
On chiral extrapolations of charmed meson masses and

coupled channel dynamics

Xiao-Yu Guo*, Yonggoo Heo, Matthias F.M. Lutz

GSI Helmholtzzentrum, Germany

Charm 18, Novosibirsk, Russia

May 23, 2018

Xiao-Yu Guo CHARM 18, Novosibirsk May 23, 2018 1 / 21



Outline

1 The chiral Lagrangian for charmed mesons

2 Chiral extrapolation of D, D⇤ masses

3 Constraints from scattering lengths and phase shifts

4 Isospin-violating decay width of D⇤
s0(2317)

5 Quark mass dependence of ⇡D phase shift

6 Summary

Xiao-Yu Guo CHARM 18, Novosibirsk May 23, 2018 2 / 21



The chiral Lagrangian for charmed mesons

Leading order SU(3) chiral Lagrangian

18 M.F.M. Lutz, M. Soyeur / Nuclear Physics A 813 (2008) 14–95

correction terms to chiral order Q2
χ to take into account s- and u-channel D-meson exchange

processes and local two-body counter terms. Section 3 deals with the coupling of the electro-
magnetic field to the hadrons. In a first step we gauge the hadronic interactions introduced in
Section 2. We add gauge-invariant interaction terms of chiral order Q2

χ . We consider also inter-
action vertices probed when including the light vector mesons as explicit degrees of freedom.
We comment on the values of the parameters associated with these terms in relation to QCD
symmetries and discuss the renormalization of the ultraviolet singularities. The explicit expres-
sions of the electromagnetic decays are derived in Section 4 for the scalar state D∗

s0(2317) and in
Section 5 for the axial-vector state D∗

s1(2460). Our numerical results are presented in Section 6
and compared to the available data. We discuss the role of the different contributions and the con-
straints expected on the range of values for the coupling constants of specific interaction terms.
We conclude in Section 7. We relegate lengthy derivations to Appendices A–G.

2. Generation and strong isospin-violating decays of molecules

This section deals with the generation of the scalar D∗
s0(2317) and isovector D∗

s1(2460)

mesons in the coupled-channel framework of [12,13]. This description is based on the scatter-
ing of Goldstone bosons off heavy-light 0− and 1− mesons respectively. Isospin-breaking effects
arise from the difference between the up and down quark masses which leads to isospin-violating
strong decay amplitudes, D∗

s0(2317) → π0Ds and D∗
s1(2460) → π0D∗

s . These isospin-breaking
effects were not included in earlier work based on the assumption of perfect isospin sym-
metry [12,13]. We consider scalar and axial-vector states successively. In the latter case, we
reformulate the derivation of [12,13] in terms of massive 1− fields represented by antisymmetric
tensors. This particular development is needed later to arrive at expressions which are gauge-
invariant in a transparent manner. For both states, we consider first the hadronic interactions
resulting from the leading order chiral Lagrangian and treat afterwards chiral corrections to chi-
ral order Q2

χ .
We emphasize the importance of studying scalar and axial-vector mesons in the open-charm

sector on equal footing. The properties of spin 0 and spin 1 heavy-light mesons are indeed closely
related by the heavy-quark symmetry of QCD [26–30]. Even though the charm quark mass is
much larger that the light (u, d, s) quark masses, the limit in which the mass of the charm quark
goes to infinity is an approximation which may require significant corrections [31,32]. Rather
than applying a formalism where scalar and vector fields are fully degenerate and grouped to-
gether in one field as implied by exact heavy-quark symmetry, we use separate scalar and vector
D-meson fields to allow for the observed mass difference between spin multiplets.

2.1. The scalar state D∗
s0(2317)

The open-charm D∗
s0(2317) state has been shown to be dynamically generated as a direct

consequence of the leading order chiral Lagrangian density [12,13],

L = 1
4

tr(∂µΦ)
(
∂µΦ

)
− 1

4
trχ0Φ

2 + (∂µD)
(
∂µD̄

)
− DM2

0− D̄

+ 1
8f 2

{(
∂µD

)[
Φ, (∂µΦ)

]
− D̄ − D

[
Φ, (∂µΦ)

]
−
(
∂µD̄

)}
, (6)

where Φ and D are the pseudoscalar octet and triplet fields. We use the notation D̄ = D†. In the
particle representation the Goldstone and ground state open-charm meson fields are

⇡D scattering isospin 1/2
– A broad anti-triplet state and a narrow

sextet state predicted [PLB582(2004)39]
– The broad resonance confirmed by Belle

and LHCb
– Phase shift from LO chiral interaction

I Clear signal for two states
I Uncertainty indicated by the shaded

area

Is there a flavor sextet in QCD?
What is the role of higher order chiral corrections ?
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The chiral Lagrangian for charmed mesons

Chiral Lagrangian at next-to-leading order

Second order terms of the chiral Lagrangian were first studied in [6, 9], where the focus

was on counter terms relevant for s-wave scattering of Goldstone bosons with the D mesons.

A list of eight terms with dimension less parameters ci and c̃i was identified. This list was

extended by further terms relevant for p-wave scattering in [35]. A complete collection of

relevant terms is

L(2) = �
�
4 c0 � 2 c1

�
D D̄ tr �+ � 2 c1 D �+ D̄

+ 4
�
2 c2 + c3

�
DD̄ tr

�
Uµ Uµ†� � 4 c3 D Uµ Uµ† D̄

+
1

M2

�
4 c4 + 2 c5

�
( ·�µD)( ·��D̄) tr

�
Uµ, U �†�

+
� 1

M2
2 c5 ( ·�µD)

�
Uµ, U �†�

+
( ·��D̄)

+ i c6 �µ���
�
D

�
Uµ, U

†
�

�
� D̄�� � D��

�
U †

� , Uµ

�
� D̄

�

+
�
2 c̃0 � c̃1

�
Dµ� D̄µ� tr �+ + c̃1 Dµ� �+ D̄µ�

�
�
4 c̃2 + 2 c̃3

�
D��D̄�� tr

�
UµU

µ†� + 2 c̃3 D�� Uµ Uµ† D̄��

� 1

(M + �)2

�
2 c̃4 + c̃5

�
( ·�µD

��) ( ·��D̄��) tr
�
Uµ, U �†�

+

+
1

(M + �)2
c̃5 ( ·�µD

��)
�
Uµ, U �†�

+
( ·��D̄��) � 4 c̃6 Dµ�

�
Uµ, U �†�

�D̄�� , (5)

where the parameter M and M + � are the D and D⇤ meson masses as evaluated at

mu = md = ms = 0. In the limit of a very large charm-quark mass it follows M ! � but

� ! 0. All parameters ci and c̃i are expected to scale linearly in the parameter M0. As

illustrated in [6] it holds c̃i = ci in the heavy-quark mass limit.

A first estimate of some parameters can be found in [6] based on large-Nc arguments.

Since at leading order in a 1/Nc expansion single-flavour trace interactions are dominant,

the corresponding couplings should go to zero in the Nc ! � limit, suggesting

c0 � c1

2
, c2 � �c3

2
, c4 � �c5

2
,

c̃0 � c̃1

2
, c̃2 � � c̃3

2
, c̃4 � � c̃5

2
. (6)

In the combined heavy-quark and large-Nc limit we are left with 4 free parameter only,

c1, c3, c5, c6. For two of them approximate ranges

c1 � 0.44 � 0.47 , c3 + c5 � 1.0 � 1.4 , (7)

were obtained previously in [6]. While the parameter c1 can be estimated from the D meson

masses, the parameter c3 is constrained by the empirical ⇡D invariant mass spectrum [6, 9].

A complementary estimate was explored in [10], where the parameter c3 + c5 was adjusted

6

Previous estimates for NLO low-energy constants:
– from large Nc and ⇡D invariant mass distribution from Belle

[NPA813(2008)14]

– based on elastic scattering lengths from lattice [PRD87(2013)014508]

Fit to D-meson masses and scattering
observables from lattice
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Chiral extrapolations of D, D⇤
masses

Quark mass dependence of D, D⇤ masses up to N3LO

Chiral extrapolation on D, D* masses

• D, D* masses are calculated up to N3LO 


• 82 D, D* masses at different quark masses from 5 lattice 
collaborations


• 8 LECs involved


NLO

N3LO

Second order terms of the chiral Lagrangian were first studied in [6, 9], where the focus

was on counter terms relevant for s-wave scattering of Goldstone bosons with the D mesons.

A list of eight terms with dimension less parameters ci and c̃i was identified. This list was

extended by further terms relevant for p-wave scattering in [35]. A complete collection of

relevant terms is

L(2) = �
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�
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U †
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�
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�
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Dµ� D̄µ� tr �+ + c̃1 Dµ� �+ D̄µ�

�
�
4 c̃2 + 2 c̃3

�
D��D̄�� tr
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UµU
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�
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�
( ·�µD

��) ( ·��D̄��) tr
�
Uµ, U �†�

+

+
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��)
�
Uµ, U �†�

+
( ·��D̄��) � 4 c̃6 Dµ�

�
Uµ, U �†�

�D̄�� , (5)

where the parameter M and M + � are the D and D⇤ meson masses as evaluated at

mu = md = ms = 0. In the limit of a very large charm-quark mass it follows M ! � but

� ! 0. All parameters ci and c̃i are expected to scale linearly in the parameter M0. As

illustrated in [6] it holds c̃i = ci in the heavy-quark mass limit.

A first estimate of some parameters can be found in [6] based on large-Nc arguments.

Since at leading order in a 1/Nc expansion single-flavour trace interactions are dominant,

the corresponding couplings should go to zero in the Nc ! � limit, suggesting

c0 � c1

2
, c2 � �c3

2
, c4 � �c5

2
,

c̃0 � c̃1

2
, c̃2 � � c̃3

2
, c̃4 � � c̃5

2
. (6)

In the combined heavy-quark and large-Nc limit we are left with 4 free parameter only,

c1, c3, c5, c6. For two of them approximate ranges

c1 � 0.44 � 0.47 , c3 + c5 � 1.0 � 1.4 , (7)

were obtained previously in [6]. While the parameter c1 can be estimated from the D meson

masses, the parameter c3 is constrained by the empirical ⇡D invariant mass spectrum [6, 9].

A complementary estimate was explored in [10], where the parameter c3 + c5 was adjusted

6

NLO Lagrangian

+ +

– On-shell masses are used in the loops

64 D and D⇤ masses from 5 lattice collaborations at di↵erent pion
and kaon masses (ETMC, PACS, HPQCD, LHPC, HSC)

– Quark masses are determined by pion and kaon masses on the lattice
ensembles

– Finite-volume e↵ects are taken into account
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D, D⇤
masses from ETM collaboration
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Prediction of quark mass ratios

ms/m are determined from our fit to D-meson masses
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Constraints from scattering lengths and phase shifts

Lattice results of D,D⇤ masses do not lead to a unique set of LECs.

Use additional information from lattice at unphysical quark masses.

PRD87(2013)014508:

scattering lengths for K̄D, KDs , ⇡D, ⇡Ds channels
I 10 data points

JHEP10(2016)011:

phase shifts and inelasticities for ⇡D and ⌘D channels

Fit lattice data using coupled-channel dynamics from the chiral
Lagrangian
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Constraints from scattering lengths and phase shifts
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Constraints from scattering lengths and phase shifts

Xiao-Yu Guo CHARM 18, Novosibirsk May 23, 2018 13 / 21



Isospin-violating decay width of D⇤
s0(2317)

Coupled-channel dynamics based on the leading order chiral
Lagrangian predict D⇤

s0(2317)

– Hadronic decay width from D⇤
s0(2317) ! Ds(1968)⇡

0

– LO prediction: 75 keV [NPA813(2008)14]

NLO corrections may significantly change the estimation of �:

140 keV [NPA813(2008)14]; 133 keV [PRD87(2013)014508]

– Measurement of the width will have significant impact on chiral
dynamics in QCD

In this work all relevant lattice data are used
– Our prediction is � = (104 ⇠ 116) keV

The resolution of PANDA is capable of measuring this �.
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Quark mass dependence of ⇡D phase shift

The ⇡D (I = 1/2) phase shift strongly
depends on the quark masses

Two resonance states are predicted

Anti-triplet state is bound at
m⇡ = 384MeV

! very broad at physical quark masses

Predict the sextet state at physical quark
masses

! above ⌘D threshold

Our result is compatible with previous
NLO calculations [NPA813(2008)14,

PLB767(2017)465]

Future measurement of ⌘D mass
distribution is requested (PANDA)
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Summary

We considered the chiral Lagrangian for D and D⇤ mesons at NLO

We simultaneously describe lattice data for:

– D and D⇤ masses from 5 lattice collaborations

– Scattering lengths, phase shifts and inelasticities
from 2 lattice collaborations

A complete set of LECs at NLO is established

– The width of D⇤
s0(2317) is predicted as (104 ⇠ 116) keV

– A narrow sextet state is foreseen above the ⌘D threshold

To be challenged by experiments (PANDA, LHCb, Belle II, etc.)
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Thank You!
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