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1. Introduction

- Hadrons and QCD

- Hadron properties are in-principle described by QCD dynamics

ZQCD — /DwaDAeXp( /d w/:'QCD) Zhadron /DHGXp( /d4x£hadron>

quark @ N ® (H = hadrons)
e 0% oy 2000 @ @
© w © 7 (qq) N (qqq) A (a29) A. (gqc)
[ZQCD ~ Zhadron 1
[> Hadrons must respect symmetry properties of QCD
eg Chiral symmetry breaking U(1), anomaly

- mass generation R;@EL - U(1)a non-conservation
R L .
_ - low-energy theorem R |- topological nature of QCD
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1. Introduction

 Diguark in SHBs

- We employ (heavy quark)-(diquark) picture for singly heavy baryons (SHBs)

ey

_ - chiral symmetry breakin
diquark 9¢,94(qq), - - - { y Y J
- U(1)a anomaly

heavy quark () -[ -heavy quark spin symmetry (HQSS)
= spectator

/

- We try to describe SHBs with a field-theoretical method

N

Our approach

based on chiral symmetry, U(1), anomaly, and HQSS

- Note: Diquarks are NOT observable (confinement) but are useful in

studying the baryon spectrum : cg.satfe-Wilezek (2003). Hong-Sohn-Zahed (2004) |

<:> quark model (constituent quarks are confined but useful)



1. Introduction

 SHB in chiral models

- Mass spectrum of SHB in charmed sector

Mass
A . 56(2970)%+
A, 2765)5 _ 2645)§+
3+ H'_‘J—f 12+ o o o
Y.(2520)2  Z¢ 5
. 56(2470)%+ Y. (2455) ;(spin doublet)
AC(2286)% (spin doublet)




1. Introduction

 SHB in chiral models

- Mass spectrum of SHB in charmed sector

mass N
A =,(2970) !

A (2765) 1

3+
=..(2645)3
3t o N
%.(2520), Z !
1t

) 56(2470)%+ 242455)5 (spin doublet)
— (spin doublet)

=T/’ I=1/2 ¢ o o

- Some works were devoted to rather lower states (and their chiral partners)

______________________________________________________________________________

i Kawakami-Harada (2018, 2019), Harada-Liu-Oka-Suzuki (2020) Dmitrasinovic- i
i Chen (2020), Kawakami-Harada-Oka-Suzuki (2020), Kim-Hiyama-Oka-Suzuki

unobserved

! (2020), Kim-Oka-Suzuki (2021) Kim-Oka-Suenaga-Suzuki (2022) ’/( )0 o8
S e n= n=0
EZB A2 ] %0-6 A(1/27) = A(1/25)n

. . = Set (Il o} Set ()

- Chiral-partner structure on A.(g.s.) at high T 2 wamomaty | £ 04 o anom)

. e = 240y —] =02

was also examined | suenaga-Oka, [hep-ph] 2305.09730 I e 00
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1. Introduction

 SHB in chiral models

- Mass spectrum of SHB in charmed sector

mass =.(2970)! ~Roper-like
A (2765)
(2645)

252
56(2470)_ Z 2455)- (spln doublet)
/\6(2286)%+ ’ (spin doublet)
IZO I:]./2 I:]_ I:1/2 ————————————————————————————————————
[- The Roper-like SHBs are rather mysterious ] P e L
= 2 250 Light baryons Heavy baryons 500 Mev
- Universality of mass differences N PR S S A S S

(udu) (uds) (uds) (udc) (usc) (udb)

|- Comparably large decay width of A.(2765), =.(2970) (T's,, ~ 50 MeV)
=) T'tn ~ 5MeV in NON-relativistic quark model, but improved by rel. corrections

| Nagahiro et al (2017), Arifi-Suenaga-Hosaka (2021) | — chiral model description




1. Introduction

- Pentaquark picture for A.(2765) and =.(2970)

- We invent pentaquark components made of tetra-diquark ¢¢(7q) to describe

________________________________________

conventional
diquark

qq

y
~ A(2286), 2.(2470) (5 )
ground state

tetra-diquark

o .(2765), 2,(2070) (5 )

Roper-like state

The mass difference is ~ 500 MeV

@ reasonable

Sigma meson mass is M (gq) ~ 500 MeV



1. Introduction

- Pentaquark picture for A.(2765) and =.(2970)

- Chiral partners are also predicted . Suenaga-Hosaka, PRD 104,034009 (2021)

_______________________________________________________

all of them are
HQS-singlet

[ mass degeneracy when chiral symmetry is restored

partner

(unobserved)

- Large decay widths of A.(2765)and Z.(2970) are explained with
reasonable value with (axial charge) ~ 0.5 g ;

_______________________________________________________

T, ,
A.(2765) —  »n() »0) —— A.(2286)

This talk
[- | present predicted mass spectrum and decay width of the chiral partners }




 Diguark fields
- We introduce two types of diquarks

i) conventional diquark
1,7,k : flavorindex
'a,b,c : colorindex

______________________________

- The chiral representation and axial charges of dy, d; , d5, d are
dR ~ (173)4—2 ) dL ~ (37 1)—2
dp~(3,1),,, dp ~(1,3)_,

_ B ~ Qd
- The baryon fields are{ " “ L)
BR(L) ~ QdR(L)



2. Model "

- Lagrangian

- Our Lagrangian is invariant under SU(3)r, x SU(3)r chiral symmetry
but incorporate U(1) 4 anomaly, which can be separate into three parts:

L= L3+ L5+ Lix

& @ .0 @30

- Our counting scheme:

1. include interactions invariant under SU(3)., x SU(3)g chiral and
U(1)a axial symmetry

2. add U(1) 4 breaking terms with minimum number of meson fields



Lagrangian

- More concretely ,C LB _|_£5 Ny :
mix |

_______________________________________________________

Li= Y (Byiv-0By — mBB,) - 12 [BL(EET) By +BR(2T2)TBR]

bi~aj

o0

2
= x=L,R ™
2f (EzngachL kZmZ]bBR c+ h.c. ) g/1 (BLE*BR + hC)
L= Y (Bliv-0B, - usB,B,) - 14 [BR(EZT)TB’ + B (ETZ)TBL]
x=L,R f
_92 stsf st Y (BRE*B)) + he.| — 22 Iz 515 510 3100 S0 : A &
- 6/3 [(eabcewk bjSar) (B L) +h.c 2f3 €abc€ijk DR | L,4 T h.cC.
+g5 (BRX*B}, + B X" By)
[ Loix = —g4(BRX*Br + BLX*B} +h.c.)

—,LL/1 (BRB/L + B/LBR + BLB/R + B/RBL)

Emix — %E &&@

“ @0




- Lagrangian

- More concretely ,C LB _|_£5 Ny :
mix |

_______________________________________________________

Ls= Y (Byiv-0By — 1 ByBy) — 7
- x=L,R

EzjkGachL kzzaZ]bBR c T h.c. ) 9/1 (BLZ*BR + hC) anomaly

[BL(EET) Br + BR(ETZ)TBR]

- 2f7r (
Ls= > (Biiv 0B}, — pyB,B,) -
x=L,R f

92 o 0
= _@ |:(€abC€’ijET Z;gj Elk)(B}%E B’L) + hC] — 2—f7§ (

+95 (BRX* By, + BLY" BR) anomaly

L [BR(EZT)TB’ + B (ETZ)TBL]

Capecisk B ]S S BL g+ hie)

) ) only g1, g5, p} terms are
Lmix = —g4(BRX*Br + BLX* B} + h.c.) U(1)4NON-invariant
—,LL/1 (BRB/L + B/LBR + BLB/R -+ BlRBL)anOmaly
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KMT/ L. L
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N >—

gy, g5, 1) terms include
KMT-type interactions




3. Analysis and results

3-quark SHBs with no mixing: £, =0
- Under chiral symmetry breaking () = f,diag(1,1, A) with A =1.38

- The mass of 3-quark SHBs with no mixing £,,;x = 0 is obtained as

@ M(AP(£)) = mp+p +ps T f=(1 + Adh) T T
O MEB(L)) = mp +p1+ A3 F fo(Agy +4,) | P27 pPeT B
e

ground-state*
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- Under chiral symmetry breaking () = f,diag(1,1, A) with A =1.38

- The mass of 3-quark SHBs with no mixing £,,;x = 0 is obtained as

@ M(AZN (%) = mp+ i+ ps F fx(91 + Agi) T T
7 1 MEI (L) = mp+m + A% F fr(Agi +g)) | Br= 7BrF B
e

ground-state*

3400 0 ' " | with no anomaly | | T 3 """"""""""""""" H [3]
i \/ Cinput M (AP (4)) = 2286 MeV M (ELP!(+)) = 2470 MeV
320019120 T 7208 S |
. Harada et al (2020)
< ol noma /7 N () MAP(+) < M(AB(-) < MEE(+)) < MEP(-)) normal
= ngrmal | () MAL(+) < MEF(+) < M(AP/(-)) < MEP(-)) normal
5 | )
4 a0 ! () M(AB(4)) < MEE(+) < MEB(-)) < M(AE(-)) inverse
2765 —_—— e — ] -
inven!se
2600}
i ¢ Anomalous ¢} term can lead to the
“nor s y L inverse mass hierarchy
2286 2470 2600 28002890 3000 3200

M(AL(-)) MeV]



3. Analysis and results

« 3-quark SHBs with no mixing: £,,,. =0

- Decay widths of ABl(—) are evaluated

3 3 3
AP (=) = A& (+)n AZ(-) - EPN(H)K
3400 800 3400 800
b /l/ 700 pn - 700
H3= H3=
3200 3200 M(AB(=)) = 2890 MeV
< with no anomaly o = 600 quark model
= 3000 50 2 3000} 505 | (Yoshida et al 2015)
—_~ —_~ 2
R 400 % O 400
o0l T 2, 5
B 002 L 2765 - - 302 | M (EPI(-)) = 2765 MeV
200 200 chiral @ — ¢¢ model
2600 | 2600 | .
— 100 (Kim et al 2020)
2400 : 0 2400 ' 0
2600 28903000 3200 2600 28903000 3200
M(A L)) MeV] M(A L)) MeV]

- Decay widths abruptly increase above thresholds (chiral partner property)

- Anomaly and n — n" mixing can milder such sudden increase

______________________________________________



3. Analysis and results

- 3-quark SHBs with no mixing: £, =0

- Decay widths of =l(—) are evaluated

—[3 —~[3 —[3 3
=2 (—) —» 28 (+)r =¥(-) = AP (K
3400 800
u =
3200 : M(AP(=)) = 2890 MeV
< with no anomaly 600 = quark model
= 3000 \ 0% 2 (Yoshida et al 2015)
,_,5 400% '_‘5
QO 5 ﬂo
L 2765 WS 2 : M (EB(-)) = 2765 MeV
200 { chiral @ — ¢¢ model
2600 | .
i 100 i (Kim et al 2020)
2400 . ' ' 0 2400 : Lo . 0
2600 28903000 3200 2600 28903000 3200

- When assuming =l(—) to be recently observed =.(2923) or £.(2930),
the width becomes very large <« experimentally I'cx, ~ 10 MeV

$ =.(2923) or 5.(2930) CANNOT be 3-quark (dominant) SHB




3. Analysis and results

5-quark SHBs with no mixing: £, =0
- The mass of 5-quark SHBs with no mixing £,,;x = 0 is obtained as

{ M(APN L)) =mp + po + Ay £+ Af-[Aga + g3) + g5)]
e

MEP (L)) =mp + po + pa £ f2 [A(g2 + g3) + 93]
Roper-lik

- g5(and g2, 93) can be absorbed into 1 = A(g1 + g3) + ¢l —> no anomaly effects



3. Analysis and results

« 5-quark SHBs with no mixing: £, =0
- The mass of 5-quark SHBs with no mixing £,,;x = 0 is obtained as

{ M(APN L)) =mp + po + Ay £+ Af-[Aga + g3) + g5)]
e

MEP (L)) =mp + po + pa £ f2 [A(g2 + g3) + 93]
Roper-lik

- g2(and gz, g3) can be absorbed into h = A(g, + gs) + g5 > No anomaly effects

- For decays (z,(2967) — 5[)(—)r) + [(E(2967) — ABI(=)K) < 20.9 MeV (exp.)
I'(A.(2765) — ”[051( )K) + I'(Ac(2765) — AlBl(—)n) < 50 MeV (€xp:)

-
assumption (P-wave) assumption (P-wave)
2551 MeV < M(ABN(—)) < M(ADI(+)) 2811 MeV < M(EPF(-)) < M(EP (+))
(= 2765 MeV) (= 2967 MeV)




3. Analysis and results

« 5-quark SHBs with no mixing: £, =0
- The mass of 5-quark SHBs with no mixing £,,;x = 0 is obtained as

{ M(APN L)) =mp + po + Ay £+ Af-[Aga + g3) + g5)]
e

MEP L)) =mp + po + p1a £ fr [A(g2 + g3) + 95]
Roper-lik

- g2(and gz, g3) can be absorbed into h = A(g, + gs) + g5 > No anomaly effects

- For decays (z,(2967) — 5[)(—)r) + [(E(2967) — ABI(=)K) < 20.9 MeV (exp.)
I'(A.(2765) — ”[051( )K) + I'(Ac(2765) — AlBl(—)n) < 50 MeV (€xp:)

L =
assumption (P-wave) assumption (P-wave)
2551 MeV < M(ABN(—)) < M(ADI(+)) 2811 MeV < M(EPF(-)) < M(EP (+))
(= 2765 MeV) - (= 2967 MeV)

\
[- =.(2923) or Z.(2930) can be assigned to =15/ (-) 1




3. Analysis and results

- With mixing

- When mixing between 3-quark and 5-quark is present, mass reads

1
M(BHEY = mp + =

+,1

m2
+,i=1,2

my;—3
m[4]
+.i=1,2
ml4
+i=3

M ;=1,2

m4 ;=3

2

1] 2 ]
M(BYE) = mp + 3 |4, ) (= i) a2

2

2
[
: + : parity ;

52

pr + A%z T fr(Agy + g1)
1+ p3 F f=(g1 + Agh)
p2 + pa = frh,

po + A%py £ Afrh,

# of effective parameters: 9
(except for f, A)

= /flll F fx94,
,UJ/l FAfrgs -
, By, coslp,, sinfp, , By ;
- The mass eigenstates are <Bf7; ) = ( _sin 93;1- oS 93;,1- ) (B;,i )
| ~@R



3. Analysis and results

- With mixing but no anomaly

- When anomaly is absent, ¢; = 1} =0 — # of effective parameters: 7

____________________________________________________________________________________________________________________________________

- - We take these 6 inputs

M(AL(4)) =2286 MeV M (AP (+)) = 2765 MeV M (A7 (-)) = 2890 MeV (quark model)
M(EE(4)) = 2470MeV  M(EH(+)) = 2967 MeV M(EL(-)) = 2939 MeV ( Z,(2930))

Width of Z.(2930)

T T ' 7
Ec(2930) — Ec(2470) + 7 /
+E(2930) — A.(2286) + K

20

151 //

/
rtotal ~ 10 MeV /

exp

3-quark component in=.(2930)
can be at most~ 5.1%

Width [MeV]
S

allowed excluded

0 2 4 51 6 8 10
Ratio of 3-quark states in =;(2930) [%]



3. Analysis and results

With mixing but no anomaly

[ ]
- When anomaly is absent, ¢; = 1} =0 — # of effective parameters: 7
. - We take these 6 inputs
C M(AL(+)) =2286 MeV M (AH(4)) = 2765 MeV M (A7 (-)) = 2890 MeV (quark model)
MEL(4)) = 2470MeV  M(EH (4)) = 2967 MeV M(ZL(-)) = 2939 MeV (Z.(2930))
Width of =.(2930) Mass spectrum (Qqq : Qqqq)
20 : — ,
E.(2030) — (2470) + 7 / Mass{MeV] 13230
+Z:(2930) — A.(2286) +./T{ 94.9% : 5.1%
/
15 / 2967 2039
T |roe & 0Mev ,/" yres  T40%26.0%
= 10 35%:96.5% 2689
= fix the last parameter 26.0% 1 74.0%
2470
il 98.3% : 1.7%
2286
allowed excluded 96.5% : 3.5%
06 2 4 51 6 8 10 1* 1~ 1t - (T
Ac(z) Az ) (5) (7 )

Ratio of 3-quark states in =;(2930) [%]



3. Analysis and results

With mixing but no anomaly

- When anomaly is absent, ¢; = 1} =0 — # of effective parameters: 7

____________________________________________________________________________________________________________________________________

- - We take these 6 inputs

M(AL(4)) =2286 MeV M (AP (+)) = 2765 MeV M (A7 (-)) = 2890 MeV (quark model)
M(EL(4)) = 2470MeV  M(EH (4)) = 2967 MeV M(EL(-)) = 2939 MeV ( E.(2930))
Width of =.(2930) Mass spectrum (Qqq : Qqqq)
20 . — .
Z(2930) — E.(2470) + 7 / Mass[MeV] T — too 1 323
+E.(2930) - A,(2286) + i [ 00 aTee %_—9% 10T = 10MeV

/ through small
i [' ~ 100 MeV
15 // w 2967 2939 IIIiXing of 3q‘5q

/
y 2890 1.7%:983% c 13 )
total / 74.0% : 26.0% 5.1% : 94.9%
Fexp ~ 10 MeV 2765 T ~1MeV1
3596:96.5% 2689 - |

. % : 74.0%— through HQSS-breaking
fix the last parameter 26.0%:

Width [MeV]
S

2470
5l 98.3% : 1.7%
2286
96.5% : 3.5%

allowed excluded

0 2 4 516 8 10 Na A ({) o (17
Ratio of 3-quark states in =4(2930) [%] c\2 \2 =c\2




3. Analysis and results

- With mixing and anomaly

- As for the case with anomaly effects, one can consider inverse mass
hierarchy for 3-quark dominant SHBs

____________________________________________________________________________________________________________________________________

input T M (2L () = 2765 MeV (ch. @ — ggmodel)’
M(A7 (+)) = 2286 MeV M (A (+)) = 2765 MeV M (A (=)) = 2890 MeV (quark model)
M(ZE(+)) =2470MeV M (ZH (+)) = 2967 MeV M(ZH (=) = 2939 MeV ( E.(2930))

- One can get constraint in, eg, 94 — (1 plane
from decay widths of 150 |

T'[=.(2930)] ~ 10 MeV and T'[Z.(2967)] &~ 20.9 MeV

L
Only this region is allowed

T T T T T 2750
M(Z,(2970))=20.
M(2,(2930))=1

- Constraint for M (A% (-)) is also obtained,
which is typically M (A% (—)) ~ 2700 MeV

-150

1 1 1 1 1 1 1
2 15 1 05 0 05 1 15 2
94



4. Conclusions

- We argued 3-quark and 5-quark picture for HQS-singlet
SHBs from chiral symmetry and anomaly

- Anomaly can lead to inverse mass hierarchy of 3-quark SHBs tetra-diquark
- Anomaly does not affect mass of 5-quark SHBs

- When anomaly is absent, for instance we get the following mass spectrum
with small mixings of 3-q and 5-q

Mass[MeV]

I'=+t | 3230
[ oY e %1 519(T = 10MeV

through small
I' ~ 100 MeV
2967 2939 miXing of 3q'5q

yres  740%: 26.0%
35%:96.5% 2689 ol MeV ! 1

(Qqq : Qqqqq)

26.0% : 74.0%— through HQSS-breaking

2470
98.3% : 1.7%

2286
96.5% : 3.5%




