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1. Introduction

. diquark qq
- What are diquarks? '/ o
- Diquark is a “cluster” made of light two quarks @ 89
N A A, -
- Diquarks are not observable (confinement) but are useful in studying
the baryon spectrum ek ooy

_ | Hong-Sohn-Zahed (2004) |
<:> quark model (there must be confinement but useful)

<>

[- Singly heavy baryons (SHBs) provide us with suitable testing ground }

SHBs are useful . eg, isotope shift (A, p mode shift)
i eg, Yoshida-Hiyama-Hosaka-Oka-Sadato (2015) i

diquark 44 . ‘
- kinetic properties?
- symmetry properties?

heavy quark () - coupling with pions?, etc.
= spectator




1. Introduction

« Symmetry of diguarks
- QCD with light flavors has the following symmetry properties:

(approximate) SU(3)r, x SU(3)g chiral symmetry
U(1)a anomaly (or significant instanton effects) RR
RE : E

S
[ - Try to extract the symmetry information of diquarks from SHB spectroscopy}

L
L
L

ambition ) SHBs diquark condensate (color superconductor)

o AN gg :> RSO

eg, with chiral restoration? 5

(Wlth |attice QCD) Suenaga -Murakami-Itou-Tida; 2211.01789
i Murakami-Suenaga-Itou-Tida; 2211.13472




1. Introduction

« SHB in chiral models

- Mass spectrum of SHB in charmed sector

mass E.(2970) 1
A (2765) : -
L. Sc(2645) c e
%, (2520 ) A
=, (.5 1t !245 " (spin doublet)
Ac(g.s) 1f = (splndoublet)




1. Introduction

« SHB in chiral models

- Mass spectrum of SHB in charmed sector

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

252
1t g245 "(s d plet
Hcgg 2 pin doublet)
Ac(g.s ) (spin doublet)
I=0 I=12 I=1  I=1/2 o |
[- The Roper-like SHBs are rather mysterious ] g o) MU0 0O sy | Ny D) ey
= ] . . 3 250 Light baryons Heavy baryons ~|500 MeV
- Universality of mass differences TR SO S A A

|- 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 invented pentaquark picture for the Roper-like SHBs with the
tetra diquark in addition to the conventional one with chiral symmetry

______________________________

conventional

- 1+
diquark ~ N:(2286), =(2470) (5 )

ground state

ﬂ‘ ~ 1+
tetra diquark gg ~ A(2765), =.(2970) <§ )

Roper-like state

- We also argued the presence of their chiral partners

- Large decay W|dth of A.(2765) and Z.( 2970 are reasonably explained

_____________________________

______________________________



1. Introduction

» This work

- In this work, we study masses and decays of the negative-parity chiral
partner SHBs for future experiments

7 T chiral partners
ground state Roper-like state — aim of this work

/- In particular, we focus on (approximate) SU(3), x SU(3)g chiral symmetry\
and U(1) 4 anomaly of the following two diquarks

: tetra diquark




 Diguark fields
- We introduce two types of diquarks

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

______________________________

- The chiral representation of dg, dr, d,, d are
dR e (173) ) dL & (37 1)
le ~ (37 1), dg; ~ (173}

. Bripy ~ Qd
- The baryon fields are{B?(L) Qd,R(L)
r(r) ~ Qlg(w) 3-quark  5-quark



- Lagrangian

- Our Lagrangian is invariant under SU3)rL x SU3)r chlral symmetry

but incorporate U(1)4 anomaly:: ﬁ L3+ L5+ Lonix 5

N Byiv-0By — 11 BB M e Bi(SE) Bya +he)

- XX T 52
= x=L,R 2f

= sy 4 - (04
Ls= > (BliwBl, — BB - %{B’%(ETE) By, +hc}
x=L,R i

4 4+ g:(BRE*B, + BLxTB)) — 69;’3 %ol e BRI S 9B BY 4+ hie)

= 29;3 Yenapdlae e (BEEIP T S S B] |+ hec) s (@

L 0y 3~ & @

" Lonix = —u3(BrB} + B’y Br + BBy + B'rB1) L5 — 8 @
— g3(BRE*Br + BLE*BY, + h.c.) <

oo (88
. 2. is meson nonet | ~ é@y &&@




Lagrangian

- Our Lagrangian is invariant under SU3)rL x SU3)r chlral symmetry

but incorporate U(1)4 anomaly:: ﬁ L3+ L5+ Lonix 5

= Y Byv-0B,—mBB, -1 ]32ea pec?® | BU(SET) Bya + b,
x=L,R

Ls= > (BliwBl, — BB - %{B’%(ZTE) By, +hc}
x=L,R i

1+ (BRI By + BLETBY) — 2 6%e,np0% 4 (Beste S S S8 BY 4+ hee)

63
. 96 <o € 5b ecde(Blaz‘l‘p E-{-)\ 21-7 ETB B. +h C)
2f7§ BEYAPO ¢ R2 i g2 g2 oDF & c.
[ Bt = —u3gBRB" + B’ Br + BLBIE + B'rBy) only 91, 92, 43 terms are
] — g3(BRYX*Br + BLY*B}, + h.c.) U(1)aNON-invariant

_________________________________



3. Analysis "

« 3-quark SHBs with no mixing
- 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

. 1+4, .
e@ MEP(E)) = m + u1 F fr(g1 + Aga) : |
@ 2 : Bi:i(BR:FBL) :
‘ M (A ‘ 2 ‘

ground_state ( c (:t)) = H1 + p‘,l 0 fﬂ'(Agl + 94) R 2




3. Analysis

« 3-quark SHBs with no mixing
- 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

- 1+ A2
Q@ MEPI(F)) = p1 + 5 M1 F fr(91+ Aga) A [
| (3] / . B+ = —7=(Br¥F Br) |
M(AZ(£)) = pa + p1 F f=(Ag1 + g4) . 2 |

ground-state~ ¢ 7 T TS TR mm T e

0 g with no anomaly :".""'"""""""""""""_""""""'"_""""""_""""""1:

" » v Cinput M(AP(+)) = 2286 MeV M (EP(+)) = 2470 MeV |

3200 [ K1=0 —— i et e EE TR R T '
nommal f arada et al (2020)

% 3000 normal | @ MAJ(+) < MAI (=) < MEP(+)) (E¥)(-)) normal
£ | @ MAI(+) < MEI(+) < MAF (=) < MEP(-)) normal
e i @ M(AP(+) < MEP(+) < MEP(-) < M(AP(-)) inverse
| u
- ®
T | inverse / -
| (7 term leads to normal hierarchy @ @
2470 | ' ) )
2400 |~ 1 1 Anomaly g1 term leads to inverse hierarchy ®
22002286 2470 2600 28002890 3000 3200

MAL-)IMeV]



3. Analysis

« 3-quark SHBs with no mixing

- Decay widths of ABl(—) are evaluated

3400 ,_3400 800
%1 ;"”ﬂ: %1 —
1 1
700
3200 + 3200
600
2 >
= 3000 = 3000 o=
= — =
= o3~ 400"
W W E
=2765 =2765 ——~ 300
= =
200
2600 2600
100
2400 A ‘ 2400 . 0
2600 2890 3000 3200 2600 2890 3000 3200
3 3
MAL ) MeV) ML) MeV)

[ - Z8(~) could be assumed to be recently observed =,(2923) or Z.(2930) }

__________________________________



3. Analysis
« 3-quark SHBs with no mixing

- Decay widths of =l(—) are evaluated

=P (—) - 2B+

o

800

800
700

e
d
700
3200 3200
600 600
3 500 3
= 3000 3 2, 500
= = =
i 400% = 400>
o S uE g
=2765 300 = 300
= £ 2765
200 200
2600 7 ' 2600 b 4
i 100 100
|
2400 : L. : 0 2400 : L. : 0
2600 28903000 3200 2600 28003000 3200
3
M(AL)MeV]

M(ALY )MV

- When assuming =8l(—) to be recently observed =.(2923) or E.(2930),

the width becomes very large < cf, Tey, & 10MeV
$ =.(2923) or =Z.(2930) cannot be 3-quark (dominant) SHB




3. Analysis "

« 5-quark SHBs with no mixing

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

@ MEP(L) = po + Mz ~- fn{gz + A(gs + g6)}
Roper-like MASI)) = o+ Afr{g2 + A(g5 + 96)}

- 92 (and gs, ge) can be absorbed into G = g, + A(gs + gs) > N0 anomaly effects




3. Analysis "

« 5-quark SHBs with no mixing

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

F@ =[5] _ /
t@‘aj M(EP(£)) = p2 + py £ fr{g2 + Ags + g6)}

“ | M(APY (L)) = po + A%ph £+ Af<{g2 + A(gs + g6)}
Roper-like

- 92 (and gs, ge) can be absorbed into G = g, + A(gs + gs) > N0 anomaly effects

I'(2.(2967) — EP)(—)7) + [(Ec(2967) — AP(—)K) < 20.9 MeV (experiment)
T'(A.(2765) — EBI(—)K) + I'(A.(2765) — ABI(—)n) < 50 MeV (experiment)

R
assumption (P-wave) assumption (P-wave)
2551 MeV < M(AP!(-)) < M(API(+)) 2811 MeV < M(EP!(-)) < M(EF!(+))
(= 2765 MeV) (= 2967 MeV)

=.(2923) or Z.(2930) can be assigned to =%/ (—)
— no strong decay as long as there is no mixing L,ix = 0 : (3q|5q) = 0




3. Analysis

- With mixing

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

H/Ly 1 e
M(B+7i)—§ m+z+m+zi\/m+z m+ ) +4m+z] i 4 panty :
M) = 3 [moiemt g\ fm =t o amz | (/1 ¢ Higher/Lover

1+ A2
m4 ;=12 = M1 +

5 k1 F frx(91+ Aga)
M+ i=3 = p1 + 1 F f=(Ag1 + ga)
_ m,j:,i=1,2 = pg + py £ fr{g2 + A(g5 + g6)}
mly i3 = p2 + A% + Afe{gs + A(gs + 96)}
My i=1,2 = U3 F fx93
My ;=3 = 43 F Afrgs

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

— (%

. Biz . COSQBii SingB:i:.i B:tz
- The mass eigenstates are ( BH . ) = ( —sinfp, , cosfp, , B:t 7,



3. Analysis

- With mixing but no anomaly

- When anomaly is absent, g1 = g2 = 43 = 0 — # of effective parameters: 7

____________________________________________________________________________________________________________________________________

Width[Mev]

input
M(AL(+)) = 2286 MeV
M(ZL(4)) = 2470 MeV

M(AZ(4)) = 2765 MeV
M(ZX(+)) = 2967 MeV

Width of Z:(2930) vs M (25 (-))
20 1
\
\l
excluded | allowed
15 \ :
Teoxp =~ 10MeV |
10 P )
5
8000 3050 3100 3150 3230 3300

M(E(-)MeV]

(—)) = 2890 MeV (quark model)
(=) = 2939 MeV (E.(2930)) |



3. Analysis

- With mixing but no anomaly

- When anomaly is absent, g1 = g2 = 43 = 0 — # of effective parameters: 7

____________________________________________________________________________________________________________________________________

Width[Mev]

M(AL(+)) = 2286 MeV
M(ZL(4)) = 2470 MeV

20

M(AZ(4)) = 2765 MeV

M(EP (+)) = 2967 MeV + M(EL(-)) = 2939 MeV (Z.(2930))

Width of 2c(2930) vs M (25 (—-))

d

\
!
excluded )
15 1\
lexp = 10 MeV
10
5

allowed

-

8000 3050 3100 3150
M(E(-)MeV]

3230 3300

Mass spectrum (Qqq : Qq9q9)

3230
94.9% : 5.1%
= 2939
2890 1.7% : 98.3%
_&090 29 0
2765 740%: 26.0% 5.1% : 94.9%
3.5%: 96.5%
2689
26.0% : 74.0%
_2470
98.3% : 1.7%
2286 0 b

96.5% : 3.5%

&) w6 () =6)

H(_)) = 2890 MeV (quark model) :



3. Analysis

- With mixing but no anomaly

- When anomaly is absent, g1 = g2 = 43 = 0 — # of effective parameters: 7

____________________________________________________________________________________________________________________________________

M(AL(+)) = 2286 MeV M (AH (4)) = 2765 MeV

H(_)) = 2890 MeV (quark model) :
MEE(+)) = 2470MeV M (EF(4)) = 2967 MeV M(EL(-)) = 2939 MeV (Z(2930))

Width of 2c(2930) vs M (25 (—-))

= Mass spectrum (Qqq : Qq9q9)
20 ;
l\ [ I' = too large } 3230
uded | lowed 94.9%: 519 I' = 10 MeV
exclude . allowe -~
5 l\\ _ ' ~ 100 MeV 2067 through small
Fexp =~ 10 MeV

\ 2890 1.7%:98.3% 510_/22._3;9_490 mixing of 3g-5q
\‘ 2765 74.0% : 26.0% 1% : 94.
10 A

_________________________________________ e 9600 p—. I ~1MeV | }
26.0% : 74.00~_through HQSS-breaking

2470
98.3% : 1.79
2286 % ®

96.5% : 3.5%

Width[Mev]

9000 3050 3100 3150

/i 1~ 4+ 1”
3230 3300

) AB) ) =@
M(E."()MeV] “\2 C(z ) ¢ (




3. Analysis

With mixing and anomaly

- For the case with anomaly effects, we can demonstrate allowed region of
some parameters (# of effective parameters: 9)

____________________________________________________________________________________________________________________________________

Input M(SE(-)) = 2765 MeV (diquark model)
M(A7 (+)) = 2286 MeV  M(AZ'(+)) = 2765 MeV M (A (=)) = 2890 MeV (quark model)
M(EE(+)) = 24710 MeV M (ZH(+)) = 2967 MeV M(EH (=) = 2939 MeV (=:(2930))
150
100 - Only this region is allowed by decays of
o I'[Z.(2930)] ~ 10 MeV
20 [[2.(2967)] ~ 20.9 MeV
o
0 - Constraint for M (AL (-)) is also obtained
-100 -
-150 |




4. Conclusions

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

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

- When anomaly is absent, for instance we get the following mass spectrum

(Qqq - Qqqqq) — 3230
[T = too large 94.9%:51% ([ =10MeV

' ~ 100 MeV 2967 through small
2890 1.7%:983% 10—/29_-33—490 mixing of 39-5q
9765 T4.0%:26.0% A0 94.9%

26.0% : 74.00~_through HQSS-breaking
2470

98.3% : 1.7%

2286

96.5% : 3.5%




