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Threshold peaks in heavy hadrons

• New data from LHC 
• Possible interpretation - hadronic molecule with tensor force 
• Study on ssscc
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Hadron Physics
Consistent understanding of hadrons 
      mass, life time, size, interactions, …

Studying heavy exotic hadrons is somewhat similar to 
investigating the social life of heavy quarks. The relevant 
questions one would be asking in this context are  
(a) Who with whom?  
(b) For how long?  
(c) A short episode? or  
(d) “Till Death Us Do Part”?  
(e) In the following I will try to answer some of the obvious 

concrete questions about exotic hadrons: Do they exist? If 
they do, which ones? What is their internal structure? How 
best to look for them?  

Marek Karliner, QNP proceedings, 2018@Tsukuba
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New Pc’s from LHC
7-8 TeV pp collision Λb → p, J/ψ, K−

Λb

p

J/ψ

K–p 
invariant mass 
→ 
Lambda baryons

J/ψ–p 
invariant mass 
→ 
Pc baryons

bud → udscc̄ → (uud)(cc̄)(sū)

K
(cc̄)(sū)

(uud)
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Figure 2: Dalitz plot of ⇤0
b ! J/ pK� candidates. The data contain 6.4% of non-⇤0

b backgrounds,
which are distributed smoothly over the phase-space. The vertical bands correspond to the
⇤⇤ resonances. The horizontal bands correspond to the Pc(4312)+, Pc(4440)+, and Pc(4457)+

structures at m2
J/ p = 18.6, 19.7, and 19.9GeV2, respectively.

smooth parametrization of the background. Here, background refers to ⇤⇤ reflections, small
non-⇤0

b contributions (which comprise 6.4% of the sample), and possibly additional broad
P+
c structures. Many di↵erent background parametrizations are considered (discussed

below), each of which is found to produce negligible bias in the P+
c parameters in the

validation fits. Each fit component is multiplied by a phase-space factor, p · q, where p
(q) is the break-up momentum in the ⇤0

b ! P+
c K� (P+

c ! J/ p) decay. Since the signal
peaks are narrow, all fit components are convolved with the detector resolution, which is
2–3MeV in the fit region (see the Supplemental Material). Finally, the detection e�ciency
has negligible impact on the signal mJ/ p distributions, and therefore, is not considered in
these fits.

In the nominal fits, the BW contributions are added incoherently. The results of
these fits are displayed in Fig. 5 for two parametrizations of the background: one using a
high-order polynomial; and another using a low-order polynomial, along with an additional
wide P+

c BW term whose mass and width are free to vary in the fits. For both background
parametrizations, a range of polynomial orders is considered. The lowest order used for
each case is the smallest that adequately describes the data, which is found to correspond

3

]2 [GeVKp
2m

2 3 4 5 6

]2
 [G

eV
p

ψ
J/2

m

16

18

20

22

24

26 LHCb

Figure 5: Invariant mass squared of K�p versus J/ p for candidates within ±15 MeV of the ⇤0
b

mass.

describing the decay dynamics. Here ✓A and �B are the polar and azimuthal angles of B
in the rest frame of A (✓A is known as the “helicity angle” of A). The three arguments of
Wigner’s D-matrix are Euler angles describing the rotation of the initial coordinate system
with the z-axis along the helicity axis of A to the coordinate system with the z-axis along
the helicity axis of B [11]. We choose the convention in which the third Euler angle is
zero. In Eq. (1), dJA�A,�B��C (✓A) is the Wigner small-d matrix. If A has a non-negligible
natural width, the invariant mass distribution of the B and C daughters is described by
the complex function RA(mBC) discussed below, otherwise RA(mBC) = 1.

Using Clebsch-Gordan coe�cients, we express the helicity couplings in terms of LS
couplings (BL,S), where L is the orbital angular momentum in the decay, and S is the
total spin of A plus B:

H
A!BC
�B ,�C

=
X

L

X

S

q
2L+1
2JA+1BL,S

✓
JB JC S
�B ��C �B � �C

◆
⇥

✓
L S JA
0 �B � �C �B � �C

◆
,

(2)
where the expressions in parentheses are the standard Wigner 3j-symbols. For strong decays,
possible L values are constrained by the conservation of parity (P ): PA = PB PC (�1)L.

Denoting J/ as  , the matrix element for the ⇤0
b ! J/ ⇤⇤ decay sequence is

M
⇤⇤

�⇤0
b
,�p,��µ ⌘

X

n

X

�⇤⇤

X

� 

H
⇤0
b!⇤⇤

n 
�⇤⇤ ,� 

D
1
2
�⇤0

b
,�⇤⇤�� (0, ✓⇤0

b
, 0)⇤

H
⇤⇤
n!Kp
�p, 0

D
J⇤⇤

n
�⇤⇤ ,�p

(�K , ✓⇤⇤ , 0)⇤R⇤⇤
n
(mKp)D 1

� ,��µ
(�µ, ✓ , 0)⇤, (3)

where the x-axis, in the coordinates describing the ⇤0
b decay, is chosen to fix �⇤⇤ = 0. The
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New Data from LHC

m(K̄p), m(J/ψ p)Dalitz plots for 

nine times more statistics →
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Invariant mass plots
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Figure 6: Fit to the cos ✓Pc-weighted mJ/ p distribution with three BW amplitudes and a
sixth-order polynomial background. This fit is used to determine the central values of the masses
and widths of the P+

c states. The mass thresholds for the ⌃+
c D

0 and ⌃+
c D

⇤0 final states are
superimposed.

approximately 5MeV and 2MeV below the ⌃+
c D

0 and ⌃+
c D

⇤0 thresholds, respectively, as
illustrated in Fig. 6, making them excellent candidates for bound states of these systems.
The Pc(4440)+ could be the second ⌃cD⇤ state, with about 20MeV of binding energy, since
two states with JP = 1/2� and 3/2� are possible. In fact, several papers on hidden-charm
states created dynamically by charmed meson-baryon interactions [31–33] were published
well before the first observation of the P+

c structures [1] and some of these predictions
for ⌃+

c D
0 and ⌃+

c D
⇤0 states [28–30] are consistent with the observed narrow P+

c states.
Such an interpretation of the Pc(4312)+ state (implies JP = 1/2�) would point to the
importance of ⇢-meson exchange, since a pion cannot be exchanged in this system [10].

In summary, the nine-fold increase in the number of ⇤0
b ! J/ pK� decays recon-

8

2015 2019

PRL115, 072001 (2015)
arXiv:1904.03947v1 
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Emergence of a complete heavy-quark spin symmetry multiplet:
seven molecular pentaquarks in light of the latest LHCb analysis

Ming-Zhu Liu,1 Ya-Wen Pan,1 Fang-Zheng Peng,1 Mario Sánchez Sánchez,2

Li-Sheng Geng,1, 3, ∗ Atsushi Hosaka,4, 5, † and Manuel Pavon Valderrama1, 6, ‡

1School of Physics and Nuclear Energy Engineering, Beihang University, Beijing 100191, China
2Centre d’Études Nucléaires, CNRS/IN2P3, Université de Bordeaux, 33175 Gradignan, France

3Beijing Key Laboratory of Advanced Nuclear Materials and Physics &Beijing Advanced Innovation
Center for Big Data-based Precision Medicine, Beihang University, Beijing, 100191,China
4Research Center for Nuclear Physics (RCNP), Osaka University, Ibaraki 567-0047, Japan

5Advanced Science Research Center, Japan Atomic Energy Agency (JAEA), Tokai 319-1195, Japan
6International Research Center for Nuclei and Particles in the Cosmos & Beijing Key Laboratory

of Advanced Nuclear Materials and Physics, Beihang University, Beijing 100191, China
(Dated: April 10, 2019)

A recent analysis by the LHCb collaboration suggests the existence of three narrow pentaquark-like states
— the Pc(4312), Pc(4440) and Pc(4457) — instead of just one in the previous analysis (the Pc(4450)). The
closeness of the Pc(4312) to the D̄Σc threshold and the Pc(4440)/Pc(4457) to the D̄∗Σc one suggests a molecular
interpretation of these resonances. We show that these three pentaquark-like resonances can be naturally accom-
modated in a contact-range effective field theory description that incorporates heavy-quark spin symmetry. This
description leads to the prediction of all the seven possible S-wave heavy antimeson-baryon molecules (that
is, there should be four additional molecular pentaquarks in addition to the Pc(4312), Pc(4440) and Pc(4457)),
providing the first example of a heavy-quark spin symmetry molecular multiplet that is complete. If this is
confirmed, it will not only give us an impressive example of the application of heavy-quark symmetries and
effective field theories in hadron physics: it will also uncover a clear and powerful ordering principle for the
molecular spectrum, reminiscent of the SU(3)-flavor multiplets to which the light hadron spectrum conforms.

In 2015 the LHCb collaboration discovered the existence
of two pentaquark-like resonances, which are usually referred
to as Pc(4380) and Pc(4450) due to their masses [1]. This
experimental discovery triggered intense theoretical specula-
tions on the nature of these states, their decays and production
mechanisms. In particular the closeness of the Pc(4450) to
a few meson-baryon thresholds leads naturally to the conjec-
ture that it is a meson-baryon bound state (a conjecture fur-
ther cemented by a series of theoretical predictions that pre-
dated its observation [2–8]), with the most popular explana-
tions being a D̄∗Σc [9–11] or a D̄∗Σ∗c molecule [12, 13] (in
these two cases in the isospin I = 1

2
configuration and prob-

ably with a small admixture of D̄Λc(2595) [14, 15]), and a
χc1 p molecule [16]. There are also non-molecular explana-
tions for this state, which include that it might be a gen-
uine pentaquark [17–23], that threshold effects might play a
role [24, 25] (see also Ref. [26] for a detailed discussion),
baryocharmonia [27], a molecule bound by colour chem-
istry [28] and a soliton [29].

The original analysis of Ref. [1] has been recently updated
by the LHCb collaboration in Ref. [30], where it has been
found that the previous Pc(4450) actually contains two peaks
— the Pc(4440) and Pc(4457) — and that there is a third nar-

∗ lisheng.geng@buaa.edu.cn
† hosaka@buaa.edu.cn
‡ mpavon@buaa.edu.cn

row peak, the Pc(4312). Their masses and widths are

mPc1
= 4311.9 ± 0.7+6.8

−0.6, ΓPc1
= 9.8 ± 2.7+3.7

−4.5,

mPc2
= 4440.3 ± 1.3+4.1

−4.7, ΓPc2
= 20.6 ± 4.9+8.7

−10.1,

mPc3
= 4457.3 ± 0.6+4.1

−1.7, ΓPc3
= 6.4 ± 2.0+5.7

−1.9,

all in units of MeV and for which we have used the nota-
tion Pc1, Pc2 and Pc3 to refer to the three states Pc(4312),
Pc(4440) and Pc(4457) (that is, we have ordered them accord-
ing to their masses). It is interesting to notice that the mass of
the previous Pc(4450) roughly coincides with the geometric
mean of the masses of the new Pc(4440) and Pc(4457). The
Pc(4312) pentaquark-like state is near to the D̄Σc threshold,
while the other two are close to the D̄∗Σc one. When trans-
lated into binding energies we obtain B1 = 8.9, B2 = 21.8
and B3 = 4.8 MeV for the Pc(4312), Pc(4440) and Pc(4457),
respectively. Of course this closeness to threshold has already
been noted by theoreticians in Refs. [31, 32]. If these findings
are confirmed it will not only strongly support the molecular
hypothesis, but it will also provide us with the most impres-
sive illustration of the application of heavy-quark spin sym-
metry (HQSS) [33–36] to hadronic molecules so far. In par-
ticular this experimental analysis will result in the prediction
of the first full HQSS molecular multiplet of the hidden-charm
molecular pentaquarks.

Heavy-hadron molecules, i.e. bound states that include one
or more heavy hadrons, were conjectured decades ago [37,
38]. Owing to the combination of light- and heavy-quark con-
tent, heavy-hadron molecules have a high degree of symmetry
which can be exploited to determine their spectrum [39–48].
HQSS manifests in the existence of interesting patterns in the
heavy-molecular spectrum. The most evident of these pat-
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A recent analysis by the LHCb collaboration suggests the existence of three narrow pentaquark-like states
— the Pc(4312), Pc(4440) and Pc(4457) — instead of just one in the previous analysis (the Pc(4450)). The
closeness of the Pc(4312) to the D̄Σc threshold and the Pc(4440)/Pc(4457) to the D̄∗Σc one suggests a molecular
interpretation of these resonances. We show that these three pentaquark-like resonances can be naturally accom-
modated in a contact-range effective field theory description that incorporates heavy-quark spin symmetry. This
description leads to the prediction of all the seven possible S-wave heavy antimeson-baryon molecules (that
is, there should be four additional molecular pentaquarks in addition to the Pc(4312), Pc(4440) and Pc(4457)),
providing the first example of a heavy-quark spin symmetry molecular multiplet that is complete. If this is
confirmed, it will not only give us an impressive example of the application of heavy-quark symmetries and
effective field theories in hadron physics: it will also uncover a clear and powerful ordering principle for the
molecular spectrum, reminiscent of the SU(3)-flavor multiplets to which the light hadron spectrum conforms.

In 2015 the LHCb collaboration discovered the existence
of two pentaquark-like resonances, which are usually referred
to as Pc(4380) and Pc(4450) due to their masses [1]. This
experimental discovery triggered intense theoretical specula-
tions on the nature of these states, their decays and production
mechanisms. In particular the closeness of the Pc(4450) to
a few meson-baryon thresholds leads naturally to the conjec-
ture that it is a meson-baryon bound state (a conjecture fur-
ther cemented by a series of theoretical predictions that pre-
dated its observation [2–8]), with the most popular explana-
tions being a D̄∗Σc [9–11] or a D̄∗Σ∗c molecule [12, 13] (in
these two cases in the isospin I = 1
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configuration and prob-

ably with a small admixture of D̄Λc(2595) [14, 15]), and a
χc1 p molecule [16]. There are also non-molecular explana-
tions for this state, which include that it might be a gen-
uine pentaquark [17–23], that threshold effects might play a
role [24, 25] (see also Ref. [26] for a detailed discussion),
baryocharmonia [27], a molecule bound by colour chem-
istry [28] and a soliton [29].

The original analysis of Ref. [1] has been recently updated
by the LHCb collaboration in Ref. [30], where it has been
found that the previous Pc(4450) actually contains two peaks
— the Pc(4440) and Pc(4457) — and that there is a third nar-
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row peak, the Pc(4312). Their masses and widths are

mPc1
= 4311.9 ± 0.7+6.8

−0.6, ΓPc1
= 9.8 ± 2.7+3.7
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−1.7, ΓPc3
= 6.4 ± 2.0+5.7

−1.9,

all in units of MeV and for which we have used the nota-
tion Pc1, Pc2 and Pc3 to refer to the three states Pc(4312),
Pc(4440) and Pc(4457) (that is, we have ordered them accord-
ing to their masses). It is interesting to notice that the mass of
the previous Pc(4450) roughly coincides with the geometric
mean of the masses of the new Pc(4440) and Pc(4457). The
Pc(4312) pentaquark-like state is near to the D̄Σc threshold,
while the other two are close to the D̄∗Σc one. When trans-
lated into binding energies we obtain B1 = 8.9, B2 = 21.8
and B3 = 4.8 MeV for the Pc(4312), Pc(4440) and Pc(4457),
respectively. Of course this closeness to threshold has already
been noted by theoreticians in Refs. [31, 32]. If these findings
are confirmed it will not only strongly support the molecular
hypothesis, but it will also provide us with the most impres-
sive illustration of the application of heavy-quark spin sym-
metry (HQSS) [33–36] to hadronic molecules so far. In par-
ticular this experimental analysis will result in the prediction
of the first full HQSS molecular multiplet of the hidden-charm
molecular pentaquarks.

Heavy-hadron molecules, i.e. bound states that include one
or more heavy hadrons, were conjectured decades ago [37,
38]. Owing to the combination of light- and heavy-quark con-
tent, heavy-hadron molecules have a high degree of symmetry
which can be exploited to determine their spectrum [39–48].
HQSS manifests in the existence of interesting patterns in the
heavy-molecular spectrum. The most evident of these pat-

D(0–)-Σc(1/2+)  → JP= 1/2– 
D(0–)-Σc(3/2+)  → JP= 3/2– 
D*(1–)-Σc(1/2+)  → JP= 1/2–, 3/2– 
D*(1–)-Σc(3/2+)  → JP= 1/2–, 3/2–, 5/2–

HQ対称性を満たす 
相互作用2個のパラメータを 
決めれば5つを予言できる

e-Print: arXiv:1903.11560, PRL accepted (May 24)
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Hadronic Molecules
Three states are just below the thresholds
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Figure 6: Fit to the cos ✓Pc-weighted mJ/ p distribution with three BW amplitudes and a
sixth-order polynomial background. This fit is used to determine the central values of the masses
and widths of the P+

c states. The mass thresholds for the ⌃+
c D

0 and ⌃+
c D

⇤0 final states are
superimposed.

approximately 5MeV and 2MeV below the ⌃+
c D

0 and ⌃+
c D

⇤0 thresholds, respectively, as
illustrated in Fig. 6, making them excellent candidates for bound states of these systems.
The Pc(4440)+ could be the second ⌃cD⇤ state, with about 20MeV of binding energy, since
two states with JP = 1/2� and 3/2� are possible. In fact, several papers on hidden-charm
states created dynamically by charmed meson-baryon interactions [31–33] were published
well before the first observation of the P+

c structures [1] and some of these predictions
for ⌃+

c D
0 and ⌃+

c D
⇤0 states [28–30] are consistent with the observed narrow P+

c states.
Such an interpretation of the Pc(4312)+ state (implies JP = 1/2�) would point to the
importance of ⇢-meson exchange, since a pion cannot be exchanged in this system [10].

In summary, the nine-fold increase in the number of ⇤0
b ! J/ pK� decays recon-

8

uudcc

udc - uc 
Σc  -  D(*)

J/ψ p

Formation  
of molecule

Decay
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Near the thresholds of ΣcD and ΣcD*

J =0, 1/2 
Jtot = 1/2

J =1, 1/2 
Jtot = 1/2, 3/2
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Figure 6: Fit to the cos ✓Pc-weighted mJ/ p distribution with three BW amplitudes and a
sixth-order polynomial background. This fit is used to determine the central values of the masses
and widths of the P+

c states. The mass thresholds for the ⌃+
c D

0 and ⌃+
c D

⇤0 final states are
superimposed.

approximately 5MeV and 2MeV below the ⌃+
c D

0 and ⌃+
c D

⇤0 thresholds, respectively, as
illustrated in Fig. 6, making them excellent candidates for bound states of these systems.
The Pc(4440)+ could be the second ⌃cD⇤ state, with about 20MeV of binding energy, since
two states with JP = 1/2� and 3/2� are possible. In fact, several papers on hidden-charm
states created dynamically by charmed meson-baryon interactions [31–33] were published
well before the first observation of the P+

c structures [1] and some of these predictions
for ⌃+

c D
0 and ⌃+

c D
⇤0 states [28–30] are consistent with the observed narrow P+

c states.
Such an interpretation of the Pc(4312)+ state (implies JP = 1/2�) would point to the
importance of ⇢-meson exchange, since a pion cannot be exchanged in this system [10].

In summary, the nine-fold increase in the number of ⇤0
b ! J/ pK� decays recon-

8
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Models of ΣcD, ΣcD*, Σc*D and Σc*D*

Heavy quark symmetry

~ ~
D D* Σc Σc*

       ΣcD      ΣcD*     Σc*D     Σc*D* 

J    1/2, 0    1/2, 1    3/2, 0    3/2, 1 
Jtot    1/2     1/2, 3/2   3/2      1/2, 3/2, 5/2

in total seven states 
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Masses of seven states  
are determined by two parameters
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terns applies to the Zc’s and Zb’s twin resonances discovered
by BESIII [49–52] and Belle [53, 54], respectively. If they
are bound states of a heavy meson and antimeson, be it ei-
ther a charm meson or bottom meson, HQSS predicts that the
S-wave potential in the J

PC = 1+� channel is [41, 42]

V(1+�, P⇤P̄) = V(1+�, P⇤P̄⇤) , (1)

independently of the particle content, where P = D, B̄ and
P
⇤ = D

⇤, B̄⇤. This specific pattern indeed explains why the
Zc’s and Zb’s appear in pairs, both of which are at similar dis-
tances from the P

⇤
P and P

⇤
P
⇤ open heavy flavour thresholds.

A similar pattern applies to the 1++ and 2++ heavy meson-
antimeson interaction [43–45]

V(1++, P⇤P̄) = V(2++, P⇤P̄⇤) . (2)

If we assume the X(3872) resonance to be a D
⇤
D̄ bound state

with J
PC = 1++, this symmetry relation suggests the existence

of a 2++ D
⇤
D̄
⇤ partner with a mass of 4012 MeV. However

the location of the X(3872) overlaps with the D
0⇤

D̄
0 threshold

within experimental errors, which implies that the existence
of the 2++ partner of the X is not guaranteed if we take into
account this error source (besides, there are other uncertain-
ties [55, 56]), see Ref. [57] for a more complete discussion. At
this point we notice that there are six possible heavy meson-
antimeson molecules, forming a HQSS multiplet that can ac-
commodate up to six resonances. However the known heavy
meson-antimeson molecules are all too close to threshold, in-
dicating that most probably this multiplet structure is unlikely
to be fully realized in nature, leaving us with an incomplete
pattern.

This manuscript argues that the new LHCb results [30]
imply that the heavy antimeson-baryon molecules will
probably provide the first example of a full and intact
HQSS molecular multiplet. For this we begin by ex-
plaining the constraints that HQSS imposes on the S-wave
heavy antimeson-baryon interaction, as has been recently de-
rived in Ref. [58]. HQSS implies that we can describe the
seven S-wave D̄

(⇤)⌃(⇤)
c molecules with two coupling constants.

If we additionally assume that the heavy antimeson-baryon
molecules can be described in terms of a contact-range e↵ec-
tive field theory (EFT), the potential for the D̄⌃c, D̄⌃⇤

c
, D̄
⇤⌃c

and D̄
⇤⌃⇤

c
molecules is [58]

V( 1
2
�
, D̄⌃c) = Ca , (3)

V( 3
2
�
, D̄⌃⇤

c
) = Ca , (4)

V( 1
2
�
, D̄⇤⌃c) = Ca � 4

3 Cb , (5)

V( 3
2
�
, D̄⇤⌃c) = Ca +

2
3 Cb , (6)

V( 1
2
�
, D̄⇤⌃⇤

c
) = Ca � 5

3 Cb , (7)

V( 3
2
�
, D̄⇤⌃⇤

c
) = Ca � 2

3 Cb , (8)

V( 5
2
�
, D̄⇤⌃⇤

c
) = Ca +Cb , (9)

with Ca and Cb unknown coupling constants. This potential is
renormalized by including a separable regulator and a cuto↵
⇤ in momentum space and allowing the couplings to depend
on this cuto↵

hp|V⇤|p0i = C(⇤) f ( p

⇤
) f ( p

0

⇤
) , (10)

where p, p
0 are the initial and final center-of-mass momenta of

the two-body system and C represents the linear combination
of Ca and Cb corresponding to the heavy antimeson-baryon
molecule under consideration, see Eqs. (3-9) for details. For
the regulator we choose a Gaussian one, f (x) = e

�x
2 , while

for the cuto↵ we consider the range ⇤ = 0.5�1.0 GeV, where
we notice that if the problem has been properly renormalized
the dependence of the predictions on the cuto↵ will be small.
The potential is then included in a dynamical equation, e.g.
Lippmann-Schwinger:

�(k) +
Z

d
3
p

(2⇡)3 hk|V⇤|pi
�(p)

B2 +
p2

2µ

= 0 , (11)

with � the vertex function, µ the reduced mass of the system
and B2 the binding energy, where solutions of this dynami-
cal equation correspond to bound states. Alternatively, with
the purpose of checking regulator independence, we can use a
delta-shell regulator in coordinate space

V(r; Rc) = C(Rc)
�(r � Rc)

4⇡R2
c

, (12)

with a cuto↵ in the range Rc = 0.5 � 1.0 fm, i.e. of the order
of the typical hadron size, and solve the S-wave Schrödinger
equation. The delta-shell regulator is convenient — it allows
for analytic results — but we stress that any other choice of
regulator will work too. We will not show detailed results for
the delta-shell or other regulators here, but simply comment
that the di↵erences with the Gaussian regulator will be minor.

Now we notice that both the Pc(4440) and Pc(4457) are
good D̄

⇤⌃c molecular candidates, but that their J
P is not

known. Thus we distinguish two scenarios, A and B, where
A corresponds to assuming that the Pc(4440) and Pc(4457)
are J

P = 3
2
� and J

P = 1
2
� respectively, while B corresponds to

the opposite identification. Each of these choices completely
fixes the EFT potential and allows us to predict the location of
the J

P = 1
2
�

D̄⌃c molecule, which in scenario A we predict at

MA(D̄⌃c) = (4306.3 � 4307.7) MeV , (13)

where the range corresponds to the cuto↵ variation ⇤ =
0.5 � 1.0 GeV. This figure is not too close to the expected
location of the Pc(4312) resonance, MPc1 = 4311.9 MeV, but
still compatible within the experimental errors. Meanwhile in
scenario B the Pc(4312) resonance is predicted at

MB(D̄⌃c) = (4311.8 � 4313.0) MeV , (14)

which is extremely close to the experimental value. The pre-
dictions are fairly independent not only on the cuto↵, but also
on the choice of regulator: had we used the delta-shell regu-
lator of Eq. (12) instead of the Gaussian regulator of Eq. (10),
the predictions would have been

M
0
A
(D̄⌃c) = (4306.7 � 4308.0) MeV , (15)

M
0
B
(D̄⌃c) = (4012.1 � 4013.1) MeV , (16)

for the Rc = 0.5� 1.0 fm cuto↵ range, which indicates a pref-
erence for scenario B. This is also the case for other regulators,
e.g. a square-well or a Gaussian potential in coordinate space.

3

Scenario Molecule J
P B (MeV) M (MeV)

A D̄⌃c
1
2
� 13.1 � 14.5 4306.3 � 4307.7

A D̄⌃⇤
c

3
2
� 13.6 � 14.8 4370.5 � 4371.7

A D̄
⇤⌃c

1
2
� Input 4457.3

A D̄
⇤⌃c

3
2
� Input 4440.3

A D̄
⇤⌃⇤

c

1
2
� 3.1 � 3.5 4523.2 � 4523.6

A D̄
⇤⌃⇤

c

3
2
� 10.1 � 10.2 4516.5 � 4516.6

A D̄
⇤⌃⇤

c

5
2
� 25.7 � 26.5 4500.2 � 4501.0

B D̄⌃c
1
2
� 7.8 � 9.0 4311.8 � 4313.0

B D̄⌃⇤
c

3
2
� 8.3 � 9.2 4376.1 � 4377.0

B D̄
⇤⌃c

1
2
� Input 4440.3

B D̄
⇤⌃c

3
2
� Input 4457.3

B D̄
⇤⌃⇤

c

1
2
� 25.7 � 26.5 4500.2 � 4501.0

B D̄
⇤⌃⇤

c

3
2
� 15.9 � 16.1 4510.6 � 4510.8

B D̄
⇤⌃⇤

c

5
2
� 3.2 � 3.5 4523.3 � 4523.6

TABLE I. Predictions for the S-wave HQSS molecular multiplet
of heavy antimeson-baryon molecules, as derived from the lowest-
order contact-range potential which contains two unknown couplings
Ca and Cb. The potential for each particle and spin channel (the
“Molecule” and “J

P” columns) can be checked in Eqs. (3-9). In all
cases we assume that the isospin of the listed molecules is I = 1

2 . We
determine the value of the Ca and Cb couplings from the condition of
reproducing the location of the Pc(4440) and Pc(4457) resonances,
which are known to be close to the D̄

⇤⌃c threshold. We do not know
however the quantum numbers of the Pc(4440) and Pc(4457), but
consider two possibilities instead: in scenario A the 1

2
� molecule is

identified with the Pc(4457) and the 3
2
� with the Pc(4440), while sce-

nario B assumes the opposite identification.

Notice however that we have not propagated the uncertainty
in the masses of the input data — the Pc(4440) and Pc(4457)
— neither have we taken into account the experimental uncer-
tainty in the location of the Pc(4312). That is, the preference
for scenario B is probably not particularly strong. For com-
parison purposes, the seminal works of Refs. [2–5], predict
the J

P = 1
2
� and 3

2
�

D̄
⇤⌃c states to be degenerated. Mean-

while Ref. [6] predicts the 3
2
�

D̄
⇤⌃c molecule to be more

bound, a conclusion which is deduced from the strength
and sign of the one pion exchange potential in S-waves and
which corresponds to our scenario A. The molecular iden-
tifications of the Pc(4440) and Pc(4457) that are derived
from the one boson exchange models of Refs. [32, 59] are
equivalent to our scenario B, i.e. the scenario favored by
our calculations.

Yet, as previously explained, the really exciting aspect of
being able to determine both Ca and Cb is that now we can pre-
dict all the seven heavy antimeson-baryon molecules. This is
done in Table I for scenarios A and B, where in both cases the

seven molecules are always predicted but the specifics of their
location changes slightly depending on the chosen scenario,
particularly in what regards the D̄

⇤⌃⇤
c

molecules: for scenario
A binding increases with the spin quantum number, while the
contrary is true for scenario B. We notice the prediction of
a D̄⌃⇤

c
bound state at 4370 � 4380 MeV, thought the iden-

tification with the Pc(4380) pentaquark peak of Ref. [1] is
problematic owing to the broad nature of this state. Our
conclusion that the HQSS multiplet for the heavy meson-
baryon molecules is complete has been independently con-
firmed in Ref. [60].

To summarize, the recent analysis of the LHCb col-
laboration supports the hypothesis that the pentaquark-like
Pc(4312), Pc(4440) and Pc(4457) resonances are indeed D̄⌃c

and D̄
⇤⌃c molecules. Not only that, this experimental observa-

tion unlocks the possibility of the theoretical prediction of all
the seven S-wave heavy antimeson-baryon molecules, which
incidentally provides the first example of a full and complete
HQSS multiplet for hadronic molecules. The identification
of the Pc(4440) and Pc(4457) with D̄

⇤⌃c bound states is am-
biguous: both the J

P = 1
2
� and J

P = 3
2
� quantum numbers are

in principle possible. In this regard the spectroscopic predic-
tions of the contact-range effective field theory we use in this
manuscript indicates a preference for identifying the Pc(4440)
and Pc(4457) with the J

P = 1
2
� and the J

P = 3
2
� molecule, re-

spectively. The specific spin of the Pc(4440) and Pc(4457)
molecular candidates is however inconsequential for the pre-
diction of the HQSS multiplet. Though the present theoretical
exploration focuses only on the spectroscopy of the molecular
pentaquarks, the eventual discovery of the missing members
of the HQSS multiplets at their predicted locations will by it-
self represent a very strong case in favor of their molecular
nature. Yet future investigation of their decays and produc-
tion mechanisms will be essential to disentangle the nature of
these pentaquark-like states. Finally we stress that the idea of
HQSS multiplets provides a clear and concise ordering princi-
ple for molecular states which, in analogy to the SU(3)-flavour
multiplets in the light hadron sector, has the potential to help
interpret the results of future experimental searches of exotic
states and improve our understanding of the non-perturbative
strong interaction.
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Other works for Pc’s
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In this paper, we investigate the hidden-charm pentaquarks as D̄ð"ÞΛc and D̄ð"ÞΣð"Þ
c molecules coupled to

the five-quark states. Furthermore, we extend our calculations to the hidden-bottom sector. The coupling to
the five-quark states is treated as the short range potential, where the relative strength for the meson-baryon
channels is determined by the structure of the five-quark states. We found that resonant and/or bound states
appear in both the charm and bottom sectors. The five-quark state potential turned out to be attractive and,
for this reason, it plays an important role to produce these states. In the charm sector, we need the five-quark
potential in addition to the pion exchange potential in producing bound and resonant states, whereas, in the
bottom sector, the pion exchange interaction is strong enough to produce states. Thus, from this
investigation, it emerges that the hidden-bottom pentaquarks are more likely to form than their hidden-
charm counterparts; for this reason, we suggest that the experimentalists should look for states in the
bottom sector.

DOI: 10.1103/PhysRevD.96.114031

I. INTRODUCTION

The study of the exotic hadrons has aroused great interest
in nuclear and hadron physics. In 2015, the Large Hadron
Collider beauty experiment (LHCb) collaboration observed
two hidden-charm pentaquarks, Pþ

c ð4380Þ and Pþ
c ð4450Þ,

in Λ0
b → J=ψK−p decay [1–3]. These two pentaquark

states are found to have masses of 4380% 8% 28 MeV
and 4449.8% 1.7% 2.5 MeV, with corresponding widths
of 205% 18% 86 MeV and 39% 5% 19 MeV. The spin-
parity JP of these states has not yet been determined.
The parities of these states are preferred to be opposite,
and one state has J ¼ 3=2 and the other J ¼ 5=2.
ðJPPþ

c ð4380Þ
; JPPþ

c ð4450Þ
Þ ¼ ð3=2−; 5=2þÞ gives the best fit sol-

ution, but ð3=2þ; 5=2−Þ and ð5=2−; 3=2þÞ are also accept-
able. The Pþ

c resonances are one of topics of great interest
as the candidates of the exotic multiquark state, and many
discussions have been done so far [4–6].
Hidden-charm pentaquark states, such as uudcc̄ and

udscc̄ compact structures, have been studied so far. Before
Pþ
c observed by LHCb, Yuan et al. in [7] studied the uudcc̄

and udscc̄ systems by the nonrelativistic harmonic
oscillator Hamiltonian with three kinds of the schematic
interactions: a chromomagnetic interaction, a flavor-
spin-dependent interaction, and an instanton-induced

interaction. In [8], Santopinto et al. investigated the
hidden-charm pentaquark states as five-quark compact
states in the S-wave by using a constituent quark model
approach. The hidden-charm and hidden-bottom penta-
quark masses have been calculated by Wu et al. in [9], by
means of a color-magnetic interaction between the three
light quarks and the cc̄ (bb̄) pair in a color octet state.
Takeuchi et al. [10] has also investigated the hidden-charm
pentaquark states by the quark cluster model, and discussed
the structure of the five-quark states which appears in the
scattering states. To investigate the compact five-quark
state, the diquark model has also been applied [11–15]. The
quantum chromodynamics (QCD) sum rules with the
diquark picture were applied in Refs. [16,17]. However,
these authors do not provide any information about the
pentaquark widths. Despite many theoretical works and
implications, there is so far no clear evidence of such
compact multiquark states.
By contrast, it is widely accepted that there are candi-

dates for hadronic molecular states. A long-standing and
well-known example is Λð1405Þ, which is considered to be
a molecule of K̄N and πΣ coupled channels. A general
review of Λð1405Þ can be found in [18]. In the heavy quark
sector, Xð3872Þ [19], Zbð10610Þ, and Zbð10650Þ [20] are
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has the overlap with the meson-baryon channel but should
be included separately in the system.
Thus, our model Hamiltonian, expanded by the open-

charm MB and 5q channels, is written as

H ¼
!
HMB V

V† H5q

"
ð1Þ

where the MB part HMB contains Ki; the kinetic energy of
each MB channel i and Vπ

ij; the OPEP potential, and H5q

stands for the 5q channels. For simplicity, we consider that
H5q is diagonalized by the 5q channels (denoted by α) of
Table II and its eigenvalue is expressed by Mα. The off-
diagonal part in (1), V, represents the transition between the
MB and 5q channels. In the quark cluster model, such
interactions are modeled by quark exchanges accompanied
by gluon exchanges. In the present paper, we shall make a
simple assumption that ratios of transitions between various
channels i ∼MB and α ∼ 5q are dominated by the spectro-
scopic factors, overlaps hijαi. The absolute strengths are
then assumed to be determined by a single parameter.
Various components of the Hamiltonian are then written as

ðHMB
ij Þ ¼

0

B@
K1 þ Vπ

11 Vπ
12 % % %

Vπ
21 K2 þ Vπ

22 % % %
% % % % % % % % %

1

CA;

ðH5q
αβÞ ¼

0

B@
M1 0 % % %
0 M2 % % %
% % % % % % % % %

1

CA ð2Þ

and

ðViαÞ ¼ ðhijαiÞ ¼

0

B@
V11 V12 % % %
V21 V22 % % %
% % % % % % % % %

1

CA: ð3Þ

Now let us consider the coupled equation for theMB and
5q channels, Hψ ¼ Eψ , where ψ ¼ ðψMB;ψ5qÞ,

HMBψMB þ Vψ5q ¼ EψMB;

V†ψMB þH5qψ5q ¼ Eψ5q:

Solving the second equation for ψ5q, ψ5q ¼
ðE −H5qÞ−1V†ψMB and substituting for the first equation,
we find the equation for ψMB,

!
KMB þ Vπ þ V

1

E −H5q V
†
"
ψMB ¼ EψMB: ð4Þ

The last term on the left-hand side is due to the elimination
of the 5q channels, and is regarded as an effective
interaction for the MB channels. Thus, the total interaction
for the MB channels is defined by

U ¼ Vπ þ V
1

E −H5q V
†: ð5Þ

We then insert the assumed 5q eigenstates into the second
term of (5),

Uij ¼ Vπ
ij þ

X

α

hijVjαi 1

E − E5q
α
hαjV†jji ð6Þ

where E5q
α is the eigenenergy of a 5q channel. In this

equation, we have indicated the meson-baryon channel by
i, j, and 5q channels by α. In this way, the effects of the 5q
channels are included in the form of effective short range
interaction. The corresponding diagram of this equation is
shown in Fig. 1. The computations for the OPEP and the
short range interactions are discussed in the next sections.

B. One pion exchange potential

In this subsection, we derive the one pion exchange
potential (OPEP) between D̄ð&Þ and Yc in the first term of
Eq. (6). Hereafter, we use the notation D̄ð&Þ to stand for a D̄
meson, or a D̄& meson, and Yc to stand for Λc, Σc, or Σ&

c.
The OPEP is obtained by the effective Lagrangians for

heavy mesons (baryons) and the Nambu-Goldstone boson,
satisfying the heavy quark and chiral symmetries. The
Lagrangians for heavy mesons and the Nambu-Goldstone
bosons are given by [50,96–100]

LπHH ¼ gπTr½Hbγμγ5A
μ
baH̄a(: ð7Þ

The trace Tr½% % %( is taken over the gamma matrix. The
heavy meson fields H and H̄ are represented by

Ha ¼
1þ =v
2

½D̄&
aμγμ − D̄aγ5(; ð8Þ

TABLE II. Channels of 5q’s with color octet qqq and cc̄ with
possible total spin J. For notations, see text.

Channel ½q38; 12(0 ½q38; 12(1 ½q38; 32(0 ½q38; 32(1

J 1=2 1=2, 3=2 3=2 1=2, 3=2, 5=2

5q( )
pi pj V V ji

D

Yc

FIG. 1. One pion exchange potential (left) and the effective
interaction due to the coupling to the 5q channel (right). The
meson-baryon channels are generally represented by D̄ and Yc,
respectively, and i is for the initial and j the final channels. A 5q
channel is denoted by α.
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Abstract

Scattering problem of the uudds̄ system in the standard nonrelativistic quark model of Isgur–Karl is solved for the first time, by treating the large
five-body model space including the NK scattering channel accurately with the Gaussian expansion method and the Kohn-type coupled-channel
variational method. The two-body interaction that reproduces observed properties of ordinary baryons and mesons is applied to the pentaquark
system with no additional adjustable parameter. The resulting five-body wave function has the correct asymptotic form in its scattering-channel
component and describes qq and qq̄ correlations properly. The NK scattering phase shift shows no resonance in the energy region of the reported
pentaquark Θ+(1540), that is, at 0–500 MeV above the NK threshold (1.4–1.9 GeV in mass). Instead, the phase shift does show two resonances
just above 500 MeV: a broad 12

+ resonance with a width of Γ ∼ 110 MeV located at ∼ 520 MeV (∼ 2.0 GeV in mass) and a sharp 12
− resonance

with Γ = 0.12 MeV at 540 MeV. Properties of these states are discussed.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

The observation of a signal of a narrow resonance at
∼ 1540 MeV with S = +1 by the LEPS group [1,2], now called
Θ+(1540), triggered a lot of theoretical works on multi-quark
systems [3], although further experimental reexamination is
still needed to establish the state. The question whether the
multi-quark baryonΘ+(1540) really exists or not is then one of
current issues in hadron physics. In order to answer the question
theoretically, one has to nonperturbatively evaluate the mass
and the decay width of Θ+(1540), namely of the uudds̄ reso-
nance. All nonperturbative analyses made so far, however, did
not impose any proper boundary condition to the NK scatter-
ing component of the pentaquark state. At the present stage, the
nonrelativistic quark model provides a nonperturbative frame-
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work which makes it possible to impose a proper boundary
condition to the NK scattering component.
In this Letter, we take the standard quark model of Isgur–

Karl [4,5]. The Hamiltonian consists of the confining potential
of harmonic oscillator type and the color-magnetic spin–spin
interaction. As shown later, the Hamiltonian satisfactorily re-
produces observed properties of ordinary baryons and mesons.
The same Hamiltonian is then applied to the pentaquark with
no adjustable parameter.
Resonant and nonresonant states of the uudds̄ system are

nonperturbatively derived with the Kohn-type coupled-channel
variational method [6] in which a proper boundary condition
is imposed to the NK scattering channel and the total anti-
symmetrization between quarks is explicitly taken into account.
Reliability of the method for scattering problem between com-
posite particles was shown by one of the authors (M.K.) [6],
and actually it was already applied to qqq–qqq scatterings [7].
The coupled-channel variational method is accurate, only

when the five-body dynamics in the interaction region is solved
precisely. As such a method, we use the Gaussian expansion
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A quark model, which reproduces the ground-state mesons and baryons, i.e., the threshold energies, is applied
to the qqqcc̄ configurations, where q is a light quark and c the charmed quark. In the calculation, several open
channels are explicitly included such as J/ψ + N , ηc + N , !c + D̄, etc. To distinguish genuine resonances
and estimate their width, we employ the Gaussian expansion method supplemented by the real scaling method
(stabilization). No resonance is found at the energies of the Pc(4380) and Pc(4450) pentaquarks. On the other
hand, there is a sharp resonant state at 4690 MeV with a J = 1/2− state and another one at 4920 MeV with a
J = 3/2− state which have a compact structure.
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I. INTRODUCTION

During the past decades, several experimental candidates
have been proposed for hadrons beyond the ordinary quark-
antiquark and three-quark structures: baryonium, supernumer-
ary scalar mesons, light pentaquarks, etc. However, most of
them have not been confirmed in experiments with high statis-
tics and better resolution, or their interpretation as multiquarks
has a little faded away. A new era has begun with the discovery
of the X(3872) in 2003 [1] and several other XYZ states
with hidden charm. Another striking result is the observation
of the Pc pentaquarks by the LHCb collaboration [2]. For a
review, see for instance [3– 7]. It is now widely accepted that
the spectrum of hadrons is not restricted to the excitations
of ordinary mesons and baryons, and extends to multiquark
configurations with hidden or open flavor.

Concerning the hidden-charm pentaquarks, there are
many theoretical approaches: quark model approaches with
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different interactions [8– 10], the quark-cluster model [11],
diquark models [12– 16], and the hadronic molecular pic-
ture [17– 29]. The observation channel consists of a proton and
a J/ψ , suggesting as quark content cc̄ attached to light quarks.
In the hadronic molecular description, the Pc states couple to
both open charm and hidden-charm hadrons in channels such
as J/ψ p or D̄"c, and hence whatever dynamical scheme is
adopted at the start, the detailed properties are sensitive to all
surrounding thresholds and their interactions.

Within the quark-model picture, the technical aspect of
this competition between multiquark and hadron-hadron com-
ponents deals with finding a reliable solution of the model
in the continuum. In the literature on the quark model (in-
cluding by some of us), the bound-state formalism has often
been used without caution for states in the continuum. To
be more specific, if a crude trial wave function gives for
some multiquark configuration an energy E = −100 MeV
below the lowest threshold, it is not too far from the exact
solution within this model. On the other hand, an energy E =
+100 MeV above one of the thresholds might be meaningless.
Refining the trial wave function should lead to convergence
towards the lowest threshold. Identifying a resonance within
a given model requires dedicated methods. One such method
is the technique of real scaling along the fall-apart coordinate,
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Five-body calculations

j

h�"G1 A, S�`�K2i2`b Q7 �SR �M/ �GR /2}M2/ #v 1[X UkXkVX

p mu,dU:2oV msU:2oV ΛU:2oV B AU:2oB−1V κ κǶ λU:2o5/3V

�SR 3/2 yXkdd yX88j RX38R yXjkej RX8kNe yX83dR RX3yk8 yXj3N3

�GR 1 yXjR8 yX8dd RX3je yXkky9 RXe88j yX8yeN RX3eyN yXRe8j

r
(1)

ρ (1)

R
(1)

s
(1)

C=1

q

q

q

c

c

1 4

5

r
(2 )

ρ
R
(2) s

(2)(2)

1

2

3

4 5

q

q

c

q

c

C=2

r
(3)

R
(3)

ρ (3)
s(3)

1

2

3

45

q

q

q

c

c

C=3

r
(4)

R
(4) ρ(4)

s
(4)

1

2

3

45

q

q

q

c

c

C=4

2 3

6A:X R, 6Qm` b2ib Q7 i?2 C�+Q#B +QQ`/BM�i2 bvbi2KbX h?2 HB;?i Uu, dV [m�`Fb- H�#2H2/ #v T�`iB+H2 1−3- �`2 iQ #2 �MiB@bvKK2i`Bx2/-
r?BH2 i?2 T�`iB+H2b 9 �M/ 8 bi�M/ 7Q` c �M/ c̄- `2bT2+iBp2HvX a+�ii2`BM;b Q7 qqq+ cc̄ �M/ qqc+ qc̄ �`2 /2b+`B#2/ BM i?2 +QQ`/BM�i2b
C = 1 �M/ k- `2bT2+iBp2HvX

h�"G1 AA, h?2 +�H+mH�i2/ K�bb2b UBM J2oV Q7 i?2 ?2�pv
K2bQMb �M/ #�`vQMb 2Mi2`BM; i?2 i?`2b?QH/b iQ;2i?2` rBi? i?2
2tT2`BK2Mi�H p�Hm2bX

?�/`QM JP +�HX 2tTX

ηc 0− kN39 kN3j
J/ψ 1− jRyj jyNe
D 0− R33k R3eN
D∗ 1− kyjj kyyd
N 1/2+ Njd Nj3
Λc 1/2+ kkNy kk3e
Σc 1/2+ k9dk k988
Σ∗

c 3/2+ k898 k8ky

h?2 bT�iB�H r�p2 7mM+iBQMb 7Q` 2�+? +?�MM2H (C) �`2 2t@
T�M/2/ #v KmHiB@`�M;2 :�mbbB�Mb KmHiBTHB2/ #v bT?2`B+�H
?�`KQMB+b �b

φnlm(r) = Nnl r
l e−(r/rn)

2

Ylm(r̂) ,

ϕνλµ(ρ) = Nνλ ρ
λ e−(ρ/ρν)

2

Yλµ(ρ̂) ,

ψNIM (R) = NNI R
I e−(R/RN )2 YIM (R̂) ,

ψN ′KMK (s) = NN ′K sK e−(s/sN′ )2 YKMK (ŝ) .
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New calculation of ssscc
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Why? 
• ssscc does not have coupling to the pion  
   OPEP, pion emission decay suppressed 
   Difficult to include in the current methods 
• To be compared with lattice simulations 
   Lattice is also working without s.  DiOmega…


