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Varieties of Exotic Baryons 
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 Compact object typically formed from diquark interactions 
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QQ̄

Molecule: Extended object composed of a Meson and Baryon

Existence of hadrons beyond conventional configurations: Gell-Mann; Zweig 1964
Jaffe, Strottman, Lipkin, … 



resonances with the same spin and parity, fits to the cos θPc-
weighted distribution are repeated using various coherent
sums of two of the BW amplitudes. Each of these fits
includes a phase between interfering resonances as an extra
free parameter. None of the interference effects studied is
found to produce a significant Δχ2 relative to the fits using
an incoherent sum of BWamplitudes. However, substantial
shifts in the Pþ

c properties are observed, and are included in
the systematic uncertainties. For example, in such a fit the
Pcð4312Þþ mass increases, while its width is rather stable,
leading to a large positive systematic uncertainty of
6.8 MeV on its mass.
As in Ref. [1], the Λ0

b candidates are kinematically
constrained to the known J=ψ and Λ0

b masses [29], which
substantially improves themJ=ψp resolution and determines
the absolute mass scale with an accuracy of 0.2 MeV. The
mass resolution is known with a 10% relative uncertainty.
Varying this within its uncertainty changes the widths
of the narrow states in the nominal fit by up to
0.5 MeV, 0.2 MeV, and 0.8 MeV for the Pcð4312Þþ,

Pcð4440Þþ, and Pcð4457Þþ states, respectively. The widths
of all three narrow Pþ

c peaks are consistent with the
mass resolution within the systematic uncertainties.
Therefore, upper limits are placed on their natural widths
at the 95% confidence level (C.L.), which account for
the uncertainty on the detector resolution and in the
fit model.
A number of additional fits are performed when evalu-

ating the systematic uncertainties. The nominal fits assume
S-wave (no angular momentum) production and decay.
Including P-wave factors in the BW amplitudes has
negligible effect on the results. In addition to the nominal
fits with three narrow peaks in the 4.22 < mJ=ψp <
4.57 GeV region, fits including only the Pcð4312Þþ are
performed in the narrow 4.22–4.44 GeV range. Fits are also
performed using a data sample selected with an alternative
approach, where no BDT is used, resulting in about twice
as much background.
The total systematic uncertainties assigned on the mass

and width of each narrow Pþ
c state are taken to be the

largest deviations observed among all fits. These include
the fits to all three versions of the mJ=ψp distribution, each
configuration of the Pþ

c interference, all variations of the
background model, and each of the additional fits just
described. The masses, widths, and relative contributions
(R values) of the three narrow Pþ

c states, including all
systematic uncertainties, are given in Table I.
To obtain estimates of the relative contributions of the

Pþ
c states, the Λ0

b candidates are weighted by the inverse of
the reconstruction efficiency, which is parametrized in all
six dimensions of the Λ0

b decay phase space [Eq. (68) in the
Supplemental Material to Ref. [30] ]. The efficiency-
weighted mJ=ψp distribution, without the mKp>1.9GeV
requirement, is fit to determine the Pþ

c contributions, which
are then divided by the efficiency-corrected and back-
ground-subtracted Λ0

b yields. This method makes the
results independent of the unknown quantum numbers
and helicity structure of the Pþ

c production and decay.
Unfortunately, this approach also suffers from large Λ$

backgrounds and from sizable fluctuations in the low-
efficiency regions. In these fits, the Pþ

c terms are added
incoherently, absorbing any interference effects, which can
be large (see, e.g., Fig. S2 in the Supplemental Material
[22]), into the BW amplitudes. Therefore, the R≡
BðΛ0

b → Pþ
c K−ÞBðPþ

c → J=ψpÞ=BðΛ0
b → J=ψpK−Þ val-

ues reported for each Pþ
c state differ from the fit fractions

TABLE I. Summary of Pþ
c properties. The central values are based on the fit displayed in Fig. 6.

State M [MeV] Γ [MeV] (95% C.L.) R [%]

Pcð4312Þþ 4311.9% 0.7þ6.8
−0.6 9.8% 2.7þ3.7

−4.5 ð<27Þ 0.30% 0.07þ0.34
−0.09

Pcð4440Þþ 4440.3% 1.3þ4.1
−4.7 20.6% 4.9þ8.7

−10.1 ð<49Þ 1.11% 0.33þ0.22
−0.10

Pcð4457Þþ 4457.3% 0.6þ4.1
−1.7 6.4% 2.0þ5.7

−1.9 ð<20Þ 0.53% 0.16þ0.15
−0.13
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FIG. 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 Pþ

c states. The mass thresholds for the Σþ
c D̄0 and

Σþ
c D̄$0 final states are superimposed.
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LHCb results: summary
Pentaquarks: the discoveries of the LHCb

The most famous and the most recent, as found in the respective
LHCb manuscripts

Since 2015: 

resonances with the same spin and parity, fits to the cos θPc-
weighted distribution are repeated using various coherent
sums of two of the BW amplitudes. Each of these fits
includes a phase between interfering resonances as an extra
free parameter. None of the interference effects studied is
found to produce a significant Δχ2 relative to the fits using
an incoherent sum of BWamplitudes. However, substantial
shifts in the Pþ

c properties are observed, and are included in
the systematic uncertainties. For example, in such a fit the
Pcð4312Þþ mass increases, while its width is rather stable,
leading to a large positive systematic uncertainty of
6.8 MeV on its mass.
As in Ref. [1], the Λ0

b candidates are kinematically
constrained to the known J=ψ and Λ0

b masses [29], which
substantially improves themJ=ψp resolution and determines
the absolute mass scale with an accuracy of 0.2 MeV. The
mass resolution is known with a 10% relative uncertainty.
Varying this within its uncertainty changes the widths
of the narrow states in the nominal fit by up to
0.5 MeV, 0.2 MeV, and 0.8 MeV for the Pcð4312Þþ,

Pcð4440Þþ, and Pcð4457Þþ states, respectively. The widths
of all three narrow Pþ

c peaks are consistent with the
mass resolution within the systematic uncertainties.
Therefore, upper limits are placed on their natural widths
at the 95% confidence level (C.L.), which account for
the uncertainty on the detector resolution and in the
fit model.
A number of additional fits are performed when evalu-

ating the systematic uncertainties. The nominal fits assume
S-wave (no angular momentum) production and decay.
Including P-wave factors in the BW amplitudes has
negligible effect on the results. In addition to the nominal
fits with three narrow peaks in the 4.22 < mJ=ψp <
4.57 GeV region, fits including only the Pcð4312Þþ are
performed in the narrow 4.22–4.44 GeV range. Fits are also
performed using a data sample selected with an alternative
approach, where no BDT is used, resulting in about twice
as much background.
The total systematic uncertainties assigned on the mass

and width of each narrow Pþ
c state are taken to be the

largest deviations observed among all fits. These include
the fits to all three versions of the mJ=ψp distribution, each
configuration of the Pþ

c interference, all variations of the
background model, and each of the additional fits just
described. The masses, widths, and relative contributions
(R values) of the three narrow Pþ

c states, including all
systematic uncertainties, are given in Table I.
To obtain estimates of the relative contributions of the

Pþ
c states, the Λ0

b candidates are weighted by the inverse of
the reconstruction efficiency, which is parametrized in all
six dimensions of the Λ0

b decay phase space [Eq. (68) in the
Supplemental Material to Ref. [30] ]. The efficiency-
weighted mJ=ψp distribution, without the mKp>1.9GeV
requirement, is fit to determine the Pþ

c contributions, which
are then divided by the efficiency-corrected and back-
ground-subtracted Λ0

b yields. This method makes the
results independent of the unknown quantum numbers
and helicity structure of the Pþ

c production and decay.
Unfortunately, this approach also suffers from large Λ$

backgrounds and from sizable fluctuations in the low-
efficiency regions. In these fits, the Pþ

c terms are added
incoherently, absorbing any interference effects, which can
be large (see, e.g., Fig. S2 in the Supplemental Material
[22]), into the BW amplitudes. Therefore, the R≡
BðΛ0

b → Pþ
c K−ÞBðPþ

c → J=ψpÞ=BðΛ0
b → J=ψpK−Þ val-

ues reported for each Pþ
c state differ from the fit fractions

TABLE I. Summary of Pþ
c properties. The central values are based on the fit displayed in Fig. 6.

State M [MeV] Γ [MeV] (95% C.L.) R [%]

Pcð4312Þþ 4311.9% 0.7þ6.8
−0.6 9.8% 2.7þ3.7

−4.5 ð<27Þ 0.30% 0.07þ0.34
−0.09

Pcð4440Þþ 4440.3% 1.3þ4.1
−4.7 20.6% 4.9þ8.7

−10.1 ð<49Þ 1.11% 0.33þ0.22
−0.10

Pcð4457Þþ 4457.3% 0.6þ4.1
−1.7 6.4% 2.0þ5.7

−1.9 ð<20Þ 0.53% 0.16þ0.15
−0.13
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FIG. 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 Pþ

c states. The mass thresholds for the Σþ
c D̄0 and

Σþ
c D̄$0 final states are superimposed.
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resonances with the same spin and parity, fits to the cos θPc-
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shifts in the Pþ

c properties are observed, and are included in
the systematic uncertainties. For example, in such a fit the
Pcð4312Þþ mass increases, while its width is rather stable,
leading to a large positive systematic uncertainty of
6.8 MeV on its mass.
As in Ref. [1], the Λ0

b candidates are kinematically
constrained to the known J=ψ and Λ0

b masses [29], which
substantially improves themJ=ψp resolution and determines
the absolute mass scale with an accuracy of 0.2 MeV. The
mass resolution is known with a 10% relative uncertainty.
Varying this within its uncertainty changes the widths
of the narrow states in the nominal fit by up to
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Pcð4440Þþ, and Pcð4457Þþ states, respectively. The widths
of all three narrow Pþ

c peaks are consistent with the
mass resolution within the systematic uncertainties.
Therefore, upper limits are placed on their natural widths
at the 95% confidence level (C.L.), which account for
the uncertainty on the detector resolution and in the
fit model.
A number of additional fits are performed when evalu-

ating the systematic uncertainties. The nominal fits assume
S-wave (no angular momentum) production and decay.
Including P-wave factors in the BW amplitudes has
negligible effect on the results. In addition to the nominal
fits with three narrow peaks in the 4.22 < mJ=ψp <
4.57 GeV region, fits including only the Pcð4312Þþ are
performed in the narrow 4.22–4.44 GeV range. Fits are also
performed using a data sample selected with an alternative
approach, where no BDT is used, resulting in about twice
as much background.
The total systematic uncertainties assigned on the mass

and width of each narrow Pþ
c state are taken to be the

largest deviations observed among all fits. These include
the fits to all three versions of the mJ=ψp distribution, each
configuration of the Pþ

c interference, all variations of the
background model, and each of the additional fits just
described. The masses, widths, and relative contributions
(R values) of the three narrow Pþ

c states, including all
systematic uncertainties, are given in Table I.
To obtain estimates of the relative contributions of the

Pþ
c states, the Λ0

b candidates are weighted by the inverse of
the reconstruction efficiency, which is parametrized in all
six dimensions of the Λ0

b decay phase space [Eq. (68) in the
Supplemental Material to Ref. [30] ]. The efficiency-
weighted mJ=ψp distribution, without the mKp>1.9GeV
requirement, is fit to determine the Pþ

c contributions, which
are then divided by the efficiency-corrected and back-
ground-subtracted Λ0

b yields. This method makes the
results independent of the unknown quantum numbers
and helicity structure of the Pþ

c production and decay.
Unfortunately, this approach also suffers from large Λ$

backgrounds and from sizable fluctuations in the low-
efficiency regions. In these fits, the Pþ

c terms are added
incoherently, absorbing any interference effects, which can
be large (see, e.g., Fig. S2 in the Supplemental Material
[22]), into the BW amplitudes. Therefore, the R≡
BðΛ0

b → Pþ
c K−ÞBðPþ

c → J=ψpÞ=BðΛ0
b → J=ψpK−Þ val-

ues reported for each Pþ
c state differ from the fit fractions

TABLE I. Summary of Pþ
c properties. The central values are based on the fit displayed in Fig. 6.

State M [MeV] Γ [MeV] (95% C.L.) R [%]

Pcð4312Þþ 4311.9% 0.7þ6.8
−0.6 9.8% 2.7þ3.7

−4.5 ð<27Þ 0.30% 0.07þ0.34
−0.09

Pcð4440Þþ 4440.3% 1.3þ4.1
−4.7 20.6% 4.9þ8.7

−10.1 ð<49Þ 1.11% 0.33þ0.22
−0.10
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FIG. 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 Pþ

c states. The mass thresholds for the Σþ
c D̄0 and

Σþ
c D̄$0 final states are superimposed.
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LHCb results: summary

Since 2015: 

resonances with the same spin and parity, fits to the cos θPc-
weighted distribution are repeated using various coherent
sums of two of the BW amplitudes. Each of these fits
includes a phase between interfering resonances as an extra
free parameter. None of the interference effects studied is
found to produce a significant Δχ2 relative to the fits using
an incoherent sum of BWamplitudes. However, substantial
shifts in the Pþ

c properties are observed, and are included in
the systematic uncertainties. For example, in such a fit the
Pcð4312Þþ mass increases, while its width is rather stable,
leading to a large positive systematic uncertainty of
6.8 MeV on its mass.
As in Ref. [1], the Λ0

b candidates are kinematically
constrained to the known J=ψ and Λ0

b masses [29], which
substantially improves themJ=ψp resolution and determines
the absolute mass scale with an accuracy of 0.2 MeV. The
mass resolution is known with a 10% relative uncertainty.
Varying this within its uncertainty changes the widths
of the narrow states in the nominal fit by up to
0.5 MeV, 0.2 MeV, and 0.8 MeV for the Pcð4312Þþ,

Pcð4440Þþ, and Pcð4457Þþ states, respectively. The widths
of all three narrow Pþ

c peaks are consistent with the
mass resolution within the systematic uncertainties.
Therefore, upper limits are placed on their natural widths
at the 95% confidence level (C.L.), which account for
the uncertainty on the detector resolution and in the
fit model.
A number of additional fits are performed when evalu-

ating the systematic uncertainties. The nominal fits assume
S-wave (no angular momentum) production and decay.
Including P-wave factors in the BW amplitudes has
negligible effect on the results. In addition to the nominal
fits with three narrow peaks in the 4.22 < mJ=ψp <
4.57 GeV region, fits including only the Pcð4312Þþ are
performed in the narrow 4.22–4.44 GeV range. Fits are also
performed using a data sample selected with an alternative
approach, where no BDT is used, resulting in about twice
as much background.
The total systematic uncertainties assigned on the mass

and width of each narrow Pþ
c state are taken to be the

largest deviations observed among all fits. These include
the fits to all three versions of the mJ=ψp distribution, each
configuration of the Pþ

c interference, all variations of the
background model, and each of the additional fits just
described. The masses, widths, and relative contributions
(R values) of the three narrow Pþ

c states, including all
systematic uncertainties, are given in Table I.
To obtain estimates of the relative contributions of the

Pþ
c states, the Λ0

b candidates are weighted by the inverse of
the reconstruction efficiency, which is parametrized in all
six dimensions of the Λ0

b decay phase space [Eq. (68) in the
Supplemental Material to Ref. [30] ]. The efficiency-
weighted mJ=ψp distribution, without the mKp>1.9GeV
requirement, is fit to determine the Pþ

c contributions, which
are then divided by the efficiency-corrected and back-
ground-subtracted Λ0

b yields. This method makes the
results independent of the unknown quantum numbers
and helicity structure of the Pþ

c production and decay.
Unfortunately, this approach also suffers from large Λ$

backgrounds and from sizable fluctuations in the low-
efficiency regions. In these fits, the Pþ

c terms are added
incoherently, absorbing any interference effects, which can
be large (see, e.g., Fig. S2 in the Supplemental Material
[22]), into the BW amplitudes. Therefore, the R≡
BðΛ0

b → Pþ
c K−ÞBðPþ

c → J=ψpÞ=BðΛ0
b → J=ψpK−Þ val-

ues reported for each Pþ
c state differ from the fit fractions

TABLE I. Summary of Pþ
c properties. The central values are based on the fit displayed in Fig. 6.

State M [MeV] Γ [MeV] (95% C.L.) R [%]

Pcð4312Þþ 4311.9% 0.7þ6.8
−0.6 9.8% 2.7þ3.7

−4.5 ð<27Þ 0.30% 0.07þ0.34
−0.09

Pcð4440Þþ 4440.3% 1.3þ4.1
−4.7 20.6% 4.9þ8.7

−10.1 ð<49Þ 1.11% 0.33þ0.22
−0.10

Pcð4457Þþ 4457.3% 0.6þ4.1
−1.7 6.4% 2.0þ5.7

−1.9 ð<20Þ 0.53% 0.16þ0.15
−0.13
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FIG. 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 Pþ

c states. The mass thresholds for the Σþ
c D̄0 and

Σþ
c D̄$0 final states are superimposed.
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resonances with the same spin and parity, fits to the cos θPc-
weighted distribution are repeated using various coherent
sums of two of the BW amplitudes. Each of these fits
includes a phase between interfering resonances as an extra
free parameter. None of the interference effects studied is
found to produce a significant Δχ2 relative to the fits using
an incoherent sum of BWamplitudes. However, substantial
shifts in the Pþ

c properties are observed, and are included in
the systematic uncertainties. For example, in such a fit the
Pcð4312Þþ mass increases, while its width is rather stable,
leading to a large positive systematic uncertainty of
6.8 MeV on its mass.
As in Ref. [1], the Λ0

b candidates are kinematically
constrained to the known J=ψ and Λ0

b masses [29], which
substantially improves themJ=ψp resolution and determines
the absolute mass scale with an accuracy of 0.2 MeV. The
mass resolution is known with a 10% relative uncertainty.
Varying this within its uncertainty changes the widths
of the narrow states in the nominal fit by up to
0.5 MeV, 0.2 MeV, and 0.8 MeV for the Pcð4312Þþ,

Pcð4440Þþ, and Pcð4457Þþ states, respectively. The widths
of all three narrow Pþ

c peaks are consistent with the
mass resolution within the systematic uncertainties.
Therefore, upper limits are placed on their natural widths
at the 95% confidence level (C.L.), which account for
the uncertainty on the detector resolution and in the
fit model.
A number of additional fits are performed when evalu-

ating the systematic uncertainties. The nominal fits assume
S-wave (no angular momentum) production and decay.
Including P-wave factors in the BW amplitudes has
negligible effect on the results. In addition to the nominal
fits with three narrow peaks in the 4.22 < mJ=ψp <
4.57 GeV region, fits including only the Pcð4312Þþ are
performed in the narrow 4.22–4.44 GeV range. Fits are also
performed using a data sample selected with an alternative
approach, where no BDT is used, resulting in about twice
as much background.
The total systematic uncertainties assigned on the mass

and width of each narrow Pþ
c state are taken to be the

largest deviations observed among all fits. These include
the fits to all three versions of the mJ=ψp distribution, each
configuration of the Pþ

c interference, all variations of the
background model, and each of the additional fits just
described. The masses, widths, and relative contributions
(R values) of the three narrow Pþ

c states, including all
systematic uncertainties, are given in Table I.
To obtain estimates of the relative contributions of the

Pþ
c states, the Λ0

b candidates are weighted by the inverse of
the reconstruction efficiency, which is parametrized in all
six dimensions of the Λ0

b decay phase space [Eq. (68) in the
Supplemental Material to Ref. [30] ]. The efficiency-
weighted mJ=ψp distribution, without the mKp>1.9GeV
requirement, is fit to determine the Pþ

c contributions, which
are then divided by the efficiency-corrected and back-
ground-subtracted Λ0

b yields. This method makes the
results independent of the unknown quantum numbers
and helicity structure of the Pþ

c production and decay.
Unfortunately, this approach also suffers from large Λ$

backgrounds and from sizable fluctuations in the low-
efficiency regions. In these fits, the Pþ

c terms are added
incoherently, absorbing any interference effects, which can
be large (see, e.g., Fig. S2 in the Supplemental Material
[22]), into the BW amplitudes. Therefore, the R≡
BðΛ0

b → Pþ
c K−ÞBðPþ

c → J=ψpÞ=BðΛ0
b → J=ψpK−Þ val-

ues reported for each Pþ
c state differ from the fit fractions

TABLE I. Summary of Pþ
c properties. The central values are based on the fit displayed in Fig. 6.

State M [MeV] Γ [MeV] (95% C.L.) R [%]

Pcð4312Þþ 4311.9% 0.7þ6.8
−0.6 9.8% 2.7þ3.7

−4.5 ð<27Þ 0.30% 0.07þ0.34
−0.09

Pcð4440Þþ 4440.3% 1.3þ4.1
−4.7 20.6% 4.9þ8.7

−10.1 ð<49Þ 1.11% 0.33þ0.22
−0.10

Pcð4457Þþ 4457.3% 0.6þ4.1
−1.7 6.4% 2.0þ5.7

−1.9 ð<20Þ 0.53% 0.16þ0.15
−0.13
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FIG. 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 Pþ

c states. The mass thresholds for the Σþ
c D̄0 and

Σþ
c D̄$0 final states are superimposed.
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resonances with the same spin and parity, fits to the cos θPc-
weighted distribution are repeated using various coherent
sums of two of the BW amplitudes. Each of these fits
includes a phase between interfering resonances as an extra
free parameter. None of the interference effects studied is
found to produce a significant Δχ2 relative to the fits using
an incoherent sum of BWamplitudes. However, substantial
shifts in the Pþ

c properties are observed, and are included in
the systematic uncertainties. For example, in such a fit the
Pcð4312Þþ mass increases, while its width is rather stable,
leading to a large positive systematic uncertainty of
6.8 MeV on its mass.
As in Ref. [1], the Λ0

b candidates are kinematically
constrained to the known J=ψ and Λ0

b masses [29], which
substantially improves themJ=ψp resolution and determines
the absolute mass scale with an accuracy of 0.2 MeV. The
mass resolution is known with a 10% relative uncertainty.
Varying this within its uncertainty changes the widths
of the narrow states in the nominal fit by up to
0.5 MeV, 0.2 MeV, and 0.8 MeV for the Pcð4312Þþ,

Pcð4440Þþ, and Pcð4457Þþ states, respectively. The widths
of all three narrow Pþ

c peaks are consistent with the
mass resolution within the systematic uncertainties.
Therefore, upper limits are placed on their natural widths
at the 95% confidence level (C.L.), which account for
the uncertainty on the detector resolution and in the
fit model.
A number of additional fits are performed when evalu-

ating the systematic uncertainties. The nominal fits assume
S-wave (no angular momentum) production and decay.
Including P-wave factors in the BW amplitudes has
negligible effect on the results. In addition to the nominal
fits with three narrow peaks in the 4.22 < mJ=ψp <
4.57 GeV region, fits including only the Pcð4312Þþ are
performed in the narrow 4.22–4.44 GeV range. Fits are also
performed using a data sample selected with an alternative
approach, where no BDT is used, resulting in about twice
as much background.
The total systematic uncertainties assigned on the mass

and width of each narrow Pþ
c state are taken to be the

largest deviations observed among all fits. These include
the fits to all three versions of the mJ=ψp distribution, each
configuration of the Pþ

c interference, all variations of the
background model, and each of the additional fits just
described. The masses, widths, and relative contributions
(R values) of the three narrow Pþ

c states, including all
systematic uncertainties, are given in Table I.
To obtain estimates of the relative contributions of the

Pþ
c states, the Λ0

b candidates are weighted by the inverse of
the reconstruction efficiency, which is parametrized in all
six dimensions of the Λ0

b decay phase space [Eq. (68) in the
Supplemental Material to Ref. [30] ]. The efficiency-
weighted mJ=ψp distribution, without the mKp>1.9GeV
requirement, is fit to determine the Pþ

c contributions, which
are then divided by the efficiency-corrected and back-
ground-subtracted Λ0

b yields. This method makes the
results independent of the unknown quantum numbers
and helicity structure of the Pþ

c production and decay.
Unfortunately, this approach also suffers from large Λ$

backgrounds and from sizable fluctuations in the low-
efficiency regions. In these fits, the Pþ

c terms are added
incoherently, absorbing any interference effects, which can
be large (see, e.g., Fig. S2 in the Supplemental Material
[22]), into the BW amplitudes. Therefore, the R≡
BðΛ0

b → Pþ
c K−ÞBðPþ

c → J=ψpÞ=BðΛ0
b → J=ψpK−Þ val-

ues reported for each Pþ
c state differ from the fit fractions

TABLE I. Summary of Pþ
c properties. The central values are based on the fit displayed in Fig. 6.

State M [MeV] Γ [MeV] (95% C.L.) R [%]

Pcð4312Þþ 4311.9% 0.7þ6.8
−0.6 9.8% 2.7þ3.7

−4.5 ð<27Þ 0.30% 0.07þ0.34
−0.09

Pcð4440Þþ 4440.3% 1.3þ4.1
−4.7 20.6% 4.9þ8.7

−10.1 ð<49Þ 1.11% 0.33þ0.22
−0.10

Pcð4457Þþ 4457.3% 0.6þ4.1
−1.7 6.4% 2.0þ5.7

−1.9 ð<20Þ 0.53% 0.16þ0.15
−0.13
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FIG. 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 Pþ

c states. The mass thresholds for the Σþ
c D̄0 and

Σþ
c D̄$0 final states are superimposed.
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resonances with the same spin and parity, fits to the cos θPc-
weighted distribution are repeated using various coherent
sums of two of the BW amplitudes. Each of these fits
includes a phase between interfering resonances as an extra
free parameter. None of the interference effects studied is
found to produce a significant Δχ2 relative to the fits using
an incoherent sum of BWamplitudes. However, substantial
shifts in the Pþ

c properties are observed, and are included in
the systematic uncertainties. For example, in such a fit the
Pcð4312Þþ mass increases, while its width is rather stable,
leading to a large positive systematic uncertainty of
6.8 MeV on its mass.
As in Ref. [1], the Λ0

b candidates are kinematically
constrained to the known J=ψ and Λ0

b masses [29], which
substantially improves themJ=ψp resolution and determines
the absolute mass scale with an accuracy of 0.2 MeV. The
mass resolution is known with a 10% relative uncertainty.
Varying this within its uncertainty changes the widths
of the narrow states in the nominal fit by up to
0.5 MeV, 0.2 MeV, and 0.8 MeV for the Pcð4312Þþ,

Pcð4440Þþ, and Pcð4457Þþ states, respectively. The widths
of all three narrow Pþ

c peaks are consistent with the
mass resolution within the systematic uncertainties.
Therefore, upper limits are placed on their natural widths
at the 95% confidence level (C.L.), which account for
the uncertainty on the detector resolution and in the
fit model.
A number of additional fits are performed when evalu-

ating the systematic uncertainties. The nominal fits assume
S-wave (no angular momentum) production and decay.
Including P-wave factors in the BW amplitudes has
negligible effect on the results. In addition to the nominal
fits with three narrow peaks in the 4.22 < mJ=ψp <
4.57 GeV region, fits including only the Pcð4312Þþ are
performed in the narrow 4.22–4.44 GeV range. Fits are also
performed using a data sample selected with an alternative
approach, where no BDT is used, resulting in about twice
as much background.
The total systematic uncertainties assigned on the mass

and width of each narrow Pþ
c state are taken to be the

largest deviations observed among all fits. These include
the fits to all three versions of the mJ=ψp distribution, each
configuration of the Pþ

c interference, all variations of the
background model, and each of the additional fits just
described. The masses, widths, and relative contributions
(R values) of the three narrow Pþ

c states, including all
systematic uncertainties, are given in Table I.
To obtain estimates of the relative contributions of the

Pþ
c states, the Λ0

b candidates are weighted by the inverse of
the reconstruction efficiency, which is parametrized in all
six dimensions of the Λ0

b decay phase space [Eq. (68) in the
Supplemental Material to Ref. [30] ]. The efficiency-
weighted mJ=ψp distribution, without the mKp>1.9GeV
requirement, is fit to determine the Pþ

c contributions, which
are then divided by the efficiency-corrected and back-
ground-subtracted Λ0

b yields. This method makes the
results independent of the unknown quantum numbers
and helicity structure of the Pþ

c production and decay.
Unfortunately, this approach also suffers from large Λ$

backgrounds and from sizable fluctuations in the low-
efficiency regions. In these fits, the Pþ

c terms are added
incoherently, absorbing any interference effects, which can
be large (see, e.g., Fig. S2 in the Supplemental Material
[22]), into the BW amplitudes. Therefore, the R≡
BðΛ0

b → Pþ
c K−ÞBðPþ

c → J=ψpÞ=BðΛ0
b → J=ψpK−Þ val-

ues reported for each Pþ
c state differ from the fit fractions

TABLE I. Summary of Pþ
c properties. The central values are based on the fit displayed in Fig. 6.

State M [MeV] Γ [MeV] (95% C.L.) R [%]

Pcð4312Þþ 4311.9% 0.7þ6.8
−0.6 9.8% 2.7þ3.7

−4.5 ð<27Þ 0.30% 0.07þ0.34
−0.09

Pcð4440Þþ 4440.3% 1.3þ4.1
−4.7 20.6% 4.9þ8.7

−10.1 ð<49Þ 1.11% 0.33þ0.22
−0.10

Pcð4457Þþ 4457.3% 0.6þ4.1
−1.7 6.4% 2.0þ5.7

−1.9 ð<20Þ 0.53% 0.16þ0.15
−0.13
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FIG. 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 Pþ

c states. The mass thresholds for the Σþ
c D̄0 and

Σþ
c D̄$0 final states are superimposed.
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resonances with the same spin and parity, fits to the cos θPc-
weighted distribution are repeated using various coherent
sums of two of the BW amplitudes. Each of these fits
includes a phase between interfering resonances as an extra
free parameter. None of the interference effects studied is
found to produce a significant Δχ2 relative to the fits using
an incoherent sum of BWamplitudes. However, substantial
shifts in the Pþ

c properties are observed, and are included in
the systematic uncertainties. For example, in such a fit the
Pcð4312Þþ mass increases, while its width is rather stable,
leading to a large positive systematic uncertainty of
6.8 MeV on its mass.
As in Ref. [1], the Λ0

b candidates are kinematically
constrained to the known J=ψ and Λ0

b masses [29], which
substantially improves themJ=ψp resolution and determines
the absolute mass scale with an accuracy of 0.2 MeV. The
mass resolution is known with a 10% relative uncertainty.
Varying this within its uncertainty changes the widths
of the narrow states in the nominal fit by up to
0.5 MeV, 0.2 MeV, and 0.8 MeV for the Pcð4312Þþ,

Pcð4440Þþ, and Pcð4457Þþ states, respectively. The widths
of all three narrow Pþ

c peaks are consistent with the
mass resolution within the systematic uncertainties.
Therefore, upper limits are placed on their natural widths
at the 95% confidence level (C.L.), which account for
the uncertainty on the detector resolution and in the
fit model.
A number of additional fits are performed when evalu-

ating the systematic uncertainties. The nominal fits assume
S-wave (no angular momentum) production and decay.
Including P-wave factors in the BW amplitudes has
negligible effect on the results. In addition to the nominal
fits with three narrow peaks in the 4.22 < mJ=ψp <
4.57 GeV region, fits including only the Pcð4312Þþ are
performed in the narrow 4.22–4.44 GeV range. Fits are also
performed using a data sample selected with an alternative
approach, where no BDT is used, resulting in about twice
as much background.
The total systematic uncertainties assigned on the mass

and width of each narrow Pþ
c state are taken to be the

largest deviations observed among all fits. These include
the fits to all three versions of the mJ=ψp distribution, each
configuration of the Pþ

c interference, all variations of the
background model, and each of the additional fits just
described. The masses, widths, and relative contributions
(R values) of the three narrow Pþ

c states, including all
systematic uncertainties, are given in Table I.
To obtain estimates of the relative contributions of the

Pþ
c states, the Λ0

b candidates are weighted by the inverse of
the reconstruction efficiency, which is parametrized in all
six dimensions of the Λ0

b decay phase space [Eq. (68) in the
Supplemental Material to Ref. [30] ]. The efficiency-
weighted mJ=ψp distribution, without the mKp>1.9GeV
requirement, is fit to determine the Pþ

c contributions, which
are then divided by the efficiency-corrected and back-
ground-subtracted Λ0

b yields. This method makes the
results independent of the unknown quantum numbers
and helicity structure of the Pþ

c production and decay.
Unfortunately, this approach also suffers from large Λ$

backgrounds and from sizable fluctuations in the low-
efficiency regions. In these fits, the Pþ

c terms are added
incoherently, absorbing any interference effects, which can
be large (see, e.g., Fig. S2 in the Supplemental Material
[22]), into the BW amplitudes. Therefore, the R≡
BðΛ0

b → Pþ
c K−ÞBðPþ

c → J=ψpÞ=BðΛ0
b → J=ψpK−Þ val-

ues reported for each Pþ
c state differ from the fit fractions

TABLE I. Summary of Pþ
c properties. The central values are based on the fit displayed in Fig. 6.

State M [MeV] Γ [MeV] (95% C.L.) R [%]

Pcð4312Þþ 4311.9% 0.7þ6.8
−0.6 9.8% 2.7þ3.7

−4.5 ð<27Þ 0.30% 0.07þ0.34
−0.09

Pcð4440Þþ 4440.3% 1.3þ4.1
−4.7 20.6% 4.9þ8.7

−10.1 ð<49Þ 1.11% 0.33þ0.22
−0.10

Pcð4457Þþ 4457.3% 0.6þ4.1
−1.7 6.4% 2.0þ5.7

−1.9 ð<20Þ 0.53% 0.16þ0.15
−0.13
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FIG. 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 Pþ

c states. The mass thresholds for the Σþ
c D̄0 and

Σþ
c D̄$0 final states are superimposed.
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resonances with the same spin and parity, fits to the cos θPc-
weighted distribution are repeated using various coherent
sums of two of the BW amplitudes. Each of these fits
includes a phase between interfering resonances as an extra
free parameter. None of the interference effects studied is
found to produce a significant Δχ2 relative to the fits using
an incoherent sum of BWamplitudes. However, substantial
shifts in the Pþ

c properties are observed, and are included in
the systematic uncertainties. For example, in such a fit the
Pcð4312Þþ mass increases, while its width is rather stable,
leading to a large positive systematic uncertainty of
6.8 MeV on its mass.
As in Ref. [1], the Λ0

b candidates are kinematically
constrained to the known J=ψ and Λ0

b masses [29], which
substantially improves themJ=ψp resolution and determines
the absolute mass scale with an accuracy of 0.2 MeV. The
mass resolution is known with a 10% relative uncertainty.
Varying this within its uncertainty changes the widths
of the narrow states in the nominal fit by up to
0.5 MeV, 0.2 MeV, and 0.8 MeV for the Pcð4312Þþ,

Pcð4440Þþ, and Pcð4457Þþ states, respectively. The widths
of all three narrow Pþ

c peaks are consistent with the
mass resolution within the systematic uncertainties.
Therefore, upper limits are placed on their natural widths
at the 95% confidence level (C.L.), which account for
the uncertainty on the detector resolution and in the
fit model.
A number of additional fits are performed when evalu-

ating the systematic uncertainties. The nominal fits assume
S-wave (no angular momentum) production and decay.
Including P-wave factors in the BW amplitudes has
negligible effect on the results. In addition to the nominal
fits with three narrow peaks in the 4.22 < mJ=ψp <
4.57 GeV region, fits including only the Pcð4312Þþ are
performed in the narrow 4.22–4.44 GeV range. Fits are also
performed using a data sample selected with an alternative
approach, where no BDT is used, resulting in about twice
as much background.
The total systematic uncertainties assigned on the mass

and width of each narrow Pþ
c state are taken to be the

largest deviations observed among all fits. These include
the fits to all three versions of the mJ=ψp distribution, each
configuration of the Pþ

c interference, all variations of the
background model, and each of the additional fits just
described. The masses, widths, and relative contributions
(R values) of the three narrow Pþ

c states, including all
systematic uncertainties, are given in Table I.
To obtain estimates of the relative contributions of the

Pþ
c states, the Λ0

b candidates are weighted by the inverse of
the reconstruction efficiency, which is parametrized in all
six dimensions of the Λ0

b decay phase space [Eq. (68) in the
Supplemental Material to Ref. [30] ]. The efficiency-
weighted mJ=ψp distribution, without the mKp>1.9GeV
requirement, is fit to determine the Pþ

c contributions, which
are then divided by the efficiency-corrected and back-
ground-subtracted Λ0

b yields. This method makes the
results independent of the unknown quantum numbers
and helicity structure of the Pþ

c production and decay.
Unfortunately, this approach also suffers from large Λ$

backgrounds and from sizable fluctuations in the low-
efficiency regions. In these fits, the Pþ

c terms are added
incoherently, absorbing any interference effects, which can
be large (see, e.g., Fig. S2 in the Supplemental Material
[22]), into the BW amplitudes. Therefore, the R≡
BðΛ0

b → Pþ
c K−ÞBðPþ

c → J=ψpÞ=BðΛ0
b → J=ψpK−Þ val-

ues reported for each Pþ
c state differ from the fit fractions

TABLE I. Summary of Pþ
c properties. The central values are based on the fit displayed in Fig. 6.

State M [MeV] Γ [MeV] (95% C.L.) R [%]

Pcð4312Þþ 4311.9% 0.7þ6.8
−0.6 9.8% 2.7þ3.7

−4.5 ð<27Þ 0.30% 0.07þ0.34
−0.09

Pcð4440Þþ 4440.3% 1.3þ4.1
−4.7 20.6% 4.9þ8.7

−10.1 ð<49Þ 1.11% 0.33þ0.22
−0.10

Pcð4457Þþ 4457.3% 0.6þ4.1
−1.7 6.4% 2.0þ5.7

−1.9 ð<20Þ 0.53% 0.16þ0.15
−0.13
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FIG. 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 Pþ

c states. The mass thresholds for the Σþ
c D̄0 and

Σþ
c D̄$0 final states are superimposed.
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222001-4☛  Triggered enormous interest in the community
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Esposito et al., Phys.Rept. 668 (2017)


Lebed et al. Prog. Part. Nucl. Phys. 93 (2017)


Guo et al., Rev. Mod. Phys. 90 (2018)


Brambilla et al., Phys.Rept. 873 (2020)


Chen et al.,  Rept. Prog. Phys. 86 (2023)


Meng et al.,  Phys.Rept. 1019 (2023) 

Recent Reviews:



Theoretical approaches (selected articles)

— Hadroquarkonium Eides et al. (2019), Ferretti et al (2019), …

* Pc(4312) as a  χc0(1P) N hadrocharmonium with JP= 1/2+
* Pc(4440) and Pc(4457) hadrocharmonia ψ(2S) N  with JP = 1/2−, 3/2−.  Mass difference: hyperfine splitting 

* Widths are due to decays to charmonium N channels

— Compact Ali et al. (2019), Cheng  et al (2019), Lebed et al (2019), … 

* build on binding light diquark to the doubly heavy triquark with orbital interactions in the light diquark system

— Triangle singularities 

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/ p� ⌃cD̄ � ⌃cD̄⇤
Kuang et al., EPJC80(2020)433

,! Pcs have same JP . Pc(4312): ⌃cD̄, Pc(4457): ? cusp e↵ect
I Molecule (HQSS) Liu et al., PRL122,242001 (2019)

Molecule JP
M (MeV)

A D̄⌃c
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�
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A D̄⌃
⇤
c

3
2
�

4376.1 � 4377.0

A D̄⇤
⌃c

1
2
�

4440.3⇤

A D̄⇤
⌃c

3
2
�

4457.3⇤

A D̄⇤
⌃

⇤
c

1
2
�

4500.2 � 4501.0

A D̄⇤
⌃

⇤
c

3
2
�

4510.6 � 4510.8

A D̄⇤
⌃

⇤
c

5
2
�

4523.3 � 4523.6

Molecule JP
M (MeV)

B D̄⌃c
1
2
�

4306.3 � 4307.7

B D̄⌃
⇤
c

3
2
�

4370.5 � 4371.7

B D̄⇤
⌃c

1
2
�

4457.3⇤

B D̄⇤
⌃c

3
2
�

4440.3⇤

B D̄⇤
⌃

⇤
c

1
2
�

4523.2 � 4523.6

B D̄⇤
⌃

⇤
c

3
2
�

4516.5 � 4516.6

B D̄⇤
⌃

⇤
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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* Pc(4312)
* Pc(4440) 
* Pc(4457) 

* Only near Pc(4457) due to                         .    But too broad widths of the ingredients. LHCb,  PRL 122 222001  (2019)

— Double-triangle singularities Nakamura 2020

* Explicit Pc(4440);  data can be understood as interference of various mechanisms; many parameters 
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D⇤
s1(2860)⇤cD̄

⇤

— states with various Parities 
— pattern is different to Hadroquarkonium

Ali et al. (2019)

* Pcs(4338) as                      
<latexit sha1_base64="E5z5eFEttEzxsaB33J56z+eq4wY="></latexit>

⌃c(2800)⌅cD̄ triangle singularity Burns, Swanson (2023)

Still can affect line shapes quantitatively 

— lowest state is 70 MeV below Pc(4312) 
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Pentaquarks as hadronic molecules

Pc(4312) —  near ΣcD,   Pc(4440) and  Pc(4457)  — near  ΣcD*  

— All Pc’s reside near S-wave hadronic thresholds: 

—All states have negative parities  

resonances with the same spin and parity, fits to the cos θPc-
weighted distribution are repeated using various coherent
sums of two of the BW amplitudes. Each of these fits
includes a phase between interfering resonances as an extra
free parameter. None of the interference effects studied is
found to produce a significant Δχ2 relative to the fits using
an incoherent sum of BWamplitudes. However, substantial
shifts in the Pþ

c properties are observed, and are included in
the systematic uncertainties. For example, in such a fit the
Pcð4312Þþ mass increases, while its width is rather stable,
leading to a large positive systematic uncertainty of
6.8 MeV on its mass.
As in Ref. [1], the Λ0

b candidates are kinematically
constrained to the known J=ψ and Λ0

b masses [29], which
substantially improves themJ=ψp resolution and determines
the absolute mass scale with an accuracy of 0.2 MeV. The
mass resolution is known with a 10% relative uncertainty.
Varying this within its uncertainty changes the widths
of the narrow states in the nominal fit by up to
0.5 MeV, 0.2 MeV, and 0.8 MeV for the Pcð4312Þþ,

Pcð4440Þþ, and Pcð4457Þþ states, respectively. The widths
of all three narrow Pþ

c peaks are consistent with the
mass resolution within the systematic uncertainties.
Therefore, upper limits are placed on their natural widths
at the 95% confidence level (C.L.), which account for
the uncertainty on the detector resolution and in the
fit model.
A number of additional fits are performed when evalu-

ating the systematic uncertainties. The nominal fits assume
S-wave (no angular momentum) production and decay.
Including P-wave factors in the BW amplitudes has
negligible effect on the results. In addition to the nominal
fits with three narrow peaks in the 4.22 < mJ=ψp <
4.57 GeV region, fits including only the Pcð4312Þþ are
performed in the narrow 4.22–4.44 GeV range. Fits are also
performed using a data sample selected with an alternative
approach, where no BDT is used, resulting in about twice
as much background.
The total systematic uncertainties assigned on the mass

and width of each narrow Pþ
c state are taken to be the

largest deviations observed among all fits. These include
the fits to all three versions of the mJ=ψp distribution, each
configuration of the Pþ

c interference, all variations of the
background model, and each of the additional fits just
described. The masses, widths, and relative contributions
(R values) of the three narrow Pþ

c states, including all
systematic uncertainties, are given in Table I.
To obtain estimates of the relative contributions of the

Pþ
c states, the Λ0

b candidates are weighted by the inverse of
the reconstruction efficiency, which is parametrized in all
six dimensions of the Λ0

b decay phase space [Eq. (68) in the
Supplemental Material to Ref. [30] ]. The efficiency-
weighted mJ=ψp distribution, without the mKp>1.9GeV
requirement, is fit to determine the Pþ

c contributions, which
are then divided by the efficiency-corrected and back-
ground-subtracted Λ0

b yields. This method makes the
results independent of the unknown quantum numbers
and helicity structure of the Pþ

c production and decay.
Unfortunately, this approach also suffers from large Λ$

backgrounds and from sizable fluctuations in the low-
efficiency regions. In these fits, the Pþ

c terms are added
incoherently, absorbing any interference effects, which can
be large (see, e.g., Fig. S2 in the Supplemental Material
[22]), into the BW amplitudes. Therefore, the R≡
BðΛ0

b → Pþ
c K−ÞBðPþ

c → J=ψpÞ=BðΛ0
b → J=ψpK−Þ val-

ues reported for each Pþ
c state differ from the fit fractions

TABLE I. Summary of Pþ
c properties. The central values are based on the fit displayed in Fig. 6.

State M [MeV] Γ [MeV] (95% C.L.) R [%]

Pcð4312Þþ 4311.9% 0.7þ6.8
−0.6 9.8% 2.7þ3.7

−4.5 ð<27Þ 0.30% 0.07þ0.34
−0.09

Pcð4440Þþ 4440.3% 1.3þ4.1
−4.7 20.6% 4.9þ8.7

−10.1 ð<49Þ 1.11% 0.33þ0.22
−0.10

Pcð4457Þþ 4457.3% 0.6þ4.1
−1.7 6.4% 2.0þ5.7

−1.9 ð<20Þ 0.53% 0.16þ0.15
−0.13
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FIG. 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 Pþ

c states. The mass thresholds for the Σþ
c D̄0 and

Σþ
c D̄$0 final states are superimposed.
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Pentaquarks as hadronic molecules

Pc(4312) —  near ΣcD,   Pc(4440) and  Pc(4457)  — near  ΣcD*  

— All Pc’s reside near S-wave hadronic thresholds: 

—All states have negative parities  

resonances with the same spin and parity, fits to the cos θPc-
weighted distribution are repeated using various coherent
sums of two of the BW amplitudes. Each of these fits
includes a phase between interfering resonances as an extra
free parameter. None of the interference effects studied is
found to produce a significant Δχ2 relative to the fits using
an incoherent sum of BWamplitudes. However, substantial
shifts in the Pþ

c properties are observed, and are included in
the systematic uncertainties. For example, in such a fit the
Pcð4312Þþ mass increases, while its width is rather stable,
leading to a large positive systematic uncertainty of
6.8 MeV on its mass.
As in Ref. [1], the Λ0

b candidates are kinematically
constrained to the known J=ψ and Λ0

b masses [29], which
substantially improves themJ=ψp resolution and determines
the absolute mass scale with an accuracy of 0.2 MeV. The
mass resolution is known with a 10% relative uncertainty.
Varying this within its uncertainty changes the widths
of the narrow states in the nominal fit by up to
0.5 MeV, 0.2 MeV, and 0.8 MeV for the Pcð4312Þþ,

Pcð4440Þþ, and Pcð4457Þþ states, respectively. The widths
of all three narrow Pþ

c peaks are consistent with the
mass resolution within the systematic uncertainties.
Therefore, upper limits are placed on their natural widths
at the 95% confidence level (C.L.), which account for
the uncertainty on the detector resolution and in the
fit model.
A number of additional fits are performed when evalu-

ating the systematic uncertainties. The nominal fits assume
S-wave (no angular momentum) production and decay.
Including P-wave factors in the BW amplitudes has
negligible effect on the results. In addition to the nominal
fits with three narrow peaks in the 4.22 < mJ=ψp <
4.57 GeV region, fits including only the Pcð4312Þþ are
performed in the narrow 4.22–4.44 GeV range. Fits are also
performed using a data sample selected with an alternative
approach, where no BDT is used, resulting in about twice
as much background.
The total systematic uncertainties assigned on the mass

and width of each narrow Pþ
c state are taken to be the

largest deviations observed among all fits. These include
the fits to all three versions of the mJ=ψp distribution, each
configuration of the Pþ

c interference, all variations of the
background model, and each of the additional fits just
described. The masses, widths, and relative contributions
(R values) of the three narrow Pþ

c states, including all
systematic uncertainties, are given in Table I.
To obtain estimates of the relative contributions of the

Pþ
c states, the Λ0

b candidates are weighted by the inverse of
the reconstruction efficiency, which is parametrized in all
six dimensions of the Λ0

b decay phase space [Eq. (68) in the
Supplemental Material to Ref. [30] ]. The efficiency-
weighted mJ=ψp distribution, without the mKp>1.9GeV
requirement, is fit to determine the Pþ

c contributions, which
are then divided by the efficiency-corrected and back-
ground-subtracted Λ0

b yields. This method makes the
results independent of the unknown quantum numbers
and helicity structure of the Pþ

c production and decay.
Unfortunately, this approach also suffers from large Λ$

backgrounds and from sizable fluctuations in the low-
efficiency regions. In these fits, the Pþ

c terms are added
incoherently, absorbing any interference effects, which can
be large (see, e.g., Fig. S2 in the Supplemental Material
[22]), into the BW amplitudes. Therefore, the R≡
BðΛ0

b → Pþ
c K−ÞBðPþ

c → J=ψpÞ=BðΛ0
b → J=ψpK−Þ val-

ues reported for each Pþ
c state differ from the fit fractions

TABLE I. Summary of Pþ
c properties. The central values are based on the fit displayed in Fig. 6.

State M [MeV] Γ [MeV] (95% C.L.) R [%]

Pcð4312Þþ 4311.9% 0.7þ6.8
−0.6 9.8% 2.7þ3.7

−4.5 ð<27Þ 0.30% 0.07þ0.34
−0.09

Pcð4440Þþ 4440.3% 1.3þ4.1
−4.7 20.6% 4.9þ8.7

−10.1 ð<49Þ 1.11% 0.33þ0.22
−0.10

Pcð4457Þþ 4457.3% 0.6þ4.1
−1.7 6.4% 2.0þ5.7

−1.9 ð<20Þ 0.53% 0.16þ0.15
−0.13
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FIG. 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 Pþ

c states. The mass thresholds for the Σþ
c D̄0 and

Σþ
c D̄$0 final states are superimposed.
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Implications of QCD symmetries:  

—heavy-quark spin symmetry (HQSS):  there must  be seven 

—chiral symmetry:  one- and multi-pion exchanges 

Liu et al,  PRL 122 242001  (2019)

⟹

⟹ First predictions for spin partners using masses of Pc(4312), Pc(4440) and  Pc(4457)

14

~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.

C. Next-to-leading-order contact terms

In Subsection IIA, 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 = �Ca S
†
ab · SbahH̄†

c H̄ci � Cb i✏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

3
C 1

2

+ 2

3
C 3

2

, Cb=
1

3
(C 3

2

� C 1

2

),

Cc = 2

3
C 0

1

2

, Cd = C 00
1

2

. (24)

The transitions between the elastic and inelastic channels in Eqs. (11) can also be obtained using

the e↵ective Lagrangian respecting the HQSS [32]:

Line =
gSp
3
N †�iH̄J†Si �

p
3gDN

†�iH̄(@i@j � 1

3
�ij@2)J†Sj , (25)

where N denotes the nucleon doublet, and J = �⌘c+� · contains the ground state charmonium

fields.

It was noticed in Refs. [65, 66] for B(⇤)B̄⇤ scattering that the NLO contact terms which con-

tribute to the S-D transitions need to be promoted to LO to tame the ultraviolet (UV) divergence

associated with the S-D OPE potentials in the course of iterations. The S-S NLO contact terms,

however, play a subleading role resulting only in a marginal improvement in the fits to the Zb line

central spin-spin

states⌃(⇤)
c D̄(⇤)
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as input and neglecting coupled-channels 
related works:  Xiao et al. PRD 100 014021 (2019),  Sakai et al. PRD 100 074007 (2019), …

—Pc(4312) as a virtual state JPAC Fernández-Ramírez et al PRL 123 (2019) 



Pentaquarks in an EFT approach

 ● A coupled-channel analysis of the LHCb spectra using an EFT approach  

☛  Extracting poles and residues from data and not from Breit-Wigner masses

☛ Parameter-free testable predictions for HQSS partners and line shapes in 
⇤b ! K⌃(⇤)D̄(⇤) and ⇤b ! K⌘cp
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☛  The role of one-pion exchange

 our works:   Du et al. PRL 14, 072001 (2020)  and JHEP 08, 157  (2021)
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☛  Is there a room for ΛcD(*)  interactions? 



Chiral EFT approach at low energies

●   Elastic coupled-channel

☛ typical soft scale Q is quite large because of coupled-channels
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Long range: OPE
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           2 S-S wave LECs at O(Q0)

1 S-D wave LEC at O(Q2)
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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
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~p ~p 0
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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 IIA, 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

3
C 1

2

+ 2

3
C 3

2

, Cb=
1

3
(C 3

2

� C 1

2

),

Cc = 2

3
C 0

1

2

, Cd = C 00
1

2

. (24)
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Some details on the OPE

●

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

V⌃cD̄⇤!⌃cD̄(p,p0) / g1g2
f2
⇡

(⌧1 · ⌧ c2 )(✏D̄⇤ · q)(� · q)
✓

1

G⌃cD̄⇡
+

1

G⌃cD̄⇤⇡

◆
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☛ TOPT propagators

G⌃cD̄⇡ = 2E⇡(q)

✓
E⇡(q) + E⌃c(p) + ED̄(p0)�

p
s

◆
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Ei(p) =
q

p2 +m2
i
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Pionic Lagrangian:

● Exemplary potential: 
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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.
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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
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2 20

~p ~p 0

1 10
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(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 IIA, 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

3
C 1

2

+ 2

3
C 3

2

, Cb=
1

3
(C 3

2

� C 1

2

),

Cc = 2

3
C 0

1

2

, Cd = C 00
1

2

. (24)

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 IIA, 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

3
C 1

2

+ 2

3
C 3

2

, Cb=
1

3
(C 3

2

� C 1

2

),

Cc = 2

3
C 0

1

2

, Cd = C 00
1

2

. (24)

Some details on the OPE

●

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

V⌃cD̄⇤!⌃cD̄(p,p0) / g1g2
f2
⇡

(⌧1 · ⌧ c2 )(✏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
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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
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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.
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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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FIG. 4. The best fits to the di↵erent experimental data [17] for both solution A (blue dashed curves) and
solution B (red solid curves) of scheme I. The corresponding backgrounds are shown as red-dotted and
blue-dotted curves, respectively. The vertical dashed lines from left to right are the ⌃cD̄, ⌃⇤

cD̄, ⌃cD̄⇤, and
⌃⇤

cD̄
⇤ thresholds, respectively.

by HQSS, as discussed in Sec. II A. In addition, a relativistic form of the two-body propagator

Eq. (30) and the energy-dependence of the width for the ⌃(⇤)
c , Eq. (32), are employed in this work.

As the first step, we do not consider coupled-channel e↵ects from the ⇤cD̄(⇤) channels, i.e., for

the fits discussed here we set both C 0
1

2

and C 00
1

2

to zero. From now on we further assume that the

widths of the Pc states are saturated by the channels included — in this subsection those are J/ p,

⌘cp, and the elastic channels (including those via the decays of the ⌃(⇤)
c ). Therefore, no additional

imaginary contact potentials as in Ref. [40] need to be introduced and unitarity is realized.

Three data sets of the mJ/ p distribution given in Ref. [17] are used in fits. The mJ/ p distri-

bution with mKp > 1.9 GeV can e↵ectively remove over 80% of the ⇤⇤ contributions and the Pc

signals are enhanced in the mJ/ p distribution by applying cos ✓Pc-dependent weights to each event

candidate, with ✓Pc the angle between the K� and the J/ in the Pc rest frame [17]. In analogy

to what was reported in Ref. [40], also with our modified model, two solutions, called A and B,

describing the data almost equally well are found as shown in Fig. 4.

ΣcD Σc*D ΣcD* Σc*D*
Line shape and Pc poles
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solution A solution B

thr. ([MeV]) JP Pole [MeV] JP Pole [MeV]

Pc(4312) ⌃cD̄ (4321.6) 1

2

�
4314(1)� 4(1)i 1

2

�
4312(2)� 4(2)i

Pc(4380) ⌃⇤
cD̄ (4386.2) 3

2

�
4377(1)� 7(1)i 3

2

�
4375(2)� 6(1)i

Pc(4440) ⌃cD̄⇤ (4462.1) 1
2
�

4440(1)� 9(2)i 3
2
�

4441(3)� 5(2)i

Pc(4457) ⌃cD̄⇤ (4462.1) 3
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�

4458(2)� 3(1)i 1
2
�

4462(4)� 5(3)i

Pc ⌃⇤
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2
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2
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Pc ⌃⇤
cD̄

⇤ (4526.7) 3

2

�
4510(2)� 14(3)i 3

2

�
4521(2)� 12(3)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 5

2

�
4525(2)� 9(3)i 5

2

�
4501(3)� 6(4)i

solution A solution B

thr. ([MeV]) JP Pole [MeV] JP Pole [MeV]

Pc(4312) ⌃cD̄ (4321.6) 1

2

�
4314(1)� 4(1)i 1

2

�
4312(2)� 4(2)i

Pc(4380) ⌃⇤
cD̄ (4386.2) 3

2

�
4377(1)� 7(1)i 3

2

�
4375(2)� 6(1)i

Pc(4440) ⌃cD̄⇤ (4462.1) 1
2
�

4440(1)� 9(2)i 3
2
�

4441(3)� 5(2)i

Pc(4457) ⌃cD̄⇤ (4462.1) 3
2
�

4458(2)� 3(1)i 1
2
�

4462(4)� 5(3)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 1

2

�
4498(2)� 9(3)i 1

2

�
4526(3)� 9(2)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 3

2

�
4510(2)� 14(3)i 3

2

�
4521(2)� 12(3)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 5

2

�
4525(2)� 9(3)i 5

2

�
4501(3)� 6(4)i

elastic thresholds is marginal. For this four-elastic-channel case, there are 24 = 16 Riemann sheets

in total. However, only 5 of them are of interest because they can be reached from the physical

region by crossing the unitary branch cut from E+ i✏ to E� i✏ between the (n� 1)th and the nth

threshold. As a result, the poles located on these Riemann sheets have more significant impact

physical observables than those on the more remote sheets.3 We use the sign of the imaginary part

solution A solution B

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

Pc(4312) ⌃cD̄ (4321.6) 1

2

�
4314(1)� 4(1)i 2.6(1) + 0.4(2)i 1

2

�
4312(2)� 4(2)i 2.9(1) + 0.4(2)i

Pc(4380) ⌃⇤
cD̄ (4386.2) 3

2

�
4377(1)� 7(1)i 2.8(1) + 0.1(1)i 3

2

�
4375(2)� 6(1)i 3.0(1) + 0.1(1)i

Pc(4440) ⌃cD̄⇤ (4462.1) 1

2

�
4440(1)� 9(2)i 3.7(2) + 0.6(1)i 3

2

�
4441(3)� 5(2)i 3.6(1) + 0.3(1)i

Pc(4457) ⌃cD̄⇤ (4462.1) 3

2

�
4458(2)� 3(1)i 2.1(2) + 0.3(1)i 1

2

�
4462(4)� 5(3)i 2.0(2) + 1.2(3)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 1

2

�
4498(2)� 9(3)i 4.0(1) + 0.4(2)i 1

2

�
4526(3)� 9(2)i 1.5(2) + 1.1(4)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 3

2

�
4510(2)� 14(3)i 3.3(2) + 0.6(2)i 3

2

�
4521(2)� 12(3)i 2.5(2) + 0.9(2)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 5

2

�
4525(2)� 9(3)i 1.9(2) + 0.6(7)i 5

2

�
4501(3)� 6(4)i 3.9(2) + 0.1(2)i

3
This statement is not necessarily applicable to resonances which manifest as strong cusp e↵ects, such as those that

correspond to poles in the Riemann sheet reached by crossing the real-s axis right above the previous threshold,

but having a mass above the next one. This is not the case found for the Pc states here discussed.

Poles and quantum numbers:

JHEP 08 (2021)



☛ Pc(4312), Pc(4440), Pc(4457) are well 
understood as ΣcD, ΣcD∗  and ΣcD∗  

quasi-bound states, respectively

Du et al.  PRL 124, 072001 (2020) 
19

Scheme I: Contact

LHCb: mKp>1.9 GeV

Solution A: χ2/dof = 0.91

Solution B: χ2/dof = 0.91

���� ���� ���� ���� ���� ����
��

���

���

���

���

���

��/ψ � [���]

�
��
��
��
�
��
��
��
��
��
/(
�
�
��

)

FIG. 4. The best fits to the di↵erent experimental data [17] for both solution A (blue dashed curves) and
solution B (red solid curves) of scheme I. The corresponding backgrounds are shown as red-dotted and
blue-dotted curves, respectively. The vertical dashed lines from left to right are the ⌃cD̄, ⌃⇤

cD̄, ⌃cD̄⇤, and
⌃⇤

cD̄
⇤ thresholds, respectively.

by HQSS, as discussed in Sec. II A. In addition, a relativistic form of the two-body propagator

Eq. (30) and the energy-dependence of the width for the ⌃(⇤)
c , Eq. (32), are employed in this work.

As the first step, we do not consider coupled-channel e↵ects from the ⇤cD̄(⇤) channels, i.e., for

the fits discussed here we set both C 0
1

2

and C 00
1

2

to zero. From now on we further assume that the

widths of the Pc states are saturated by the channels included — in this subsection those are J/ p,

⌘cp, and the elastic channels (including those via the decays of the ⌃(⇤)
c ). Therefore, no additional

imaginary contact potentials as in Ref. [40] need to be introduced and unitarity is realized.

Three data sets of the mJ/ p distribution given in Ref. [17] are used in fits. The mJ/ p distri-

bution with mKp > 1.9 GeV can e↵ectively remove over 80% of the ⇤⇤ contributions and the Pc

signals are enhanced in the mJ/ p distribution by applying cos ✓Pc-dependent weights to each event

candidate, with ✓Pc the angle between the K� and the J/ in the Pc rest frame [17]. In analogy

to what was reported in Ref. [40], also with our modified model, two solutions, called A and B,

describing the data almost equally well are found as shown in Fig. 4.
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solution A solution B

thr. ([MeV]) JP Pole [MeV] JP Pole [MeV]

Pc(4312) ⌃cD̄ (4321.6) 1

2

�
4314(1)� 4(1)i 1

2

�
4312(2)� 4(2)i

Pc(4380) ⌃⇤
cD̄ (4386.2) 3

2

�
4377(1)� 7(1)i 3

2

�
4375(2)� 6(1)i

Pc(4440) ⌃cD̄⇤ (4462.1) 1
2
�

4440(1)� 9(2)i 3
2
�

4441(3)� 5(2)i

Pc(4457) ⌃cD̄⇤ (4462.1) 3
2
�

4458(2)� 3(1)i 1
2
�

4462(4)� 5(3)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 1

2

�
4498(2)� 9(3)i 1

2

�
4526(3)� 9(2)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 3

2

�
4510(2)� 14(3)i 3

2

�
4521(2)� 12(3)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 5

2

�
4525(2)� 9(3)i 5

2

�
4501(3)� 6(4)i

solution A solution B

thr. ([MeV]) JP Pole [MeV] JP Pole [MeV]
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2
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2
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�
4375(2)� 6(1)i
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4441(3)� 5(2)i
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2

�
4501(3)� 6(4)i

elastic thresholds is marginal. For this four-elastic-channel case, there are 24 = 16 Riemann sheets

in total. However, only 5 of them are of interest because they can be reached from the physical

region by crossing the unitary branch cut from E+ i✏ to E� i✏ between the (n� 1)th and the nth

threshold. As a result, the poles located on these Riemann sheets have more significant impact

physical observables than those on the more remote sheets.3 We use the sign of the imaginary part

solution A solution B

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

Pc(4312) ⌃cD̄ (4321.6) 1

2

�
4314(1)� 4(1)i 2.6(1) + 0.4(2)i 1

2

�
4312(2)� 4(2)i 2.9(1) + 0.4(2)i

Pc(4380) ⌃⇤
cD̄ (4386.2) 3

2

�
4377(1)� 7(1)i 2.8(1) + 0.1(1)i 3

2

�
4375(2)� 6(1)i 3.0(1) + 0.1(1)i

Pc(4440) ⌃cD̄⇤ (4462.1) 1

2

�
4440(1)� 9(2)i 3.7(2) + 0.6(1)i 3

2

�
4441(3)� 5(2)i 3.6(1) + 0.3(1)i
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�
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�
4526(3)� 9(2)i 1.5(2) + 1.1(4)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 3

2

�
4510(2)� 14(3)i 3.3(2) + 0.6(2)i 3

2

�
4521(2)� 12(3)i 2.5(2) + 0.9(2)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 5

2

�
4525(2)� 9(3)i 1.9(2) + 0.6(7)i 5

2

�
4501(3)� 6(4)i 3.9(2) + 0.1(2)i

3
This statement is not necessarily applicable to resonances which manifest as strong cusp e↵ects, such as those that

correspond to poles in the Riemann sheet reached by crossing the real-s axis right above the previous threshold,

but having a mass above the next one. This is not the case found for the Pc states here discussed.

Poles and quantum numbers:
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FIG. 4. The best fits to the di↵erent experimental data [17] for both solution A (blue dashed curves) and
solution B (red solid curves) of scheme I. The corresponding backgrounds are shown as red-dotted and
blue-dotted curves, respectively. The vertical dashed lines from left to right are the ⌃cD̄, ⌃⇤

cD̄, ⌃cD̄⇤, and
⌃⇤

cD̄
⇤ thresholds, respectively.

by HQSS, as discussed in Sec. II A. In addition, a relativistic form of the two-body propagator

Eq. (30) and the energy-dependence of the width for the ⌃(⇤)
c , Eq. (32), are employed in this work.

As the first step, we do not consider coupled-channel e↵ects from the ⇤cD̄(⇤) channels, i.e., for

the fits discussed here we set both C 0
1

2

and C 00
1

2

to zero. From now on we further assume that the

widths of the Pc states are saturated by the channels included — in this subsection those are J/ p,

⌘cp, and the elastic channels (including those via the decays of the ⌃(⇤)
c ). Therefore, no additional

imaginary contact potentials as in Ref. [40] need to be introduced and unitarity is realized.

Three data sets of the mJ/ p distribution given in Ref. [17] are used in fits. The mJ/ p distri-

bution with mKp > 1.9 GeV can e↵ectively remove over 80% of the ⇤⇤ contributions and the Pc

signals are enhanced in the mJ/ p distribution by applying cos ✓Pc-dependent weights to each event

candidate, with ✓Pc the angle between the K� and the J/ in the Pc rest frame [17]. In analogy

to what was reported in Ref. [40], also with our modified model, two solutions, called A and B,

describing the data almost equally well are found as shown in Fig. 4.
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solution A solution B

thr. ([MeV]) JP Pole [MeV] JP Pole [MeV]
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⇤ (4526.7) 1

2
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4498(2)� 9(3)i 1
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4526(3)� 9(2)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 3

2

�
4510(2)� 14(3)i 3

2

�
4521(2)� 12(3)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 5

2

�
4525(2)� 9(3)i 5

2

�
4501(3)� 6(4)i

solution A solution B

thr. ([MeV]) JP Pole [MeV] JP Pole [MeV]

Pc(4312) ⌃cD̄ (4321.6) 1

2

�
4314(1)� 4(1)i 1

2

�
4312(2)� 4(2)i

Pc(4380) ⌃⇤
cD̄ (4386.2) 3

2

�
4377(1)� 7(1)i 3

2

�
4375(2)� 6(1)i

Pc(4440) ⌃cD̄⇤ (4462.1) 1
2
�

4440(1)� 9(2)i 3
2
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4441(3)� 5(2)i
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⇤ (4526.7) 5
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2

�
4501(3)� 6(4)i

elastic thresholds is marginal. For this four-elastic-channel case, there are 24 = 16 Riemann sheets

in total. However, only 5 of them are of interest because they can be reached from the physical

region by crossing the unitary branch cut from E+ i✏ to E� i✏ between the (n� 1)th and the nth

threshold. As a result, the poles located on these Riemann sheets have more significant impact

physical observables than those on the more remote sheets.3 We use the sign of the imaginary part

solution A solution B

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

Pc(4312) ⌃cD̄ (4321.6) 1

2

�
4314(1)� 4(1)i 2.6(1) + 0.4(2)i 1

2

�
4312(2)� 4(2)i 2.9(1) + 0.4(2)i

Pc(4380) ⌃⇤
cD̄ (4386.2) 3

2

�
4377(1)� 7(1)i 2.8(1) + 0.1(1)i 3

2

�
4375(2)� 6(1)i 3.0(1) + 0.1(1)i

Pc(4440) ⌃cD̄⇤ (4462.1) 1

2

�
4440(1)� 9(2)i 3.7(2) + 0.6(1)i 3

2

�
4441(3)� 5(2)i 3.6(1) + 0.3(1)i

Pc(4457) ⌃cD̄⇤ (4462.1) 3

2

�
4458(2)� 3(1)i 2.1(2) + 0.3(1)i 1

2

�
4462(4)� 5(3)i 2.0(2) + 1.2(3)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 1

2

�
4498(2)� 9(3)i 4.0(1) + 0.4(2)i 1

2

�
4526(3)� 9(2)i 1.5(2) + 1.1(4)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 3

2

�
4510(2)� 14(3)i 3.3(2) + 0.6(2)i 3

2

�
4521(2)� 12(3)i 2.5(2) + 0.9(2)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 5

2

�
4525(2)� 9(3)i 1.9(2) + 0.6(7)i 5

2

�
4501(3)� 6(4)i 3.9(2) + 0.1(2)i

3
This statement is not necessarily applicable to resonances which manifest as strong cusp e↵ects, such as those that

correspond to poles in the Riemann sheet reached by crossing the real-s axis right above the previous threshold,

but having a mass above the next one. This is not the case found for the Pc states here discussed.

Poles and quantum numbers:

JHEP 08 (2021)

☛ Two fits with equal $2 yield:

Fit A:   1/2-            3/2-

Fit B:   3/2-           1/2-

Pc(4440) Pc(4457)
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FIG. 4. The best fits to the di↵erent experimental data [17] for both solution A (blue dashed curves) and
solution B (red solid curves) of scheme I. The corresponding backgrounds are shown as red-dotted and
blue-dotted curves, respectively. The vertical dashed lines from left to right are the ⌃cD̄, ⌃⇤

cD̄, ⌃cD̄⇤, and
⌃⇤

cD̄
⇤ thresholds, respectively.

by HQSS, as discussed in Sec. II A. In addition, a relativistic form of the two-body propagator

Eq. (30) and the energy-dependence of the width for the ⌃(⇤)
c , Eq. (32), are employed in this work.

As the first step, we do not consider coupled-channel e↵ects from the ⇤cD̄(⇤) channels, i.e., for

the fits discussed here we set both C 0
1

2

and C 00
1

2

to zero. From now on we further assume that the

widths of the Pc states are saturated by the channels included — in this subsection those are J/ p,

⌘cp, and the elastic channels (including those via the decays of the ⌃(⇤)
c ). Therefore, no additional

imaginary contact potentials as in Ref. [40] need to be introduced and unitarity is realized.

Three data sets of the mJ/ p distribution given in Ref. [17] are used in fits. The mJ/ p distri-

bution with mKp > 1.9 GeV can e↵ectively remove over 80% of the ⇤⇤ contributions and the Pc

signals are enhanced in the mJ/ p distribution by applying cos ✓Pc-dependent weights to each event

candidate, with ✓Pc the angle between the K� and the J/ in the Pc rest frame [17]. In analogy

to what was reported in Ref. [40], also with our modified model, two solutions, called A and B,

describing the data almost equally well are found as shown in Fig. 4.
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elastic thresholds is marginal. For this four-elastic-channel case, there are 24 = 16 Riemann sheets

in total. However, only 5 of them are of interest because they can be reached from the physical

region by crossing the unitary branch cut from E+ i✏ to E� i✏ between the (n� 1)th and the nth

threshold. As a result, the poles located on these Riemann sheets have more significant impact

physical observables than those on the more remote sheets.3 We use the sign of the imaginary part
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cD̄

⇤ (4526.7) 3

2

�
4510(2)� 14(3)i 3.3(2) + 0.6(2)i 3

2

�
4521(2)� 12(3)i 2.5(2) + 0.9(2)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 5

2

�
4525(2)� 9(3)i 1.9(2) + 0.6(7)i 5

2

�
4501(3)� 6(4)i 3.9(2) + 0.1(2)i

3
This statement is not necessarily applicable to resonances which manifest as strong cusp e↵ects, such as those that

correspond to poles in the Riemann sheet reached by crossing the real-s axis right above the previous threshold,

but having a mass above the next one. This is not the case found for the Pc states here discussed.

Poles and quantum numbers:

JHEP 08 (2021)

☛ Two fits with equal $2 yield:

Fit A:   1/2-            3/2-

Fit B:   3/2-           1/2-

Pc(4440) Pc(4457)

☛ A narrow Pc(4380) state predicted as 
a Σc

∗D   3/2- molecule is seen in data



☛ Pc(4312), Pc(4440), Pc(4457) are well 
understood as ΣcD, ΣcD∗  and ΣcD∗  

quasi-bound states, respectively

☛ Σc
∗D∗ states are not seen yet, their 
production rate is suppressed

Du et al.  PRL 124, 072001 (2020) 
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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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FIG. 4. The best fits to the di↵erent experimental data [17] for both solution A (blue dashed curves) and
solution B (red solid curves) of scheme I. The corresponding backgrounds are shown as red-dotted and
blue-dotted curves, respectively. The vertical dashed lines from left to right are the ⌃cD̄, ⌃⇤

cD̄, ⌃cD̄⇤, and
⌃⇤

cD̄
⇤ thresholds, respectively.

by HQSS, as discussed in Sec. II A. In addition, a relativistic form of the two-body propagator

Eq. (30) and the energy-dependence of the width for the ⌃(⇤)
c , Eq. (32), are employed in this work.

As the first step, we do not consider coupled-channel e↵ects from the ⇤cD̄(⇤) channels, i.e., for

the fits discussed here we set both C 0
1

2

and C 00
1

2

to zero. From now on we further assume that the

widths of the Pc states are saturated by the channels included — in this subsection those are J/ p,

⌘cp, and the elastic channels (including those via the decays of the ⌃(⇤)
c ). Therefore, no additional

imaginary contact potentials as in Ref. [40] need to be introduced and unitarity is realized.

Three data sets of the mJ/ p distribution given in Ref. [17] are used in fits. The mJ/ p distri-

bution with mKp > 1.9 GeV can e↵ectively remove over 80% of the ⇤⇤ contributions and the Pc

signals are enhanced in the mJ/ p distribution by applying cos ✓Pc-dependent weights to each event

candidate, with ✓Pc the angle between the K� and the J/ in the Pc rest frame [17]. In analogy

to what was reported in Ref. [40], also with our modified model, two solutions, called A and B,

describing the data almost equally well are found as shown in Fig. 4.

ΣcD Σc*D ΣcD* Σc*D*
Line shape and Pc poles
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solution A solution B

thr. ([MeV]) JP Pole [MeV] JP Pole [MeV]

Pc(4312) ⌃cD̄ (4321.6) 1

2

�
4314(1)� 4(1)i 1

2

�
4312(2)� 4(2)i

Pc(4380) ⌃⇤
cD̄ (4386.2) 3

2

�
4377(1)� 7(1)i 3

2

�
4375(2)� 6(1)i

Pc(4440) ⌃cD̄⇤ (4462.1) 1
2
�

4440(1)� 9(2)i 3
2
�

4441(3)� 5(2)i

Pc(4457) ⌃cD̄⇤ (4462.1) 3
2
�

4458(2)� 3(1)i 1
2
�

4462(4)� 5(3)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 1

2

�
4498(2)� 9(3)i 1

2

�
4526(3)� 9(2)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 3

2

�
4510(2)� 14(3)i 3

2

�
4521(2)� 12(3)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 5

2

�
4525(2)� 9(3)i 5

2

�
4501(3)� 6(4)i

solution A solution B

thr. ([MeV]) JP Pole [MeV] JP Pole [MeV]

Pc(4312) ⌃cD̄ (4321.6) 1

2

�
4314(1)� 4(1)i 1

2

�
4312(2)� 4(2)i

Pc(4380) ⌃⇤
cD̄ (4386.2) 3

2

�
4377(1)� 7(1)i 3

2

�
4375(2)� 6(1)i

Pc(4440) ⌃cD̄⇤ (4462.1) 1
2
�

4440(1)� 9(2)i 3
2
�

4441(3)� 5(2)i

Pc(4457) ⌃cD̄⇤ (4462.1) 3
2
�

4458(2)� 3(1)i 1
2
�

4462(4)� 5(3)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 1

2

�
4498(2)� 9(3)i 1

2

�
4526(3)� 9(2)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 3

2

�
4510(2)� 14(3)i 3

2

�
4521(2)� 12(3)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 5

2

�
4525(2)� 9(3)i 5

2

�
4501(3)� 6(4)i

elastic thresholds is marginal. For this four-elastic-channel case, there are 24 = 16 Riemann sheets

in total. However, only 5 of them are of interest because they can be reached from the physical

region by crossing the unitary branch cut from E+ i✏ to E� i✏ between the (n� 1)th and the nth

threshold. As a result, the poles located on these Riemann sheets have more significant impact

physical observables than those on the more remote sheets.3 We use the sign of the imaginary part

solution A solution B

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

Pc(4312) ⌃cD̄ (4321.6) 1

2

�
4314(1)� 4(1)i 2.6(1) + 0.4(2)i 1

2

�
4312(2)� 4(2)i 2.9(1) + 0.4(2)i

Pc(4380) ⌃⇤
cD̄ (4386.2) 3

2

�
4377(1)� 7(1)i 2.8(1) + 0.1(1)i 3

2

�
4375(2)� 6(1)i 3.0(1) + 0.1(1)i

Pc(4440) ⌃cD̄⇤ (4462.1) 1

2

�
4440(1)� 9(2)i 3.7(2) + 0.6(1)i 3

2

�
4441(3)� 5(2)i 3.6(1) + 0.3(1)i

Pc(4457) ⌃cD̄⇤ (4462.1) 3

2

�
4458(2)� 3(1)i 2.1(2) + 0.3(1)i 1

2

�
4462(4)� 5(3)i 2.0(2) + 1.2(3)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 1

2

�
4498(2)� 9(3)i 4.0(1) + 0.4(2)i 1

2

�
4526(3)� 9(2)i 1.5(2) + 1.1(4)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 3

2

�
4510(2)� 14(3)i 3.3(2) + 0.6(2)i 3

2

�
4521(2)� 12(3)i 2.5(2) + 0.9(2)i

Pc ⌃⇤
cD̄

⇤ (4526.7) 5

2

�
4525(2)� 9(3)i 1.9(2) + 0.6(7)i 5

2

�
4501(3)� 6(4)i 3.9(2) + 0.1(2)i

3
This statement is not necessarily applicable to resonances which manifest as strong cusp e↵ects, such as those that

correspond to poles in the Riemann sheet reached by crossing the real-s axis right above the previous threshold,

but having a mass above the next one. This is not the case found for the Pc states here discussed.

Poles and quantum numbers:

JHEP 08 (2021)

☛ Two fits with equal $2 yield:

Fit A:   1/2-            3/2-

Fit B:   3/2-           1/2-

Pc(4440) Pc(4457)

☛ A narrow Pc(4380) state predicted as 
a Σc

∗D   3/2- molecule is seen in data



But what happens if we include pions?
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LHCb: mKp>1.9 GeV

Scheme II
Solution B

Λ=0.7 GeV

Λ=0.9 GeV

Λ=1.1 GeV

Λ=1.3 GeV

Λ=1.5 GeV
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FIG. 8. First row: Best fit results for solutions A (left) and B (right) for di↵erent cuto↵s ⇤ using a potential
of scheme II. The background is shown as red-dotted curve. Second row: Predictions for the line shapes of
⌃cD̄ (blue), ⌃⇤

cD̄ (orange), ⌃cD̄⇤ (green), and ⌃⇤
cD̄

⇤ (red) mass distributions. Third row: Predictions for
the line shapes for the ⌘cp mass distributions.

c-quark mass, mc ' 1.5 GeV, may introduce additional HQSS breaking e↵ects.

2. Description of the data in ⇤0
b ! J/ pK�

In Ref. [40], it was found that the inclusion of the OPE singles out a unique solution from the

two almost equivalent ones present for the pure contact potentials. However, no e↵ects from the

S-D contact terms were taken into account. As long as the OPE is renormalized along the lines

discussed in the previous paragraph, one again arrives at two solutions, which describe the data

24

FIG. 6. Predictions for the line shapes of the ⌘cp invariant mass distributions based on the fit results in
Fig. 4 for solutions A and B of scheme I without the ⇤cD̄(⇤) channels. The blue dotted, orange dashed and
green dot-dashed curves correspond to the predictions from the three fit results (cos ✓Pc -weighted, mKp > 1.9
GeV and mKp-all) of Fig. 4, in order.

any additional parameters, see Sec. II B for the discussion of the coupling constants used, however,

it calls for the inclusion of the S-D counter terms that come with unknown strengths.

1. How to renormalize the OPE and the role of S-D transitions

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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FIG. 7. Left panel: Best fit results for di↵erent cuto↵s ⇤ using a potential of scheme I plus OPE in the
elastic channels. Only solution B exists in this case. The background is shown as the orange dot-dashed
curve. Right panel: Predictions for the line shapes of the ⌃cD̄ (blue), ⌃⇤

cD̄ (orange), ⌃cD̄⇤ (green), and
⌃⇤

cD̄
⇤ (red) mass distributions.

As noticed in Refs. [65, 66], because of the large mass of the heavy system and the large splittings

between the thresholds treated dynamically, the typical involved momenta are much larger than

those for low-energy two–nucleon scattering, e.g., in the deuteron. In our case, the typical momenta

ptyp ⇠
p
2µ�, with � and µ the largest threshold splitting and the reduced mass of the system, are
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FIG. 6. Predictions for the line shapes of the ⌘cp invariant mass distributions based on the fit results in
Fig. 4 for solutions A and B of scheme I without the ⇤cD̄(⇤) channels. The blue dotted, orange dashed and
green dot-dashed curves correspond to the predictions from the three fit results (cos ✓Pc -weighted, mKp > 1.9
GeV and mKp-all) of Fig. 4, in order.

any additional parameters, see Sec. II B for the discussion of the coupling constants used, however,

it calls for the inclusion of the S-D counter terms that come with unknown strengths.

1. How to renormalize the OPE and the role of S-D transitions

LHCb: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

���� ���� ���� ���� ���� ����
�

��

���

���

���

�Σ� (*) �
_ (*) [���]

�
��
���
��
�
��
���

FIG. 7. Left panel: Best fit results for di↵erent cuto↵s ⇤ using a potential of scheme I plus OPE in the
elastic channels. Only solution B exists in this case. The background is shown as the orange dot-dashed
curve. Right panel: Predictions for the line shapes of the ⌃cD̄ (blue), ⌃⇤

cD̄ (orange), ⌃cD̄⇤ (green), and
⌃⇤

cD̄
⇤ (red) mass distributions.

As noticed in Refs. [65, 66], because of the large mass of the heavy system and the large splittings

between the thresholds treated dynamically, the typical involved momenta are much larger than

those for low-energy two–nucleon scattering, e.g., in the deuteron. In our case, the typical momenta

ptyp ⇠
p
2µ�, with � and µ the largest threshold splitting and the reduced mass of the system, are
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Fit: mKp>1.9 GeV
Solution: B

Scheme II

Λ=1.3 GeV

Λ=1.4 GeV

Λ=1.5 GeV

Λ=1.6 GeV

Λ=1.7 GeV
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FIG. 8. First row: Best fit results for solutions A (left) and B (right) for di↵erent cuto↵s ⇤ using a
potential of scheme II. The background is shown as red-dotted curve. Second row: Cuto↵ dependence of
the predicted line shapes of ⌃cD̄ (blue), ⌃⇤

cD̄ (orange), ⌃cD̄⇤ (green), and ⌃⇤
cD̄

⇤ (red) mass distributions.
Third row: Cuto↵ dependence of the predicted line shapes for the ⌘cp mass distributions. No background
is included for predicted line shapes.

actually not surprising: given that solution A does not exist as long as the OPE is included but

the S-D contact terms are switched o↵, the possibility to have a solution A in Scheme II could

be achieved only with the unnaturally large S-D transitions generated by the contact interactions

in an attempt to improve the description of the data. Accordingly, in such an unnatural scenario,

which would violate the power counting, the cuto↵ dependence can not be properly absorbed into

redefinitions of the contact terms and reveals itself in the line shapes, especially for the predicted

mass distributions in the ⌃(⇤)
c D̄(⇤) and ⌘cp channels, as seen from Fig. 8. Therefore, we discard

Large cutoff
   dependence!

Unrenormalized

cutoff independent
results!

●  Renormalizability  require S-wave-to-D-wave contact term   to appear together with OPE
●  completely consistent with similar analyses of  Zb(10610)/Zb(10650) PRD 98, 074023 (2018),  

PRD 99, 094013 (2019)
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FIG. 8. First row: Best fit results for solutions A (left) and B (right) for di↵erent cuto↵s ⇤ using a potential
of scheme II. The background is shown as red-dotted curve. Second row: Predictions for the line shapes of
⌃cD̄ (blue), ⌃⇤

cD̄ (orange), ⌃cD̄⇤ (green), and ⌃⇤
cD̄

⇤ (red) mass distributions. Third row: Predictions for
the line shapes for the ⌘cp mass distributions.

c-quark mass, mc ' 1.5 GeV, may introduce additional HQSS breaking e↵ects.

2. Description of the data in ⇤0
b ! J/ pK�

In Ref. [40], it was found that the inclusion of the OPE singles out a unique solution from the

two almost equivalent ones present for the pure contact potentials. However, no e↵ects from the

S-D contact terms were taken into account. As long as the OPE is renormalized along the lines

discussed in the previous paragraph, one again arrives at two solutions, which describe the data

24

FIG. 6. Predictions for the line shapes of the ⌘cp invariant mass distributions based on the fit results in
Fig. 4 for solutions A and B of scheme I without the ⇤cD̄(⇤) channels. The blue dotted, orange dashed and
green dot-dashed curves correspond to the predictions from the three fit results (cos ✓Pc -weighted, mKp > 1.9
GeV and mKp-all) of Fig. 4, in order.

any additional parameters, see Sec. II B for the discussion of the coupling constants used, however,

it calls for the inclusion of the S-D counter terms that come with unknown strengths.

1. How to renormalize the OPE and the role of S-D transitions
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FIG. 7. Left panel: Best fit results for di↵erent cuto↵s ⇤ using a potential of scheme I plus OPE in the
elastic channels. Only solution B exists in this case. The background is shown as the orange dot-dashed
curve. Right panel: Predictions for the line shapes of the ⌃cD̄ (blue), ⌃⇤

cD̄ (orange), ⌃cD̄⇤ (green), and
⌃⇤

cD̄
⇤ (red) mass distributions.

As noticed in Refs. [65, 66], because of the large mass of the heavy system and the large splittings

between the thresholds treated dynamically, the typical involved momenta are much larger than

those for low-energy two–nucleon scattering, e.g., in the deuteron. In our case, the typical momenta

ptyp ⇠
p
2µ�, with � and µ the largest threshold splitting and the reduced mass of the system, are
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FIG. 6. Predictions for the line shapes of the ⌘cp invariant mass distributions based on the fit results in
Fig. 4 for solutions A and B of scheme I without the ⇤cD̄(⇤) channels. The blue dotted, orange dashed and
green dot-dashed curves correspond to the predictions from the three fit results (cos ✓Pc -weighted, mKp > 1.9
GeV and mKp-all) of Fig. 4, in order.

any additional parameters, see Sec. II B for the discussion of the coupling constants used, however,

it calls for the inclusion of the S-D counter terms that come with unknown strengths.
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FIG. 7. Left panel: Best fit results for di↵erent cuto↵s ⇤ using a potential of scheme I plus OPE in the
elastic channels. Only solution B exists in this case. The background is shown as the orange dot-dashed
curve. Right panel: Predictions for the line shapes of the ⌃cD̄ (blue), ⌃⇤

cD̄ (orange), ⌃cD̄⇤ (green), and
⌃⇤

cD̄
⇤ (red) mass distributions.

As noticed in Refs. [65, 66], because of the large mass of the heavy system and the large splittings

between the thresholds treated dynamically, the typical involved momenta are much larger than

those for low-energy two–nucleon scattering, e.g., in the deuteron. In our case, the typical momenta

ptyp ⇠
p
2µ�, with � and µ the largest threshold splitting and the reduced mass of the system, are
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FIG. 8. First row: Best fit results for solutions A (left) and B (right) for di↵erent cuto↵s ⇤ using a
potential of scheme II. The background is shown as red-dotted curve. Second row: Cuto↵ dependence of
the predicted line shapes of ⌃cD̄ (blue), ⌃⇤

cD̄ (orange), ⌃cD̄⇤ (green), and ⌃⇤
cD̄

⇤ (red) mass distributions.
Third row: Cuto↵ dependence of the predicted line shapes for the ⌘cp mass distributions. No background
is included for predicted line shapes.

actually not surprising: given that solution A does not exist as long as the OPE is included but

the S-D contact terms are switched o↵, the possibility to have a solution A in Scheme II could

be achieved only with the unnaturally large S-D transitions generated by the contact interactions

in an attempt to improve the description of the data. Accordingly, in such an unnatural scenario,

which would violate the power counting, the cuto↵ dependence can not be properly absorbed into

redefinitions of the contact terms and reveals itself in the line shapes, especially for the predicted

mass distributions in the ⌃(⇤)
c D̄(⇤) and ⌘cp channels, as seen from Fig. 8. Therefore, we discard
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cutoff independent
results!

●  Renormalizability  require S-wave-to-D-wave contact term   to appear together with OPE
●  completely consistent with similar analyses of  Zb(10610)/Zb(10650) PRD 98, 074023 (2018),  

PRD 99, 094013 (2019)
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With S-D
contact term

Fit B survives the inclusion of the OPE, fit A does not

⇒    Pc(4440) is 3/2-    and  Pc(4457) is 1/2-    Fit B:
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Predictions for other final states

●  Strong threshold enhancements
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FIG. 13. Predictions for the line shapes in the ⌃(⇤)
c D̄(⇤) and ⇤cD̄(⇤) channels based on the fit results of

scheme III (solution B) for three di↵erent backgrounds. The left, middle and right columns show the results
that are related to the blue, orange and green lines in Fig. 12, respectively. First row: Mass distributions in
the ⌃cD̄ (blue dashed curves), ⌃⇤

cD̄ (orange dotted curves), ⌃cD̄⇤ (green dot-dashed curves), and ⌃⇤
cD̄

⇤ (red
solid curves) channels. Second row: Mass distributions in the ⇤cD̄ (blue dashed curves) and ⇤cD̄⇤ (orange
dotted curves) channels. Note the di↵erent scales on the y-axes of the di↵erent plots. No contribution from
a possible background is included.

FIG. 14. Predictions for the line shapes of the ⌘cp invariant mass distributions based on the fit results
of Scheme III (solution B) in Fig. 12 for three di↵erent backgrounds. The blue dotted, orange dashed and
green dot-dashed curves correspond to the predictions from the three fit results in Fig. 12 of blue, orange
and green colors, in order. No contribution from a possible background is included.

V. SUMMARY

In this work we present an updated coupled-channel analysis of the process ⇤0

b ! J/ pK� for

the hidden-charm pentaquark states discovered by LHCb. In Ref. [40], an analysis of the J/ p

invariant mass distributions in this process was performed within a coupled-channel approach

including interactions between the elastic ⌃(⇤)
c D̄(⇤) channels and transitions from the elastic to
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FIG. 10. Predictions for the line shapes of ⌃cD̄ (blue dashed curves), ⌃⇤
cD̄ (orange dotted curves), ⌃cD̄⇤

(green dot-dashed curves), and ⌃⇤
cD̄

⇤ (red solid curves) mass distributions based on the fit results in Fig. 9
for solutions A and B of scheme II.

states reside, implies that the ⇤cD̄(⇤) channels potentially can be even more important than the

distant channels composed of a charmonium and a pion. Unlike other inelastic channels, the

⇤cD̄(⇤) channels can couple to the elastic channels via the OPE in addition to the short-range

operators, which provides further support for their potentially important role. In addition, some

model calculations without the unitarity constraint concluded large branching fractions of the Pc

states decaying into the ⇤cD̄⇤ channel [36, 85]. As discussed above, as the ⌃(⇤)
c states dominantly

decay to ⇤c⇡, the simultaneous inclusion of the ⇤cD̄(⇤) channels and the OPE potential will lead
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Pentaquarks as Baryon-AntiMeson molecules

lowest isospin channels. Xð3872Þ is another example, which
is a good candidate of the D0D̄#0 molecule with isospin
I ¼ 0. The newly reported Pcs are widely accepted as the
ΣcD̄ð#Þ bound states with isospins I ¼ 1

2. Some investiga-
tions on the DD# and B̄ð#ÞB̄ð#Þ systems also demonstrated
the existence of bound states in I ¼ 0 channels [25,26].
In our previous work [11], we have systematically

investigated the interactions of the ΣcD̄, ΣcD̄#, Σ#
cD̄, and

Σ#
cD̄# systems in chiral effective field theory. We simulta-

neously reproduced the newly observed threePcs as the I ¼
1
2 hidden-charmΣcD̄ andΣcD̄# molecules by introducing the
Λc contribution in the two-pion-exchange loop diagrams. In
this work, we extend our study to the ΞcD̄ð#Þ, Ξ0

cD̄ð#Þ, and
Ξ#
cD̄ð#Þ systems to seewhether there exist the bound states in

the lowest isospin, i.e., I ¼ 0 channels. Likewise, these
strange hidden charm molecular states might be recon-
structed in the J=ψΛ channel at the LHCb experiment. Some
investigations suggest searching for these states in the decay
modes ΛbðΞbÞ → J=ψΛKðηÞ [27–29].
Based on Ref. [11], we further study the effective

potentials of six systems, i.e., ΞcD̄ð#Þ, Ξ0
cD̄ð#Þ, and

Ξ#
cD̄ð#Þ. They all contain one strange quark. The short-range

contact interaction, long-range one-pion-exchange contri-
bution and intermediate-range two-pion-exchange diagrams
are all included in the framework of chiral effective field

theory (For the reviews of chiral effective field theory, we
refer to [30–34]). Considering the hadronic molecules are
shallowly bound states, the strange quark dynamics are
freezed in the present calculations, which contribution is
partially involved in the contact terms.We ignore the η andK
meson contributions in the loops. The low energy constants
(LECs) are well determined by fitting the Pc spectra. In this
way,we predict the possible strange hidden charmmolecular
pentaquarks.
This paper is organized as follows. In Sec. II, we give the

effective Lagrangians constructed with the chiral and heavy
quark symmetries. In Sec. III, we show the expressions of
effective potentials. In Sec. IV, we give the numerical
results and discussions. In Sec. V, we conclude this work
with a short summary. In Appendix A, we bridge the LECs
to those of Σð#Þ

c D̄ð#Þ with quark model.

II. EFFECTIVE LAGRANGIANS WITH THE
CHIRAL AND HEAVY QUARK SYMMETRIES

The effective Lagrangians can be classified as the pion
and contact interactions, respectively. We first show the
Lagrangians of the charmed baryon (anticharmed mesons)
and light pseudoscalar meson interaction. For the charmed
baryons, the matrix forms of the spin-12 antitriplet, spin-

1
2,

and spin-32 sextets in the SU(3) flavor space are expressed as

B3̄ ¼

2

64
0 Λþ

c Ξþ
c

−Λþ
c 0 Ξ0

c

−Ξþ
c −Ξ0

c 0

3

75; B6 ¼

2

6664

Σþþ
c

Σþ
cffiffi
2

p Ξ0þ
cffiffi
2

p

Σþ
cffiffi
2

p Σ0
c

Ξ00
cffiffi
2

p

Ξ0þ
cffiffi
2

p Ξ00
cffiffi
2

p Ω0
c

3

7775; B#μ
6 ¼

2

6664

Σ#þþ
c

Σ#þ
cffiffi
2

p Ξ#þ
cffiffi
2

p

Σ#þ
cffiffi
2

p Σ#0
c

Ξ#0
cffiffi
2

p

Ξ#þ
cffiffi
2

p Ξ#0
cffiffi
2

p Ω#0
c

3

7775

μ

: ð1Þ

The leading order chiral Lagrangians for the charmed baryons and light pseudoscalar mesons in the superfield notation
read [35–38]

LBφ ¼ −Tr½ψ̄μiv ·Dψμ' þ igaϵμνρσTr½ψ̄μuρvσψν' þ i
δa
2
Tr½ψ̄μσμνψν' þ 1

2
Tr½B̄3̄ðiv ·DÞB3̄' þ gbTr½ψ̄μuμB3̄ þ H:c:'; ð2Þ

where Tr½( ( (' denotes the trace in flavor space. The
covariant derivative Dμψ ¼ ∂μψ þ Γμψ þ ψΓT

μ . ga ≃
−1.47 and gb ≃ 1.04 are the axial couplings [39–41]. δa ¼
mΞ#

c
−mΞ0

c
is the mass splitting between Ξ#

c and Ξ0
c in this

calculation. vμ ¼ ð1; 0Þ represents the four-velocity of a
slowly moving heavy baryon. The superfields ψμ and ψ̄μ

are defined as

ψμ ¼ B#μ
6 −

1ffiffiffi
3

p ðγμ þ vμÞγ5B6;

ψ̄μ ¼ B̄#μ
6 þ 1ffiffiffi

3
p B̄6γ5ðγμ þ vμÞ: ð3Þ

In addition, the chiral connection Γμ and axial-vector
current uμ read respectively

Γμ ≡ 1

2
½ξ†; ∂μξ'; uμ ≡ i

2
fξ†; ∂μξg; ð4Þ

where

ξ2 ¼ U ¼ exp
"
iφ
fπ

#
;

φ ¼

2

6664

π0 þ ηffiffi
3

p
ffiffiffi
2

p
πþ

ffiffiffi
2

p
Kþ

ffiffiffi
2

p
π− −π0 þ ηffiffi

3
p

ffiffiffi
2

p
K0

ffiffiffi
2

p
K0

ffiffiffi
2

p
K̄0 − 2ηffiffi

3
p

3

7775; ð5Þ

and fπ ¼ 92.4 MeV is the pion decay constant. Expanding
Eq. (2) one can get the coupling terms among B3̄, B6 and
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B!μ
6 . The detailed forms and the corresponding axial

couplings can be found in Refs. [11,39–41].
The leading order Lagrangians that delineate the inter-

actions between the anticharmed mesons and light
Goldstones read [42,43]

LH̃φ ¼ −ih ¯̃Hv ·DH̃i − 1

8
δbh ¯̃HσμνH̃σμνiþ gh ¯̃H=uγ5H̃i;

ð6Þ

where h& & &i represents the trace in spinor space. The
covariant derivative Dμ ¼ ∂μ þ Γμ. δb is defined as
δb ¼ mD̄! −mD̄. g ≃ −0.59 stands for the axial coupling,
which can be extracted from the partial decay width of
D!þ → D0πþ [1]. The H̃ is the super-field for the anti-
charmed mesons, which reads

H̃¼ ½P̃!
μγμ þ iP̃γ5(

1−=v
2

; ¯̃H¼ 1−=v
2

½P̃!†
μ γμ þ iP̃†γ5(;

with P̃ ¼ ðD̄0; D−; D−
s ÞT and P̃! ¼ ðD̄!0; D!−; D!−

s ÞT ,
respectively.
The contact Lagrangians that describe the short

distance interactions between the charmed baryon sextets
and anticharmed mesons have been constructed in
Refs. [10,11] with the super-field representations, which
read

LH̃Bð!Þ
6

¼ Dah ¯̃HH̃iTr½ψ̄μψμ(

þ iDbϵσμνρvσh ¯̃Hγργ5H̃iTr½ψ̄μψν(

þ Eah ¯̃HλiH̃iTr½ψ̄μλiψμ(

þ iEbϵσμνρvσh ¯̃Hγργ5λiH̃iTr½ψ̄μλiψν(; ð7Þ

where Da, Db, Ea, and Eb are the LECs. They can be
determined by fitting the Pc spectra. λi denotes the Gell-
Mann matrices.
Besides, we also need the Lagrangians to depict the

contact interactions of the charmed baryon antitriplet and
anticharmed mesons. They can be analogously constructed
as follows,

LH̃B3̄
¼ D̃ah ¯̃HH̃iTr½B̄3̄B3̄( þ D̃bh ¯̃Hγργ5H̃iTr½B̄3̄γργ5B3̄(

þ Ẽah ¯̃HλiH̃iTr½B̄3̄λiB3̄(

þ Ẽbh ¯̃Hγργ5λiH̃iTr½B̄3̄γργ5λiB3̄(; ð8Þ

where D̃a, D̃b, Ẽa, and Ẽb are another sets of the LECs.
These LECs are different from the ones in Eq. (7), since the
B3̄ and Bð!Þ

6 are not the partner states under heavy quark
spin symmetry. But we can establish the corresponding

relationship with the Da, Db, Ea, and Eb with the help of
quark model. We show this operation in the Appendix A.

III. EXPRESSIONS OF THE
EFFECTIVE POTENTIALS

There exists a simple relation between the effective
potential and scattering amplitude in momentum space
under the Breit approximation,

VðqÞ ¼ −
MðqÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Πimi2Πfmf
p ; ð9Þ

where mi and mf are the masses of the initial and final
states. q denotes the transferred momentum between two
scattering particles. Then the effective potential in coor-
dinate space can be easily obtained by Fourier trans-
formation, which yields

VðrÞ ¼
Z

d3q
ð2πÞ3

eiq·rVðqÞF ðqÞ; ð10Þ

where a Gauss regulator F ðqÞ ¼ expð−q2n=Λ2nÞ is intro-
duced to suppress the high momentum contribution
[44,45]. n ¼ 2 is used in this work [46,47]. Considering
the ρ meson mass mρ is treated as the typical hard scale in
chiral effective theory, thus the cutoff Λ should be smaller
than mρ (A detailed discussion on the range of Λ can be
found in Ref. [11]). The Λ is chosen to be around 0.5 GeV
to perform fittings and give predictions [10,11,32,46].
The topological diagrams are shown in Fig. 1. There are

three types of Feynman diagrams in our calculations, i.e.,
the leading order contact interaction, one-pion-exchange
diagram, and the next-to-leading order two-pion-exchange
diagrams. The Feynman diagrams for the ΞcD̄ð!Þ (Ξ0

cD̄ð!Þ)
and Ξ!

cD̄ð!Þ systems are totally the same as the ΣcD̄ð!Þ and
Σ!
cD̄ð!Þ, respectively. In other words, one can build the

following correspondence,

Ξ0
cD̄ð!Þ½ΞcD̄ð!Þ( ⇔ ΣcD̄ð!Þ; Ξ!

cD̄ð!Þ ⇔ Σ!
cD̄ð!Þ: ð11Þ

So we do not explicitly show the detailed graphs for each
systems at each order. One can find them in Figs. 2–7
of Ref. [11].
In the following, we write down the leading order contact

potential of each system, which can be easily obtained by
expanding the Lagrangians in Eqs. (7) and (8), respectively.

VXi:j

Ξ0
cD̄

¼ −Da − 2GEa; ð12Þ

VXi:j

Ξ0
cD̄! ¼ −Da − 2GEa −

2

3
ðDb þ 2GEbÞσ · T; ð13Þ
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covariant derivative Dμ ¼ ∂μ þ Γμ. δb is defined as
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and anticharmed mesons have been constructed in
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read
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where Da, Db, Ea, and Eb are the LECs. They can be
determined by fitting the Pc spectra. λi denotes the Gell-
Mann matrices.
Besides, we also need the Lagrangians to depict the
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the ρ meson mass mρ is treated as the typical hard scale in
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than mρ (A detailed discussion on the range of Λ can be
found in Ref. [11]). The Λ is chosen to be around 0.5 GeV
to perform fittings and give predictions [10,11,32,46].
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●  Baryonic SU(3) multiplets of S=1/2 antitriplet, S=1/2 sextet and S=3/2 sextet 

●  Anticharmed mesons form triplet

●  Meson-Baryon interactions:
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6⇥ 3 = 10 + 8and

●  8 LECs +  LECs from coupled channels 
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H̃B3̄ � H̃B6

B!μ
6 . The detailed forms and the corresponding axial

couplings can be found in Refs. [11,39–41].
The leading order Lagrangians that delineate the inter-

actions between the anticharmed mesons and light
Goldstones read [42,43]

LH̃φ ¼ −ih ¯̃Hv ·DH̃i − 1
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ð6Þ

where h& & &i represents the trace in spinor space. The
covariant derivative Dμ ¼ ∂μ þ Γμ. δb is defined as
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respectively.
The contact Lagrangians that describe the short

distance interactions between the charmed baryon sextets
and anticharmed mesons have been constructed in
Refs. [10,11] with the super-field representations, which
read

LH̃Bð!Þ
6

¼ Dah ¯̃HH̃iTr½ψ̄μψμ(

þ iDbϵσμνρvσh ¯̃Hγργ5H̃iTr½ψ̄μψν(

þ Eah ¯̃HλiH̃iTr½ψ̄μλiψμ(

þ iEbϵσμνρvσh ¯̃Hγργ5λiH̃iTr½ψ̄μλiψν(; ð7Þ

where Da, Db, Ea, and Eb are the LECs. They can be
determined by fitting the Pc spectra. λi denotes the Gell-
Mann matrices.
Besides, we also need the Lagrangians to depict the

contact interactions of the charmed baryon antitriplet and
anticharmed mesons. They can be analogously constructed
as follows,

LH̃B3̄
¼ D̃ah ¯̃HH̃iTr½B̄3̄B3̄( þ D̃bh ¯̃Hγργ5H̃iTr½B̄3̄γργ5B3̄(

þ Ẽah ¯̃HλiH̃iTr½B̄3̄λiB3̄(

þ Ẽbh ¯̃Hγργ5λiH̃iTr½B̄3̄γργ5λiB3̄(; ð8Þ

where D̃a, D̃b, Ẽa, and Ẽb are another sets of the LECs.
These LECs are different from the ones in Eq. (7), since the
B3̄ and Bð!Þ

6 are not the partner states under heavy quark
spin symmetry. But we can establish the corresponding

relationship with the Da, Db, Ea, and Eb with the help of
quark model. We show this operation in the Appendix A.

III. EXPRESSIONS OF THE
EFFECTIVE POTENTIALS

There exists a simple relation between the effective
potential and scattering amplitude in momentum space
under the Breit approximation,

VðqÞ ¼ −
MðqÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Πimi2Πfmf
p ; ð9Þ

where mi and mf are the masses of the initial and final
states. q denotes the transferred momentum between two
scattering particles. Then the effective potential in coor-
dinate space can be easily obtained by Fourier trans-
formation, which yields

VðrÞ ¼
Z

d3q
ð2πÞ3

eiq·rVðqÞF ðqÞ; ð10Þ

where a Gauss regulator F ðqÞ ¼ expð−q2n=Λ2nÞ is intro-
duced to suppress the high momentum contribution
[44,45]. n ¼ 2 is used in this work [46,47]. Considering
the ρ meson mass mρ is treated as the typical hard scale in
chiral effective theory, thus the cutoff Λ should be smaller
than mρ (A detailed discussion on the range of Λ can be
found in Ref. [11]). The Λ is chosen to be around 0.5 GeV
to perform fittings and give predictions [10,11,32,46].
The topological diagrams are shown in Fig. 1. There are

three types of Feynman diagrams in our calculations, i.e.,
the leading order contact interaction, one-pion-exchange
diagram, and the next-to-leading order two-pion-exchange
diagrams. The Feynman diagrams for the ΞcD̄ð!Þ (Ξ0

cD̄ð!Þ)
and Ξ!

cD̄ð!Þ systems are totally the same as the ΣcD̄ð!Þ and
Σ!
cD̄ð!Þ, respectively. In other words, one can build the

following correspondence,

Ξ0
cD̄ð!Þ½ΞcD̄ð!Þ( ⇔ ΣcD̄ð!Þ; Ξ!

cD̄ð!Þ ⇔ Σ!
cD̄ð!Þ: ð11Þ

So we do not explicitly show the detailed graphs for each
systems at each order. One can find them in Figs. 2–7
of Ref. [11].
In the following, we write down the leading order contact

potential of each system, which can be easily obtained by
expanding the Lagrangians in Eqs. (7) and (8), respectively.

VXi:j

Ξ0
cD̄

¼ −Da − 2GEa; ð12Þ

VXi:j

Ξ0
cD̄! ¼ −Da − 2GEa −

2

3
ðDb þ 2GEbÞσ · T; ð13Þ
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Strange molecular pentaquarks

●  Without coupled-channels
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⇤ ! ⌅cD̄
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⇒ same binding energies of Pcs (4338) and Pcs (4459)
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⇒ above threshold!but

of Figs. 1(a) [green] and 1(b) [magenta] are relatively
small in the magnitude, they have significantly enhanced
ΞcD̄ and ΛcD̄s threshold cusps, respectively, and develop
the PΛ

ψs peaks through the interference.
The large contribution from Fig. 1(c) is understandable

since it is color favored. The color-suppressed Fig. 1(d) is
comparable, possibly because it is not suppressed by a
loop. However, the color-favored Fig. 1(b) contributes
rather small. This might be because ΛcD̄s → ΛJ=ψ is
suppressed compared with Λ̄cD → p̄J=ψ . The suppression
would be expected since, in a meson-exchange picture,
ΛcD̄s → ΛJ=ψ caused by a Dð"Þ

s -exchange involves ss̄
creation and annihilation while Λ̄cD → p̄J=ψ with a
Dð"Þ-exchange needs light quark pair (de)excitations.
Yet, a solid understanding awaits more theoretical analyses
and higher statistics data.
Our default and LHCb’s models describe the data

rather differently. The LHCb fitted the MJ=ψp̄ distribution
with a nonresonant J=ψp̄ [NRðJ=ψp̄Þ] amplitude in a

polynomial form without identifying the physical
origin of the increasing behavior. The NRðJ=ψp̄Þ
includes only a S ¼ 3=2 and p-wave J=ψ p̄ to occupy
∼84% fit fraction; S denotes the total spin of J=ψ p̄.
This p-wave dominance is counterintuitive since the
small Q-value implies a s-wave dominance. Indeed,
Figs. 1(c) and 1(d), which are dominant in our model,
are s-wave J=ψp̄ amplitudes.
We modified our default model by replacing

Figs. 1(c) and 1(d) with diagrammatically similar ones
that have the same J=ψ p̄ partial wave as the LHCb’s
NRðJ=ψp̄Þ. By fitting this modified model to the LHCb
data, we obtained χ2 similar to that of the default model.
However, the modified and LHCb models have line shapes
qualitatively different from the default model such as (i) At
the Λ̄cD threshold in the MJ=ψp̄ distribution, our default fit
has a cusp structure but our modified and the LHCb fits
have a smooth line shape; (ii) Our default model (and also
the LHCb data tend to) shows a plateau at cos θK" ∼ −1, but
our modified and the LHCb models show a monotonically
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FIG. 3. (a) J=ψΛ, (b) J=ψp̄, (c) Λp̄ invariant mass, and (d) cos θK" distributions for B− → J=ψΛp̄. The default fit and contributions
from different diagrams in Fig. 1 are shown. The dotted vertical lines indicate thresholds for, from left to right, Λþ
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●  Coupled-channel contact                             
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⌅cD̄ ! ⇤cD̄s

Nakamura and Wu, PRD 108, L011501 (2023) 

— accounts for the Pcs(4338) width

— predicts a virtual state near 
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●  But no full coupled channel analysis of Pcs (4338) and Pcs (4459) yet
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— the OPE can also contribute here
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Conclusions
●

●

Pc(s) sit near S-wave meson-baryon  thresholds: Molecular interpretation is very tempting 
and consistent with available data.

●

●

But other scenarios such as hadrocharmonia and compact pentaquarks are also possible

Studying  Pc(s)  in various final states and determining their quantum numbersKey Info:

Positive parities exclude molecules for Pc(s)

Sensitivity to production process: 
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J/ p photoproduction Talk by D. Winney

decays,
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B(s) decays

● Pentaquarks in lattice QCD: first results Skerbis, Prelovsek (2019);  HAL QCD (2018);  Xing et al. (2022)

— Lüscher method fails in the presence of singularities (left-hand cuts) from long-range interactions 

— New method to extract infinite volume amplitudes from FV energy levels with cuts  Meng et al  arXiv: 2312.01930 
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c D̄(⇤)K, . . . SIS100:

see also Du et al.  PRL 2023 
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Formalism: production and inelastic channels

— via couplings to elastic channels 
— No direct inelastic transitions 

Uel =

Uinel =

+
D̄(⇤)
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FIG. 4. Diagrams contributing to the ⌥(10860) ! �B(⇤)B̄(⇤)

decay amplitude: diagrams (a), (b1) and (b2) (in the first
line) form a gauge invariant subset of tree level contribu-
tions, while diagrams (c1), (c2), (d) and (e) correspond to a
gauge invariant subset of contributions at the one-loop level.
The vertex in diagrams (a) and (d) comes from gauging the
⌥(10860) ! B(⇤)B̄(⇤) vertex; the photon vertices in (b1),
(b2), (c1) and (c2) are from gauging the kinetic terms of the
heavy mesons. The diagram (d) is needed to account for
gauging the regulator used in the loops and for a nonpoint-
like character of the amplitude in the final state.

TABLE II. Ratios of the coupling constants, �(J++
)

↵ , respon-
sible for the production of the WbJ states in the radiative
decays ⌥(10860) ! �WbJ .

BB̄(1S0) B⇤B̄⇤(1S0) BB̄⇤(3S1,+) B⇤B̄⇤(5S2)

1 1/
p
3 2

p
20/3

(a coupled-channel version of this relation is provided in
Ref. [? ]). In the heavy quark limit the functions A

and B do not depend on the channel. Moreover, since
the momentum dependence of the functions A(p↵) and
B
↵(p↵) is controlled by the left-hand cuts of the produc-

tion operator and the scattering amplitude, respectively,
we expect that near thresholds both are well approxi-
mated by constants, which are also independent of the
channel in the heavy quark limit. Based on this one can
predict the ratios of the partial widths for di↵erent de-
cay channels of the WbJ ’s, up to spin symmetry violating
corrections.

It is proposed in Ref. [? ] that the most prominent
production mechanism for the Zb states in the ⌥(10860)
and ⌥(11020) decays involves B0

1B̄ or B0B̄ intermediate

states, with B0 and B0
1 being the broad members of the

quadruplet of the positive P -parity B mesons. If this
proposal is correct, the decay mechanism through the
B(⇤)B̄(⇤) pairs considered above will give only a small
contribution. However, it should be stressed that the
mechanism proposed in Ref. [? ] should not change the
line shapes but only the total rate of the production cross
sections, which is not a subject of the current study.

B. Coupled-channel system

The set of the allowed quantum numbers for the
B(⇤)B̄(⇤) system is encoded in the basis vectors quoted
in Eq. (??). Inclusion of the OPE interaction enables
transitions to the D and even G waves [? ].

For a given set JPC the system of the partial-wave-
decomposed coupled-channel Lippmann-Schwinger-type
equations reads

T↵� = V e↵
↵�

�

X

�

ˆ
d3q

(2⇡)3
V e↵
↵�

G�T��

T↵�(M, p, p0) = V e↵
↵�

(p, p0) (62)

�

X

�

ˆ
d3q

(2⇡)3
V e↵
↵�

(p, q)G�(M, q)T��(M, q, p0),

where ↵, �, and � label the basis vectors defined in
Eq. (??), the e↵ective potential is defined by Eq. (??),
and the scattering amplitude T↵� is related with the in-
variant amplitude M↵� as

T↵� = �
M↵�p

(2m1,↵)(2m2,↵)(2m1,�)(2m2,�)
, (63)

with m1,↵ and m2,↵ (m1,� and m2,�) being the masses
of the B(⇤) mesons in the channel ↵ (�). The two-body
propagator for the given set JPC takes the form

G� =
�
q2/(2µ�) + m1,� + m2,� � M � i✏

��1
, (64)

where the reduced mass is

µ� =
m1,�m2,�

m1,� + m2,�
. (65)

It is convenient to define the energy Ei relative to a par-
ticular threshold, namely,

M = 2m + E1 ⌘ m + m⇤ + E2 ⌘ 2m⇤ + E3. (66)

Finally, to render the loop integrals well defined we
introduce a sharp ultraviolet cuto↵ ⇤ which needs to
be larger than all typical three-momenta related to the
coupled-channel dynamics. For the results presented be-
low we choose ⇤ = 1 GeV but we also address the prob-
lem of the renormalisability of the resulting EFT and es-
timate and discuss the theoretical uncertainty from the
cuto↵ variation.

— Weak production ⇤0
b ! K ⌃(⇤)D(⇤)

<latexit sha1_base64="5M1bsKki/xvfrKL5J650O4u08EI="></latexit>
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pion relativistically and employ the relativistic mass-energy relations for ⌃(⇤)
c , D̄(⇤) and ⇤c. To be

consistent, we employ the LSEs with relativistic Green functions. The T -matrix for ⌃(⇤)
c D̄(⇤) !

⌃(⇤)
c D̄(⇤) scattering is given by the LSE,

T J
↵�(E, p, p0) = V J

↵�(E, p, p0)�
X

�

ˆ
d3q

(2⇡)3
V J
↵�(E, p, q)G�(E, q)T J

��(E, q, p0), (29)

where the two-body propagator reads [81]

G�(E, q) =
m

⌃
(⇤)
c
mD(⇤)

E
⌃

(⇤)
c
(q)ED(⇤)(q)

1

E
⌃

(⇤)
c
(q) + ED(⇤)(q)� E � ⌃̃R(s,m

⌃
(⇤)
c
)/(2E

⌃
(⇤)
c
(q))

, (30)

G�(E, q) =
m

⌃
(⇤)
c
mD(⇤)

E
⌃

(⇤)
c
(q)ED(⇤)(q)

1

E
⌃

(⇤)
c
(q) + ED(⇤)(q)� E � ⌃̃R(s)

2E
⌃

(⇤)
c
(q)

, (31)

with

s =
�
E � ED(⇤)(q)

�2 � q2 (32)

for the o↵-shell ⌃(⇤)
c resonance and ⌃̃R(s,m

⌃
(⇤)
c
) the renormalized self-energy loop diagram with

Ei =
q
q2 +m2

i . The self-energy function ⌃̃R(s,m
⌃

(⇤)
c
) can be evaluated from the diagram in

Fig. 3, since the width of the ⌃(⇤)
c is almost saturated by the two-body decay into the ⇤c⇡ [64].

For simplicity, here we use a more pragmatic way and consider only the unitarity-driven part of

the loop diagram, which generates a relevant three-body cut from the ⇤cD̄⇡ threshold. We expect

that the principal value part of the loop can be largely absorbed into renormalization of the ⌃(⇤)
c

mass. Therefore, the self-energy function reduces to

⌃̃R(s,m
⌃

(⇤)
c
) = ig2

p3p
s
, (33)

where p = �1/2(s,m2

⇤c
,m2

⇡)/2
p
s with Källén function �(a, b, c) = a2+ b2+ c2�2ab�2bc�2ca and

g is set to reproduce the physical width of the ⌃(⇤)
c , i.e., ⌃̃R(m2

⌃
(⇤)
c
,m

⌃
(⇤)
c
) = im

⌃
(⇤)
c
�
⌃

(⇤)
c
. The e↵ect

of the D̄⇤ width can be safely neglected as it is only several tens of keV, i.e., it is three orders of

magnitude smaller than that of the ⌃(⇤)
c . The widths of the D̄ and ⇤c are even smaller than that of

D̄⇤ since both states decay only via the weak interaction, and thus are also negligible. Neglecting

the energy-dependence of the self-energy, i.e., employing ⌃̃R(s,m
⌃

(⇤)
c
) = im

⌃
(⇤)
c
�
⌃

(⇤)
c

in the LSEs,

the two-body propagator Eq. (31) reduces to the form used in Ref. [40] in the nonrelativistic limit.

— Dynamical widths of Σc
(*)
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⌃(⇤)
c

⇤c

⇡

⌃(⇤)
c

FIG. 3. Loop diagrams of the self-energy for ⌃(⇤)
c .

To describe the J/ p mass distribution, we work in terms of the production amplitudes rather

than the scattering amplitudes. The LSE for the physical production amplitude of the ↵th elastic

channel U↵(E, p)J reads

UJ
↵ (E, p)=P J

↵�
X

�

ˆ
d3q

(2⇡)3
V J
↵�(E, p, q)G�(E, q)UJ

� (E, q), (34)

where P↵ denotes the bare production vertices in Eq. (15). Note that we only include the S-wave

⌃(⇤)
c D̄(⇤) production source in LSE, while the sources from the other channels are neglected, as

discussed above. The source corresponding to production of the D-wave ⌃(⇤)
c D̄(⇤) is also neglected

due to the centrifugal barrier as discussed above. As a result of these simplifying assumptions, the

production amplitude, U (0)J
i , for the ith J/ p (⌘cp) inelastic channel is simply given by

U (0)J
i (E, k)=�

X

�

ˆ
d3q

(2⇡)3
V(0)J
i� (k)G�(E, q)UJ

� (E, q). (35)

To render the integrals in the LSEs well defined one needs to introduce a regulator, with a cuto↵

larger than all typical three-momenta scales related to coupled-channel dynamics. In what follows,

we will discuss the results obtained for a hard cuto↵ ⇤ set to 1 GeV for the pure contact potentials,

namely scheme I, and to 1.3 GeV for the case including OPE potentials, i.e., schemes II and III,

as discussed below. However, we have checked that the final results barely depend on the cuto↵

value, when ⇤ is varied from 0.7 GeV to 1.5 GeV for the contact scheme, and from 1.0 to 1.5 GeV

for the schemes including OPE potentials, once the mentioned S-D counter terms are included.

IV. FIT RESULTS

With the decay amplitude from Eq. (35), we are in a position to fit the J/ p invariant mass

distribution of the decay ⇤0

b ! J/ pK� by LHCb [17]. The possible contributions from misiden-

generates D̄⇤c⇡
<latexit sha1_base64="bRl7dB8X8LA0q/9aM5YPoJS4UtU="></latexit>

cut 

Green function:



Predictions for
28

LHCb: mKp>1.9 GeV
Solution A
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Λ=0.9 GeV

Λ=1.1 GeV
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Λ=1.5 GeV

Λ=1.7 GeV
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FIG. 8. First row: Best fit results for solutions A (left) and B (right) for di↵erent cuto↵s ⇤ using a
potential of scheme II. The background is shown as red-dotted curve. Second row: Cuto↵ dependence of
the predicted line shapes of ⌃cD̄ (blue), ⌃⇤

cD̄ (orange), ⌃cD̄⇤ (green), and ⌃⇤
cD̄

⇤ (red) mass distributions.
Third row: Cuto↵ dependence of the predicted line shapes for the ⌘cp mass distributions. No background
is included for predicted line shapes.

actually not surprising: given that solution A does not exist as long as the OPE is included but

the S-D contact terms are switched o↵, the possibility to have a solution A in Scheme II could

be achieved only with the unnaturally large S-D transitions generated by the contact interactions

in an attempt to improve the description of the data. Accordingly, in such an unnatural scenario,

which would violate the power counting, the cuto↵ dependence can not be properly absorbed into

redefinitions of the contact terms and reveals itself in the line shapes, especially for the predicted

mass distributions in the ⌃(⇤)
c D̄(⇤) and ⌘cp channels, as seen from Fig. 8. Therefore, we discard

●  The inclusion of the S-D term does not help much

Fitted

Predicted

scheme II = contact +OPE

●  Fit A  does not exist without the S-D contact term at all

⇤b ! K⌃(⇤)D(⇤) and ⇤b ! K⌘cp
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FIG. 8. First row: Best fit results for solutions A (left) and B (right) for di↵erent cuto↵s ⇤ using a
potential of scheme II. The background is shown as red-dotted curve. Second row: Cuto↵ dependence of
the predicted line shapes of ⌃cD̄ (blue), ⌃⇤

cD̄ (orange), ⌃cD̄⇤ (green), and ⌃⇤
cD̄

⇤ (red) mass distributions.
Third row: Cuto↵ dependence of the predicted line shapes for the ⌘cp mass distributions. No background
is included for predicted line shapes.

actually not surprising: given that solution A does not exist as long as the OPE is included but

the S-D contact terms are switched o↵, the possibility to have a solution A in Scheme II could

be achieved only with the unnaturally large S-D transitions generated by the contact interactions

in an attempt to improve the description of the data. Accordingly, in such an unnatural scenario,

which would violate the power counting, the cuto↵ dependence can not be properly absorbed into

redefinitions of the contact terms and reveals itself in the line shapes, especially for the predicted

mass distributions in the ⌃(⇤)
c D̄(⇤) and ⌘cp channels, as seen from Fig. 8. Therefore, we discard

⌃cD̄
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FIG. 8. First row: Best fit results for solutions A (left) and B (right) for di↵erent cuto↵s ⇤ using a
potential of scheme II. The background is shown as red-dotted curve. Second row: Cuto↵ dependence of
the predicted line shapes of ⌃cD̄ (blue), ⌃⇤

cD̄ (orange), ⌃cD̄⇤ (green), and ⌃⇤
cD̄

⇤ (red) mass distributions.
Third row: Cuto↵ dependence of the predicted line shapes for the ⌘cp mass distributions. No background
is included for predicted line shapes.

actually not surprising: given that solution A does not exist as long as the OPE is included but

the S-D contact terms are switched o↵, the possibility to have a solution A in Scheme II could

be achieved only with the unnaturally large S-D transitions generated by the contact interactions

in an attempt to improve the description of the data. Accordingly, in such an unnatural scenario,

which would violate the power counting, the cuto↵ dependence can not be properly absorbed into

redefinitions of the contact terms and reveals itself in the line shapes, especially for the predicted

mass distributions in the ⌃(⇤)
c D̄(⇤) and ⌘cp channels, as seen from Fig. 8. Therefore, we discard
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Third row: Cuto↵ dependence of the predicted line shapes for the ⌘cp mass distributions. No background
is included for predicted line shapes.
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the S-D contact terms are switched o↵, the possibility to have a solution A in Scheme II could

be achieved only with the unnaturally large S-D transitions generated by the contact interactions

in an attempt to improve the description of the data. Accordingly, in such an unnatural scenario,

which would violate the power counting, the cuto↵ dependence can not be properly absorbed into

redefinitions of the contact terms and reveals itself in the line shapes, especially for the predicted

mass distributions in the ⌃(⇤)
c D̄(⇤) and ⌘cp channels, as seen from Fig. 8. Therefore, we discard
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Scheme II

LHCb: mKp>1.9 GeV

Solution A: χ2/dof = 0.90

Solution B: χ2/dof = 0.91
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FIG. 9. The best fits to the di↵erent experimental data [17] for both solution A (blue dashed curves) and
solution B (red solid curves) of scheme II. The corresponding backgrounds are shown as red-dotted and
blue-dotted curves, respectively. The vertical dashed lines from left to right are the ⌃cD̄, ⌃⇤

cD̄, ⌃cD̄⇤, and
⌃⇤

cD̄
⇤ thresholds, respectively.

almost equally well. This is illustrated in Fig. 9.

A general feature of both schemes I and II is that the source couplings P J
↵ are badly determined,

especially for those of the three ⌃⇤
cD̄

⇤ bound states, which are almost invisible in the line shapes,

as can be seen from Tables IV and V in Appendix B. Also, the couplings to the inelastic channels

have sizeable uncertainties. However, the elastic channel interactions, i.e., C 1

2

and C 3

2

, are well

determined and thus the pole positions and their e↵ective couplings to the dominant channels are

quite stable for di↵erent fits, as shown in Table III. The two solutions lead to poles which are

similar to those in scheme I (see also Refs. [35, 61]). The results are insensitive to the form of the

background. Similar to scheme I, the Pc(4312) couples dominantly to the ⌃cD̄ with JP = 1

2

�
, and

the Pc(4440) and Pc(4457) couple dominantly to the ⌃cD̄⇤ with quantum numbers 1

2

�
and 3

2

�
,

respectively, in solution A, and vice versa in solution B. They are all (quasi-)bound state poles

and should be understood as hadronic molecules of the corresponding dominant channels [7]. In

both schemes, there is a narrow Pc(4380) with JP = 3

2

�
located at around 4.38 GeV as a ⌃⇤

cD̄
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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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FIG. 4. The best fits to the di↵erent experimental data [17] for both solution A (blue dashed curves) and
solution B (red solid curves) of scheme I. The corresponding backgrounds are shown as red-dotted and
blue-dotted curves, respectively. The vertical dashed lines from left to right are the ⌃cD̄, ⌃⇤

cD̄, ⌃cD̄⇤, and
⌃⇤

cD̄
⇤ thresholds, respectively.

by HQSS, as discussed in Sec. II A. In addition, a relativistic form of the two-body propagator

Eq. (30) and the energy-dependence of the width for the ⌃(⇤)
c , Eq. (32), are employed in this work.

As the first step, we do not consider coupled-channel e↵ects from the ⇤cD̄(⇤) channels, i.e., for

the fits discussed here we set both C 0
1

2

and C 00
1

2

to zero. From now on we further assume that the

widths of the Pc states are saturated by the channels included — in this subsection those are J/ p,

⌘cp, and the elastic channels (including those via the decays of the ⌃(⇤)
c ). Therefore, no additional

imaginary contact potentials as in Ref. [40] need to be introduced and unitarity is realized.

Three data sets of the mJ/ p distribution given in Ref. [17] are used in fits. The mJ/ p distri-

bution with mKp > 1.9 GeV can e↵ectively remove over 80% of the ⇤⇤ contributions and the Pc

signals are enhanced in the mJ/ p distribution by applying cos ✓Pc-dependent weights to each event

candidate, with ✓Pc the angle between the K� and the J/ in the Pc rest frame [17]. In analogy

to what was reported in Ref. [40], also with our modified model, two solutions, called A and B,

describing the data almost equally well are found as shown in Fig. 4.
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FIG. 5. Predictions for the line shapes of ⌃cD̄ (blue dashed curves), ⌃⇤
cD̄ (orange dotted curves), ⌃cD̄⇤

(green dot-dashed curves), and ⌃⇤
cD̄

⇤ (red solid curves) mass distributions based on the fit results in Fig. 4
for solutions A and B of scheme I without the ⇤cD̄(⇤) channels.

B. Scheme II: Including the OPE potential

The importance of the OPE potential is well known for the nucleon interaction as its tensor force

leads to the mixing between the S andD waves and can leave a significant impact on the line shapes.

In this section, we investigate the role of the OPE for the elastic channels without considering the

⇤cD̄(⇤) channels under the assumption that the widths of the Pc states are saturated by the J/ p,

⌘cp and elastic channels. We also note that the inclusion of the OPE potential does not involve

●  The inclusion of OPE has a visible impact on the peaks strength
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Scheme I
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FIG. 6. Predictions for the line shapes of the ⌘cp invariant mass distributions based on the fit results in
Fig. 4 for solutions A and B of scheme I without the ⇤cD̄(⇤) channels. The blue dotted, orange dashed and
green dot-dashed curves correspond to the predictions from the three fit results (cos ✓Pc -weighted, mKp > 1.9
GeV and mKp-all) of Fig. 4, in order.

any additional parameters, see Sec. II B for the discussion of the coupling constants used, however,

it calls for the inclusion of the S-D counter terms that come with unknown strengths.

1. How to renormalize the OPE and the role of S-D transitions

FIG. 7. Left panel: Best fit results for di↵erent cuto↵s ⇤ using a potential of scheme I plus OPE in the
elastic channels. Only solution B exists in this case. The background is shown as the orange dot-dashed
curve. Right panel: Predictions for the line shapes of the ⌃cD̄ (blue), ⌃⇤

cD̄ (orange), ⌃cD̄⇤ (green), and
⌃⇤

cD̄
⇤ (red) mass distributions.

As noticed in Refs. [65, 66], because of the large mass of the heavy system and the large splittings

between the thresholds treated dynamically, the typical involved momenta are much larger than

those for low-energy two–nucleon scattering, e.g., in the deuteron. In our case, the typical momenta

ptyp ⇠
p
2µ�, with � and µ the largest threshold splitting and the reduced mass of the system, are
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FIG. 10. Predictions for the line shapes of ⌃cD̄ (blue dashed curves), ⌃⇤
cD̄ (orange dotted curves), ⌃cD̄⇤

(green dot-dashed curves), and ⌃⇤
cD̄

⇤ (red solid curves) mass distributions based on the fit results in Fig. 9
for solutions A and B of scheme II.

states reside, implies that the ⇤cD̄(⇤) channels potentially can be even more important than the

distant channels composed of a charmonium and a pion. Unlike other inelastic channels, the

⇤cD̄(⇤) channels can couple to the elastic channels via the OPE in addition to the short-range

operators, which provides further support for their potentially important role. In addition, some

model calculations without the unitarity constraint concluded large branching fractions of the Pc

states decaying into the ⇤cD̄⇤ channel [36, 85]. As discussed above, as the ⌃(⇤)
c states dominantly

decay to ⇤c⇡, the simultaneous inclusion of the ⇤cD̄(⇤) channels and the OPE potential will lead

Scheme II

Solution B: ηcp
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●  Qualitatively similar results: threshold enhancements in the dominant channels
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The effect from OPE:
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Scheme I: Contact
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Solution B: χ2/dof = 0.97
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FIG. 4. The best fits to the di↵erent experimental data [17] for both solution A (blue dashed curves) and
solution B (red solid curves) of scheme I. The corresponding backgrounds are shown as red-dotted and
blue-dotted curves, respectively. The vertical dashed lines from left to right are the ⌃cD̄, ⌃⇤

cD̄, ⌃cD̄⇤, and
⌃⇤

cD̄
⇤ thresholds, respectively.

by HQSS, as discussed in Sec. II A. In addition, a relativistic form of the two-body propagator

Eq. (30) and the energy-dependence of the width for the ⌃(⇤)
c , Eq. (32), are employed in this work.

As the first step, we do not consider coupled-channel e↵ects from the ⇤cD̄(⇤) channels, i.e., for

the fits discussed here we set both C 0
1

2

and C 00
1

2

to zero. From now on we further assume that the

widths of the Pc states are saturated by the channels included — in this subsection those are J/ p,

⌘cp, and the elastic channels (including those via the decays of the ⌃(⇤)
c ). Therefore, no additional

imaginary contact potentials as in Ref. [40] need to be introduced and unitarity is realized.

Three data sets of the mJ/ p distribution given in Ref. [17] are used in fits. The mJ/ p distri-

bution with mKp > 1.9 GeV can e↵ectively remove over 80% of the ⇤⇤ contributions and the Pc

signals are enhanced in the mJ/ p distribution by applying cos ✓Pc-dependent weights to each event

candidate, with ✓Pc the angle between the K� and the J/ in the Pc rest frame [17]. In analogy

to what was reported in Ref. [40], also with our modified model, two solutions, called A and B,

describing the data almost equally well are found as shown in Fig. 4.

“Contact” Fits to three sets of LHCb data

⇒   Consistent values for the Pc’s poles from all fits
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Scheme II

LHCb: cosθPc­weighted

Solution B: χ2/dof = 0.97
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Figure 9. The best fits to the different experimental data [17] for solution B (red solid curves) of
scheme II. The corresponding backgrounds are shown as red-dotted curves. The vertical dashed
lines from left to right are the ΣcD̄, Σ∗

cD̄, ΣcD̄∗, and Σ∗
cD̄

∗ thresholds, respectively.

Since the focus of the discussion above in section 4.2 was put on the renormalization
of the OPE, the results presented in figures 7 and 8 were obtained using some fixed back-
ground. It is also worth mentioning that while the separation of scales calls for larger
cutoffs, the cutoff larger than the c-quark mass, mc ! 1.5GeV, may introduce additional
HQSS breaking effects.

4.2.2 Description of the data in Λ0
b → J/ψpK−

In ref. [40], it was found that the inclusion of the OPE singles out a unique solution (the
solution B) from the two almost equivalent ones present for the pure contact potentials.
However, no effects from the S-D contact terms were taken into account which, as shown
in the previous section, does not meet the criteria of renormalizability. Here we improve
on this and discuss the renormalized results as well as their implications for the predicted
line shapes, as will be shown in the next section. In figure 9, we present the best fit results
for solution B of scheme II for various data sets.

A general feature of both schemes I and II is that the source couplings P J
α are badly

determined, especially for those of the three Σ∗
cD̄

∗ bound states, which are almost invisible
in the line shapes, as can be seen from tables 4 and 5 in appendix B. Also, the couplings to
the inelastic channels have sizeable uncertainties. However, the elastic channel interactions,
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Pionful Fits to three sets of LHCb data

⇒   Consistent values for the Pc’s poles from all fits
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FIG. 18. Comparison of the GlueX J/ψ total cross section to
open charm calculations [19]. The thresholds of "cD̄ (8.71 GeV) and
"cD̄∗ (9.35 GeV) are shown as vertical lines. The error bars shown
for the GlueX data are the statistical and systematic errors summed
in quadrature.

threshold measurements. Recently, the authors of Ref. [8]
extended their calculations to the threshold region at LO [48].
These calculations, plotted also in Fig. 17, are in a very
good agreement with the total cross section measurements.
Attempts to include the NLO contribution result in large un-
certainties due to the poor knowledge of the corresponding
GPD functions in this kinematic region [49]. This indicates
that our measurements can strongly constrain the relevant
gluon GPD functions.

The authors of Ref. [19] propose an alternative mechanism
of J/ψ photoproduction with a dominant exchange of open-
charm channels "cD̄ and "cD̄∗ in box diagrams. We show
the total cross section results of this model in Fig. 18, and find
good qualitative agreement with our measurements. In partic-
ular, in the data we see structures peaking at both the "cD̄
and "cD̄∗ thresholds that can be interpreted as the cusps ex-
pected with this reaction mechanism. However, the exchange
of heavy hadrons in this model implies a very shallow t depen-
dence in the differential cross sections. This is not supported
by the steeply falling cross sections we observe, as shown
in Fig. 15. Therefore, our differential cross section measure-
ments do not support a dominant contribution from these
open charm exchanges, although the enhancement at high t
observed for the lowest beam energy region is consistent with
a possible contribution from these exchanges. Alternatively,
in Ref. [50] it was shown that the high-t enhancement can be
explained by u-channel contribution assuming factorization in
terms of Transition Distribution Amplitudes [51].

In Ref. [52], the model-independent effective range expan-
sion was used to parametrize the lowest partial waves. Fits to
the total and differential cross sections from this paper and
from Ref. [41] show that the expansion is rapidly conver-
gent, with the L ! 3 waves saturating the forward peak in
the measured photon energy range. Furthermore, the energy
dependence of the total cross section near the open-charm

thresholds was shown to be consistent with the appearance
of "cD̄(∗) intermediate states, as suggested by Ref. [19].

It is important to be able to understand the dynamics un-
derlying J/ψ photoproduction at threshold, and possibly to
identify a kinematic region that can be used to extract the
proton gluonic form factors. Based on the t-slopes of the
differential cross sections (Fig. 15) and also the results of
Ref. [41], the differential cross section at low t values is
consistent with being dominantly due to gluonic exchange.
However, the possible structures in the total cross section en-
ergy dependence and the flattening of the differential cross
section near threshold are consistent with contributions from
open-charm intermediate states. So far, from the analyses
of Ref. [52] it is not possible to distinguish between the
gluon and open-charm exchange mechanisms. Certainly, fur-
ther theoretical work is needed to understand the mechanism
of near-threshold J/ψ production and its relation to the glu-
onic structure of the proton, especially since hints of open
charm production are visible. On the experimental side, higher
statistics are needed to confirm the structures in the total cross
section and the enhancement in the t dependence, the statisti-
cal significance of which at present does not allow making of
definitiveconclusions.
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APPENDIX: NUMERICAL RESULTS

The numerical results for the total and differential cross
sections are given in Tables III–VI.
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Fig. 1 Vector-meson dominance model mechanism for the near-
threshold J/ψ photoproduction

phenomenological models, effective field theories and lattice
QCD. In the last two decades, tens of states beyond the con-
ventional quark model were found, many of them by different
experiments in different reactions. However, their structure
still needs to be resolved. For recent reviews on both the-
oretical and experimental aspects of exotics in the heavy
quark sector see, for example, Refs. [8–16]. An intriguing
recent discovery was a set of hidden-charm pentaquark can-
didates, observed in the Λb decays by the LHCb Collabora-
tion [17,18] and called Pc states, which triggered a flood of
theoretical investigations. However, a subsequent search of
the Pc states in the GlueX experiment using the photoproduc-
tion process γ p → J/ψp did not reveal any signal [19]. The
analyses in Refs. [20,21] which conclude that the branching
fraction of the Pc → J/ψp should be at most a few per cent
are also based on the VMD model: The photon is assumed
to convert to a J/ψ which rescatters then with the proton
target to form Pc states. In fact, VMD is generally assumed
in estimating the cross sections for the photoproduction of
hidden-charm and hidden-bottom pentaquark states [22–33].

The rich physical implications related to the photoproduc-
tion of the J/ψ off the proton provide a strong motivation
to revise the assumptions underlying the VMD approach,
and identify its possible caveats. Specifically, (i) the J/ψ
attached to the photon is highly off-shell while the J/ψp scat-
tering length is defined for the on-shell scattering amplitude;
(ii) the Λ+

c D̄
0 threshold is only 116 MeV above the J/ψp

threshold, rendering the contribution from the Λc D̄ channel
potentially sizeable and thus making the relation between the
photoproduction cross section and the trace anomaly contri-
bution to the nucleon mass even more obscure. In this paper,
we investigate the implications of the latter observation.

We propose a new coupled-channel (CC) mechanism
for the near-threshold J/ψ photoproduction which is not
directly related to the nucleon matrix element of the gluonic
operator since the J/ψp final state is produced through the
nearby open-charm channels Λc D̄ and Λc D̄∗, see Fig. 2. In
particular, we demonstrate that the data recently measured
at GlueX can be quantitatively understood using this mecha-
nism with reasonable parameters. With this mechanism, the

Fig. 2 Mechanism for the near-threshold J/ψ photoproduction
through Λc D̄(∗) which then rescatter into J/ψp

Fig. 3 Feynman diagram for the proposed CC mechanism. The dashed
blue line pinpoints the open-charm intermediate state

direct relation between the trace anomaly contribution to the
nucleon mass and the J/ψ near-threshold photoproduction,
that is present in the VMD model, is obscured. We discuss
the implications of this mechanism, and suggest experimen-
tal observables which should allow one to test the picture
outlined here.

2 Coupled-channel mechanism

The cross section for the inclusive production of a charm and
anti-charm quark pair, γ p → cc̄X with X denoting every-
thing that is not detected, is about two orders of magnitude
higher than that for the exclusive production of the J/ψ ,
γ p → J/ψp (for a compilation of the data and a VMD
model fit see Ref. [34]). This might indicate that the cross
sections for the pairs of open-charm mesons and baryons are
sizeable, which was also expected in Ref. [35]. Then, open-
charm channels close to the J/ψp threshold could potentially
contribute significantly to the J/ψp production. While there
are no data for the photoproduction of open-charm chan-
nels in the pertinent energy region yet, it should be noted
that the cross sections for the analogous reactions in the
strangeness sector, γ p → K+Λ/K+Σ0 [36–40], are indeed
much larger than that for the near-threshold φ meson produc-
tion, γ p → φp [41–43].

For the J/ψp photoproduction off the proton, the clos-
est open-charm channels are Λ+

c D̄
0 and Λ+

c D̄
∗0 with the

thresholds just 116 and 258 MeV above the J/ψp threshold,
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Gluex data analysis by Strakovsky et al. PRC 108 (2023) : 


—Interference of a resonance with background 


— dip in data can be described  if a resonance mass is 77 MeV below LHCb peak
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