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Introduction



Pc states in LHCb

• In 2015, Λb → J/ψpK, Pc(4380) and Pc(4450)

• Recently, Pc(4450)⇒ Pc(4440) + Pc(4457); A new state Pc(4312) with 7.3σ;

I = 1/2?

higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

1 fb−1 of integrated luminosity acquired by the LHCb
experiment in pp collisions at 7 TeV center-of-mass
energy, and 2 fb−1 at 8 TeV. The LHCb detector [13]
is a single-arm forward spectrometer covering the
pseudorapidity range, 2 < η < 5. The detector includes a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [14],
a large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
[15] placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Events are triggered by a J=ψ → μþμ− decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
χ2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=ψ mass [12]. After applying these
requirements, there is a large J=ψ signal over a small
background [18]. Only candidates with dimuon invariant
mass between −48 and þ43 MeV relative to the observed
J=ψ mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the Λ0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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FIG. 2 (color online). Invariant mass of (a) K−p and (b) J=ψp combinations from Λ0
b → J=ψK−p decays. The solid (red) curve is the

expectation from phase space. The background has been subtracted.
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FIG. 3 (color online). Fit projections for (a)mKp and (b)mJ=ψp for the reduced Λ� model with two Pþ
c states (see Table I). The data are

shown as solid (black) squares, while the solid (red) points show the results of the fit. The solid (red) histogram shows the background
distribution. The (blue) open squares with the shaded histogram represent the Pcð4450Þþ state, and the shaded histogram topped with
(purple) filled squares represents the Pcð4380Þþ state. Each Λ� component is also shown. The error bars on the points showing the fit
results are due to simulation statistics.
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Figure 6: Fit to the cos θPc-weighted mJ/ψp 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 Σ+
c D

0 and Σ+
c D

∗0 final states are
superimposed.

to form bound states [29–31]. The masses of the Pc(4312)+ and Pc(4457)+ states are
approximately 5 MeV and 2 MeV below the Σ+

c D
0 and Σ+

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 ΣcD

∗ state, with about 20 MeV 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 [32–34] were published
well before the first observation of the P+

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

c D
0 and Σ+

c D
∗0 states [29–31] 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 ρ-meson exchange, since a pion cannot be exchanged in this system [10].

8

Phys.Rev.Lett. 115 (2015) 072001; Phys.Rev.Lett. 122 (2019) 222001 ;
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Compact or molecular states ?

• Compact pentaquark states: tightly bounded states

• Molecular states: loosely bound states of two color singlet hadrons

• The three Pc states under the thresholds 9 MeV, 5 MeV and 22 MeV

• Three Pc states are the good candidates of molecular states

• Our work

⇒Obtain the Σ
(∗)
c D̄(∗) potential in ChPT D-D,B-B interactions, Zhan-Wei Liu’s talk

⇒Solve the Schrödinger Eq.

Phys.Rev.Lett. 122 (2019) 222001
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Why Chiral perturbation theory (ChPT)?

• Effective field theory, model independence

⇒ Systematically expansion, controllable and estimable error
• Loop diagrams bring novel effect

⇒ Heavy quark symmetry violation

⇒ Novel structure in potential

• Lattice QCD: chiral extrapolation

• Analogy between Pc states and deuteron

• Modern theory of nucleon force Phys. Rept. 503, 1 (2011).; Rev. Mod. Phys. 81, 1773 (2009).

2.5 The Two-Nucleon System 49
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Fig. 2.7 Chiral expansion of the np S-waves up to fifth order. The 1S0 (3S1) wave is shown in the
left (right) panel as function of the nucleon laboratory energy Elab. The various orders are given
in the legend of the right panel. The filled circles refer to the Nijmegen PWA. Figure courtesy of
Evgeny Epelbaum

follows. More precisely, the Nijmegen partial wave analysis (PWA) [57] will be
taken as a benchmark. Second, one has to realize that it is important to differentiate
between the partial waves with low angular momentum (S, P,D) and the so-called
peripheral waves (G,H, I, . . .), which are highly suppressed because of the angular
momentum barrier and are well described by chiral one- and two-pion exchanges
already at LO and NLO [44]. Therefore, let us concentrate on the lower partial
waves, especially the S-waves. At LO, there are just two LECs that are usually fitted
to the large scattering lengths in both the 1S0 and the 3S1 partial wave, respectively,
cf. Eq. (2.5). As can be seen from Fig. 2.7, while for the 3S1 wave, the description
is quite decent, one also sees that the prediction for the 1S0 is quickly deviates from
the data. This can be understood from the fact that with one LEC, one can describe
the rise due to the large scattering length ∼ 1/(8 MeV) but not the fall-off. This is
different in the triplet wave due to the deuteron pole. At NLO, the description of
the S-waves notably improves, but also some P - and D-waves are described well.
At this order, we have seven LECs that feed into the S- and P -waves as well as
the 3S1-3D1 mixing angle ε1. This is further improved at N2LO, largely due to the
subleading TPE graphs. Then at N3LO, most partial waves are well described, one
has 12 LECs that feed into the S-, P - and D-waves and the corresponding triplet
mixing angles ε1 and ε2. One also has to account for the isospin-breaking between
the np, nn and pp systems, which can be accounted for by adding two LO isospin-
breaking contact interactions. Note that formally, these terms only appear at NLO,
but for a better comparison to the Nijmegen PWA, they are already considered at LO.
Further improvements especially to higher pion momenta are obtained at N4LO, up
to the pion production threshold.

Let us now consider a few assorted results from the fifth order study of Ref. [50].
At this order in the chiral expansion, one has no new contact interactions as
compared to N3LO (odd number of derivatives), but new TPEP contributions.
These are given by graphs with one insertion from the fourth order pion-nucleon
Lagrangian of order Q4 proportional to the LECs ei as well as correlated TPE
graphs with one insertion from L (2)

πN ∼ ci and TPE graphs with one insertion

Lect.Notes Phys. 957 (2019) 1-396
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Σ
(∗)
c D̄(∗) interaction in ChPT



Feynman diagrams of Σ
(∗)
c D̄(∗) to NLO

• Topological diagrams

Contact One-pion-exchange Football Triangle-1 Triangle-2 Box Cross box

Leading order Next-to-leading order

• ΣcD̄, ΣcD̄
∗, Σ∗cD̄ and Σ∗cD̄

∗

• All intermediate states: heavy quark symmetry (HQS) partner states and Λc

• Small-scale expansion: mπ
Λχ

, p
Λχ

and δ
M
∼ ε

Λ
J.Phys. G24 (1998) 1831-1859

• Keep mass splitting, HQS violation effect

• Unknown low energy constants (LECs): contact terms
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Heavy quark symmetry: violation

• The heavy quark spin symmetry (HQSS) is approximate, which will be broken

in the couple-channel calculation. David Entem’s talk

• HQS violation effect is more significant for the Σ
(∗)
c D̄ systems than others
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• Minimum of potential with the loosely bound state: -0.06-0.15 GeV.

The HQSS violation effect
may change the existence of bound states.
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Heavy quark symmetry: quark model

• The heavy dof.: spectators; light dof.: interactions

Vquark−level =
[
Va + Ṽal1 · l2

]
+
[
Vc
mc
l1 · h2 + Vd

mc
l2 · h1 + Ve

m2
c
h1 · h2

]
,

VΣcD̄ = V1, VΣcD̄∗ = V2 + Ṽ2S1 · S2,

VΣ∗c D̄
= V3, VΣ∗c D̄

∗ = V4 + Ṽ4S1 · S2.

V1 = V2 = V3 = V4 = Va

Ṽ2 = 2
3
Ṽa, V4 = 1

3
Ṽa

• Ignoring mass splittings in loops, the HQS manifests itself

M. Z. Liu, et.al Phys.Rev.Lett. 122, 242001; C. W. Xiao,et.al Phys.Rev. D100, 014021;Y. Shimizu, et.al arXiv:1904.00587...

• In QM, the HQS violation vanishes for ΣcD̄ system

〈l1 · h2〉 = 〈l2 · h1〉 = 〈h1 · h2〉 = 0 (1)

• QM: analytical terms; Loop diagrams: nonanalytical structures

Loops bring novel effects.

Lu Meng (孟璐) | Pc states and Σ
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Novel structure in potential

• Structures for two-nucleon force

{1, σ1 ·σ2, i(σ1+σ2)·q×k, σ1 ·qσ2 ·q, σ1 ·kσ2 ·k} ⊗ {1, τ1 ·τ2}

• For S-wave, two spin structures left: {1, σ1 · σ2}

• Above results base on that the Pauli matrices are nilpotent.

⇒ The power of the Pauli matrices is at most one.

[σi, σj ] = i2εijkσk, {σi, σj} = 2δijI

• For the two-body systems with arbitrary spin

[Si, Sj ] = iεijkSk, {Si, Sj} � δijI

• For S-wave Σ∗cD̄
∗: {1, S1 · S2, (S1 · S2)2, ...}

• In the loops, (S1 · S2)2 terms appear

⇒ heavy quark spin symmetry violation effect

Loops bring novel effects.

Lu Meng (孟璐) | Pc states and Σ
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Weinberg’s formalism: NN system

• The box diagrams is enhanced by pinch singularity, power count fails

• Time-ordered perturbation theory

Amp = 〈NN |HI |NN〉+
∑
ψ

〈NN |HI |ψ〉〈ψ|HI |NN〉
ENN − Eψ

(2)

Amp2PR ∼ (Einital − Einter)−1

∼ mN

p2
� 1

ε

• Only include the two particle irreducible (2PIR) graphs in potential

• Potential as the kernel of Lippmann-Schwinger Eq. or Schrödinger Eq.

• The tree level one-pion exchange diagrams would be iterated to generate the

2PR contributions automatically

Nucl.Phys. B363 (1991) 3-18; Phys.Lett. B291 (1992) 459-464; Nucl.Phys. A625 (1997) 758-788
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Weinberg’s formalism: Σ
(∗)
c D̄(∗) system

Amp ∼ (Einital − Einter)−1

≈
[
(m1 +m2 +

p2
1

2m1
+

p2
2

2m2
)− (m′1 +m′2 +

p′21
2m1

+
p′22
2m2

)
]−1

• When m1 = m′1, m2 = m′2

Amp ∼ m

p2
� 1

ε

⇒ Pinch singularity, power

counting fails

⇒ Pole of heavy hadrons

⇒ Iterating 1−π exchange

(elastic channel)

⇒ Need to be subtracted

• When m1−m′1 = δ1, m2−m′2 = δ2

Amp ∼ 1

δ1 + δ2
∼ 1

ε

⇒ small scale expansion, power

counting works

⇒ Pole of heavy hadrons

⇒ Iterating 1− π exchange

(inelastic channel)

⇒ Depend on your scheme
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Couple Channel effect

one-pion exchange two-pion exchange

(2PR) (2PIR)

Only  e las t ic  Channe l

one-pion exchange two-pion exchange

(2PR) (2PR)

With inelastic Channel

⇒ tree: ΣcD̄
∗ − ΣcD̄

∗ ⇒ tree :


ΣcD̄

∗ − ΣcD̄
∗

ΣcD̄
∗ − Σ∗cD̄

∗

Σ∗cD̄
∗ − Σ∗cD̄

∗

⇒ box: ΣcD̄
∗-ΣcD̄∗-ΣcD̄∗

subtract the 1-π iteration

⇒ box: ΣcD̄
∗-Σ∗cD̄∗-ΣcD̄∗

no subtraction

⇒ Couple channel effect: loops

⇒ box: ΣcD̄
∗-ΣcD̄∗-ΣcD̄∗

subtract the 1-π iteration

⇒ box: ΣcD̄
∗-Σ∗cD̄∗-ΣcD̄∗

subtract the 1-π iteration

⇒Couple channel effect: iterating tree.
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Numerical results: elastic channel



Contact terms

• For I = 1/2,

VΣcD̄ = −D1, VΣcD̄∗ = −D1 +
2

3
D2S1 · S2 (3)

• Package heavy mesons exchanged interaction like ρ and ω

• Renormalization

⇒ absorb the divergence in the loops

⇒ remove the scale dependence.

• In our calculation, we omit the NLO contact terms

• The two LO contact LECs are varied to fit the three Pc states

• Some contribution from the NLO contact terms is incorporated

• Dimensional regularization, MS-scheme, Λχ = 1.0 GeV; Gaussian regulator

Λ=0.5 GeV

V (r) =
1

(2π)3

∫
d3q eiq·rV(q)F(q), F(q) = exp(−q2n/Λ2n) (4)

Lu Meng (孟璐) | Pc states and Σ
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LO results: single channel
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VΣcD̄ = Vc, VΣcD̄∗ = Vc + VssS1 · S2; 〈S1 · S2〉 =

−1 J = 1
2

1
2

J = 3
2

1− π exchange + contact

Keep HQS

Set-I is favored
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NLO: without Λc

-20 0 20 40 60
-100

-50

0
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• The result deviate from those

of LO which keep the HQS

• There is a very SMALL region

where three states coexist as

the molecular states

• Restricting the binding energy

in exp., it is hard to reproduce

three states as molecules si-

multaneously
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NLO: with Λc
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Why the contribution of Λc so significant?

• gΛcΣcπ and gΣcΣcπ are at the same order

• Accident degeneracy of ΣcD̄ and ΛcD̄
∗ amplify the amplitude

⇒ box diagrams ΣcD̄-ΛcD̄∗-ΣcD̄

Amp ∼ (MΣc +MD −MΛc −MD∗)
−1 = (25 MeV)−1

• The 2− π exchange potential for [ΣcD̄]
J=1/2

I=1/2 and [ΣcD̄
∗]
J=3/2

I=1/2

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-0.10

-0.05

0.00

0.05

Σc

Σc

D̄

D̄

D̄∗Λc

• The power counting is destroyed: MΣc +MD −MΛc −MD∗ � mπ ∼ ε

• Scheme with inelastic channels can solve the problem
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Comparison of NN and Σ
(∗)
c D̄(∗)

NN Σ
(∗)
c D̄(∗)

Chiral dynamics N −N (light diquark)-(light quark)

Inter. states ∆ Λc

Inter. states -
HQSS partner states

e.g. c(qq)I=1
s=1 = Σc + Σ∗c

Heavy quark limit -
Pinch singularity in elastic channel

Including inelastic channel

Minter M∆ > MN e.g. MΛc +Mπ < MΣc

Image part w/o w/

small scale expansion work fails in ΣcD̄ − ΛcD̄
∗ − ΣcD̄

spin structure σ1 · σ2 S1 · S2, (S1 · S2)2...

Weinberg composite |ED| � m2
π

2µ
|EPc | ∼

m2
π

2µ
≈ 9 MeV

Phys.Rev. 137 (1965) B672-B678; Talks of Xian-Wei Kang, Tetsuo Hyodo

• In present calculation, we ignore the image part of potential

• The potentials with the inelastic channels have been obtained

• Solving LS equation with these potentials is on-going
Lu Meng (孟璐) | Pc states and Σ
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Summary and Outlook

• Σ
(∗)
c D̄(∗) potential in ChPT to NLO

⇒ contact, 1− π, 2− π
⇒ Loops bring the novel effect

⇒ HQS breaking effect, Significant !

⇒ Novel spin structure in potential: (S1 · S2)2...

⇒ Couple channel effect in two ways:

i)elastic channels only

ii) with inelastic channels

⇒ Different treatments to box diagrams for two ways

⇒ Λc, Important!

⇒ Reproduce three Pc states simultaneously as molecular states

• Outlook

⇒ Lattice QCD simulation on Σ
(∗)
c D̄(∗) potential is called for

⇒ Chiral extrapolation

Lu Meng (孟璐) | Pc states and Σ
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Contact terms

• For I = 1/2,

VΣcD̄ = −D1, VΣcD̄∗ = −D1 +
2

3
D2S1 · S2 (5)

• Package heavy mesons exchanged interaction like ρ and ω

• Renormalization

⇒ absorb the divergence in the loops

⇒ remove the scale dependence.

• Contact or pion-exchange? depend on regularization schemes

Phys. Rev. D91, 034002 (2015).

• Depend on chiral truncation order; types of regulator and values of cutoff

Phys. Rept. 503, 1 (2011).

• Dimensional regularization, MS-scheme, Λχ = 1.0 GeV; Gaussian regulator

Λ=0.5 GeV

V (r) =
1

(2π)3

∫
d3q eiq·rV(q)F(q), F(q) = exp(−q2n/Λ2n) (6)
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Potential

Total

2-π

Contact

0.0 0.5 1.0 1.5 2.0 2.5 3.0

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

Total

2-π

Contact

1-π

0.0 0.5 1.0 1.5 2.0 2.5 3.0

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02

Total

2-π

Contact

1-π

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02
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Chiral perturbation theory

• QCD Lagrangian

LQCD =
∑
f

q̄f (i /D −Mqf )− 1

4
GaµνG

µν,a

f = (u, d, s, c, b, t),

M = diag(mu,md,ms,mc,mb,mt) S.Weinberg

• two approximate symmetry: chiral symmetry and heavy quark symmetry

mu,md,ms � 1GeV, mc,mb � ΛQCD (7)

• Chiral perturbation theory (ChPT) and heavy quark effective theory (HQET)

• SU(3)L × SU(3)R → SU(3)V ⇒ 8 Goldstone bosons

• Quark masses break the chiral symmetry explicitly: m2
π ∼ mq

• Freedom: Goldstone bosons and matter fields, e.g. N , D and Σc

• Expansion ε/Λχ, Λχ ≈ 4πFπ ≈ mρ

ε : mπ, momentum of pion and residue momentum of matter fields

Lu Meng (孟璐) | Pc states and Σ
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Contact terms of NN

L(0)
NN = − 1

2
CSN̄NN̄N − 1

2
CT N̄σN · N̄σN, (8)

VNN = CS + CTσ · σ. (9)
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pinch singularities

V ∼
∫
ddλ4−d

(2π)d
1

−v · l + iε

1

v · l + iε

1

l2 −m2
1 + iε

1

(l + q)2 −m2
2 + iε

(10)

∼
∫
ddλ4−d

(2π)d
1

−l0 + iε

1

l0 + iε

1

l02 − ω2
1 + iε

1

l02 − ω2
2 + iε

(11)

1

−v · l + iε

1

v · l + iε
→ 1

−v · l − l2

2M1
+ iε

1

v · l − l2

2M2
+ iε

(12)

∫
dl0

f(l0)

−l0 − l2

2M1
+ iε

1

l0 − l2

2M2
+ iε

(13)

∼
f( l2

2M2
)

− l2

2M2
− l2

2M1

∼ f M
l2

(14)

power counting: 1
l
, our calculation M

l2
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The Lagrangians

Σc =

 Σ++
c

Σ+
c√
2

Σ+
c√
2

Σ0
c

 , Σ∗µc =

 Σ∗++
c

Σ∗+c√
2

Σ∗+c√
2

Σ∗0c

µ

, (15)

P̃ =

(
D̄0

D̄−

)
, P̃ ∗µ =

(
D̄∗0

D̄∗−

)
, (16)

ψµ = B∗µ −
√

1
3
(γµ + vµ)γ5B,

H̃ = (P̃ ∗µγ
µ + iP̃ γ5)

1−/v
2

(17)

L(0)
Σcφ

= −Tr[ψ̄µiv ·Dψµ] + igaεµνρσTr[ψ̄µuρvσψν ] + i
δa
2

Tr[ψ̄µσµνψν ].

L(0)

D̄φ
= −i〈 ¯̃Hv ·DH̃〉+ gb〈 ¯̃Huµγ

µγ5H̃〉 −
δb
8
〈 ¯̃HσµνH̃σµν〉, (18)
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