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What we would like to discuss

By adding a heavy quark pair to baryon:
= we can see the nature of color-octet 3-light
quarks — some of them are attractive.
(1) color-8 flavor-1 isospin-0 spinl/2 uds
(2) color-8 flavor-8 spin3/2 uud, uds
= These modes can be observed by the Baryon-
Meson scattering. More clearly with bb.
= (2) is probably responsible to Pc peaks (with
OPEPR.)

= (1) can be seen by looking into BM . interaction
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uudcc pentaquarks @ LHCb

Pc(4312), Pc(4440), Pc(4457)
sFound in the Ab—J/%¥ K p decay, by
LHCb
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FIG. 1 (color online). Feynman diagrams for (a) A} — J/yA*
0 + K-
and (b) A, = P K™ decay. ) yop pRL115(2015)07201

LHCb,PRL122(2019)222001
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Pc

Sharp peaks found
below
> .D® thresholds

= Molecular state?

= Attraction comes
from where?

LHCb,PRL122(2019)222001
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uudcc 1(JP)=1/2(J")

S-wave b quark systems

stotal: color singlet
sccC part: color singlet or octet
=qqq part: color singlet or octet
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flavor-spin SU(6) for qqq

flavor spin

»56 = 8x2 + 10x4  for color singlet uud
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flavor-spin SU(6) for qqq
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flavor-spin SU(6) for qqq in Pc

S-wave 5 quark system configurations:

1 3 1/2 Oorl 1/2, 3/2
3 1 1/2 1/2, 3/2
3 3 1/2 1/2, 3/2
8 8 1/2,3/2,5/2
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flavor-spin SU(6) for qqq in Pc
e.qg. (LJ)=(1/2,5/2) : =c* D*

1 3 1/2 Oorl 1/2, 3/2
] 1/2 Oorl 1/2, 3/2
3 1/2 Oorl 1/2, 3/2

ool 1v2.2 88
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flavor-spin SU(6) for qqq in Pc
e.g. (,LJ)=(1/2, 3/2) : NJ/ ¢, -+, Zc* D*

1 3 1/2

1/2, 3/2

4 five-quark states v.s. 5 BM states
— 1 forbidden state + 4 allowed states
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flavor-spin SU(6) for qqq in Pc
e.q. flavor-singlet qqqg’s are in J=1/2, 3/2

3 1 1/2 Oorl 1/2, 3/2
3 3 1/2 Oorl 1/2, 3/2
3 3 3/2 Oorl 1/2,3/2,5/2
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Roles of flavor-spin SU(6) for qqq in Pc

Estimate of color-spin int =

< color-spin interaction among light ggqg >
- < color-spin int. among each hadrons >

qdq9

Siole

Sjole

Lowest

Attraction

flavor color | spin | CMI | Threshold e.q. cMiat Ot
1 8 1/2 -14 Ac Ds -8 (AQ) -6
8 ] 1/2 -8 NJ/¢ -8 (N, A\) 0
8 8 1/2 -2 Ac Ds -8 (Aq) +4
8 8 3/2 +2 2 c D* +8/3 (2q) -2/3

Attraction
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Dynamical calc. with finite mq, mu#ms

Now we know what kind of configurations we
have in each channel, and which of the

configurations are attractive.
(Non strange part [PLB764(201/7)254))

= Dynamical calculation by the quark cluster

model.
= finite mass for charm and bottom,

= flavor SU(3) sym broken by mu#£ms
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Quark Cluster model

vHadrons are clustered quarks.

vInteraction between the quarks consists of
confinement, color-coulomb, and color-spin.

v|t gives the observed hadron mass spectra.

vQuark interchange between the hadrons
occurs at the short range.

vQuark d.o.f. and the Interaction between
quarks produce the hadron interaction,

v The wave function for the inter-clu
mode is solved.
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uudcc 1(JP)=1/2(J°)
~ flavor  qag color qagspin QQspin  Total spin

g 8 3/2 1 5/2

8 3 3/2 0 3/2

8 8 3/2 ' 3/2

8 8 3/2 ' 1/2
| channel (J©) E
(%_) bound state 4519.9
(2 ) cusp 4458.0
(%_) resonance  4379.3
(%_) resonance  4316.5

PLB764(2017)254]
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Pc by LHCDb
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Roles of flavor-spin SU(6) for qqq in Pc

Estimate of color-spin int =

< color-spin interaction among light ggqg >
- < color-spin int. among each hadrons >

qdq9

Siole

Sjole

Lowest

Attraction

flavor color | spin | CMI | Threshold e.q. cMiat Ot
1 8 1/2 -14 Ac Ds -8 (AQ) -6
8 ] 1/2 -8 NJ/¢ -8 (N, A\) 0
8 8 1/2 -2 Ac Ds -8 (Aq) +4
8 8 3/2 +2 2 c D* +8/3 (2q) -2/3

Attraction
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J=5/2

19

8 8 3/2 ] 5/2

udsbb I(J') = 0(5 )

e L

+~ =

= ;- +
¥

| = 15
i g : : .
i = J/ Q. A bound state with
f [1] | .=
, - a binding energy of
K ~10 MeV
I T — TR R 735

E [GeV]

Flavor-singlet strange pentaquarks [udsQQbar] @Hadron2019, ###k Aug. 21 2019



J =5/2 flavor ggq color qqqg spin  QQ spin  Total spin

8 8 3/2 ] 5/2
hidden bottom A bound state with
a binding energy of
~10 MeV
P 1 5~ P 5~
uudbb I(J7) = =(= ) udsbb I(J") = 0(2 )
T R - ] IR :
S=0 S= -1
T | T | ]
| I | I
{10 1115 1120 1125 1130 120 125 130 11.35
E [GeV] E [GeV]
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J _3/2 flavor aaa color aaa spin QQ spin = Total spin
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J _3/2 flavor aaa color aaa spin QQ spin = Total spin
— ] 8 1/2 | 3/2

8 8 3/2 0, 3/2

8 8 3/2 ] 3/2
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J o 'I /2 flavor aaa color aaa spin  QQ spin = Total spin

3 1/2 O 1/2
' 3 1/2 ] 1/2
3 3 3/2 ] 1/2

hic:id_en bo@m

1 resonances 3 structures
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J o 'I /2 flavor aaa color aaa spin  QQ spin = Total spin

3 1/2 O 1/2
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J =5/2 flavor ggq color gaqg spin  QQ spin | Total spin
8 8 3/2 ] 5/2
hidden charm .
— — A bound state with
a binding energy of
~1 MeV
_ P ]- 5_ . P 5_
uudee I(J7) = 5(5 ) udsce I(J") = 0(5 )
s=0 S=-1
i, | =D @
f5o0 4550 4600 2850 4700 450 4550 4600 4650 4700
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J =5/2 flavor ggq color gaqg spin  QQ spin | Total spin
8 8 3/2 ] 5/2
hidden charm .
— — A bound state with
a binding energy of
~1 MeV
_ P ]- 5_ . P 5_
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J — 3/2 fla¥or

aaa color aaa spin . QQ spin @ Total spin
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J . 'I /2 flavor aaa color aaa spin QQ spin Total spin
—— ' 8 1/2 0 1/2
8 1/2 ] 1/2
8 8 3/2 ] 1/2

hic_lcien CPErm

3 structures
uds flavor-1color-8 spin 1/2
uds color—8 spln 3/2

1 resonances

uud color-8 spir

uuuuuuuu E

| 8=

uuuuuu

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

Tt

FISvBY& hglet strange pentaquarks [udsQQbar] @Hadrod®8YD, #4k Aug. 21 2019



J . 'I /2 flavor aaa color aaa spin QQ spin Total spin
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Summary

By adding a heavy quark pair to baryon:
= we can see the nature of color-octet 3-light
quarks — some of them are attractive.
(1) color-8 flavor-1 isospin-0 spinl/2 uds
(2) color-8 flavor-8 spin3/2 uud, uds
= These modes can be observed by the Baryon-
Meson scattering. More clearly with bb.
= (2) is probably responsible to Pc peaks (with
OPEPR.)

= (1) can be seen by looking into BM . interaction

26 Flavor-singlet strange pentaquarks [udsQQbar] @Hadron2019, &M Aug. 21 2019



Thank you very much for your attention!
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back up
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uudccPar |(JP)=1/2(3/2-)

[NJ, AcD*, > c*D, > cD*, 3 c*D*]
size of uud(0s)3 color-c spin-s states in
scattering wave function

s <<b ¢ x \uud(Os)cs><uud(Os)CS\ b x>

. NJ/y input

: c-1s-1/2

0_4'_ c-8 s-1/2 ]
' c-8 s-3/2

0.2F .

= Jj&é
0.0== ———
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Model hamiltonian

»Kinetic term:

>Non-relativistic (fo deal with scattering states):

1 . 2
— . K, = m, - ( . P )
K ZK mit 5= (P = 4 Po

»Confinement term:

>linear confinement: a. < LatticeQCD (Kawanai

Sasaki)
>constant term: ¢, €2, Cqgbar < 9qQ qg°*" Mass
, 2
‘/Cﬁr.!-fj-l__ngz i+ A (—aeri; +¢1 = - Cqg)
i<i Hig
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Model hamiltonian

»one-gluon exchange term:

~quark is static, plane wave, Brite potential for the
vector particle exchange.

>Take the lowest order (p/m) term of each spin
operator: 1, 0.0, LS, tensor. (No LS tensor is used

this time)

>Strana rannlinAa rAnctant v _[N2).
, At Aag
coul = 1

r

a, = a'? + Cs (Yoshida etal)
S /l
oy = 0.25e=2 +0.15e=2°/10 4 0.20e~@°/1000  (Godfrey Isgur 86)

s = 0.45e” /3 4 0.15¢7 /10 4 0.20¢9 /1000 (modified GI)
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Model hamiltonian
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Model hamiltonian

»Color magnetic interaction (CMI)

A A 27T
Vet = Qo

2 008’ (r
4 7 3m;m, ()

»This should be the same coupling constant,
but we take it as a parameter:

ss __ . SS SS%
¥ T U1 %277 for quark-quark

SS

53 for quark-antiquark
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Model wave function

»Orbital wave functions

\

1 L py0-:
ﬂ)b(T,-’L‘o) — ¢("‘12,b12)¢5(7‘12—3, b12-—3) = Ny eXP[—?u_lgzrfz — _,u122 g"“%Q-:%]
X 2 x§

>minimize H (w/o CMI) by xo for each qiq2®*" or

“meson
?/Jm(r,-’fo) — (b(rl%bw) = N, exp[ 2h2 7112] = N exp[ 5 5 T12]
12 L
>baryons

ratio of b and b is fixed for simplicity.
which is given by reduced mass of quarks
— charm has smaller size parameter.
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BM v.s. ggqgQQ Transfer matrix
= e.g. S5S=-1, Isospin O, Spin 3/2

uds  |AJR) |A.D}) [E.D*) |E.D*) |E:D) |E:D*)

C-1 F-8S-1/2 0866 -0.289 -0.204 -0.118 0.204 -0.264
C-8 F-1 S-1/2 0 -0.577 0.816 0 0 0

C-8F-8S-1/2 0 0577 0.408 -0.236 0.408 -0.527
C-8F-88-3/2 O 0 0 0.866 0.500 0
C-8F-85-3/2 O 0 0 -0.373 0.645 0.667

a forbidden state
\/%(x/éw/w +V6|AD;) + V3IED") + VIED") - V3IEID) + VBIE:D"))

34 Flavor-singlet strange pentaquarks [udsQQbar| @HadronZ0 19, =™ Aug. 21 2019



