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resonances with the same spin and parity, fits to the cos! Pc-
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! " 2 relative to the fits using
an incoherent sum of BW amplitudes. However, substantial
shifts in theP!

c properties are observed, and are included in
the systematic uncertainties. For example, in such a fit the
Pc"4312#! 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 " 0
b candidates are kinematically

constrained to the knownJ=# and" 0
b masses[29], which

substantially improves themJ=#p 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 thePc"4312#! ,

Pc"4440#! , andPc"4457#! states, respectively. The widths
of all three narrowP!

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 the4.22 < mJ=#p <
4.57 GeV region, fits including only thePc"4312#! are
performed in the narrow 4.22Ð4.44 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 narrowP!

c state are taken to be the
largest deviations observed among all fits. These include
the fits to all three versions of themJ=#p distribution, each
configuration of theP!

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 narrowP!

c states, including all
systematic uncertainties, are given in TableI.

To obtain estimates of the relative contributions of the
P!

c states, the" 0
b candidates are weighted by the inverse of

the reconstruction efficiency, which is parametrized in all
six dimensions of the" 0

b decay phase space [Eq. (68) in the
Supplemental Material to Ref.[30] ]. The efficiency-
weightedmJ=#p distribution, without themKp > 1.9GeV
requirement, is fit to determine theP!

c contributions, which
are then divided by the efficiency-corrected and back-
ground-subtracted" 0

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

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

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

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, theR !
B"" 0

b ! P!
c K! #B"P!

c ! J=#p#=B"" 0
b ! J=#pK ! # val-

ues reported for eachP!
c state differ from the fit fractions

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

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

Pc"4312#! 4311.9 %0.7! 6.8
! 0.6 9.8 %2.7! 3.7

! 4.5
"< 27# 0.30%0.07! 0.34

! 0.09

Pc"4440#! 4440.3 %1.3! 4.1
! 4.7 20.6 %4.9! 8.7

! 10.1 "< 49# 1.11%0.33! 0.22
! 0.10

Pc"4457#! 4457.3 %0.6! 4.1
! 1.7 6.4 %2.0! 5.7

! 1.9
"< 20# 0.53%0.16! 0.15

! 0.13
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FIG. 6. Fit to the cos! Pc-weightedmJ=#p distribution with
three BW amplitudes and a sixth-order polynomial background.
This fit is used to determine the central values of the masses and
widths of theP!

c states. The mass thresholds for the$!
c

øD0 and
$!

c
øD$0 final states are superimposed.
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ßavor-spin SU(6) for qqq

/£ 56 = 8 ! 2 + 10! 4 for color singlet uud

6

ßavor spin

1.2 qqq (S-wave)

1.2.1 SUF(3), SUC(3)

3 ⊗ 3 ⊗ 3 = 1 ⊕ 8MS ⊕ 8MA ⊕ 10 (1.22)
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where ! = �" i< j (! i á! j )� For color, only [1 3] is rel-

evant.

1.2.2 SU" (2)
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where # = �" i< j (" i á" j )�

1.2.3 SUC" (6)

6 ⊗ 6 ⊗ 6 = 20⊕ 70MS ⊕ 70MA ⊕ 56 (1.24)

⊗ ⊗ = ⊕ ⊕ ⊕ (1.25)

[3] is irrelevant.

1.2.4 SU(18) ⊃ SUF(3)⊗SU" C(6) ⊃
SUF(3)⊗SU" (2)⊗SUC(3)

The symmetry of SUFC" (18) should be [13]. The

symmetry of SU C(3) should be [13]. So, the sym-

metry of SU F" (6) should be [3]. Total dimension is

8 × 2 + 10× 4 = 56 (Tables 1 and 2).
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1.2.4 SU(18) & SUF(3)! SU" C(6) &
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The symmetry of SUFC" (18) should be [13]. The
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表 2: Baryons (color-singlet q3 systems)
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For color, only [1 3] is relevant. hは Young図形より
求められる。Casimir 演算子の期待値は、qをＮ # 1

個の qと思って、n = N として求められる。! は
Casimir 演算子の期待値より、n = 2として求めら
れる。
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The symmetry of SUFC" (18) should be [13]. The

symmetry of SU C(3) should be [13]. So, the sym-

metry of SU F" (6) should be [3]. Total dimension is

8 × 2 + 10× 4 = 56 (Tables 1 and 2).
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Casimir ���‰� �w�8�4�‹�‘�“�z n = 2 �q�`�o�{�Š�’

�•�”�{

1.3.2 SU" (2)

2 ⊗ 2 = 1 ⊕ 3 (1.27)

⊗ ⊗ = ⊕

h −1 1

C2 0 8

# −3 1

2

1.2 qqq (S-wave)

1.2.1 SUF(3), SUC(3)
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SUF(3)⊗SU" (2)⊗SUC(3)

The symmetry of SUFC" (18) should be [13]. The

symmetry of SU C(3) should be [13]. So, the sym-

metry of SU F" (6) should be [3]. Total dimension is

8 × 2 + 10× 4 = 56 (Tables 1 and 2).
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¯ 2: Baryons (color-singlet q3 systems)

SUF(3) SUC" (6) SU" (2) dim ! !# T S

8×2 −8 8 0,12,1 1
2

10×4 −8 −8 0,12,1,32
3
2

1.3 qq (S-wave)

1.3.1 SUF(3), SUC(3)

3 ⊗ ÷3 = 1 ⊕ 8 (1.26)

⊗ = ⊕

h −3 0

C3 0 12

! −16
3
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3

For color, only [1 3] is relevant. h �x Young 
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1.2 qqq (S-wave)
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3 ! 3 ! 3 = 1 " 8MS " 8MA " 10 (1.22)
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where ! = $" i< j (! i á! j )%For color, only [1 3] is rel-

evant.
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2 ! 2 ! 2 = 2MS " 2MA " 4 (1.23)
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where # = $" i< j (" i á" j )%

1.2.3 SUC" (6)

6 ! 6 ! 6 = 20" 70MS " 70MA " 56 (1.24)

! ! = " " " (1.25)

[3] is irrelevant.

1.2.4 SU(18) & SUF(3)! SU" C(6) &
SUF(3)! SU" (2)! SUC(3)

The symmetry of SUFC" (18) should be [13]. The

symmetry of SU C(3) should be [13]. So, the sym-

metry of SU F" (6) should be [3]. Total dimension is

8 ' 2 + 10' 4 = 56 (Tables 1 and 2).
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表 1: q3 systems.

SU(18) SUF(3) SUC" (6) SU" (2) SUC(3) dim

16 1' 56

40

16 8' 70

2

20

32

16 10' 20

4

816 816

表 2: Baryons (color-singlet q3 systems)

SUF(3) SUC" (6) SU" (2) dim ! !# T S

8' 2 # 8 8 0,12,1 1
2

10' 4 # 8 # 8 0,12,1,32
3
2

1.3 qq (S-wave)

1.3.1 SUF(3), SUC(3)

3 ! ÷3 = 1 " 8 (1.26)

! = "

h # 3 0

C3 0 12

! #
16
3

2
3

For color, only [1 3] is relevant. hは Young図形より
求められる。Casimir 演算子の期待値は、qをＮ # 1

個の qと思って、n = N として求められる。! は
Casimir 演算子の期待値より、n = 2として求めら
れる。
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2
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3
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1.2.3 SUC" (6)

6 ! 6 ! 6 = 20" 70MS " 70MA " 56 (1.24)

! ! = " " " (1.25)

[3] is irrelevant.

1.2.4 SU(18) & SUF(3)! SU" C(6) &
SUF(3)! SU" (2)! SUC(3)

The symmetry of SUFC" (18) should be [13]. The

symmetry of SU C(3) should be [13]. So, the sym-

metry of SU F" (6) should be [3]. Total dimension is

8 ' 2 + 10' 4 = 56 (Tables 1 and 2).
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16 8' 70
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16 10' 20

4

816 816

表 2: Baryons (color-singlet q3 systems)

SUF(3) SUC" (6) SU" (2) dim ! !# T S

8' 2 # 8 8 0,12,1 1
2

10' 4 # 8 # 8 0,12,1,32
3
2

1.3 qq (S-wave)

1.3.1 SUF(3), SUC(3)

3 ! ÷3 = 1 " 8 (1.26)

! = "

h # 3 0

C3 0 12

! #
16
3

2
3

For color, only [1 3] is relevant. hは Young図形より
求められる。Casimir 演算子の期待値は、qをＮ # 1

個の qと思って、n = N として求められる。! は
Casimir 演算子の期待値より、n = 2として求めら
れる。

1.3.2 SU" (2)

2 ! 2 = 1 " 3 (1.27)

! ! = "

h # 1 1

C2 0 8

# # 3 1

2

spin 3/2

ÔNÕisospin 1/2ÔNÕisospin 1/2

spin 1/2

Ô!Õ isospin 3/2

spin 1/2

1.3.3 SUC! (6)

6 ! ÷6 = 1 " 35 (1.28)

! = "

(1.29)

1.3.4 SU(18) # SUF(3)! SU! C(6) #
SUF(3)! SU! (2)! SUC(3)

The symmetry of SUFC! (18) can be [118] or [2117].

The symmetry of SUC(3) should be [13]. Total di-

mension for the mesons is 1$ 1 + 1 $ 3 + 8 $ 1 +
8 $ 3 = 36.

SU(18) SUF(3) SUC! (6) SU! (2) SUC(3) dim

[118] 1 1$ 1

[2116] 8 1$ 35

3

24

1 8$ 1

8 8$ 35

3

24

324 324

Mesons
SUF(3) SUC! (6) SU! (2) dim ! !" T S

1$ 1 %16
3 %16 0 0

1$ 3 %16
3

16
3 0 1

8$ 1 %16
3 %16 0,12,1 0

8$ 3 %16
3

16
3 0,12,1 1

!
"

Iz

Y = S+ B

1.4 q4 (S-wave)

To make q4q systems.

1.4.1 SUF(3), SUC(3)

34 = 33 " 62 " 153 " 15 (1.30)
4 = " " "

h %2 0 2 6

C3
16
3

40
3

64
3

112
3

! %8 %4 0 8

For color, only [211] is relevant.

1.4.2 SU! (2)

24 = 12 " 33 " 5 (1.31)

4 = " "

h 0 2 6

C2 0 8 24

" %6 %2 6

1.4.3 SUC! (6)

64 = 15" 1053 " 1052 " 2103 " 126 (1.32)
4 = " " " "

h %6 %2 0 2 6

C6
112
3

208
3

256
3

304
3

400
3

!"

1.4.4 SU(18) # SUF(3)! SU! C(6) #
SUF(3)! SU! (2)! SUC(3)

The symmetry of SUFC! (18) should be [1111]

(dim.=3060). The symmetry of SUC(3) should be

[211] (dim.=3). The symmetry of the ßavor-spin

space should be [31] (dim.=210). (Table 3)
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spin 1/2

Ô"1Õ

1.2 qqq (S-wave)

1.2.1 SUF(3), SUC(3)

3⊗ 3⊗ 3 = 1⊕ 8MS ⊕ 8MA ⊕ 10 (1.22)

⊗ ⊗ = ⊕ ⊕ ⊕

h

C3

!

−3

0

−8

0

12

−2

0
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−2

3
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4

where ! = �" i<j ( ! i á! j )� For color, only [1 3] is rel-

evant.
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2⊗ 2⊗ 2 = 2MS ⊕ 2MA ⊕ 4 (1.23)
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3
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1.2.3 SUC" (6)

6⊗ 6⊗ 6 = 20⊕ 70MS ⊕ 70MA ⊕ 56 (1.24)

⊗ ⊗ = ⊕ ⊕ ⊕ (1.25)

[3] is irrelevant.

1.2.4 SU(18) ⊃ SUF(3)⊗SU" C(6) ⊃
SUF(3)⊗SU" (2)⊗SUC(3)

The symmetry of SUFC" (18) should be [13]. The

symmetry of SU C(3) should be [13]. So, the sym-

metry of SU F" (6) should be [3]. Total dimension is

8× 2 + 10× 4 = 56 (Tables 1 and 2).
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¯ 1: q3 systems.
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¯ 2: Baryons (color-singlet q3 systems)

SUF(3) SUC" (6) SU" (2) dim ! !# T S

8×2 −8 8 0,12,1 1
2

10×4−8 −8 0,12,1,32
3
2

1.3 qq (S-wave)

1.3.1 SUF(3), SUC(3)

3⊗ ÷3 = 1⊕ 8 (1.26)

⊗ = ⊕

h −3 0

C3 0 12

! −16
3

2
3

For color, only [1 3] is relevant. h �x Young 
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2⊗ 2 = 1⊕ 3 (1.27)
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1.2 qqq (S-wave)

1.2.1 SUF(3), SUC(3)

3 ! 3 ! 3 = 1 " 8MS " 8MA " 10 (1.22)
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[3] is irrelevant.

1.2.4 SU(18) & SUF(3)! SU" C(6) &
SUF(3)! SU" (2)! SUC(3)

The symmetry of SUFC" (18) should be [13]. The

symmetry of SU C(3) should be [13]. So, the sym-

metry of SU F" (6) should be [3]. Total dimension is

8 ' 2 + 10' 4 = 56 (Tables 1 and 2).
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1.3 qq (S-wave)

1.3.1 SUF(3), SUC(3)
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! #
16
3

2
3

For color, only [1 3] is relevant. hは Young図形より
求められる。Casimir 演算子の期待値は、qをＮ # 1

個の qと思って、n = N として求められる。! は
Casimir 演算子の期待値より、n = 2として求めら
れる。
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where ! = $" i< j (! i á! j )%For color, only [1 3] is rel-
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! ! = " "

h

C2

#

0

3

# 3

0

3

# 3

3

15

3
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[3] is irrelevant.

1.2.4 SU(18) & SUF(3)! SU" C(6) &
SUF(3)! SU" (2)! SUC(3)

The symmetry of SUFC" (18) should be [13]. The

symmetry of SU C(3) should be [13]. So, the sym-

metry of SU F" (6) should be [3]. Total dimension is

8 ' 2 + 10' 4 = 56 (Tables 1 and 2).
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表 2: Baryons (color-singlet q3 systems)
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8' 2 # 8 8 0,12,1 1
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10' 4 # 8 # 8 0,12,1,32
3
2

1.3 qq (S-wave)

1.3.1 SUF(3), SUC(3)

3 ! ÷3 = 1 " 8 (1.26)
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! #
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For color, only [1 3] is relevant. hは Young図形より
求められる。Casimir 演算子の期待値は、qをＮ # 1

個の qと思って、n = N として求められる。! は
Casimir 演算子の期待値より、n = 2として求めら
れる。
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[3] is irrelevant.
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The symmetry of SUFC" (18) should be [13]. The

symmetry of SU C(3) should be [13]. So, the sym-

metry of SU F" (6) should be [3]. Total dimension is
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表 2: Baryons (color-singlet q3 systems)
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8' 2 # 8 8 0,12,1 1
2

10' 4 # 8 # 8 0,12,1,32
3
2

1.3 qq (S-wave)

1.3.1 SUF(3), SUC(3)

3 ! ÷3 = 1 " 8 (1.26)
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3

For color, only [1 3] is relevant. hは Young図形より
求められる。Casimir 演算子の期待値は、qをＮ # 1

個の qと思って、n = N として求められる。! は
Casimir 演算子の期待値より、n = 2として求めら
れる。

1.3.2 SU" (2)

2 ! 2 = 1 " 3 (1.27)

! ! = "

h # 1 1

C2 0 8

# # 3 1

2

1.2 qqq (S-wave)

1.2.1 SUF(3), SUC(3)

3 ⊗ 3 ⊗ 3 = 1 ⊕ 8MS ⊕ 8MA ⊕ 10 (1.22)
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where ! = �" i< j (! i á! j )� For color, only [1 3] is rel-
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1.2.2 SU" (2)

2 ⊗ 2 ⊗ 2 = 2MS ⊕ 2MA ⊕ 4 (1.23)
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1.2.3 SUC" (6)
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[3] is irrelevant.

1.2.4 SU(18) ⊃ SUF(3)⊗SU" C(6) ⊃
SUF(3)⊗SU" (2)⊗SUC(3)

The symmetry of SUFC" (18) should be [13]. The

symmetry of SU C(3) should be [13]. So, the sym-

metry of SU F" (6) should be [3]. Total dimension is

8 × 2 + 10× 4 = 56 (Tables 1 and 2).

!
"

Iz

Y = S+ B


¯ 1: q3 systems.

SU(18) SUF(3) SUC" (6) SU" (2) SUC(3) dim

16 1×56

40

16 8×70

2

20

32

16 10×20

4

816 816


¯ 2: Baryons (color-singlet q3 systems)

SUF(3) SUC" (6) SU" (2) dim ! !# T S

8×2 −8 8 0,12,1 1
2

10×4 −8 −8 0,12,1,32
3
2

1.3 qq (S-wave)

1.3.1 SUF(3), SUC(3)

3 ⊗ ÷3 = 1 ⊕ 8 (1.26)

⊗ = ⊕

h −3 0

C3 0 12

! −16
3

2
3

For color, only [1 3] is relevant. h �x Young 
$���‘�“

�{�Š�’�•�”�{ Casimir ���‰� �w�8�4�‹�x�z q � › � # − 1

�x�w q �q�¥�l�o�z n = N �q�`�o�{�Š�’�•�”�{ ! �x

Casimir ���‰� �w�8�4�‹�‘�“�z n = 2 �q�`�o�{�Š�’

�•�”�{

1.3.2 SU" (2)

2 ⊗ 2 = 1 ⊕ 3 (1.27)

⊗ ⊗ = ⊕

h −1 1

C2 0 8

# −3 1

2

1.2 qqq (S-wave)

1.2.1 SUF(3), SUC(3)

3 ! 3 ! 3 = 1 " 8MS " 8MA " 10 (1.22)

! ! = " " "

h

C3

!

# 3

0

# 8

0

12

# 2

0

12

# 2

3

24

4

where ! = $" i< j (! i á! j )%For color, only [1 3] is rel-

evant.

1.2.2 SU" (2)

2 ! 2 ! 2 = 2MS " 2MA " 4 (1.23)

! ! = " "

h

C2

#

0

3

# 3

0

3

# 3

3

15

3

where # = $" i< j (" i á" j )%

1.2.3 SUC" (6)

6 ! 6 ! 6 = 20" 70MS " 70MA " 56 (1.24)

! ! = " " " (1.25)

[3] is irrelevant.

1.2.4 SU(18) & SUF(3)! SU" C(6) &
SUF(3)! SU" (2)! SUC(3)

The symmetry of SUFC" (18) should be [13]. The

symmetry of SU C(3) should be [13]. So, the sym-

metry of SU F" (6) should be [3]. Total dimension is

8 ' 2 + 10' 4 = 56 (Tables 1 and 2).

!
"

Iz

Y = S+ B

表 1: q3 systems.

SU(18) SUF(3) SUC" (6) SU" (2) SUC(3) dim

16 1' 56

40

16 8' 70

2

20

32

16 10' 20

4

816 816

表 2: Baryons (color-singlet q3 systems)

SUF(3) SUC" (6) SU" (2) dim ! !# T S

8' 2 # 8 8 0,12,1 1
2

10' 4 # 8 # 8 0,12,1,32
3
2

1.3 qq (S-wave)

1.3.1 SUF(3), SUC(3)

3 ! ÷3 = 1 " 8 (1.26)

! = "

h # 3 0

C3 0 12

! #
16
3

2
3

For color, only [1 3] is relevant. hは Young図形より
求められる。Casimir 演算子の期待値は、qをＮ # 1

個の qと思って、n = N として求められる。! は
Casimir 演算子の期待値より、n = 2として求めら
れる。

1.3.2 SU" (2)

2 ! 2 = 1 " 3 (1.27)

! ! = "

h # 1 1

C2 0 8

# # 3 1

2

1.2 qqq (S-wave)

1.2.1 SUF(3), SUC(3)

3 ⊗ 3 ⊗ 3 = 1 ⊕ 8MS ⊕ 8MA ⊕ 10 (1.22)

⊗ ⊗ = ⊕ ⊕ ⊕

h

C3

!

−3

0

−8

0

12

−2

0

12

−2

3

24

4

where ! = �" i< j (! i á! j )� For color, only [1 3] is rel-

evant.

1.2.2 SU" (2)

2 ⊗ 2 ⊗ 2 = 2MS ⊕ 2MA ⊕ 4 (1.23)

⊗ ⊗ = ⊕ ⊕

h

C2

#

0

3

−3

0

3

−3

3

15

3

where # = �" i< j (" i á" j )�

1.2.3 SUC" (6)

6 ⊗ 6 ⊗ 6 = 20⊕ 70MS ⊕ 70MA ⊕ 56 (1.24)

⊗ ⊗ = ⊕ ⊕ ⊕ (1.25)

[3] is irrelevant.

1.2.4 SU(18) ⊃ SUF(3)⊗SU" C(6) ⊃
SUF(3)⊗SU" (2)⊗SUC(3)

The symmetry of SUFC" (18) should be [13]. The

symmetry of SU C(3) should be [13]. So, the sym-

metry of SU F" (6) should be [3]. Total dimension is

8 × 2 + 10× 4 = 56 (Tables 1 and 2).

!
"

Iz

Y = S+ B


¯ 1: q3 systems.

SU(18) SUF(3) SUC" (6) SU" (2) SUC(3) dim

16 1×56

40

16 8×70

2

20

32

16 10×20

4

816 816


¯ 2: Baryons (color-singlet q3 systems)

SUF(3) SUC" (6) SU" (2) dim ! !# T S

8×2 −8 8 0,12,1 1
2

10×4 −8 −8 0,12,1,32
3
2

1.3 qq (S-wave)

1.3.1 SUF(3), SUC(3)

3 ⊗ ÷3 = 1 ⊕ 8 (1.26)

⊗ = ⊕

h −3 0

C3 0 12

! −16
3

2
3

For color, only [1 3] is relevant. h �x Young 
$���‘�“

�{�Š�’�•�”�{ Casimir ���‰� �w�8�4�‹�x�z q � › � # − 1

�x�w q �q�¥�l�o�z n = N �q�`�o�{�Š�’�•�”�{ ! �x

Casimir ���‰� �w�8�4�‹�‘�“�z n = 2 �q�`�o�{�Š�’

�•�”�{

1.3.2 SU" (2)

2 ⊗ 2 = 1 ⊕ 3 (1.27)

⊗ ⊗ = ⊕

h −1 1

C2 0 8

# −3 1

2

1.2 qqq (S-wave)

1.2.1 SUF(3), SUC(3)

3 ! 3 ! 3 = 1 " 8MS " 8MA " 10 (1.22)

! ! = " " "

h

C3

!

# 3

0

# 8

0

12

# 2

0

12

# 2

3

24

4

where ! = $" i< j (! i á! j )%For color, only [1 3] is rel-

evant.

1.2.2 SU" (2)

2 ! 2 ! 2 = 2MS " 2MA " 4 (1.23)

! ! = " "

h

C2

#

0

3

# 3

0

3

# 3

3

15

3

where # = $" i< j (" i á" j )%

1.2.3 SUC" (6)

6 ! 6 ! 6 = 20" 70MS " 70MA " 56 (1.24)

! ! = " " " (1.25)

[3] is irrelevant.

1.2.4 SU(18) & SUF(3)! SU" C(6) &
SUF(3)! SU" (2)! SUC(3)

The symmetry of SUFC" (18) should be [13]. The

symmetry of SU C(3) should be [13]. So, the sym-

metry of SU F" (6) should be [3]. Total dimension is

8 ' 2 + 10' 4 = 56 (Tables 1 and 2).

!
"

Iz

Y = S+ B

表 1: q3 systems.

SU(18) SUF(3) SUC" (6) SU" (2) SUC(3) dim

16 1' 56

40

16 8' 70

2

20

32

16 10' 20

4

816 816

表 2: Baryons (color-singlet q3 systems)

SUF(3) SUC" (6) SU" (2) dim ! !# T S

8' 2 # 8 8 0,12,1 1
2

10' 4 # 8 # 8 0,12,1,32
3
2

1.3 qq (S-wave)

1.3.1 SUF(3), SUC(3)

3 ! ÷3 = 1 " 8 (1.26)

! = "

h # 3 0

C3 0 12

! #
16
3

2
3

For color, only [1 3] is relevant. hは Young図形より
求められる。Casimir 演算子の期待値は、qをＮ # 1

個の qと思って、n = N として求められる。! は
Casimir 演算子の期待値より、n = 2として求めら
れる。

1.3.2 SU" (2)

2 ! 2 = 1 " 3 (1.27)

! ! = "

h # 1 1

C2 0 8

# # 3 1

2



�'�M�B�W�P�S���T�J�O�H�M�F�U���T�U�S�B�O�H�F���Q�F�O�U�B�R�V�B�S�L�T���<�V�E�T�2�2�C�B�S�>���!�)�B�E�S�P�O���������
���!�›���"�V�H��������������������

ßavor-spin SU(6) for qqq in Pc

�4���X�B�W�F�������R�V�B�S�L���T�Z�T�U�F�N���D�P�O�p�H�V�S�B�U�J�P�O�T��

8

�q�B�W�P�S�R�R�R���D�P�M�P�S�R�R�R���T�Q�J�O�2�2�â���T�Q�J�O �5�P�U�B�M���T�Q�J�O

�� �� ������ �����P�S���� �������
��������

�� �� ������ �������
��������

�� �� ������ �������
��������

�� �� ������ �������
���������
��������



�'�M�B�W�P�S���T�J�O�H�M�F�U���T�U�S�B�O�H�F���Q�F�O�U�B�R�V�B�S�L�T���<�V�E�T�2�2�C�B�S�>���!�)�B�E�S�P�O���������
���!�›���"�V�H��������������������

�F���H�����	�*�
�+�
���	�������
���������
���������D�����%�â��

�q�B�W�P�S�R�R�R���D�P�M�P�S�R�R�R���T�Q�J�O�2�2�â���T�Q�J�O �5�P�U�B�M���T�Q�J�O

�� �� ������ �����P�S���� �������
��������

�� �� ������ �����P�S���� �������
��������

�� �� ������ �����P�S���� �������
��������

�� �� ������ �����P�S���� �������
���������
��������

ßavor-spin SU(6) for qqq in Pc

9



�'�M�B�W�P�S���T�J�O�H�M�F�U���T�U�S�B�O�H�F���Q�F�O�U�B�R�V�B�S�L�T���<�V�E�T�2�2�C�B�S�>���!�)�B�E�S�P�O���������
���!�›���"�V�H��������������������

�F���H�����	�*�
�+�
���	�������
���������
�������/�+���!�
���œ�
�����D�����%�â����

�����p�W�F���R�V�B�S�L���T�U�B�U�F�T���W���T���������#�.���T�U�B�U�F�T��

�à�������G�P�S�C�J�E�E�F�O���T�U�B�U�F�����������B�M�M�P�X�F�E���T�U�B�U�F�T

�q�B�W�P�S�R�R�R���D�P�M�P�S�R�R�R���T�Q�J�O�2�2�â���T�Q�J�O �5�P�U�B�M���T�Q�J�O

�� �� ������ �����P�S���� �������
��������

�� �� ������ �����P�S���� �������
��������

�� �� ������ �����P�S���� �������
��������

�� �� ������ �����P�S���� �������
���������
��������

ßavor-spin SU(6) for qqq in Pc

10



�'�M�B�W�P�S���T�J�O�H�M�F�U���T�U�S�B�O�H�F���Q�F�O�U�B�R�V�B�S�L�T���<�V�E�T�2�2�C�B�S�>���!�)�B�E�S�P�O���������
���!�›���"�V�H��������������������

�F���H�����q�B�W�P�S���T�J�O�H�M�F�U���R�R�R�`�T���B�S�F���J�O���+���������
��������

�q�B�W�P�S�R�R�R���D�P�M�P�S�R�R�R���T�Q�J�O�2�2�â���T�Q�J�O �5�P�U�B�M���T�Q�J�O

�� �� ������ �����P�S���� �������
��������

�� �� ������ �����P�S���� �������
��������

�� �� ������ �����P�S���� �������
��������

�� �� ������ �����P�S���� �������
���������
��������

ßavor-spin SU(6) for qqq in Pc

11



�'�M�B�W�P�S���T�J�O�H�M�F�U���T�U�S�B�O�H�F���Q�F�O�U�B�R�V�B�S�L�T���<�V�E�T�2�2�C�B�S�>���!�)�B�E�S�P�O���������
���!�›���"�V�H��������������������

�&�T�U�J�N�B�U�F���P�G���D�P�M�P�S���T�Q�J�O���J�O�U������

�����D�P�M�P�S���T�Q�J�O���J�O�U�F�S�B�D�U�J�P�O���B�N�P�O�H���M�J�H�I�U���R�R�R������

�����������D�P�M�P�S���T�Q�J�O���J�O�U�����B�N�P�O�H���F�B�D�I���I�B�E�S�P�O�T����

�q�B�W�P�S
�R�R�R��

�D�P�M�P�S

�R�R�R��

�T�Q�J�O

�R�R�R��

�$�.�*��

�-�P�X�F�T�U��

�5�I�S�F�T�I�P�M�E���F���H��
�$�.�*���B�U��<c �%�J$Ž

�� �� ������ ������ �ý�D���%�T �������	�ý�2�
 ����

�� �� ������ ���� �/���+���! �������	�/�
�ý�
 ��

�� �� ������ ���� �ý�D���%�T �������	�ý�2�
 ����

�� �� ������ ���� ���D���%�� �����������	�� �2�
 ��������

Roles of ßavor-spin SU(6) for qqq in Pc

12

�"�U�U�S�B�D�U�J�P�O

�"�U�U�S�B�D�U�J�P�O



�'�M�B�W�P�S���T�J�O�H�M�F�U���T�U�S�B�O�H�F���Q�F�O�U�B�R�V�B�S�L�T���<�V�E�T�2�2�C�B�S�>���!�)�B�E�S�P�O���������
���!�›���"�V�H��������������������

�%�Z�O�B�N�J�D�B�M���D�B�M�D�����X�J�U�I���p�O�J�U�F���N�2�
���N�V<`�N�T

�/�P�X���X�F���L�O�P�X���X�I�B�U���L�J�O�E���P�G���D�P�O�p�H�V�S�B�U�J�P�O�T���X�F��

�I�B�W�F���J�O���F�B�D�I���D�I�B�O�O�F�M�
���B�O�E���X�I�J�D�I���P�G���U�I�F��

�D�P�O�p�H�V�S�B�U�J�P�O�T���B�S�F���B�U�U�S�B�D�U�J�W�F��������

���	�/�P�O���T�U�S�B�O�H�F���Q�B�S�U���<�1�-�#�������	���������
�������>�
��

�%�Z�O�B�N�J�D�B�M���D�B�M�D�V�M�B�U�J�P�O���C�Z���U�I�F���R�V�B�S�L���D�M�V�T�U�F�S��

�N�P�E�F�M����

�p�O�J�U�F���N�B�T�T���G�P�S���D�I�B�S�N���B�O�E���C�P�U�U�P�N�
����

�q�B�W�P�S���4�6�	���
���T�Z�N���C�S�P�L�F�O���C�Z���N�V<`�N�T

13



�'�M�B�W�P�S���T�J�O�H�M�F�U���T�U�S�B�O�H�F���Q�F�O�U�B�R�V�B�S�L�T���<�V�E�T�2�2�C�B�S�>���!�)�B�E�S�P�O���������
���!�›���"�V�H��������������������

�2�V�B�S�L���$�M�V�T�U�F�S���N�P�E�F�M

14

?Ž�)�B�E�S�P�O�T���B�S�F���D�M�V�T�U�F�S�F�E���R�V�B�S�L�T����
?Ž�*�O�U�F�S�B�D�U�J�P�O���C�F�U�X�F�F�O���U�I�F���R�V�B�S�L�T���D�P�O�T�J�T�U�T���P�G��

�D�P�O�p�O�F�N�F�O�U�
���D�P�M�P�S���D�P�V�M�P�N�C�
���B�O�E���D�P�M�P�S���T�Q�J�O��������
?Ž�*�U���H�J�W�F�T���U�I�F���P�C�T�F�S�W�F�E���I�B�E�S�P�O���N�B�T�T���T�Q�F�D�U�S�B����
?Ž�2�V�B�S�L���J�O�U�F�S�D�I�B�O�H�F���C�F�U�X�F�F�O���U�I�F���I�B�E�S�P�O�T��

�P�D�D�V�S�T���B�U���U�I�F���T�I�P�S�U���S�B�O�H�F����
?Ž�2�V�B�S�L���E���P���G�����B�O�E���U�I�F���*�O�U�F�S�B�D�U�J�P�O���C�F�U�X�F�F�O��

�R�V�B�S�L�T���Q�S�P�E�V�D�F���U�I�F���I�B�E�S�P�O���J�O�U�F�S�B�D�U�J�P�O�
��
?Ž�5�I�F���X�B�W�F���G�V�O�D�U�J�P�O���G�P�S���U�I�F���J�O�U�F�S���D�M�V�T�U�F�S��

�N�P�E�F���J�T���T�P�M�W�F�E��



�'�M�B�W�P�S���T�J�O�H�M�F�U���T�U�S�B�O�H�F���Q�F�O�U�B�R�V�B�S�L�T���<�V�E�T�2�2�C�B�S�>���!�)�B�E�S�P�O���������
���!�›���"�V�H��������������������

�q�B�W�P�S�R�R�R���D�P�M�P�S�R�R�R���T�Q�J�O�2�2�â���T�Q�J�O �5�P�U�B�M���T�Q�J�O

�� �� ������ �� ������

�� �� ������ �� ������

�� �� ������ �� ������

�� �� ������ �� ������

�V�V�E�D�D�â���*�	�+�1�
���������	�+���
��

15

�1�-�#�������	���������
�������>

Table 5: The bound state, resonances and cusp obtained by the
present model. The four structures are identiÞed by the letter A-
D in the text. The identiÞcation with a dash (B ! -D! ) is used for
the result of the ! c

( " ) D ( " ) three-channel calculation. The energies,
E , are shown in MeV. The proportions of the factors to Þnd each
of [q31 1

2 ], [q38 1
2 ], and [q38 3

2 ], !Pcs"/ !P ", are listed under the entry
[q3cs].

id. initial channel ( J P ) E [q311
2 ] [q381

2 ] [q383
2 ]

A ! !
cD ! ( 5

2
"

) bound state 4519.9 0.00 0.00 1.00

B NJ/ ! ( 3
2

"
) cusp 4458.0 0.21 0.02 0.77

C NJ/ ! ( 3
2

"
) resonance 4379.3 0.24 0.16 0.60

D NJ/ ! ( 1
2

"
) resonance 4316.5 0.75 0.13 0.12

B# ! !
cD ( 3

2
"

) resonance 4457.8 0.02 0.08 0.90

C# ! !
cD ( 3

2
"

) bound state 4379.3 0.05 0.21 0.74

D# ! cD ( 1
2

"
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cD , ! cD " , and ! "
cD " channels, respectively. (Color online.)
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) by the calculation where all Þve baryon-meson chan-
nels are coupled. The plotted phase shifts are the diagonal
ones; namely, the initial and the Þnal channels are taken to
be the same. The bound state and the resonance found in
the above three-channel calculation now become a sharp
resonance and a cusp in the" cD ! channel, respectively.
The energy of the resonance or the cusp does not move
much when the NJ/ ! and " cD ! channels are introduced.
Their energies are summarized in Table 5. Among the
!Pcs"/ !P" evaluated by the scattering wave function with
the initial NJ/ ! channel, the factor to Þnd [q383

2 ] is the
largest in both of the resonance and in the cusp. In table
5, we list their proportions at the resonance or the cusp en-
ergy (with identiÞcations of B and C). In the Þve-channel
calculation, the proportion of [q311

2 ] becomes larger than
that of the three-channel calculation, but still the [ q383
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Figure 2: The diagonal scattering phase shifts of the S-wave uudcc
I (J P )= 1
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dot-dashed, and triple-dot-dashed lines are for the ! cD , ! cD " , and
! "

cD " channels, respectively. (Color online.)

component is the largest. The listed energy of each of the
structures is that where the !P" becomes local maximum.
All the resonance and cusp energies read from the phase
shifts di#er by less than 1 MeV from the listed ones except
for the resonance C, where the phase shift increases up to
above " / 2 at by 4 MeV above the listed energy.

3.3. uudcc I (J P )= 1
2 ( 1

2
"

) states

The uudcc 1
2 ( 1

2
"

) states consist of seven baryon-meson
channels:N #c, NJ/ ! , " cD , " cD ! , ! cD , ! cD ! , and ! !

cD ! ,
whereas there are Þve (0s)5 states. So, there are two for-
bidden states when the system is totally symmetric in the
orbital space. Also in this case, all the diagonal elements
of the normalization are close to 1; no baryon meson state
is a#ected strongly by the quark Pauli-blocking.

Again, we Þrst discuss the results of the three-channel
quark cluster model calculation: ! cD , ! cD ! , and ! !

cD ! .
There is one bound state with the binding energy 0.13
MeV, but no resonance is found. As is seen from the entry
with an identiÞcation D # in Table 5, major component of
this bound state is [q383

2 ]. In the antisymmetrized ! cD
state, the proportion is (0.05 0.19 0.76). Thus this bound
state is essentially an antisymmetrized! cD .

In Þgure 2, we show the diagonal phase shifts of the
7-channel calculation of this system. There is a sharp res-
onance in the " cD ! channel, which corresponds to the
bound state of the three-channel calculation. In Table 5,
we list !Pcs"/ !P" at the resonance energy under an iden-
tiÞcation D. The factor to Þnd the [q383

2 ] conÞguration
becomes small compared to that of the three-channel cal-
culation; the [q311

2 ] conÞguration becomes the largest at
the resonance. As we will show later, the coupling to the
NJ/ ! channel to the " cD and ! cD channels is stronger
in this 1

2 ( 1
2

"
) case. The existence of the attraction in the

! cD or [q383
2 ], however, is important to create a resonance.

5
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Table 5: The bound state, resonances and cusp obtained by the
present model. The four structures are identiÞed by the letter A-
D in the text. The identiÞcation with a dash (B ! -D! ) is used for
the result of the ! c

( " ) D ( " ) three-channel calculation. The energies,
E , are shown in MeV. The proportions of the factors to Þnd each
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2 ], !Pcs"/ !P ", are listed under the entry
[q3cs].
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cD " channels, respectively. (Color online.)
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the above three-channel calculation now become a sharp
resonance and a cusp in the" cD ! channel, respectively.
The energy of the resonance or the cusp does not move
much when the NJ/ ! and " cD ! channels are introduced.
Their energies are summarized in Table 5. Among the
!Pcs"/ !P" evaluated by the scattering wave function with
the initial NJ/ ! channel, the factor to Þnd [q383
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component is the largest. The listed energy of each of the
structures is that where the !P" becomes local maximum.
All the resonance and cusp energies read from the phase
shifts di#er by less than 1 MeV from the listed ones except
for the resonance C, where the phase shift increases up to
above " / 2 at by 4 MeV above the listed energy.
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) states consist of seven baryon-meson
channels:N #c, NJ/ ! , " cD , " cD ! , ! cD , ! cD ! , and ! !

cD ! ,
whereas there are Þve (0s)5 states. So, there are two for-
bidden states when the system is totally symmetric in the
orbital space. Also in this case, all the diagonal elements
of the normalization are close to 1; no baryon meson state
is a#ected strongly by the quark Pauli-blocking.

Again, we Þrst discuss the results of the three-channel
quark cluster model calculation: ! cD , ! cD ! , and ! !

cD ! .
There is one bound state with the binding energy 0.13
MeV, but no resonance is found. As is seen from the entry
with an identiÞcation D # in Table 5, major component of
this bound state is [q383

2 ]. In the antisymmetrized ! cD
state, the proportion is (0.05 0.19 0.76). Thus this bound
state is essentially an antisymmetrized! cD .

In Þgure 2, we show the diagonal phase shifts of the
7-channel calculation of this system. There is a sharp res-
onance in the " cD ! channel, which corresponds to the
bound state of the three-channel calculation. In Table 5,
we list !Pcs"/ !P" at the resonance energy under an iden-
tiÞcation D. The factor to Þnd the [q383

2 ] conÞguration
becomes small compared to that of the three-channel cal-
culation; the [q311

2 ] conÞguration becomes the largest at
the resonance. As we will show later, the coupling to the
NJ/ ! channel to the " cD and ! cD channels is stronger
in this 1
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) case. The existence of the attraction in the
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2 ], however, is important to create a resonance.
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resonances with the same spin and parity, fits to the cos! Pc-
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! " 2 relative to the fits using
an incoherent sum of BW amplitudes. However, substantial
shifts in theP!

c properties are observed, and are included in
the systematic uncertainties. For example, in such a fit the
Pc"4312#! 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 " 0
b candidates are kinematically

constrained to the knownJ=# and" 0
b masses[29], which

substantially improves themJ=#p 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 thePc"4312#! ,

Pc"4440#! , andPc"4457#! states, respectively. The widths
of all three narrowP!

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 the4.22 < mJ=#p <
4.57 GeV region, fits including only thePc"4312#! are
performed in the narrow 4.22Ð4.44 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 narrowP!

c state are taken to be the
largest deviations observed among all fits. These include
the fits to all three versions of themJ=#p distribution, each
configuration of theP!

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 narrowP!

c states, including all
systematic uncertainties, are given in TableI.

To obtain estimates of the relative contributions of the
P!

c states, the" 0
b candidates are weighted by the inverse of

the reconstruction efficiency, which is parametrized in all
six dimensions of the" 0

b decay phase space [Eq. (68) in the
Supplemental Material to Ref.[30] ]. The efficiency-
weightedmJ=#p distribution, without themKp > 1.9GeV
requirement, is fit to determine theP!

c contributions, which
are then divided by the efficiency-corrected and back-
ground-subtracted" 0

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

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

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

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, theR !
B"" 0

b ! P!
c K! #B"P!

c ! J=#p#=B"" 0
b ! J=#pK ! # val-

ues reported for eachP!
c state differ from the fit fractions

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

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

Pc"4312#! 4311.9 %0.7! 6.8
! 0.6 9.8 %2.7! 3.7

! 4.5
"< 27# 0.30%0.07! 0.34

! 0.09

Pc"4440#! 4440.3 %1.3! 4.1
! 4.7 20.6 %4.9! 8.7

! 10.1 "< 49# 1.11%0.33! 0.22
! 0.10

Pc"4457#! 4457.3 %0.6! 4.1
! 1.7 6.4 %2.0! 5.7

! 1.9
"< 20# 0.53%0.16! 0.15

! 0.13
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FIG. 6. Fit to the cos! Pc-weightedmJ=#p distribution with
three BW amplitudes and a sixth-order polynomial background.
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c states. The mass thresholds for the$!
c

øD0 and
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c
øD$0 final states are superimposed.
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Table 5: The bound state, resonances and cusp obtained by the
present model. The four structures are identiÞed by the letter A-
D in the text. The identiÞcation with a dash (B ! -D! ) is used for
the result of the ! c

( " ) D ( " ) three-channel calculation. The energies,
E , are shown in MeV. The proportions of the factors to Þnd each
of [q31 1

2 ], [q38 1
2 ], and [q38 3

2 ], !Pcs"/ !P ", are listed under the entry
[q3cs].

id. initial channel ( J P ) E [q311
2 ] [q381

2 ] [q383
2 ]

A ! !
cD ! ( 5

2
"

) bound state 4519.9 0.00 0.00 1.00

B NJ/ ! ( 3
2

"
) cusp 4458.0 0.21 0.02 0.77

C NJ/ ! ( 3
2

"
) resonance 4379.3 0.24 0.16 0.60

D NJ/ ! ( 1
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"
) resonance 4316.5 0.75 0.13 0.12

B# ! !
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"

) resonance 4457.8 0.02 0.08 0.90
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Figure 1: The diagonal scattering phase shifts of the S-wave uudcc
I (J P )= 1

2 ( 3
2

#
) system. The solid line is that of the NJ/ ! chan-

nel, the long-dot-dashed line is for the " cD " channel, and the dot-
dashed, double-dot-dashed, and triple-dot-dashed lines are for the
! "

cD , ! cD " , and ! "
cD " channels, respectively. (Color online.)

In Þgure 1, we show phase shifts of theS-wave uudcc
1
2 ( 3

2
"

) by the calculation where all Þve baryon-meson chan-
nels are coupled. The plotted phase shifts are the diagonal
ones; namely, the initial and the Þnal channels are taken to
be the same. The bound state and the resonance found in
the above three-channel calculation now become a sharp
resonance and a cusp in the" cD ! channel, respectively.
The energy of the resonance or the cusp does not move
much when the NJ/ ! and " cD ! channels are introduced.
Their energies are summarized in Table 5. Among the
!Pcs"/ !P" evaluated by the scattering wave function with
the initial NJ/ ! channel, the factor to Þnd [q383

2 ] is the
largest in both of the resonance and in the cusp. In table
5, we list their proportions at the resonance or the cusp en-
ergy (with identiÞcations of B and C). In the Þve-channel
calculation, the proportion of [q311

2 ] becomes larger than
that of the three-channel calculation, but still the [ q383

2 ]
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Figure 2: The diagonal scattering phase shifts of the S-wave uudcc
I (J P )= 1

2 ( 1
2

#
) system. The solid and the dotted lines are those of

the NJ/ ! and the N " c channels, the long-dashed and the long-dot-
dashed lines are for " cD and " cD " channels, and the dashed, double-
dot-dashed, and triple-dot-dashed lines are for the ! cD , ! cD " , and
! "

cD " channels, respectively. (Color online.)

component is the largest. The listed energy of each of the
structures is that where the !P" becomes local maximum.
All the resonance and cusp energies read from the phase
shifts di#er by less than 1 MeV from the listed ones except
for the resonance C, where the phase shift increases up to
above " / 2 at by 4 MeV above the listed energy.

3.3. uudcc I (J P )= 1
2 ( 1

2
"

) states

The uudcc 1
2 ( 1

2
"

) states consist of seven baryon-meson
channels:N #c, NJ/ ! , " cD , " cD ! , ! cD , ! cD ! , and ! !

cD ! ,
whereas there are Þve (0s)5 states. So, there are two for-
bidden states when the system is totally symmetric in the
orbital space. Also in this case, all the diagonal elements
of the normalization are close to 1; no baryon meson state
is a#ected strongly by the quark Pauli-blocking.

Again, we Þrst discuss the results of the three-channel
quark cluster model calculation: ! cD , ! cD ! , and ! !

cD ! .
There is one bound state with the binding energy 0.13
MeV, but no resonance is found. As is seen from the entry
with an identiÞcation D # in Table 5, major component of
this bound state is [q383

2 ]. In the antisymmetrized ! cD
state, the proportion is (0.05 0.19 0.76). Thus this bound
state is essentially an antisymmetrized! cD .

In Þgure 2, we show the diagonal phase shifts of the
7-channel calculation of this system. There is a sharp res-
onance in the " cD ! channel, which corresponds to the
bound state of the three-channel calculation. In Table 5,
we list !Pcs"/ !P" at the resonance energy under an iden-
tiÞcation D. The factor to Þnd the [q383

2 ] conÞguration
becomes small compared to that of the three-channel cal-
culation; the [q311

2 ] conÞguration becomes the largest at
the resonance. As we will show later, the coupling to the
NJ/ ! channel to the " cD and ! cD channels is stronger
in this 1

2 ( 1
2

"
) case. The existence of the attraction in the

! cD or [q383
2 ], however, is important to create a resonance.
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Model hamiltonian

/£ Kinetic term: !
�J Non-relativistic (to deal with scattering states):!

/£ ConÞnement term:!
�J linear conÞnement: ac �á  LatticeQCD (Kawanai 

Sasaki)!
�J constant term: c 1, c2, cqqbar   �á  qqq qqbar mass 

Þtting 
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In section 2, we explain the method we employ, and the results are shown in section 3. The summary is given in
section 4.

II. METHOD

A. Model hamiltonian

The model Hamiltonian for quarks and antiquarks is written as

Hq = Hc + Vcmi , (6)

Hc = K + Vconf + Vcoul . (7)

Each of the term in the quark model hamiltonian, Hq, consists of the central spin-independent term,Hc, which
contains the kinetic term, K , the conÞnement term, Vconf, the color-Coulomb term, Vcoul. We take only the color
magnetic term, Vcmi as the spin-dependent term of the hamiltonian. Both ofVcoul and Vcmi come from the one-gluon
exchange (OGE) interaction between quarks, from which we take into account the lowest order term of the (p/m )
expansion for each spin operator, 1 and (! á! ). Since we consider only theS-wave systems, the spin-orbit and the
tensor terms are not included in the present model.

1. Kinetic term

The kinetic term is taken as nonrelativistic:

K =
!

K i (8)

K i = mi +
1

2mi

"
pi −

mi

M G
P G

#2
(9)

wheremi and pi are the constituent quark mass and momentum of thei th (anti)quark, respectively, M G and P G are
the total mass and the total momentum of the Þve quark system. We employ the nonrelativistic kinematics because
it is convenient to treat the center of mass motion in the nonrelativistic way when we perform the baryon-meson
scattering problems.

2. ConÞnement term

We take the linear conÞnement such as

Vconf =
!

i<j

" i á" j (−acr ij + c1 +
c2
2

µij
+ cqq) (10)

where " i is the Gell-Mann matrix in the color SU(3) space for the i th (anti)quark; it stands for " for the quarks and
(−" ! ) for the antiquarks. The value of the conÞnement strength,ac, is taken from the Lattice QCD calculation [19].
Its value, 196.9 MeV/fm, corresponds 1.12 GeV2 for the qq systems. It is by about 15% larger than the one used
in ref. [20, 21] and by about 20% larger than the one in ref. [23], both of which the authors investigated the excited
hadrons. It may be necessary to modiÞed this part empirically when one applies this model to the excited hadron
states. In the above equation, thec1, c2, and cqq are the constant parameters. Theµij is the reduced masses of the
i th and the j th quarks. The parameter cqq is nonzero only when this operates on quark-antiquark pairs. These are
the free parameters so that the model produces the observed masses of single baryons and mesons, and produces only
constant shifts of the center of mass energy for the results which will be shown in the next section.

3. Color-Coulomb term

The color-Coulomb term is

Vcoul =
!

i<j

" i á" j

4
#s(r ij )

r ij
(11)
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Model hamiltonian

/£ one-gluon exchange term:!
�J quark is static, plane wave, Brite potential for the 
vector particle exchange.!

�J Take the lowest order (p/m) term of each spin 
operator: 1, �� .�� , LS, tensor.   (No LS tensor is used 

this time)!
�J Strong coupling constant, �� s(Q2):
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Model hamiltonian

/£ Color magnetic interaction (CMI)!

/£ This should be the same coupling constant, 
but we take it as a parameter:
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for quark-quark

for quark-antiquark

!
�Ž�ñ�w size parameter dependence

"

k

αk

#
4γ2

k b2
ij

4 + 4γ2
k b2

ij
= 0 .25

$%
%
& b2 1000

øhc
2

4 + b2 1000
øhc

2 + 0 .15

$%
%
& 10b2 ! 1000

øhc
2

4 + 10b2 ! 1000
øhc

2 + 0 .20

$%
%
& 1000b2 ! 1000

øhc
2

4 + 1000b2 ! 1000
øhc

2 , etc

(63)

�›�_�”�q�<
$�¢�#�à�x b fm�£�{
z�M
¢�x original, 
h�M
¢�x modiÞed.

2.5 color magnetic term mat ele

"VCMI ij #= $
λ áλ

4
αss

s
2π

3mi mj
σ áσ"δ3(r)#= $

λ áλ

4
αss

s
2π

3mi mj
σ áσ

1
'

πb2
ij

3 (64)

= $ λ áλσ áσ
1

6
%

π
αss

s

%
µij

3

mi mj

1
x3

0
(65)

GI �w original αs �›�–�l�h�M�x�z αss
s �› constant �t�`�z N -∆ mass difference�U�ù�O�‘�O�t�>

�Š�”�{

ModiÞed GI �›�–�l�h�M�x�z quark-quark interaction �t�m�M�o�x

αss
s = αss

s1 + αss
s2

mu

µ
(66)

�t�`�o�z��
:�x Λ-Σ( ! ) �º�w uu ���w int �q su ���w int �z Λc-Σ( ! )
c �º�w uu ���w int �q cu ���w int �z

Λb-Σ( ! )
b �º�w uu ���w int �q bu���w int �›�ù�˜�d�”�‘�O�t�7	–�Ë	Ð�O�p�>�Š�h�{ c-quark interaction

αss
s3 �t�m�M�o�x�z D ! -D �q D !

s -Ds �w���É�w constant �t�`�h�{�¢	Í�G�q�x���w constant �s�w�p�-��

�Í�å�Ý�”�»�£�{ BB s meson�x�f�•�p�x�ù�˜�s�M�w�p�z B �U�Ö�”�q�V�x B ! -B �q B !
s -Bs �w���É�w

constant �t�b�”�¢ Υ-ηb �x�ù�˜�s�M�£�{

2.6 parameters

quark mass�x�z uds�x�¢ Yoshida�£�w�›�–�O�{ cb�x Þt�{� �×�w Þt �t�–�l�h parameter�x mcmbc1c2∆M �{

�Í�å�Ý�”�»�”�x
¯ 1�{

central �w mass�x
¯ 2�{�f�w�q�V�w size parameter�x
¯ 3�{

�‡�h�z modiÞed�w uu, us, uc, ub ���w αss
s �x�z�f�•�g�• 0.838�z 0.643�z 0.446�z 0.392�t�s�”�{

hfs �›�Ö�•�h�q�V�w mass�x
¯ 5�{
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/£ Orbital wave functions!
�J meson!

�J baryons!

�J minimize H (w/o CMI) by x 0 for each q 1q2
bar or 

q1q2q3.q

q
c

Model wave function
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  b  = "m q/ ��  b �™"0.7 b!

ratio of b and b is Þxed for simplicity. 
which is given by reduced mass of quarks !
�à  charm has smaller size parameter.

#2 b b

�«�¥�”�«�Û���T�’�ˆ�h�¤�©�º�½�¿�«�Ë�Å�é�ï�Z�€�w
��2�q�2�$�%�w	ý�2�‰���!�3�*�,�&�/�
���+�V�O�������
�������� ��
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�#�.���W���T�����R�R�R�2�2�â���5�S�B�O�T�G�F�S���N�B�U�S�J�Y
�F���H�����4�������
���*�T�P�T�Q�J�O�����
���4�Q�J�O����������

����

�B���G�P�S�C�J�E�E�F�O���T�U�B�U�F
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