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D̄N System: Motivation and Features

■ D̄ = c̄q and N = qqq: no qq̄ annihilation channel
possible exotic configurations (e.g., pentaquark)

■ Possible bound states (and excited states) with nuclei
(extension of kaonic nuclei, HQSS doublets)

Y.Yamaguchi, S.Yasui, A.Hosaka, Nuclear Phys. A 927 (2014)

■ In-medium properties of (anti-)D mesons
e.g., Mass modifications in nuclear matter

A. Hayashigaki Phys.Lett. B487 (2000) 96-103
A. Hosaka et al. / Progress in Particle and Nuclear Physics 96 (2017) 88–153 123

Fig. 5. Energy levels of D̄(⇤)NN , B(⇤)NN and P (⇤)NN with I = 1/2 and JP = 0� and 1� (solid lines) [137]. The complex energies for resonances are given as
Ere � i� /2, where Ere is a resonance energy and � /2 is a half decay width. Thresholds (subthresholds) are denoted by dashed (dash-dotted) lines.

detailed investigations of the few-body systems will provide another clue to understand the two-body interaction, as in the
case of the hypernuclei and the ⇤N interaction.

In Ref. [225], the DNN three-body system is studied with the DN interaction of Ref. [186] where the DN system has a
quasi-bound state of ⇤c(2595) in the I = 0 channel. The three-body system is solved by two techniques: a variational
calculation based on the Gaussian expansion method as explained in Section 2.4.1 and the fixed center approximation (FCA)
to the Faddeev equation as developed in Refs. [226,227]. In both methods, a narrow quasi-bound state of DNN is found
around 3500 MeV in the I(JP ) = 1/2(0�) channel. The I(JP ) = 1/2(1�) channel is unbound with respect to the ⇤c(2595)N
threshold. The width from the two-body absorption process DNN ! ⇤cN is evaluated in the FCA calculation and found to
be several tens of MeV. By analyzing the wave function obtained in the variational calculation, it is found that the DN(I = 0)
pair in the quasi-bound DNN system has a similar structure with the ⇤c(2595) in free space. This is a characteristic feature
observed in the K̄NN quasi-bound state [228,229]. The FCA approach is also applied to other three-body systems with the D
meson, such as NDK , K̄DN , NDD̄ systems [230], showing the existence of several quasi-bound states.

The D̄NN–D̄⇤NN system is studied in Ref. [137] which indicates the existence of bound and resonance states in the
three-body system. The D̄N–D̄⇤N interaction is given by the pion-exchange potential [98,192,211], and the NN interaction
is adopted by the Argonne v0

8 (AV8’) interaction [231]. The Argonne v0

8 interaction includes the tensor force explicitly, as the
pion-exchange potential is essential in nuclei. As a result, in the I(JP ) = 1/2(0�) channel, a bound state is found at 5.2 MeV
below the D̄NN threshold. In the I(JP ) = 1/2(1�) channel, a resonance state is found at 111.2 MeV above the D̄NN threshold,
with a 18.6 MeV decay width. As in the case of the D̄N–D̄⇤N system, it is found that the tensor force plays an important
role in the D̄NN–D̄⇤NN system. The binding energy mostly comes from the tensor force in the D̄N–D̄⇤N system, while the
central force is dominant in the NN pair rather than the tensor force. The energy levels of the three-body D̄NN–D̄⇤NN system
are summarized in Fig. 5, together with the BNN–B⇤NN system and PNN–P⇤NN which represents the mQ ! 1 limit. It is
shown that the I(JP ) = 1/2(1�) resonance in the charm sector degenerates with the bound I(JP ) = 1/2(0�) state in the
heavy quark limit. Thus, these states form a heavy quark spin doublet as a consequence of the heavy quark symmetry in the
formulation [58,59].

It is interesting to note that the lowest energy state is found to be the state with total spin J = 0 in both the DNN and
D̄NN systems. In the dominant s-wave DNN/D̄NN component in the J = 0 state, the two nucleons are combined into the 1S0
state. On the other hand, in the NN system without D/D̄, the lowest energy state is the bound deuteron in the 3S1 channel,
not the unbound 1S0 channel. This means that, by adding D/D̄, the lowest energy configuration of the two-nucleon system
changes from 3S1 to 1S0. The reason is attributed to the stronger DN/D̄N attraction in the I = 0 channel than that in the
I = 1 channel. By analyzing the isospin decomposition, it is found that the I(JP ) = 1/2(0�) channel has larger fraction
of I = 0 DN/D̄N pair than the I(JP ) = 1/2(1�) channel [225]. This is analogous to the K̄NN system [228,229] which also
favors the I(JP ) = 1/2(0�) state as the ground state. In this way, the injection of D/D̄ causes the structure transition of
the two-body correlation of nucleons. A thorough investigation of the few-body systems will elucidate the property of the
hadronic interactions inside the system.

A. Hosaka et al. / Progress in Particle and Nuclear Physics 96 (2017) 88–153 127

Fig. 8. Spectral functions of the D, D̄, Ds and D̄s mesons at ⇢ = 0.17 fm�3 (left) and 0.34 fm�3 (right) in the SU(4) contact interaction model [223].
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Fig. 9. Imaginary part of the in-medium DN scattering amplitude TDN (P0, EP = E0; ⇢) for I = 0 (left) and I = 1 (right) in model A (top) and inmodel B (down)
at ⇢ = ⇢0, based on the SU(4) contact interaction model [186].

also included. The results of theDmeson spectral function are similar to those of Ref. [186] at zero temperature. On the other
hand, at T = 100 MeV, the ⇤c(2595) peak in the in-medium T -matrix is smeared out and the resonance-hole mode in the D
meson spectral function disappears. In Fig. 10, the mass shift of the D̄ meson is shown with (model A) and without (model
B) the scalar–isoscalar interaction, estimated by the optical potential (4.3.28). The mass shift of D̄ is repulsive, irrespective
to the choice of the parameter set. It is shown that the low-density approximation (denoted as T⇢) quantitatively deviates
from the self-consistent calculation.

The medium effect for D/D̄ and Ds/D̄s is studied in Ref. [251] with the nonlocal interaction model [198]. In this paper,
the interplay between D/D̄ and Ds/D̄s is investigated. Because the DN channel couples with the DsY channel, the medium
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Current status: Models and Experiment

■ SU(4) WT contact
J.Hofmann, M.F.M.Lutz, Nucl.Phys. A763 (2005) 90-139, D.Gamermann, et al, Phys.Rev. D81 (2010) 094016

■ Meson exchange models (+short range OGE)
Y. Yamaguchi, et al, Phys.Rev. D 84 (2011) 014032, J.Haidenbauer, et al, Eur.Phys.J. A33 (2007) 107-117

C.E. Fontoura, et al, Phys.Rev. C 87 (2) (2013) 025206, Y. Yamaguchi, et al, Phys.Rev. D 106, 094001 (2022)

122 A. Hosaka et al. / Progress in Particle and Nuclear Physics 96 (2017) 88–153

Table 6

Scattering lengths in the DN channel in various models. The isospin averaged scattering length aD is defined
in Eq. (4.1.25). All numbers are given in units of fm. The negative (positive) scattering length corresponds to
the repulsive (attractive) scattering at threshold. When a shallow bound state exists, the scattering length
becomes negative with a large magnitude. The results of Ref. [185] are given in Ref. [223] where the imag-
inary parts are found to be negligible. The results of Refs. [186,190] are shown in Ref. [191].

Model aI=0
DN aI=1

DN aD
SU(4) contact [185] �0.43 �0.41 �0.42
SU(4) contact [186] �0.57 + i 0.001 �1.47 + i 0.65 �1.25 + i 0.49
SU(8) contact [190] 0.004 + i 0.002 0.33 + i 0.05 0.29 + i 0.038
Meson exchange [191] �0.41 + i 0.04 �2.07 + i 0.57 �1.66 + i 0.44

Table 7

Scattering lengths in the D̄N channel in various models. The isospin averaged scattering
length aD̄ is defined in Eq. (4.1.25). All numbers are given in units of fm. The negative (posi-
tive) scattering length corresponds to the repulsive (attractive) scattering at threshold.When
a shallow bound state exists, the scattering length becomes negative with a large magni-
tude. Results of Ref. [192] are those in the ⇡⇢! model. The results of Ref. [185] are given in
Ref. [223].

Model aI=0
D̄N aI=1

D̄N aD̄
SU(4) contact [185] �0.16 �0.26 �0.24
Meson exchange [194] 0.07 �0.45 �0.32
Pion exchange [192] �4.38 �0.07 �1.15
Chiral quark model [219] 0.03–0.16 0.20–0.25 0.16–0.23

We summarize theDN scattering lengths in the SU(4) contact interactionmodels [185,186], the SU(8) contact interaction
model [190], and themeson exchangemodel [191,205] in Table 6. In the I = 0 sector, all models give amoderately repulsive
scattering length, except for the SU(8) contact interactionmodelwhich predicts veryweakly attractive value. It is remarkable
that the imaginary part is very small in all cases, indicating the transition to the ⇡⌃c channel is suppressed. In the I = 1
sector, the results are more scattered. The imaginary part is very small in Refs. [185,190] while it is sizable in Refs. [186,191].
A large negative scattering length of DN(I = 1) of the meson exchange model [191] is a consequence of the shallow quasi-
bound state which corresponds to ⌃c(2800).

As shown in Table 7, the D̄N scattering lengths are calculated in the SU(4) contact interaction model [185], the meson
exchange model [194], the pion-exchange model [192], and the chiral quark model [219]. The scattering lengths are in
general not very large and comparable with the ⇡N sector, except for the pion-exchange model where the I = 0 scattering
length is enhanced by the near-threshold bound state (see Table 4). We comment that the pion-exchange model without
the ⇢ and ! exchanges provides an attractive scattering length (aI=1

D̄N = 0.22 fm). However, the ⇢ and ! exchanges in the
diagonal component lead to the repulsive scattering length as shown in Table 7.

The DN/D̄N scattering length can be used to estimate the mass shift of the D/D̄ in the nuclear medium. Under the linear
density approximation [224], the mass shift of the D/D̄ meson in the symmetric nuclear matter is given by

�mD/D̄ = �2⇡
MN + mD

MNmD
⇢NaD/D̄, (4.1.24)

with the nucleonmassMN , theDmesonmassmD, and the normal nuclearmatter density ⇢N . The isospin averaged scattering
length is defined as

aD/D̄ =

aI=0
DN/D̄N + 3aI=1

DN/D̄N

4
. (4.1.25)

We see that the attractive scattering length aD/D̄ > 0 (repulsive scattering length aD/D̄ < 0) induces the decrease (increase)
of theD/D̄mass in nuclearmatter. In Tables 6 and 7, we show the results of the averaged scattering lengths (4.1.25).We note
that the scattering length in the I = 1 channel is important for the in-medium property of the D/D̄ meson, because of the
larger weight in Eq. (4.1.25). We however remind that Eq. (4.1.24) is a simple estimation, and more detailed analysis of the
mass shift will be discussed in Section 4.3. In Ref. [177], the two-body scattering length is evaluated by the QCD sum rules,
in order to study the in-medium modification of the D meson mass. The averaged scattering length of D and D̄ is estimated
as (aD + aD̄)/2 = 0.72 ± 0.12 fm. This suggests the decrease of the averaged mass of D and D̄ by about ' � 48M ± 8 MeV,
while the later studies indicate the increase of the D meson masses. Again, thorough discussion on the mass shift will be
given in Section 4.3.

4.2. Few-body systems

We have seen several studies with an attractive DN/D̄N interaction, some of which predict a (quasi-)bound state below
the threshold. These observations suggest the possible formation of a bound state of D/D̄ with a few nucleons. If it exists,

Tab. from A. Hosaka, et al, Prog.Part.Nucl.Phys. 96 (2017) 88-153

■ pD− momentum correlation from pp collision (ALICE)
S. Acharya et al. ALICE collab. Phys.Rev.D 106 (2022) 5, 052010

as previously mentioned, the systematic uncertainty on
Cexpðk"Þ is estimated by varying the proton and D−-
candidate selection criteria and ranges between 0.5% and
3% as a function of k". The uncertainties of the λi weights
are derived from the systematic uncertainties on the proton
and D− purities (Pp and PD−), fD"− , and fnonprompt reported
in Sec. III A. The systematic uncertainties of CpðKþπ−π−Þðk"Þ
are estimated following the same procedure adopted for
Cexpðk"Þ and, in addition, by varying the range of the fit of
the correlation function parametrized from the sidebands
regions of the invariant mass distribution. Additional
checks are performed by varying the invariant mass interval
used to define the sidebands region of up to 100 MeV=c2.
The resulting systematic uncertainty ranges from 1% to
5%. The systematic uncertainty of CpD"−ðk"Þ is due to the
uncertainty on the emitting source. Considering the small
λpD"−ðk"Þ this uncertainty results to be negligible compared
to the other sources of uncertainty. The overall relative
Systematic uncertainty on CpD−ðk"Þ resulting from the
different sources ranges between 3% and 10% and is
maximum in the lowest k" interval.

IV. RESULTS

The resulting genuine CpD−ðk"Þ correlation function can
be employed to study the pD− strong interaction that is
characterized by two isospin configurations and is coupled
to the nD̄0 channel. First of all, in order to assess the effect
of the strong interaction on the correlation function, a
reference calculation including only the Coulomb interac-
tion is considered. The corresponding correlation function is
obtained using CATS [71]. Second, various theoretical
approaches to describe the strong interaction are bench-
marked, including meson exchange (J. Haidenbauer et al.
[22]), meson exchange based on heavy quark symmetry
(Y. Yamaguchi et al. [25]), an SU(4) contact interaction
(J. Hoffmann and M. Lutz [23]), and a chiral quark model
(C. Fontoura et al. [24]). The relative wave functions for the
model of J. Haidenbauer et al. [22] are provided directly,
while for the other models [23–25] they are evaluated by
employing a Gaussian potential whose strength is adjusted
to describe the corresponding published I ¼ 0 and I ¼ 1
scattering lengths listed in Table I. The pD− correlation
function is computed within the Koonin-Pratt formalism,
taking into account explicitly the coupling between the pD−

and nD̄0 channels [73] and including the Coulomb inter-
action [74]. The finite experimental momentum resolution is
considered in the modeling of the correlation functions [39].
The outcome of these models is compared in Fig. 3 with

the measured genuine pD− correlation function. The degree
of consistency between data and models is quantified by the
p-value computed in the range k" < 200 MeV=c. It is
expressed by the number of standard deviations nσ reported
in Table I, where the nσ range accounts, at one standard
deviation level, for the total uncertainties of the data points
and the models. The values of the scattering lengths f0 for
the different models are also reported in Table I. Here, the
high-energy physics convention on the scattering-length
sign is adopted: a negative value corresponds to either a
repulsive interaction or to an attractive one with presence of
a bound state, while a positive value corresponds to an
attractive interaction. The data are compatible with the
Coulomb-only hypothesis within ð1.1–1.5Þ σ. Nevertheless,
the level of agreement slightly improves in case of the
models by J. Haidenbauer et al. (employing g2σ=4π ¼ 2.25)
which predicts an attractive interaction, and by Y.
Yamaguchi et al. which foresees the formation of a ND̄
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FIG. 3. Genuine pD− correlation function compared with
different theoretical models (see text for details). The null
hypothesis is represented by the curve corresponding to the
Coulomb interaction only.

TABLE I. Scattering parameters of the different theoretical models for the ND̄ interaction [22–25] and degree of
consistency with the experimental data computed in the range k" < 200 MeV=c.

Model f0ðI ¼ 0Þ f0ðI ¼ 1Þ nσ

Coulomb (1.1–1.5)
Haidenbauer et al. [22] (g2σ=4π ¼ 2.25) 0.67 0.04 (0.8–1.3)
Hofmann and Lutz [23] −0.16 −0.26 (1.3–1.6)
Yamaguchi et al. [25] −4.38 −0.07 (0.6–1.1)
Fontoura et al. [24] 0.16 −0.25 (1.1–1.5)

S. ACHARYA et al. PHYS. REV. D 106, 052010 (2022)

052010-6

Bound

Unbound (Virtual)
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HAL QCD Method
N. Ishii, S. Aoki, and T. Hatsuda PRL 99, 022001 (2007)
Ishii et al. (HAL QCD), PLB712, 437(2012)

C(t, r⃗) = ∑
x⃗
⟨O1(t, x⃗ + r⃗)O2(t, x⃗)J̄ (0)⟩ = ∑

n
Anψ(⃗r; En)e−Ent

ψ(⃗r) → sin(kr − lπ/2 + δ(k))
kr

eiδ(k) (r ≫ R)

(∇2 + k2)ψ(⃗r; En) =
∫

d⃗r′U(⃗r, r⃗′)ψ(⃗r′; En)

■ Time-dependent method[
1 + 3δ2

8µ

∂2

∂t2 − ∂

∂t
+

∇2

2µ

]
R(t, r⃗) =

∫
d⃗r′U(⃗r, r⃗′)R(t, r⃗′)

Leading-order of the derivative expansion:

U(⃗r, r⃗′) = VLO(r)δ3(⃗r − r⃗′) +O(∇n)

VLO(r) = R(⃗r, t)−1
[

1 + 3δ2

8µ
∂2

t − ∂t − H0

]
R(⃗r, t)

6/30/2026 Y. LYU Charmonia scatterings from LQCD

Hadron interactions from the HAL QCD method

/155

N. Ishii, S. Aoki and T. 

δ(k)
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Setup

”HAL-conf-2023” Phys. Rev. D 110, 094502 (HAL QCD Collaboration)

■ Iwasaki gauge action (β = 1.82)

■ 2+1 flavor, O(a)-improved Wilson
quark action

■ V = 96 × 963 (L = 8.1 fm)

a detailed analysis is beyond the scope of this paper, we
here present a simple analysis which is performed in the
same way as in the case of stable hadrons. Such an analysis
is expected to be a good approximation for hadrons with
small decay widths, but large systematic uncertainties are
introduced for hadrons with large decay widths.
The correlators are calculated with the point-sink and

wall-source operators as described in Sec. V B. The
effective mass plots are shown in Appendix C. The fit
results are summarized in Table VI. We note again that the
study considering decay modes is necessary in the future in
particular for hadrons with large decay widths.

VII. SCALE SETTING AND OBSERVABLES
IN PHYSICAL UNITS

The lattice cutoff scale is determined in this section. In
our study, we choose the mass of the Ω baryon, mΩ, for the
determination of the lattice cutoff scale. As was shown in
Sec. V B, mΩ is determined with the highest precision
among all the baryons considered and its systematic error is
thoroughly under control.
Using the experimental value of the Ω mass [62],

mΩ ¼ 1672.45 ½MeV#, we determine the lattice spacing as

a ¼ 0.084372ð54Þðþ109
−6 Þ ½fm#; ð51Þ

1

a
¼ 2338.8ð1.5Þðþ0.2

−3.0Þ ½MeV#: ð52Þ

We also confirm that the lattice scale determined from the Ξ
mass is consistent with that from the Ω mass. Our lattice
scale is slightly different from that obtained from PACS10
configurations [26], which employ essentially the same
gauge configuration setup, a−1PACS10 ¼ 2316.2ð4.4Þ½MeV#.
For in-depth comparison between two results, see
Appendix B.
Using our lattice cutoff scale, we can now give the

physical values for the renormalized quark masses and the
decay constants of PS mesons as

mMS
ud ð2 GeVÞ ¼ 3.225ðþ16

−19Þð46Þ ½MeV#;

mMS
s ð2 GeVÞ ¼ 88.37ðþ0.15

−0.22Þð1.26Þ ½MeV#; ð53Þ

fπ ¼ 133.3ðþ0.4
−0.5Þð1.6Þ ½MeV#;

fK ¼ 158.6ðþ0.3
−0.4Þð1.9Þ ½MeV#: ð54Þ

Here, the first errors denote the sum of the statistical and
systematic errors of each quantity in lattice units as well as
the statistical and systematic errors of the lattice unit
combined in quadrature, while the second errors in quark
masses and decay constants present the error of ðZA=ZPÞ
and ZA, respectively.
The masses of low-lying hadrons in physical units are

given in Table VII. The numbers in the first (second)

parentheses denote the statistical (systematic) errors. The
statistical correlations between each hadron and Ω baryon
wall-source correlators are properly taken into account
in the estimate of statistical errors. In Table VII, the
experimental values corresponding to the isospin-averaged
masses are also shown for comparison. In Fig. 16, we show
a summary plot for stable hadrons by red circles together
with experimental values shown by black lines. In this
paper, mΩ is used as an input for the scale setting, and
masses of all other hadrons, including mπ , mK , are outputs.
In Fig. 16, however, we indicate that mπ , mK also cor-
respond to inputs, since quark mass parameters κud; κs
used in this study were previously tuned using mπ , mK
in Ref. [25].
The lattice results of the masses of hadrons are found to

be sufficiently close to the experimental results considering

TABLE VII. Summary table for the masses of stable hadrons in
physical units. The first and second parentheses denote the
statistical and systematic errors, respectively. The experimental
values correspond to isospin-averaged ones taken from PDG [62].

Hadron Experiment [MeV] Lattice [MeV]

π 138.04 137.1ð0.3Þðþ0.0
−0.2 Þ

K 495.64 501.8ð0.3Þðþ0.0
−0.7 Þ

N 938.92 939.7ð1.8Þðþ0.2
−1.7 Þ

Λ 1115.68 1121.4ð3.6Þðþ0.5
−3.7 Þ

Σ 1193.15 1202.5ð5.6Þðþ0.3
−4.0 Þ

Ξ 1318.29 1320.7ð2.1Þðþ1.5
−1.7 Þ

Ω 1672.45 Input

FIG. 16. Summary of hadron spectrum at the physical point,
where mΩ is used as an input for the scale setting. mπ , mK are
outputs in this paper, but they were essentially used as inputs in
previous studies with the same lattice setting [25]. Red circles and
blue triangles denote the masses of stable hadrons and hadronic
resonances, respectively, with statistical and systematic errors
combined in quadrature. Horizontal black lines denote the
experimental values, and gray bands correspond to the decay
widths of resonances, where values are taken from PDG [62] with
isospin averaging.

TATSUMI AOYAMA et al. PHYS. REV. D 110, 094502 (2024)

094502-16

6/30/2026 Y. LYU Charmonia scatterings from LQCD

Lattice setup

■ Relativistic heavy-quark action (RHQ)

□ set-I: slightly heavy c quark
□ set-II: slightly light c quark

■ Wall source; Sink operators:

D̄i(x) = c̄(x)iγ5qi(x), Nα,i(x) = εabc

[
ua(x)TCγ5db(x)

]
qc

α,i(x)

■ 360 configs × 96 source pos × 4 rotations × 2 directions of propagation

■ A+
1 projection + Misner method (T. Miyamoto et al., Phys. Rev. D 101, 074514 (2020))

Suppresses l = 4, 6, . . . (e.g., Laplacian-induced contamination)

mπ = 137 MeV

Hadronic and nuclear spectrum and interactions: II D̄N interaction 5 / 18



D̄N potential
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D̄N potential
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vs KN interaction

■ Stronger attraction in D̄N system than KN (strange analog)
J. Haidenbauer, G. Krein, U.-G. Meissner, A. Sibirtsev, Eur. Phys. J. A 33 (2007)

■ Lattice calculation at physical point
K. Murakami et. al., (HAL QCD), Phys. Rev. D 113 (2026)
K. Murakami’s talk (Fri 31st, 15:20-)
same configs, statistics
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S-wave Phase shift D̄N (Gaussian Potential Fit)

3-gaussian fit
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■ Small attraction, no bound state
Hadronic and nuclear spectrum and interactions: II D̄N interaction 9 / 18



S-wave Phase shift D̄N (Gaussian Potential Fit)

4-gaussian fit
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■ Totally repulsive, no bound state
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S-wave Phase shift D̄N (TPE-motivated fit)
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TPE-motivated fit (OPE forbidden by parity conservation)
J.Tarru Castellá and G.a.Krein, Phys.Rev.D 98 (2018) 1, 014029

V3G+TPE
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3

∑
i−=1

ai exp(−b2
i r2) + aTPE(1 − exp(−Λ2r2))2 e−2mπr
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S-wave Phase shift D̄N (TPE-motivated fit)
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Scattering Length: comparison with EFTs

Scattering length vs EFTs
J.Hofmann, M.F.M.Lutz, Nucl.Phys. A763 (2005) 90-139, J.Haidenbauer, et al, Eur.Phys.J. A33 (2007) 107-117,
C.E. Fontoura, et al, Phys.Rev. C 87 (2) (2013) 025206, Y. Yamaguchi, et al, Phys.Rev. D 106, 094001 (2022)
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S-wave Phase shift D̄N (TPE-motivated fit)
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Finite Volume Energy and Effective Mass

Check of the systematics from truncation of the interaction kernel U(⃗r, r⃗′)
T. Iritani, et.al., JHEP 03 (2019) 007

■ Solve schrödinger equation in FV with LO potential

Hψn (⃗r) = ELO
n ψn (⃗r), H = −∇2/2µ + VLO(r)

■ Effective mass from (groundstate projected/unprojected) R-correlators

Eeff
0 (t) =

1
a

log

[
R(opt)(t)

R(opt)(t + 1)

]

R(t) = ∑
x⃗

R(x⃗, t), Ropt
0 (t) = ∑

x⃗
ψ†

0(x⃗)R(x⃗, t)

Compare ELO
0 and Eeff

0
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Finite Volume Energy and Effective Mass

Ground state energy level in FV
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■ GS projection on the R-correlator does not change result
→ Strong ground-state overlap in the R-correlator

■ Energy level of the leading-order potential coincides with the statistical
error of the energy level obtained directly from the R-correlators
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Finite Volume Energy

Hψn (⃗r) = ELO
n ψn (⃗r)

V(r) =

{
VLO(r), r < rmax

0, r > rmax
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Summary and Outlook

■ D̄N system: relevance for pentaquark states, charmed nuclei, . . .

■ Very limited experimental input ⇒ lattice QCD is essential

■ This work: LO analysis in derivative expansion

□ Attractive phase shift in I = 0, repulsive in I = 1
□ No bound states observed in either I = 0 or I = 1 channels
□ Systematic uncertainties estimated via gaussian fit and gauss +

two-pion exchange fit
□ FV energy levels consistent with R-correlator effective masses

■ calculation of related channels on going...

□ coupled-channel D̄N–D̄∗N system
□ D̄∗N in s-wave I(JP) = 0(3/2−) Possible Feshbach resonance?

Phys. Rev. D 84, 014032 (2011)

□ BN–B∗N system, more attraction predicted in pheno
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