
Collaboration). 
𝐷𝐷𝜋𝜋,𝐷𝐷𝜂𝜂,𝐷𝐷𝑠𝑠 �𝐾𝐾 coupled-channels

M. Albaladejo, P. Fernández-Soler,  
F.-K. Guo and JN, PLB767 (2017) 465



 Free energy levels:  𝑬𝑬𝒏𝒏,𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟
𝒊𝒊 𝑳𝑳 = 𝝎𝝎𝒊𝒊

𝟐𝟐𝝅𝝅
𝑳𝑳
𝒏𝒏 + 𝝎𝝎𝒊𝒊

′ 𝟐𝟐𝝅𝝅
𝑳𝑳
𝒏𝒏

 Interacting energy levels 𝐸𝐸𝑛𝑛 𝐿𝐿 such that: �𝑇𝑇 −1 𝐸𝐸𝑛𝑛2 𝐿𝐿 , 𝐿𝐿 = 0 [ poles of  the �𝑻𝑻 matrix]

 Level below threshold, 
associated with a bound 
state.

Juan Nieves, IFIC (CSIC & UV)

 We compute  𝐸𝐸𝑛𝑛(𝐿𝐿) and 
compare with the LQCD levels.  
No fit is performed.

 68% CL bands  inherited from 
the errors on the LECs.

M. Albaladejo, P. Fernández-Soler,  
F.-K. Guo and JN, PLB767 (2017) 465



 Free energy levels:  𝑬𝑬𝒏𝒏,𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟
𝒊𝒊 𝑳𝑳 = 𝝎𝝎𝒊𝒊

𝟐𝟐𝝅𝝅
𝑳𝑳
𝒏𝒏 + 𝝎𝝎𝒊𝒊

′ 𝟐𝟐𝝅𝝅
𝑳𝑳
𝒏𝒏

 Interacting energy levels 𝐸𝐸𝑛𝑛 𝐿𝐿 such that: �𝑇𝑇 −1 𝐸𝐸𝑛𝑛2 𝐿𝐿 , 𝐿𝐿 = 0 [ poles of  the �𝑻𝑻 matrix]

 Level below threshold, 
associated with a bound 
state.

 Second level, lying between 
the 𝐷𝐷𝜋𝜋 and 𝐷𝐷𝜂𝜂 thresholds, is 
very shifted with respect to 
both of them, hinting at the 
presence of a  resonance?

Juan Nieves, IFIC (CSIC & UV)

M. Albaladejo, P. Fernández-Soler,  
F.-K. Guo and JN, PLB767 (2017) 465
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 For lattice masses, we 
find a bound state 
(000) and a resonance 
(110)

[2016]      
( isospin avg)

M. Albaladejo, P. Fernández-Soler,  
F.-K. Guo and JN, PLB767 (2017) 465
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 For lattice masses, 
we find a bound state 
(000) and a 
resonance (110)

 For physical masses: 
The bound state 
evolves into a 
resonance (100) 
above Dπ threshold. 
The resonance varies 
very little, and is still 
a resonance (110). 
For both states, the 
coupling pattern is 
similar.

[2016]
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 For lattice masses, 
we find a bound state 
(000) and a 
resonance (110)

 For physical masses: 
The bound state 
evolves into a 
resonance (100) 
above Dπ threshold. 
The resonance varies 
very little, and is still 
a resonance (110). 
For both states, the 
coupling pattern is 
similar.

[2016]
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The 𝑸𝑸𝟎𝟎
∗ (2300) structure 

is actually produced by 
two different states 
(poles), together with 
complicated 
interferences with 
thresholds. This two-
pole structure was 
previously reported, and 
receives now a robust
support

Kolomeitsev, & Lutz, PLB 582 (2004) 39 
Guo et al., PLB 641 (2006) 278;  Guo et 
al., EPJA 40 (2009) 171

[2016]
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SU(3) light flavor limit: �𝟑𝟑⨂𝟖𝟖 = 𝟏𝟏𝟏𝟏 ⊕ 𝟔𝟔 ⊕ �𝟑𝟑

𝑸𝑸+,𝑸𝑸𝟎𝟎,𝑸𝑸𝒔𝒔 = 𝒄𝒄�𝓵𝓵

�𝑲𝑲,𝝅𝝅,𝜼𝜼,𝑲𝑲

In this limit (all D-mesons and all Goldstone bosons have common masses M and 
m, respectively) , T and V can be diagonalized, while 𝓖𝓖 is already diagonal,

𝑇𝑇𝐴𝐴−1 𝑠𝑠 = 𝑉𝑉𝐴𝐴−1 𝑠𝑠 − 𝐺𝐺 𝑠𝑠,𝑚𝑚,𝑀𝑀 , 𝐴𝐴 = 15, 6, �3

diagonal!

At LO: 𝑽𝑽𝑨𝑨 𝒔𝒔 = 𝑩𝑩 𝒔𝒔 𝐃𝐃𝐃𝐃𝐃𝐃𝐃𝐃 𝟏𝟏,−𝟏𝟏,−𝟑𝟑

repulsive attractive 
attractive

the most attractive 
irrep admits a 𝒄𝒄�𝒏𝒏
interpretation 

𝑐𝑐�̅�𝑑

𝑐𝑐�̅�𝑠

𝑐𝑐 �𝑢𝑢M. Albaladejo, P. 
Fernández-Soler,  
F.-K. Guo and JN, 
PLB767 (2017) 465
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Connecting 
physical
(x = 0) & 
flavor SU(3) 
(x = 1) limits

𝑚𝑚𝑖𝑖 = 𝑚𝑚𝑖𝑖
phys + 𝒙𝒙 (𝑚𝑚−𝑚𝑚𝑖𝑖

phys),  𝑚𝑚 = 0.49 GeV
𝑀𝑀𝑖𝑖 = 𝑀𝑀𝑖𝑖

phys + 𝒙𝒙 (𝑀𝑀−𝑀𝑀𝑖𝑖
phys),  M = 1.95 GeV

(100)

(110)

Riemann sheets (RS) denoted as 𝜉𝜉1𝜉𝜉2𝜉𝜉3 in the 
SU(3) limit, there are only 2 RS’s: (000) and (111).

𝒢𝒢𝑖𝑖𝑖𝑖 𝑠𝑠 ⟶ 𝒢𝒢𝑖𝑖𝑖𝑖 𝑠𝑠 + i 𝑝𝑝𝑖𝑖 𝑠𝑠
4𝜋𝜋 𝑠𝑠

𝜉𝜉𝑖𝑖

The purple long 
dashed lines stand for 
the 𝐷𝐷𝜋𝜋,𝐷𝐷�𝐾𝐾,𝐷𝐷𝜂𝜂,and 
𝐷𝐷𝑠𝑠𝐾𝐾 thresholds (from 
bottom to top)

virtual 
(111)

In the 𝐷𝐷0∗ 2300 pole trajectories, 𝜉𝜉1 (for the lower 
pole) and 𝜉𝜉3 (for the higher pole) depend on x

even  in the SU(3) limit the 
interaction is not strong 
enough to produce a 
bound state.

𝜉𝜉1 = 1 − 𝑥𝑥

bound 
(000)

𝜉𝜉3 = 𝑥𝑥

𝐷𝐷0∗(low)

𝐷𝐷0∗(high)

𝐷𝐷𝑠𝑠0∗ (2317)
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 U
V)

𝑚𝑚
𝑖𝑖 =

𝑚𝑚
𝑖𝑖 phys+

𝒙𝒙
(𝑚𝑚

−
𝑚𝑚
𝑖𝑖 phys) 

𝑀𝑀
𝑖𝑖 =

𝑀𝑀
𝑖𝑖 phys+

𝒙𝒙
(𝑀𝑀

−
𝑀𝑀
𝑖𝑖 phys) 

(100)

(110)

virtual 
(111)

bound 
(000)

𝐷𝐷0∗(low)

𝐷𝐷0∗(high)

𝐷𝐷𝑠𝑠0∗ (2317)

 The high 𝑸𝑸𝟎𝟎
∗ connects with a 6 virtual state.

 The low 𝑸𝑸𝟎𝟎
∗ connects with a �𝟑𝟑 bound state.

 The 𝑸𝑸𝟎𝟎𝒔𝒔
∗ 𝟐𝟐𝟑𝟑𝟏𝟏𝟏𝟏 also connects with the �𝟑𝟑 bound state 

The low 𝑸𝑸𝟎𝟎
∗ and the 𝑸𝑸𝒔𝒔𝟎𝟎

∗ 𝟐𝟐𝟑𝟑𝟏𝟏𝟏𝟏 are SU(3) flavor partners



(100)

(110)

virtual 
(111)

bound 
(000)

𝐷𝐷0∗(low)

𝐷𝐷0∗(high)

𝐷𝐷𝑠𝑠0∗ (2317)

 The high 𝑸𝑸𝟎𝟎
∗ connects 

with a 6 virtual state.
 The low 𝑸𝑸𝟎𝟎

∗ connects 
with a �𝟑𝟑 bound state.

 The 𝑸𝑸𝟎𝟎𝒔𝒔
∗ 𝟐𝟐𝟑𝟑𝟏𝟏𝟏𝟏 also 

connects with the �𝟑𝟑
bound state 

The low 𝑸𝑸𝟎𝟎
∗ and the 𝑸𝑸𝒔𝒔𝟎𝟎

∗ 𝟐𝟐𝟑𝟑𝟏𝟏𝟏𝟏 are SU(3) flavor partners

This solves the “puzzle” of 𝑸𝑸𝒔𝒔𝟎𝟎
∗ (𝟐𝟐𝟑𝟑𝟏𝟏𝟏𝟏) being 

lighter than 𝑸𝑸𝟎𝟎
∗ (2300) : it is not, the lower 

𝑸𝑸𝟎𝟎
∗ (2300) pole (M = 2105 MeV) is lighter !
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Note that the LECs fitted  in PRD87 (2013) 014508  leads to a pole in the  𝐷𝐷𝐾𝐾,𝐷𝐷𝑠𝑠𝜂𝜂 coupled-
channels T-matrix than can naturally be identified with the  𝑸𝑸𝒔𝒔𝟎𝟎

∗ 𝟐𝟐𝟑𝟑𝟏𝟏𝟏𝟏 ,𝑴𝑴 = 𝟐𝟐𝟑𝟑𝟏𝟏𝟏𝟏−𝟐𝟐𝟖𝟖+𝟏𝟏𝟖𝟖 MeV. 
 The high 𝑸𝑸𝟎𝟎

∗ connects with a 6 virtual state.
 The low 𝑸𝑸𝟎𝟎

∗ connects with a �𝟑𝟑 bound state.
 The 𝑸𝑸𝟎𝟎𝒔𝒔

∗ 𝟐𝟐𝟑𝟑𝟏𝟏𝟏𝟏 also connects with the �𝟑𝟑 bound state 

The low 𝑸𝑸𝟎𝟎
∗ and the 𝑸𝑸𝒔𝒔𝟎𝟎

∗ 𝟐𝟐𝟑𝟑𝟏𝟏𝟏𝟏 are SU(3) flavor partners

This solves the “puzzle” of 𝑸𝑸𝒔𝒔𝟎𝟎
∗ (𝟐𝟐𝟑𝟑𝟏𝟏𝟏𝟏) being lighter than 𝑸𝑸𝟎𝟎

∗ (2300): it is not, 
the lower 𝑸𝑸𝟎𝟎

∗ (2300) pole (M = 2105 MeV) is lighter!
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𝑚𝑚𝜋𝜋 = 290 MeV
𝑚𝑚𝜋𝜋 = 150 MeV

LQCD: Bali et al.  PRD 96 (2017) 074501
NLO UHMChPT interacting energy levels 𝐸𝐸𝑛𝑛 𝐿𝐿 : Albaladejo, Fernández-Soler, Nieves, Ortega, EPJC78 (2018) 722

𝑸𝑸𝒔𝒔𝟎𝟎
∗ (2317) 

𝑸𝑸𝒔𝒔𝟏𝟏(2460) 
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Predictions for other sectors: charm 

 HQSS relates 0+ (𝐷𝐷(𝑠𝑠)𝑃𝑃) and 1+ (𝐷𝐷 𝑠𝑠
∗ 𝑃𝑃) sectors: similar resonance pattern.

 Two pole structure: higher 𝐷𝐷1 pole probably affected by 𝐷𝐷(∗)𝜌𝜌 channels.
 𝐷𝐷�𝐾𝐾 [0+, (−1, 0)]: this virtual state (from 6) has a large impact on the scattering 

length, 𝑎𝑎(−1,0)
𝑄𝑄�𝐾𝐾 ~ 0.8 fm (rest of scattering lengths are |a| ~ 0.1 fm.)

(𝑺𝑺, 𝑰𝑰) Channels 𝟏𝟏𝟏𝟏(R) 6(A) �𝟑𝟑 (A) (M ,𝚪𝚪/2 ) [MeV] (M ,𝚪𝚪/2 ) [MeV]

(0,1/2) 𝐷𝐷(∗)𝜋𝜋,𝐷𝐷(∗)𝜂𝜂,𝐷𝐷𝑠𝑠
(∗) �𝐾𝐾 YES YES YES Lower pole 2105−8+6, 102−11+10

RPP 2022 (2343 ± 10, 115 ± 8)
Higher pole (2451−26+35, 134−8+7)

Lower pole 2247−6+5, 107−10+11

RPP 2022 (2412 ± 9,157 ± 15)
Higher pole (2555−30+47, 203−9+8)

(1,0) 𝐷𝐷(∗)𝐾𝐾,𝐷𝐷𝑠𝑠
(∗)𝜂𝜂 YES NO YES 2315−28+18 (bound); RPP 2317.8±0.5 2456−21+15 (bound); RPP 2459.5±0.6

(−1,0) 𝐷𝐷(∗) �𝐾𝐾 NO YES NO 2342−41+13 (virtual) the pole (virtual) moves deep in the 
complex plane

(1,1) 𝐷𝐷𝑠𝑠
(∗)𝜋𝜋,𝐷𝐷(∗)𝐾𝐾 YES YES NO − −

𝑱𝑱𝑷𝑷 = 𝟎𝟎+ 𝑱𝑱𝑷𝑷 = 𝟏𝟏+
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charm sector

(𝑺𝑺, 𝑰𝑰) Channels 𝟏𝟏𝟏𝟏(R) 6(A) �𝟑𝟑 (A) (M ,𝚪𝚪/2 ) [MeV] (M ,𝚪𝚪/2 ) [MeV]

(0,1/2) 𝐷𝐷(∗)𝜋𝜋,𝐷𝐷(∗)𝜂𝜂,𝐷𝐷𝑠𝑠
(∗) �𝐾𝐾 YES YES YES Lower pole 2105−8+6, 102−11+10

RPP 2022 (2343 ± 10, 115 ± 8)
Higher pole (2451−26+35, 134−8+7)

Lower pole 2247−6+5, 107−10+11

RPP 2022 (2412 ± 9,157 ± 15)
Higher pole (2555−30+47, 203−9+8)

(1,0) 𝐷𝐷(∗)𝐾𝐾,𝐷𝐷𝑠𝑠
(∗)𝜂𝜂 YES NO YES 2315−28+18 (bound); RPP 2317.8±0.5 2456−21+15 (bound); RPP 2459.5±0.6

(−1,0) 𝐷𝐷(∗) �𝐾𝐾 NO YES NO 2342−41+13 (virtual) the pole (virtual) moves deep in the 
complex plane

(1,1) 𝐷𝐷𝑠𝑠
(∗)𝜋𝜋,𝐷𝐷(∗)𝐾𝐾 YES YES NO − −

𝑱𝑱𝑷𝑷 = 𝟎𝟎+ 𝑱𝑱𝑷𝑷 = 𝟏𝟏+

CQM: c�ℓ members of the flavor antitriplet—the presence of the sextet is a 
nontrivial prediction emerging from the meson-meson dynamics

o qualitative agreement with the LQCD results of the  Hadron Spectrum Collab. JHEP 02 (2021) 100
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Dynamics of 
the sextet 
pole  in the 
SU(3) limit as 
a function of 
the Golstone
boson mass. 
It can be 
tested in 
LQCD 

M.-L. Du, M. Albaladejo, P. Fernández-
Soler, F.-K. Guo, C. Hanhart, U.-G. 
Meißner, JN and D.-L. Yao, PRD 98 
(2018) 094018

below 𝑚𝑚𝜙𝜙≲475 
MeV, the pole is 
a resonance and 
above 𝑚𝑚𝜙𝜙≲475 
MeV, it evolves 
into a pair of 
virtual states,
and it becomes 
a bound state at
𝑚𝑚𝜙𝜙 ≈600 MeV.
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Chiral 𝐷𝐷(𝑠𝑠)
(∗)𝜙𝜙 molecular structure natural solution to 

three (experimental) puzzles:

 Why are the 𝑀𝑀𝑄𝑄𝑠𝑠𝑠∗ (2317) & 𝑀𝑀𝑄𝑄𝑠𝑠𝑠(2460) ≪ CQM 𝑐𝑐�̅�𝑠
0+ and 1+ mass predictions

 Why (𝑀𝑀𝑄𝑄𝑠𝑠𝑠(2460)−𝑀𝑀𝑄𝑄𝑠𝑠𝑠∗ 2317 ) ~(𝑀𝑀𝑄𝑄∗ − 𝑀𝑀𝑄𝑄)
within 2 MeV (binding energies are independent 
of the heavy meson spin, as the leading spin 
symmetry breaking interaction is also of NLO in 
the chiral expansion).

 Why are the 𝐷𝐷0∗(2300) [0+] and 𝐷𝐷1(2430) [1+]
masses (higher members of the two-pole
structure) almost equal to or even higher than
their strange siblings despite of 𝑚𝑚𝑠𝑠

𝑚𝑚𝑑𝑑
~20

…confirmed by LHCb data  [R. Aaij
et al. PRD 94 (2016) 072001] for 
the 𝐵𝐵− → 𝐷𝐷+𝜋𝜋−𝜋𝜋− reaction

(𝜋𝜋−𝜋𝜋−) ⇒ 𝐼𝐼 = 2
FSI between the two 𝜋𝜋−is negligible 
𝐵𝐵− → 𝐷𝐷+𝜋𝜋−𝜋𝜋−provides access to the
𝑸𝑸𝝅𝝅 system and thus to the charm-nonstrange
mesons



Juan Nieves, IFIC (CSIC & UV)

𝓐𝓐𝟎𝟎 (S-wave) from UHMChPT

𝓐𝓐𝟎𝟎 (S-wave) 

< 𝑷𝑷𝟎𝟎 >
< 𝑷𝑷𝟐𝟐 >
< 𝑷𝑷𝟏𝟏𝟑𝟑 >

cusps: opening of the 
𝑸𝑸𝟎𝟎𝜼𝜼 and 𝑸𝑸𝒔𝒔

+𝑲𝑲−

thresholds enhanced 
by the higher 
𝑸𝑸𝟎𝟎
∗ (2300) pole

M.-L.Du, M. Albaladejo, P. Fernández-Soler, 
F.-K. Guo, C. Hanhart, U.-G. Meißner, JN and 
D.-L. Yao, PRD 98 (2018) 094018
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Amplitudes 
−𝑖𝑖 𝑝𝑝𝑖𝑖𝑖𝑖 𝑠𝑠 𝑇𝑇𝑖𝑖𝑖𝑖 𝑠𝑠
= 4𝜋𝜋 𝑠𝑠 𝜂𝜂𝑖𝑖 𝑠𝑠 𝑒𝑒2𝑖𝑖𝛿𝛿𝑖𝑖𝑖𝑖 𝑠𝑠 − 1

Lower pole, 𝑠𝑠 = (2.1 − 𝑖𝑖 0.1) GeV

o 𝑻𝑻𝟏𝟏𝟏𝟏(𝒔𝒔) 𝟐𝟐 peaks at 𝒔𝒔 ~ 𝟐𝟐.𝟏𝟏 GeV
o 𝜹𝜹𝟏𝟏𝟏𝟏 𝒔𝒔 = ⁄𝝅𝝅 𝟐𝟐 at 𝒔𝒔 ~ 𝟐𝟐.𝟐𝟐 GeV

Higher pole, 𝑠𝑠 = (2.45 − 𝑖𝑖 0.13) GeV

o small enhancement in 𝑻𝑻𝟏𝟏𝟏𝟏(𝒔𝒔)
o clear peak in the 𝑸𝑸𝒔𝒔�𝑲𝑲 amplitude. 

Narrow, non-conventional shape, 
stretched between thresholds 
cusps.

o Possible tests in 𝑩𝑩⟶ 𝑸𝑸𝑫𝑫𝑫𝑫
decays
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the LHCb data [R. Aaij et al. PRD 90 (2014) 072003] for the angular moments for 𝐵𝐵𝑠𝑠0 ⟶
�𝐷𝐷0𝐾𝐾−𝜋𝜋+ can be easily reproduced in the same framework with the untarized chiral �𝐷𝐷�𝐾𝐾
coupled-channels S-wave amplitude

see also the works by M.-L Du, F.-K. Guo and U.-G. Meißner, PRD 99 (2019)  114002 (detailed 
combined chiral analysis  of LHCb data for 𝐵𝐵− ⟶ 𝐷𝐷+𝐾𝐾−𝜋𝜋−,𝐵𝐵𝑠𝑠0 ⟶ �𝐷𝐷0𝐾𝐾−𝜋𝜋+, 𝐵𝐵0 ⟶ �𝐷𝐷0𝜋𝜋−𝜋𝜋+

and 𝐵𝐵0 ⟶ �𝐷𝐷0𝐾𝐾+𝜋𝜋−) and M.-L. Du, F.-K. Guo, C. Hanhart , B. Kubis and U.-G. Meißner, PRL 126 
(2021) 192001 (discussion of great deficiencies of BW parametrization to describe the  LHCb 
data for   𝐵𝐵− ⟶ 𝐷𝐷+𝜋𝜋−𝜋𝜋−)
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Predictions for other sectors: bottom

 Heavy flavour symmetry relates charm (D) and bottom ( �𝐵𝐵) sectors.
 (0, 1/2 ): �𝐵𝐵0∗, two-pole pattern also observed.
 (−1, 0): [ �𝐵𝐵(∗) �𝐾𝐾]: very close to threshold. Relevant prediction. Can be either bound or virtual (6)
 (1, 1): [ �𝐵𝐵𝑠𝑠𝜋𝜋, �𝐵𝐵𝐾𝐾, 0+], X (5568) channel. No state is found: 15 and 6. If it exists, it is not 

dynamically generated in �𝐵𝐵𝑠𝑠𝜋𝜋, �𝐵𝐵𝐾𝐾 interactions. [Albaladejo et al., PL.B 757 (2016) 515; Guo et al., Commun. 
Theor. Phys. 65 (2016) 593]

 (1, 0): Our results for �𝐵𝐵𝑠𝑠0∗ and �𝐵𝐵𝑠𝑠1∗ agree with other results from LQCD [Lang et al., PLB 750 (2015) 17]. 

(𝑺𝑺, 𝑰𝑰) Channels 𝟏𝟏𝟏𝟏(R) 6(A) �𝟑𝟑 (A) (M ,𝚪𝚪/2 ) [MeV] (M ,𝚪𝚪/2 ) [MeV]

(0,1/2) �𝐵𝐵(∗)𝜋𝜋, �𝐵𝐵(∗)𝜂𝜂, �𝐵𝐵𝑠𝑠
(∗) �𝐾𝐾 YES YES YES Lower pole 5535−11+9 , 113−17+15

RPP −
Higher pole 5852−19+16, 36 ± 5

Lower pole 5584−11+9 , 119−17+14

RPP −
Higher pole (5912−18+15, 42−4+5)

(1,0) �𝐵𝐵(∗)𝐾𝐾, �𝐵𝐵𝑠𝑠
(∗)𝜂𝜂 YES NO YES 5720−23+16 (bound); RPP − 5772−21+15 (bound); RPP −

(−1,0) �𝐵𝐵(∗) �𝐾𝐾 NO YES NO (V-B) thr. (V-B) thr.

(1,1) �𝐵𝐵𝑠𝑠
(∗)𝜋𝜋, �𝐵𝐵(∗)𝐾𝐾 YES YES NO − −

𝑱𝑱𝑷𝑷 = 𝟎𝟎+ 𝑱𝑱𝑷𝑷 = 𝟏𝟏+
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CONCLUSIONS 
𝐷𝐷𝜋𝜋,𝐷𝐷𝜂𝜂,𝐷𝐷𝑠𝑠 �𝐾𝐾 coupled-channel scattering  [𝐽𝐽𝑃𝑃= 0+, 𝑆𝑆, 𝐼𝐼 = (0, 1/2)]: only one pole reported 

experimentally. We have presented a strong support for the existence of two 𝐷𝐷0∗ 2300 poles 
Chiral dynamics: 𝐷𝐷𝑠𝑠0∗ (2317) and the lower 𝐷𝐷0∗ 2300 are flavour partners: they complete a 3 

multiple, with large molecular probabilities.
 The lower pole (𝑀𝑀 = 2105−8+6 MeV,  Γ = 204−24+20 MeV ) is lighter than 𝐷𝐷𝑠𝑠0∗ (2317), solving this 

apparent contradiction. It is much lighter than that extracted using a naive single-channel BW
Predictions for other sectors (heavy vectors, bottom sector) have been also given. We find a 

natural explanation to why (𝑀𝑀𝑄𝑄𝑠𝑠𝑠(2460)−𝑀𝑀𝑄𝑄𝑠𝑠𝑠∗ 2317 ) ~(𝑀𝑀𝑄𝑄∗ − 𝑀𝑀𝑄𝑄) within 1 MeV
 This double pole structure is consequence of ChPT : similar to Λ 1405 or 𝐾𝐾1(1270)
Good  description of the S-wave 𝑃𝑃𝜙𝜙 amplitude extracted by LHCb from 𝐵𝐵 ⟶ 𝑃𝑃𝜙𝜙𝜙𝜙 decays  

strategy: combining effective field theory 
methods with LQCD results  to describe data 
and make theoretical predictions!
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Some references…



Back up



Scattering lengths as a function of 
the pion mass (300 -600 MeV)
Liu et al.,  PRD87 (2013) 014508

 the subtraction constant is 
taken to be the  same for the  
different channels,  its pion 
mass dependence is neglected.

 ℎ1 is fixed from the SU(3) mass 
splitting of the charmed 
mesonsJuan Nieves, IFIC (CSIC & UV)
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 For lattice masses, we 
find a bound state 
(000) and a resonance 
(110)

LQCD: G. Moir et al., JHEP 10 
(2016) 011 (Hadron Spectrum 
Collaboration) reported only 
one pole. No further pole is 
found in the HadSpec analysis. 
With the quark masses used 
there, the predicted sextet pole 
is located deep in the complex 
plane and thus it is not 
captured easily. Importance of 
using NLO HMChPT 
amplitudes: combined LQCD & 
ChPT analysis 

[2016]
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