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1. Introduction
-Spectroscopy of heavy baryons
-A-mode and p-mode (Main topic)
—>Definition of two modes
Separation of two modes

2. FORMARIZM

Hamiltonian
Calculation method (Gauss expansion method)

3. Results

Mass of Charm, Bottom baryons
HQ mass dependence of baryon mass and wave function

4. Summary




P
n

N(1440)
N(1520)
N(1535)
N(1650)
N(1675)
N(1680)
N(1685)
N(1700)
N(1710)
N(1720)
N(1860)
N(1875)
N(1880)
N(1895)
N(1900)
N(1990)
N(2000)
N(2040)
N(2060)
N(2100)
N(2120)
N(2190)
N(2220)
N(2250)
N(2300)
N(2570)
N(2600)
N(2700)

ot ===
ot =x==
ot =x==x
/2 xxxx
xxxx
) xxxx

.'2 XXX X

DO e e W e
%]

.'2+ Exxx

/2 x=xx
ot ===
ot ===
jot+ ==
) xxx
ot ==
/2 ==
ot ===
ot ==
ot ==

.'2 x=x

) =%
/2 Exxx
.'2+ xxxx

-'2 XXX

DD SN W WO N W e WO W e W

-'2+ x=x
5/27 ==
11/2— =3
132+ ==

A(1232)
A(1600)
A(1620)
A(1700)
A(1750)
A(1900)
A(1905)
A(1910)
A(1920)
A(1930)
A(1940)
A(1950)
A(2000)
A(2150)
A(2200)
A(2300)
A(2350)
A(2390)
A(2400)
A(2420)
A(2750)
A(2950)

A

A(1405)
A(1520)
A(1600)
A(1670)
A(1690)
A(17 10)
A(1300)
A(1310)
A(1320)
A(1230)
A(1290)
A(2000)
A(2020)

A(2050)
Afoasnn ™

Gmp@ﬂmoﬂpmﬁwmwpwupw.—ww

W OO e e e W e W

W =~

i

NNNNNNNNNNNN
.+.

RS

S

RS

+ 4+

N
RS

i

L = & 2

P
3o

-

3(1385)
3(1480)
2 (1560)
2 (1580)
>(1620)
>(1660)
>(1670)
3(1690)
>(1730)
>(1750)
>(1770)
X(1775)
3 (1240)
>(1880)
> (1900)
3(1915)
3(1940)
2 (1940)
> (2000)
3 (2030)
> (2070)
> (2080)
>(2100)
3 (2250)
> (2455)
3 (2620)
> (3000)
Z(3170)

Wt et

W e W

N W DN e WWOD e e WO e e W

1 lg

=(1530)
=(1620)
=(1690)
=(1820)
=(1950)
=(2030)
=(2120)
=(2250)
=(2370)
=(2500)

2
2(2250)
2(2380)—
2(2470)

127+
12"
3,02F

3,2

IV

L)
N
"~

xxx

xxx

XX XX

xxx

~(2595)"
~(2625)°
(2765)"
~(2880)*
~(2940)"
3.(2455)
¥_(2520)
¥_(2800)

[
=0
L=

c
=0

::(2645 )
=.(2790)
=.(2815)
=.(2930)
=.(2980)
=.(3055)
=.(3080)
=.(3123)

=
(27700

(5912 )P
»(5920)P

-

W

w

_W - _W o e

- _W |l

2 + =x=x=
2 %%

..? xxx

2 + ===

'.2 + XXX
ot ===

xxx

ot ===
ot ===
12 + xExx
12 + xExx
12 + xxx
12 xExx

1‘2 xExx

L = 2

'.2 + LR+ 3
ot ===

12+ xExx

1‘2 xExx

We do not have thel information of the excited heavy baryons

A(2585)




0 -mode and A -mode

-Why we focus on the excited heavy baryons?-
(What is interesting?)

©0 -mode excitation A -mode excitation

C C
\ \

1,=0

\ (g 0 (a) M... q
\q %\? q --
1,=1 =0

From these two modes, we characterize P-wave
state of the heavy baryons.




0 -mode and A -mode

-Why we focus on the excited heavy baryons?-
(What is interesting?)

Harmonic oscillator type potential
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0 -mode and A -mode

-Why we focus on the excited heavy baryons?-
(What is interesting?)

Harmonic oscillator type potential
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Mixing of A and p-mode

Only central force + 167"7“535 . S.A_Qew(_&,_,_) + spin-spin force
9mim; ! 747”.2.]. XP\— AT
0 H, > e H | 2

Spin-Spin force induce the mixing of A and p-mode
C
|C;L|2 |Cp|2 AN
v )-CloCl) —— P
? <

We can get the information of the structure of P-wave . Pure A-moge
heavy baryons from the coefficients C_ A, C p N q

P-mode [jke?

/
Two modes mix strongly? q’




Decay pattern

0 -mode —mode®
PP
Q ~> @ Q \>

[ (Zqu)>T (pD) [ (Zqm)<T (pD)




Why we focus on the excited heavy baryons?

1.Prediction for the heavy baryon spectra of excited state
— = |t has not been observed experimentally
- It is difficult to treat in the Lattice QCD

2. The separation of the A- and p- modes
— = |t is seen only in the heavy quark sector.
- The feature is reflected on decay.




Constituent quark model

Schrodinger equation

AQ
b"l'ij
VCOH_Z 2 +C L - T_:I__‘/conf T‘/Short_E:HlpJM>_O 3
i<j ¢ 0
2aC0u 1 1) A2 16ma A?
short Z[ 314 N (7722 N 7722-) 47Ty exXp(=Ar) + 9m;my; v 47Ty exp(—Ary)
1<
7 Anti-symmetric LS force
(1 —exp(—A#i;))? ., 1 1 1 1 T
¢ 4 Lii-(S8;+S; — — —~)L;; - (S; — S
i 3ri3,7 [(m? T 2. + m@-mj) 3+ (S5 +85) + (m? m?) i 2
ou ou 2 -“ten ]- — C _A 2 ?) S S
aC l C Z(Ml]) i ( eXp( . ’Z])) < ( rw)( ng) _S,- Sj)]-
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"Introduce color Coulomb force which depend on quark mass
(Form recent Lathce QCD CalCU|al'I0n) Taichi Kawanai and Shoichi Sasaki.  j+1/2 j-1/2

Phys.Rev.Lett.,107:091601, 2011. Q¢sQ = Q@

“Introduce ALS force to guarantee HQ symmetry (6 ¥
(Because now we focus on heavy quark sector ) /s seetuo e degencrare inthe

heavy quark limit (HQS doublet)

Parameters is determined by experimental data of strange baryons
(we omit A(1405) and Roper like resonance to fit the data)




Gaussian Expansion Method

jacobi coodinate

Channell Channel2 Channel3
Wave function Trial function
2
(C=D) (C=2) (C=3) G _ I —vr A
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Hc = ENc v" We describe baryon wave
H, H, - H, | ¢ N, N, - N, | ¢ function as sum of channels
Hy Hy = Hy o | Ny Ny o Ny || g [N,j=<§;;\¢§,{}> } v' We use Gaussian basis
: : oG g : - 2 H. - 0 | gl g9 funCﬁon
HnN HnN HNN Cy N,,N N,,N NNN Cy ! <¢JM‘ ‘¢]M>
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Result



Spectra of Charmed baryons
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Spectra of Charmed baryons
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Spectra of bottom baryons
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Negative parity states — p-wave excitations - 1/2-, 3/2-, 5/2-

M=m(,

o0 mode

~HQ singlet

M=m
M = m, L-
— — 9 .
O
c
) -
e ©
_— 9
‘O
X
— b .
G4
......... 2(5/2-)
- — =3(3/2%)
2(1/27)
......... N(5/2-)
- — = A(3/2)
e A(1/27)

p-mode

15



Quark mass dependence of Probability

2 . —
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Quark mass dependence of Probability
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Summary

v'"We calculate charmed baryon spectra and our result
reproduce experimental data.
(except for A(1405))

v'In heavy quark sector, states separate into A-mode
and p-mode. And one mode become quite dominant.

—>This feature will reflect on decay of heavy baryons

(We need more information of decay of heavy baryons)




Thank you for your attention!!




Level structure of P-wave singly heavy baryon
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Constituent quark model 4,3

Schrédinger equation

T+V. .+ —E]IP =0
) [ I

i<j 4

/
Vi

2000 1 1\ A? 16ma™* A2
short Z[ T (mzz T m?) 471y exp(=An) + Omgmy 7 dwry xp(—Ari)
Anti-symmetric LS force
(1 —exp(—A#i;))? ., 1 1 1 1 T
= 4 Lii-(S; +8S; — —5 )L - (S; — S5
3’1'@'3,’ [(m? * m? + mz-mj) J ( it ]) + ( m2) 4 ( ])]
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Coulomb force depend on quark mass ,
Taichi Kawanai and Shoichi Sasaki. Phys.Rev.Lett., 107:091601, 2011. j+1/2

Heavy quark spin conserve in heavy quark limit %SQ

(H.s,)=[H.J-s,]1=[H.jl=0 @ (e

We will see two state degenerate in
the heavy quark limit (HQS doublet)
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Bottom ~—Charm
L et 1 i " -v. L et i 1 b L i vl .“’1‘\ -
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1/mg [GeV]

nt quark model

Vegr) = — - + or+V,,
Acoul =
His
K am, A a*o Ala*o
0.11456  0.493(18) | 0.663(23) | 0.0477(28) 13.9(7)
0.10190  0.833(31) | 0.470(16) | 0.0435(25) 10.8(6)
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Coulomb force strongly depends
on quark mass

Taichi Kawanai and Shoichi Sasaki. Phys.Rev.Lett.,107:091601, 2021.
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The separation of A- and p-mode
become clear in the bottom sector.
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Constituent quark model

(a)As (b)Xs (c)=ss
J¥ Theory Exp. J¥ Theory Exp. J¥  Theory Exp.
[MeV]  [MeV] [MeV]  [MeV] [MeV] [MeV]
¥ 1116 1116 7 1197 1192 17 1325 1314
1799 1560-1700 1895 1630-1690 1962
1922 1750-1850 2016 2131
3% 1882 1850-1910 37 1391 1385 37 1525 1530
2030 2004 2034
2100 2028 2115
5% 1801 1815-1825 5% 2012 1900-1935 5* 2040
2045 2090-2140 2085 2166
2143 2091 2211
17 1526 1405 17 1654 (=1620) i 17
1665 1660-1680 1734 1730-1800 1875
1777 1720-1850 1751 1910
37 1537 1520 37 1660 1665-1685 371782 1820
1685 1685-1695 1755 1900-1950 1877
1810 1760 1920
27 1814 1810-1830 57 1762 1770-1780 >~ 1933
2394 2324 2460
2448 2427 2518
Parameters
mg < Mms  Mme My b K s 0so(=aten) C A
[MeV] [MeV] [MeV] [MeV] [GeV?] [MeV] [MeV] [fm™!]

300 590 1841 5208 0.225 90 14 0.08 -1746.6 3.5




Constituent quark model

(a)As (b)Xs (c)=ss
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The number of A and 0 -mode

flavor [ L I s S mode J / A \
0 1 1 0 1/2 M\ 1/27,3/27 ] 0
A 1 0 1 1 1/2 pip 1/27,3/2° 2 A -modes 5 0-modes
1 0 1 1 3/2 P3/2 1/2_,3/2_,~)/2_
0 1 1 1 1/2 Ay 1/27,3/2 EQ
Yo 0 1 1 1 3/2 Mg 1/27,3/27,5/2"
1 0 1 0 12 pljg /232 \5 A -modes 2 ,O-modes/
0 1 1 0 1/2 M\ 1/27,3/2°
1 0 1 1 1/2 pia 1/27,3/27
¢ 1 0 1 1 3/2 pspp 1/27,3/27,5/2"
0 1 1 1 1/2 M 1/27,3/2°
0 1 1 1 3/2 32 1/27,3/27,5/2°
1 0 1 0 1/2 pyya 1/27,3/2°
0 1 1 1 1/2 Ny 1/27,3/2° EQQ
Zo0 0 1 1 1 3/2 A3 1/27,3/2-,5/2-
1 0 1 0 1/ pljg 1/2-.3/2- 5 A -modes 2 0 -modes
0 1 1 1 1/2 Mo 1/27,3/2°
Qg 0 1 1 1 3/2 Agjp 1/27,3/27,5/2°
1 0 1 0 1/2 pia 1/27,3/2°
QQQQ 0 1 1 1 1/2 /\1/9 1/2_,3/2_
1 0 1 0 1/2 pyp  1/27,3/2-
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Heavy baryons in the heavy quark
limit
Heavy quark spin conserve in heavy quark limit

[HaSQ]=[H9J_SQ]=[H9j]=O

27



Heavy baryons in the heavy quark
limit
Heavy quark spin conserve in heavy quark limit
[HasQ] = [HaJ_SQ] = [Haj] =0
This leads to ..

j+1/2 J—1/2

We will see two state degenerate
Q q Q Ry in the heavy quark limit
Q Q  (HQS doublet)
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Heavy baryons in the heavy quark

limit

The number of spin singlet and doublet for P-wave state

flavor [ L I s S mode J
0 1 1 0 1/2 /\1/2 1/2-3/2-
Ag 1 0 1 1 12 pipe 1/27,3/2°
1 0 1 1 3/2 psp 1/27,3/27,5/2°
0 1 1 1 1/2 Npp 1/27,3/27
Yo 0 1 1 1 3/2 Ay 1/2,3/2,5/2
10 1 0 1/2 pyp 1/27,3/27

J=s+1+L

29



Heavy baryons in the heavy quark

limit
The number of spin singlet and doublet for P-wave state
J=s+1+L
flavor [ L I s S mode J =1
0 1 1 0 1/2 Al/g 1/2—3/2- ]/ ]_
A 1 0 1 112 pp 1232 1_—>»J=0,12
1 0 1 1 3/2 psp 1/27,3/27,5/27 _ .
0 1 1 11/2\p 1/2°,32 1—m2 j=0,1,2
Yo 0 1 1 1 3/2 Ay 1/27,3/27,5/2 1
1 0 1 012 ppp 1232 F—>J=
Aé .ZQ. Three Doublets and One Singlet

j=0  j=1 J=2

IR




Double Heavy baryons
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Quark mass dependence of Excited energy

Excited energy [MeV]
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Quark mass dependence of Probability

Single heavy Double heavy
SU(3) limit strange charm bottom SU(3) limitstrange charm bottom
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0.0 ‘ e e . . ‘ ‘ ) ‘ ‘ | -
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m mS (o}
Heavy quark mass [GeV]

Heavy quark mass [GeV]

N\ baryon - A-mode become dominant in the strange region

2 baryon - A-mode become dominant in the charm region

=. Qbaryon - pP-mode become dominant in the charm region
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Decay pattern

PDG Data m JAP

A(1890)3/2+

Our prediction
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Singlet and Doublet

A(1/27)

1.0 B —
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Quark mass dependence of Excited energy

strange charm
¢ ,bOttom f\\ | w/o spin dependent force
_________________________ 700/}
¥ ________________________
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Quark mass dependence of Excited energy
ZQ

strange charm bottom \\ w/o spin dependent force
T T T \ T . T T T
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Angular momentum
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0°%qq Exchange q_1 and q_2
q-

Because of Pauli principal
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