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Charmonium-pentaquark states (I)

Observation of exotic structures (Pc) in Λ0
b → J/ψpK−

LHCb, PRL 115, 072001 (2015)
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Charmonium-pentaquark states (II)

LHCb, PRL 122, 222001 (2019)

2 2.5 3 3.5 4 4.5 5 5.5 6 6.5
]2 [GeV2

Kpm

16

18

20

22

24

26

]2
 [G

eV
2

p
ψ

J/
m

1

10

210

)4
0.

04
5 

G
eV

×
C

an
di

da
te

s/
(0

.1
05

LHCb

State M [MeV] Γ [MeV]

Pc(4312)+ 4311.9± 0.7+6.8
−0.6 9.8± 2.7+ 3.7

− 4.5

Pc(4440)+ 4440.3± 1.3+4.1
−4.7 20.6± 4.9+ 8.7

−10.1

Pc(4457)+ 4457.3± 0.6+4.1
−1.7 6.4± 2.0+ 5.7

− 1.9

4200 4300 4400 4500 4600
 [GeV]pψJ/m

0

500

1000

C
an

di
da

te
s/

(2
 M

eV
)

 allKpm

+(4312)cP

+(4440)cP +(4457)cP

4200 4300 4400 4500 4600
 [GeV]pψJ/m

0

500

1000

C
an

di
da

te
s/

(2
 M

eV
)

data
total fit +

cPpolynomial + broad 
polynomial

+
cPbroad 

4200 4300 4400 4500 4600
 [GeV]pψJ/m

0

200

C
an

di
da

te
s/

(2
 M

eV
)

>1.9 GeVKpm

4200 4300 4400 4500 4600
 [GeV]pψJ/m

0

200

C
an

di
da

te
s/

(2
 M

eV
)

LHCb

4200 4300 4400 4500 4600
 [GeV]pψJ/m

0

500

1000

W
ei

gh
te

d 
ca

nd
id

at
es

/(2
 M

eV
)

-weightedPcθcos
 

(c)

4200 4300 4400 4500 4600
 [GeV]pψJ/m

0

500

1000

W
ei

gh
te

d 
ca

nd
id

at
es

/(2
 M

eV
)

3 / 17



Charmonium-pentaquark (theoretical)

I Compact pentaquark Cheng et al., PRD100(2019)054002

Pc(4312), Pc(4440), Pc(4457): JP = 3/2−, 1/2−, 3/2−

I Compact diquark model Ali et al., JHEP1910(2019)256

3/2− 4240± 29

3/2+ 4440± 35

5/2+ 4457± 35

I Pcs as double triangle cusps Nakamura, PRD103(2020)L111503

I Pc(4312): virtual state Fernández-Ramı́rez et al., PRL123(2019)092001

I K-matrix: J/ψp− ΣcD̄ − ΣcD̄∗ Kuang et al., EPJC80(2020)433

↪→ Pcs have same JP . Pc(4312): ΣcD̄, Pc(4457): ? cusp effect
I Molecule (HQSS) Liu et al., PRL122,242001 (2019)

Molecule JP M (MeV)

A D̄Σc
1
2
−

4311.8− 4313.0

A D̄Σ∗c
3
2
−

4376.1− 4377.0

A D̄∗Σc 1
2
−

4440.3∗

A D̄∗Σc 3
2
−

4457.3∗

A D̄∗Σ∗c
1
2
−

4500.2− 4501.0

A D̄∗Σ∗c
3
2
−

4510.6− 4510.8

A D̄∗Σ∗c
5
2
−

4523.3− 4523.6

Molecule JP M (MeV)

B D̄Σc
1
2
−

4306.3− 4307.7

B D̄Σ∗c
3
2
−

4370.5− 4371.7

B D̄∗Σc 1
2
−

4457.3∗

B D̄∗Σc 3
2
−

4440.3∗

B D̄∗Σ∗c
1
2
−

4523.2− 4523.6

B D̄∗Σ∗c
3
2
−

4516.5− 4516.6

B D̄∗Σ∗c
5
2
−

4500.2− 4501.0

and many more works...

I quantum numbers? line shape? the existence of Pc(4380)?
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EFT approach at low energies: Σ
(∗)
c D̄(∗)

(ΛcD̄
(∗))

Lippmann-Schwinger Equation:

� � ���= + �� ���

TJαγ(E, p, p′) = V Jαγ(E, p, p′)−
∑
β

∫
d3~q

(2π)3
V Jαβ(E, p, q)Gβ(E, q)TJβγ(E, q, p′)

+

+ Green function: Γ(Σ∗
c → Λcπ) = 15.0 MeV ∼ Γ(Pc)

Gβ(E,q) =
m

Σ
(∗)
c
mD(∗)

E
Σ

(∗)
c

(q)ED(∗) (q)

1

E
Σ

(∗)
c

(q) + ED(∗) (q)− E− Σ̃
(∗)
R

(s)

2E
Σ

(∗)
c

(q)

,

↪→ The self-energy: Σ̃
(∗)
R

(s) ∼ ig2 p3
√
s

Σ(∗)
c

Λc

π

Σ(∗)
c

↪→ Nonrelativistic limit:

Gβ(E,q) =
1

q2

2µ
+m

D(∗) +m
Σ

(∗)
c
− E

.
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Λ0
b → K−J/ψp

K-

Λ0b D(*)

Σc
(*)

J/ψ

p

+ mJ/ψp ∼ 4440 MeV
↪→ |p| ∼ 810 MeV
↪→ J/ψp(S), J/ψp(D)

K-

Λ0b
D(*)

Σc
(*) +
K-

Λ0b D(*)

Σc
(*)

Σc
(*)

D
(*)

+ Weak production:

ddd ↪→ S-wave Σ
(∗)
c D̄(∗)

ddd ↪→ 7 parameters: P Jα

+

channels

{
Σ

(∗)
c D̄(∗)(S/D),ΛcD̄

(∗)(S/D) → α, β, γ

J/ψp(S/D), ηcp(S/D) → i, j, k

+

UJα (E, p) = PJα (E, p)−
∑
β

∫
dq3

(2π)3
V Jαβ(E, p, q)Gβ(E, q)UJβ (q),

UJi (E, p) =
∑
β

∫
dq3

(2π)3
VβiGβ(E, q)UJβ (q).
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Fit Schemes

+ Fit schemes:

• Scheme I: pure contact potential w/o ΛcD̄
(∗)

• Scheme II: Scheme I + OPE + S-D counter term w/o ΛcD̄
(∗)

↪→ coupled channel

• Scheme III: contact + OPE + S-D counter terms w/ ΛcD̄
(∗)
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Scheme I: pure contact potential w/o ΛcD̄
(∗)

Solution A Solution B

LHCb: mKp>1.9 GeV

Solution A

Scheme I
Λ=0.7 GeV

Λ=0.9 GeV

Λ=1.1 GeV

Λ=1.3 GeV

Λ=1.5 GeV

���� ���� ���� ���� ���� ����

���

���

���

���

���

��/ψ � [���]

�
��
��
��
�
��
��
��
��
��
/(
�
�
��

) LHCb: mKp>1.9 GeV

Solution B

Scheme I
Λ=0.7 GeV

Λ=0.9 GeV

Λ=1.1 GeV

Λ=1.3 GeV

Λ=1.5 GeV

���� ���� ���� ���� ���� ����

���

���

���

���

���

��/ψ � [���]

�
��
��
��
�
��
��
��
��
��
/(
�
�
��

)
+ Λ > Λsoft ∼

√
2µδ ∼ 0.7 GeV

+ Cutoff-independent for both solution A and B
ΣcD̄

∗ Pc(4440) Pc(4457)

Fit A 1
2
− 3

2
−

Fit B 3
2
− 1

2
−

+ No need for ΛcD̄
(∗)
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Scheme I: pure contact potential w/o ΛcD̄
(∗)

Solution A Solution B

Fit:mKp>1.9 GeV

Solution: A
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Fit:mKp>1.9 GeV

Solution B: ηcp

Scheme I

Λ=0.7 GeV

Λ=0.9 GeV
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Scheme I: Contact fits to three sets of LHCb data

Scheme I: Contact

LHCb: cosθPc-weighted

Solution A: χ2/dof = 1.00

Solution B: χ2/dof = 1.03
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) Scheme I: Contact

LHCb: mKp>1.9 GeV

Solution A: χ2/dof = 0.91

Solution B: χ2/dof = 0.91
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Scheme I: Contact

LHCb: mKp all

Solution A: χ2/dof = 0.93

Solution B: χ2/dof = 0.97
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Scheme I: pole positions

Solution A Solution B

DC ([MeV]) JP Pole [MeV] JP Pole [MeV]

Pc(4312) ΣcD̄ (4321.6) 1
2

−
4314(1)− 4(1)i 1

2

−
4312(2)− 4(2)i

Pc(4380)∗ Σ∗cD̄ (4386.2) 3
2

−
4377(1)− 7(1)i 3

2

−
4375(2)− 6(1)i

Pc(4440) ΣcD̄∗ (4462.1) 1
2

−
4440(1)− 9(2)i 3

2

−
4441(3)− 5(2)i

Pc(4457) ΣcD̄∗ (4462.1) 3
2

−
4458(2)− 3(1)i 1

2

−
4462(4)− 5(3)i

Pc Σ∗cD̄
∗ (4526.7) 1

2

−
4498(2)− 9(3)i 1

2

−
4526(3)− 9(2)i

Pc Σ∗cD̄
∗ (4526.7) 3

2

−
4510(2)− 14(3)i 3

2

−
4521(2)− 12(3)i

Pc Σ∗cD̄
∗ (4526.7) 5

2

−
4525(2)− 9(3)i 5

2

−
4501(3)− 6(4)i

+ * NOT the broad Pc(4380) reported by LHCb in 2015

+ Bound states with respect to the dominant channel (DC)

+ Σ∗cD̄
∗ states are not seen yet, production rate suppressed?

↪→ prompt production in the pp collision in the LHC

P. Ling, X.-H. Dai, MLD and Q. Wang, arXiv:2104.11133
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Scheme II: contact + OPE + S-D w/o ΛcD̄
(∗)

Solution A Solution B

LHCb: mKp>1.9 GeV

Solution A

Scheme II
Λ=0.9 GeV

Λ=1.1 GeV

Λ=1.3 GeV

Λ=1.5 GeV

Λ=1.7 GeV
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LHCb: mKp>1.9 GeV

Solution B

Scheme II
Λ=0.9 GeV

Λ=1.1 GeV

Λ=1.3 GeV

Λ=1.5 GeV

Λ=1.7 GeV
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)

+ Λsoft ∼ 0.7 GeV

+ Cutoff-independent only for solution B
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Scheme II: contact + OPE + S-D w/o ΛcD̄
(∗)

Solution A Λsoft ∼ 0.7 GeV Solution B

Fit: mKp>1.9 GeV

Solution: A

Scheme II
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Solution B: ηcp
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Scheme III: CT + OPE + SD w/ ΛcD̄
(∗) Λsoft ∼ 0.9 GeV

Solution B

Scheme III: B

LHCb: mKp>1.9 GeV

χ2/dof = 0.93

χ2/dof = 0.94

χ2/dof = 0.94
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)

Scheme III

Solution B: ηcp

LHCb:mKp>1.9 GeV

���� ���� ���� ���� ���� ����
�

��

���

���

���

���

�η� � [���]

�
��
��
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�

+ Λ = 1.3 GeV.

+ Overdetermined.
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Scheme III: CT + OPE + SD w/ ΛcD̄
(∗) Λsoft ∼ 0.9 GeV

Solution B

Fit: mKp>1.9 GeV

Scheme III: B
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+ J/ψp data alone are not enough to constrain ΛcD̄
(∗) interactions.
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Summary & Outlook
+ Solving Lippmann-Schwinger equation with respect to

I Unitarity, three-body cut

↪→ width of Σ
(∗)
c

I Coupled-channels
↪→ cut-off independence: OPE → SD counter term

I Heavy quark spin symmetry

↪→ 7 Σ
(∗)
c D̄(∗) molecular states

+ Preferred spin assignment (Solution B)

Pc(4312) : 1/2−, (D̄Σc)

Pc(4440) : 3/2−, (D̄∗Σc)

Pc(4457) : 1/2−, (D̄∗Σc)

+ We can not say much about ΛcD̄(∗) interaction without data
in this channel.

+ A narrow Pc(4380), different from the broad one reported by
LHCb in 2015.
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Thank you very much for your attention!
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Heavy-quark spin symmetry (HQSS)

I In the limit ΛQCD/mQ → 0
↪→ strong interactions are independent on heavy-quark spin

I S-wave D̄(∗)Σ(∗)
c ΛcD̄

(∗) spin decomposition |sQ ⊗ j`〉


|ΣcD̄〉
|ΣcD̄∗〉
|Σ∗cD̄∗〉
|ΛcD̄〉
|ΛcD̄∗〉


1
2

=



1
2

1
2
√

3

√
2
3

0 0

1
2
√

3
5
6

−
√

2
3

0 0√
2
3
−
√

2
3

− 1
3

0 0

0 0 0 − 1
2

√
3

2

0 0 0
√

3
2

1
2




|0⊗ 1

2
〉

|1⊗ 1
2
〉

|1⊗ 3
2
〉

|0⊗ 1
2
〉′

|1⊗ 1
2
〉′

 , (1)


|ΣcD̄∗〉
|Σ∗cD̄〉
|Σ∗cD̄∗〉
|ΛcD̄∗〉


3
2

=


1√
3

− 1
3

√
5

3
0

− 1
2

1√
3

1
2

√
5
3

0

1
2

√
5
3

√
5

3
− 1

6
0

0 0 0 1



|0⊗ 3

2
〉

|1⊗ 1
2
〉

|1⊗ 3
2
〉

|1⊗ 1
2
〉′

 , (2)

|Σ∗cD̄∗〉 5
2

= |1⊗ 3

2
〉. (3)
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Contact interactions
I Contact interaction: short-range interaction
I strong interaction: spin of light degrees of freedom
↪→ Σ

(∗)
c D̄(∗) → Σ

(∗)
c D̄(∗):

C 1
2
≡ 〈sQ ⊗

1

2
|ĤI |sQ ⊗

1

2
〉, C 3

2
≡ 〈sQ ⊗

3

2
|ĤI |sQ ⊗

3

2
〉,

↪→ Σ
(∗)
c D̄(∗) → ΛcD̄(∗):

C′1
2

≡ ′〈sQ ⊗
1

2
|ĤI |sQ ⊗

1

2
〉 = 〈sQ ⊗

1

2
|ĤI |sQ ⊗

1

2
〉′.

↪→ ΛcD̄(∗) → ΛcD̄(∗):
C′′1

2

≡ ′〈sQ ⊗
1

2
|ĤI |sQ ⊗

1

2
〉′,

I J/ψp (ηcp) Heavy-Light spin decomposition:

|J/ψp〉


S-wave : |1⊗ 1

2
〉

D-wave : |1⊗ 3

2
〉
, |ηcp〉


S-wave : |0⊗ 1

2
〉

D-wave : |0⊗ 3

2
〉
.

I Σ
(∗)
c D̄(∗) → J/ψp (ηcp):

gS ≡ 〈1⊗ 1

2
|ĤI |J/ψp〉S = 〈0⊗ 1

2
|ĤI |ηcp〉S ,

gDk
2 ≡ 〈1⊗ 3

2
|ĤI |J/ψp〉D = 〈0⊗ 3

2
|ĤI |ηcp〉D
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Contact potentials

V
1
2
−

C
=
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√
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−
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√
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√
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√
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√
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√
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√
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√
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√
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C′1

2

√
5

3
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,

V
5
2
−

C
= C 3

2
.
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channels

JP S-wave(
1

2

)−
ΣcD̄, ΣcD̄

∗,Σ∗c D̄
∗, ΛcD̄, ΛcD̄

∗(
3

2

)−
ΣcD̄

∗, Σ∗c D̄, Σ∗c D̄
∗, ΛcD̄

∗(
5

2

)−
Σ∗c D̄

∗

JP D-wave(
1

2

)−
ΣcD̄

∗, Σ∗c D̄, Σ∗c D̄
∗
3
2

, Σ∗c D̄
∗
5
2

, ΛcD̄
∗(

3

2

)−
ΣcD̄, ΣcD̄

∗
1
2

, ΣcD̄
∗
3
2

, Σ∗c D̄, Σ∗c D̄
∗
1
2

, Σ∗c D̄
∗
3
2

, Σ∗c D̄
∗
5
2

, ΛcD̄, ΛcD̄
∗
1
2

, ΛcD̄
∗
3
2(

5

2

)−
ΣcD̄, ΣcD̄

∗
1
2

, ΣcD̄
∗
3
2

, Σ∗c D̄, Σ∗c D̄
∗
1
2

, Σ∗c D̄
∗
3
2

, Σ∗c D̄
∗
5
2

, ΛcD̄, ΛcD̄
∗
1
2

, ΛcD̄
∗
3
2
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Effective Lagraingian Σ
(∗)
c D̄(∗), J/ψp, ηcp, ΛcD̄

(∗)

• Contact Lagrangian

L = −Ca~S†c · ~ScTr[H̄
†
c H̄c]

−Cbiεijk(S
†
c )j(Sc)kTr[H̄

†
cσiH̄c].

+Cc

(
S
i†
ab
Tca〈H̄†cσ

i
H̄b〉 − T

†
caS

i
ab〈H̄

†
b
σ
i
H̄c〉

)
+CdT

†
ab
Tba〈H̄

†
c H̄c〉

• One-pion exchange (OPE)

LDDπ =
g

4
〈σ · uabH̄bH̄

†
a〉,

LΣcΣcπ = i
3

2
g1εijk〈S̄iujSk〉.

LΣcΛcπ = −
1
√

2
g3
(
S
i†
ab
u
i
bcTca + T

†
ab
u
i
bcS

i
ca

)
,

+ Effective Lagrangian for D̄(∗)Σ(∗)
c → J/ψp (ηcp)

L =
gS√

3
N†σiH̄J†Si −

√
3gDN

†σiH̄(∂i∂j − 1

3
δij∂2)J†Sj ,

~Sc =
1√
3
~σΣc + ~Σ∗c , H̄c =

1

2

(
− D̄ + ~σ · ~̄D∗

)
, J = −ηc + σ · ψ.
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Effective potentials

+ The effective potentials

V Jαβ = V JCT,αβ + V JOPE,αβ + GJαβ ,

The effective contributions from the J/ψp and ηcp bubble loop (k ∼ 0.9 GeV)

GJαβ =
∑
i

= RG −
∑
i

i
1

2πE
mψ(ηc)mpg

(′)J
αi g

(′)J
βi k2li+1.
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Fit result of Scheme II: LO + OPE + S-D w/o ΛcD̄
(∗)

Scheme II

LHCb: cosθPc-weighted

Solution B: χ2/dof = 0.97

���� ���� ���� ���� ���� ����
���

���

���

����

����

��/ψ � [���]

�
��
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��
��
��
��
��
��
/(
�
�
��

) Scheme II

LHCb: mKp>1.9 GeV

Solution B: χ2/dof = 0.87
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)

Scheme II

LHCb: mKp all

Solution B: χ2/dof = 0.91
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���

���

���

����
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��
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�
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13

In the framework of time-ordered-perturbation theory (TOPT), the OPE potentials acquire two

parts corresponding to the two contributions in Fig. 1, where the vertical lines indicate the in-

termediate three-body states. In some cases, for example, for the ⌃cD̄ ! ⇤cD̄
⇤ transition, the

~p ~p 0

1 10

2 20

~p ~p 0

1 10

2 20

(a) (b)

FIG. 1. Diagrams in TOPT responsible for the two contributions to the OPE potential. The solid line

represents the ⌃
(⇤)
c , ⇤c and D̄(⇤), the dashed line denotes the pion field.

intermediate state ⇤cD̄⇡ can be on shell in the energy region where all Pc states reside. Thus, the

e↵ect of the three-body cut has to be taken into account in the potential and in the ⌃
(⇤)
c self-energy

loops, see Eqs. (A5)-(A7) in Appendix A for the relevant potentials and Sec. III for the self-energy

loop.

C. Next-to-leading-order contact terms

In Subsection II A, we construct the LO contact potentials using the heavy-light spin structure

decomposition |sQ ⌦ j`i. Alternatively, one can also obtain those potentials using an e↵ective

Lagrangian. For the ⌃
(⇤)
c D̄(⇤) and ⇤cD̄

(⇤) channels, the e↵ective Lagrangian reads [21, 32, 60]

LLO = �CaS
†
ab · SbahH̄†

c H̄ci � Cbi✏jikS
j†
abS

k
bahH̄†

c�
iH̄ci

+Cc

⇣
Si†

abTcahH̄†
c�

iH̄bi � T †
caS

i
abhH̄†

b�
iH̄ci

⌘
� CdT

†
abTbahH̄†

c H̄ci, (23)

where the contact potentials Ca, Cb, Cc and Cd are related to those in Eqs. (7)-(9) as

Ca = 1
3C 1

2
+ 2

3C 3
2
, Cb=

1

3
(C 3

2
� C 1

2
),

Cc = 2
3C 0

1
2

, Cd = C 00
1
2

. (24)
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Some details on the OPE

●

with  g1 =  0.57 from D* →D𝜋 width,   g2 and g3  are taken from lattice

V⌃cD̄⇤!⌃cD̄(p,p0) / g1g2

f2
⇡

(⌧1 · ⌧ c
2 )(✏D̄⇤ · q)(� · q)

✓
1

G⌃cD̄⇡

+
1

G⌃cD̄⇤⇡

◆

<latexit sha1_base64="uLsuhBgFXmovbGnoy9d7mcQZEog="></latexit>

☛ TOPT propagators

G⌃cD̄⇡ = 2E⇡(q)

✓
E⇡(q) + E⌃c

(p) + ED̄(p0) �p
s

◆

<latexit sha1_base64="v45+mfKLHvs4mYnHESIyniustfc="></latexit>

Ei(p) =
q

p2 + m2
i

<latexit sha1_base64="uozdYUhI4T/l55iCswax8WKoDV4=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahIpQkCroRiiK4rGAf0KZhMp22Q2eSODMRSsjSjb/ixoUibv0Ed/6N0zYLbT1w4XDOvdx7jx8xKpVlfRu5hcWl5ZX8amFtfWNzy9zeqcswFpjUcMhC0fSRJIwGpKaoYqQZCYK4z0jDH16N/cYDEZKGwZ0aRcTlqB/QHsVIackz9+G1l9A0KUVHKbxoy3uhkqjjwGPIPdpxUs8sWmVrAjhP7IwUQYaqZ361uyGOOQkUZkjKlm1Fyk2QUBQzkhbasSQRwkPUJy1NA8SJdJPJIyk81EoX9kKhK1Bwov6eSBCXcsR93cmRGshZbyz+57Vi1Tt3ExpEsSIBni7qxQyqEI5TgV0qCFZspAnCgupbIR4ggbDS2RV0CPbsy/Ok7pTtk7Jze1qsXGZx5MEeOAAlYIMzUAE3oApqAINH8AxewZvxZLwY78bHtDVnZDO74A+Mzx+ZYZhu</latexit>

Pionic Lagrangian:

● Exemplary potential: 

● Central part:  S-wave to S-wave transitions 

● Tensor part:  S-wave to D-wave transitions 

● At short distances OPE is not well defined w/o contact terms 

 Lesson 1:
Chiral dynamics of the X(3872)
Baru, EE, Filin, Hanhart, Meißner, Nefediev, Phys. Lett. B 726 (2013) 537

Baru et al, EPJ Web of Conferences 81 (14) 05005
Baru, EE, Filin, Gegelia, Nefediev, Phys. Rev. D92 (2015) 114016

What is the role of pion physics in X(3872)? 

How to perform chiral extrapolations of lattice 
QCD results at unphysically heavy quark/pion 
masses?

Can pion exchange be treated in perturbation 
theory?

Vπ (r)

r

~ 1/r3

12

B. One-pion-exchange potentials

The LO OPE potential can be obtained using the e↵ective Lagrangian for the axial coupling of

the pions to the charmed mesons and baryons [77, 78],

L =
g1

4
h� · uabH̄bH̄

†
ai + ig2✏ijkS

i†
abu

j
bcS

k
ca �

1p
2
g3

�
Si†

abu
i
bcTca + T †

abu
i
bcS

i
ca

�
, (16)

where h·i denotes the trace in the spinor space and � represents the Pauli matrices. The subindices

a, b, c denote the light-flavor content, and the superindices i, j, k denote the polarization. Si and

H̄ are the heavy quark spin doublets for the ground states (⌃c,⌃
⇤
c) and (D̄, D̄⇤) [79],

Si =
1p
3
�i⌃c + ⌃⇤i

c , H̄ = �D̄ + � · D̄⇤, (17)

with

S(⇤)
c =

0
B@

⌃
(⇤)++
c

1p
2
⌃

(⇤)+
c

1p
2
⌃

(⇤)+
c ⌃

(⇤)0
c

1
CA , D̄(⇤) =

0
B@

D̄(⇤)0

D(⇤)�

1
CA . (18)

The ⇤+
c is described by the spinor field T ,

T =

0
B@

0 1p
2
⇤+

c

� 1p
2
⇤+

c 0

1
CA , (19)

and the pions are collected in u = �r�/F⇡ + O(�3), where � = ⌧ · ⇡ with ⌧ and ⇡ the Pauli

matrices in the isospin space and the pion fields, and F⇡ = 92.1 MeV is the pion decay constant.

From the width of D⇤+ ! D0⇡+ one gets g1 = 0.57, and the couplings g2 = 0.42 and g3 = 0.71 are

taken from a lattice QCD calculation [80]. The signs of these couplings are fixed from the lattice

results [80].

Once the OPE is considered, the corresponding tensor force, whose importance is well-known

for few-nucleon systems, generates a mixture between S waves and D waves, which can have a

sizable impact on the line shapes between thresholds [65, 68, 69]. The quantum numbers of the

⌃
(⇤)
c D̄(⇤) and ⇤cD̄

(⇤) systems taken into account in this work are listed in Table I.

All pentaquarks so far were observed in the J/ p final state and therefore have isospin 1/2.

D̄(⇤)D̄(⇤)⇡<latexit sha1_base64="r8hNYovohHI+7WQ81wRStorvb/Y=">AAACB3icbZDLSgMxFIbP1Futt1GXggSLUF2UmSrosqgLlxXsBdqxZNJMG5rJDElGKEN3bnwVNy4UcesruPNtTC+Irf4Q+PjPOZyc3485U9pxvqzMwuLS8kp2Nbe2vrG5ZW/v1FSUSEKrJOKRbPhYUc4ErWqmOW3EkuLQ57Tu9y9H9fo9lYpF4lYPYuqFuCtYwAjWxmrb+ylq+Viiq7u0cHw0nOGYDdt23ik6Y6EfcOchD1NV2vZnqxORJKRCE46VarpOrL0US80Ip8NcK1E0xqSPu7RpUOCQKi8d3zFEh8bpoCCS5gmNxu7viRSHSg1C33SGWPfUfG1k/ldrJjo491Im4kRTQSaLgoQjHaFRKKjDJCWaDwxgIpn5KyI9LDHRJrqcCeHPyX+hViq6J8XSzWm+fDGNIwt7cAAFcOEMynANFagCgQd4ghd4tR6tZ+vNep+0ZqzpzC7MyPr4BlbPl7U=</latexit>

⌃(⇤)
c ⌃(⇤)

c ⇡
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Detmold et al., PRD 85, 114508 (2012)

G⌃cD̄⇤⇡ = 2E⇡(q)

✓
E⇡(q) + E⌃c

(p0) + ED̄⇤(p) �p
s

◆

<latexit sha1_base64="44CY9A0B5dYQrMCiM1vjFdWKwi0="></latexit>
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Λ0
b → K−J/ψp

K-

Λ0b D(*)

Σc
(*)

J/ψ

p

+ mJ/ψp ∼ 4440 MeV
↪→ |p| ∼ 810 MeV
↪→ J/ψp(S), J/ψp(D)

K-

Λ0b
D(*)

Σc
(*) +
K-

Λ0b D(*)

Σc
(*)

Σc
(*)

D
(*)

+ Weak production:

ddd ↪→ S-wave Σ
(∗)
c D̄(∗)

ddd ↪→ 7 parameters: P Jα

+

channels

{
Σ

(∗)
c D̄(∗)(S/D),ΛcD̄

(∗)(S/D) → α, β, γ

J/ψp(S/D), ηcp(S/D) → i, j, k

+

UJα (E, p) = PJα (E, p)−
∑
β

∫
dq3

(2π)3
V Jαβ(E, p, q)Gβ(E, q)UJβ (q),

UJi (E, p) =
∑
β

∫
dq3

(2π)3
VβiGβ(E, q)UJβ (q).
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Scheme I + OPE w/o ΛcD̄
(∗)

+ No solution A

+ Solution B:
Cut-off dependent

+ Λsoft ∼ 700 MeV

LHCb: mKp>1.9 GeV

Scheme I + OPE

Solution B

Λ=0.8 GeV

Λ=1.0 GeV

Λ=1.2 GeV

Λ=1.4 GeV
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Fit:mKp>1.9 GeV

Solution: B

Scheme I +OPE

Λ=0.8 GeV

Λ=1.0 GeV

Λ=1.2 GeV

Λ=1.4 GeV
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Fit:mKp>1.9 GeV

Solution B: ηcp

Scheme I +OPE

Λ=0.8 GeV

Λ=1.0 GeV

Λ=1.2 GeV

Λ=1.4 GeV
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