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Current status of Quark Model
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Quark model

m After 60 years since it was born, the Quark Model gives reliable
guidelines to classify and interpret the hadron spectrum.

# The quarkonium (c¢, bb) spectrum is “hydrogen atom” in QCD.
A Linear + Coulomb potential fits 1S, 1P, 2S,.. c¢c and bb states.
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Constituent quark model

# Quark model with constituent quark masses and
Linear + Color Coulomb + Color Magnetic interactions
ex. “AL1” potential by Silvestre-Brac, Few-Body Syst. 20, 1 (1996)
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10 parameters (for L=0)

My q = 0.315GeV, my = 0.577GeV, m. = 1.836GeV, m; = 5.227GeV

o = 0.1653GeVZ2, o = 0.5069, o/ = 1.8609
B = 0.2204GeV, A = 1.6553GeVP 1 A = 0.8321GeV
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Difficulties in excited states

® The lowest scalar (0*) nonet has a hierarchy structure not consistent

with the P-wave g (P, excited states. 3,(980)  7(980)
m(fo) < m(ao) ~ m(fp)
Tetra-quark picture, R.L. Jaffe, PRD15, 267 (1977) i
_ 1 - 1 _
fo = udud fo= ﬁ(usf@ + dsds) ag = ﬁ(usﬂg — dsds)
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Difficulties in excited states

#® Intense researches on the nature of A(1405) conclude
A(1405) ~ NK(I = 0,L = 0) bound state. 20—

0 Kll\lbourlld Staté‘::;(::}i
| 2oli | X
R.H. Dalitz, S.F. Tuan, PRL2,425(1959) & _ [} | .
T. Hyodo, D. Jido, PPNP 67, 55 (2012) = " [i ]
g = + o
= 80 E
no i b
-100 - i | ¥ resonance b
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B A common origin of difficulties Re z [MeV]

competition: orbital L=1 excitation v.s. extra gg
scalar meson nonet ¢gg (L =1,0") v.s. gqgg (L = 0,0")
negative parity baryon qgqq (L =1,1/27)ws. qqqqg (L =0,1/27)
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Exotic Multiquark Hadrons

# Hadrons which do not fit the simple quark model picture
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Exotic Multiquark Hadrons

® Fully charmed tetra-quark resonances X(cccc) — Jly+ J/y

observed at LHC (quantum numbers unknown)
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Current status summary

B Quark model works excellently for the ground states.

B Many “exotic” resonances appear at around the threshold of
meson production. Couplings to two-hadron thresholds are
critically important in understanding hadron spectra and
structures.

® How is a multi-quark state coupling to two-hadron scattering
states?
We focus on the Confinement Mechanism of Multi-Quark Systems.
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Confinement in Multiquark systems
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Quark Confinement

# Heavy QO potential
Linear confinement
+ Coulomb potential

V(r) = or — =
r
well reproduced by lattice QCD

[V(r)-Virg)l rg

inear + Coulomb potential

A O N 4 0 2 N W
1T 1T 1T 1T 71

0.5 1 1.5 2 2.5 3
r/rg

G.S. Bali / Phys. Rep. 343 (2001) 1

® Naive generalization to multiquark systems
Sum of two-body linear potential with color saturation

V= Z(Az - Aj)(—ari;) (Ai - Aj) = Z A AT

1< 16 o
String tension: o = R 1 GeV/fm 1 3
No confinement force between color singlet D><(j 4
hadrons

color-singlet color-singlet
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Quark Confinement

m Lattice QCD gives “string confinement” for tetraquarks
The string with the minimal length connects quarks into color

singlet hadron. Lattice QCD Wilson loop for tetra quarks

E Okiharu, et al., J. Mod. Phys. 7 ,774—-789 (2016)

Q, 83 \
> /¥ | d=1 |
Q2 64 5|
oL
m “String Flipflop and Quark Matter”, 246 B pz e s R0

H. Miyazawa, Phys. Rev. D20, 2953 (1979)
with reconnections of strings according to the spatial configuration
of the quarks
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String confinement model

® Similar “string-type” confinement potential models for multi-
quark systems were discussed by

O.W. Greenberg, J. Hietarinta, Phys. Lett. B 86, 309 (1979)

N. Isgur, J. E. Paton, Phys. Lett. B 124, 247 (1983)

M. Oka, Phys. Rev. D 31, 2274 (1985).

F. Lenz, et al., Annals Phys. 170, 65 (1986).

Y. Koike et al., Nucl. Phys. A449, 635 (1986), PTP S137, 21 (2000).
G.A. Miller, Phys. Rev D37, 2431 (1998).

J. Vijande, A. Valcarce, J.M. Richard, Phys. Rev. D 85, 014019 (2012).

# The string FF model works well for the U(1) charge, but for the
color SU(3) theory, color recombination becomes nontrivial.
Introduction of hidden color states is unavoidable.

. Ro—eB

RI I B Hidden Color state
R

Re——oB
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Quark confinement for tetraquarks

® Reconsider the quark confinement potential for the quark model
from the QCD viewpoints.

B We propose a “string-like confinement” by extending the color
SU(3) configuration space of the conventional quark model.
Roles of hidden-color (HC) states are examined.

B We test the model at the fully charmed (cccc) tetraquarks.

PHYSICAL REVIEW D 108, L071501 (2023)

Quark confinement for multiquark systems:
Application to|fully charmed tetraquarks

Guang-Juan Wang 1> Makoto Oka®,>*" and Daisuke Jido®**
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Quark model - color configurations

® Only two independent color states are allowed in Quark Model.

3®3®3®3:(2><1;@4x8@10@10@27

® Color singlet Q1 Q2 Qsbar Qqbar system is described by
Two singlets (mesons) states: QU@ ®Q,

1) = [(Q1Q3)1(Q2Q4)1) 1) = [(Q1Q4)1(Q2Q3)1)

Singlet + hidden color states:

1) = [(Q1Q3)1(Q2Q4)1) |8) = [(Q1Q3)s(Q2Q3)s) QO O Q.

Diquarks with color 3b2r and 6:
3) = [(Q1Q2)5(Q5Q1)s)  16) = [(Q1Q2)6(Q5Q1)s) O T @R

m These bases are all equivalent.

:\/g|3>+\/§|6> \/*‘3 \[\6 QO O Q4

# Two-meson states are not orthogonal. (1]1")
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Novel string-like potential

m If the quarks are the only carriers of color charges, the quark
model does not have enough freedom for color configurations.

® We propose to extend the color Hilbert space of the quark model
that can describe the color dynamics for multiquark systems.

G.J. Wang, MO, D. Jido, Phys. Rev. D 108, L071501 (2023)

® For a tetra-quark systems, we choose 3 color basis states:

Qe Oq L0 QW QUO——@Q:

13 T'24

QBO 0Q: Q0 T23CQ2 Q:O oQ.

1) = |(Q1 = Q3)1(Q2 — Qa)1)
1) = [(Q1 = Qu4)1(Q2 = Q3)1) orthogonal bases
lhe)) = [(Q1 + Q2)3 + (Q3 <> Qu)3)
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Novel string-like potential

# The string confinement potential

(1|Vsr|1)) = o(r13 + 7T24), o: string tension
(V|Vsr|1')) = (14 + 723).

# Transitions by quantum tunneling filled the area by gauge field
(1|Vsr|1") = ke™"°  S: Minimal surface area ®@ O @O

Y. Koike, O. Morimatsu, K. Yazaki, PTP S137, 21 (2000) S | &> §
O @ O @
# Confinement in |hc)) channel

(113 +7To4 +T14a +T23  Ti2 + T34 QO @ Q:
4 + 2

(1|Vsr|he)) = (1'[Vsr|he)) = £ exp (—05) K =v8k QO TOQ,
# 3-channel confinement potential (full 4-body potential)

(hc|Vst|he) =0

o(r13 + 7r24) ke 75 K'e o o
Vst = ke S o(ri4 + 723) —K'e”7" 1)
Kl e—S —kle—0oS %['r13 + 124 + 714 + 123 + 2(T12 + 734)] |hc))

Makoto Oka (RIKEN Nishina Center and ASRC, JAEA)



Application to Fully-charmed

Tetraquarks

Full solutions (bound and resonance states) in complex
scaling method are obtained for the S-wave cccc tetra-
quark systems (07, 177,27),

Makoto Oka (RIKEN Nishina Center and ASRC, JAEA)



Tetra-charms with conventional confinement

B Conventional confinement for cccc with complex scaling

G.J. Wang, Q. Meng, MO, PR D106 (2022) 096005
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Tetra-charms with novel confinement

® Complex scaling method is employed for resonances
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cccc spectrum with novel confinement

G.J. Wang, MO, D. Jido, Phys. Rev. D 108, L071501 (2023)
conventional confinement | —
[~ -

(7300 —
________ 7273.5(49.8) 7281.3(91.2) X(7200)
7202.2(60.6)
7o0f ] X(7200)
k 7035.1(77.8) 7049.6(69.4) 7068.5(83.6)J
6900 6928.8(37.4) X(6590)
> 6881.1(31.4) 6922.4(40-4) T 1X(6900) X(6900)
S| [ Jhyy(2S)
o LT e TP e e P e PP T P P O PP PP EPEPEPT PP PPRPRT n.28)J/y
L N U nw(2S)
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" ﬂcﬂc(ZS)
6584.2(85.2 X(6600)
65001 (85.2) 6582.2(108.4) X(6600)
6502.1(77.8)
novel confinement (xk = 0.10 GeV/,
6300 Ji ( ) X(6400)
--------------------------------------------------------------------------------------- Jhyd]
Bound states ——» i d
----------------------- T /™ 17
\_ 6058.2 )
""""""""""""""""""""""""""""""""""" ncnc
9900% ot 1t 2t+ LHCb CMS ATLAS

Makoto Oka (RIKEN Nishina Center and ASRC, JAEA)



cccc spectrum with novel confinement

#m Pole positions of the 2+ charmed tetraquark in complex & plane

e k=006 |
e k=008 |
e k=0.09 |
e k=0.10

k=0.12 1
» k=0.14 |

k=0.14 GeV |

k=0.12 GeV

N
e

N

Kk=0.10 GeV o

IIP)S punoyg

Kk =0.08 GeV

Im[k/\/ 2 1] [MeV2]
(\©)

2nd resonance-

=
g Ist resonance | ) L
s % _

Y, ~10 0 10 20
Re[k/+/ 2 1 ] [MeV1/?]

-

Makoto Oka (RIKEN Nishina Center and ASRC, JAEA)



Further thoughts

# Confinement in the multi-quark systems is not trivial nor well
established from the quark model viewpoints.

® We propose string-like confinement potential with a compact

hidden-color state. . .
Ql ? Q Q4 Q @@ Q4 Qu .”'"‘“3‘““ Q2

:
g

{
63@ ‘Qz Q: 0@ Q2 QO—-@Q,
1)) 1) he))

# The model can be extended to N=5, 6, . . ., but the multi-body
forces are getting complicated. To extend the model to quark
matter, we will need to consider “clustering” of quarks within
which color confinement is at work.
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Diquarks in Heavy Baryons
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Diquark

B Diquark: strong color correlation between quarks
S-wave color 3 diquarks: S(0*) and A(1) -
11 3
color 3@3@3}6 spin - 5 ®5 =001

® Spin dependent force from magnetic gluon exchange predicts
strong attraction in S(0%).
Color-Magnetic Interaction Acy = (— Z(Xi ) (8- 7))
1<J
S(0*) color 3 Acm=-8 aka good diquark
A(1%) color 3 Acwm =+ 8/3 aka bad diquark G

M(A)-M(S) = (2/3) [M(A)- M(N)] ~200 MeV q g
consistent with the splitting of A — 2.

Makoto Oka (RIKEN Nishina Center and ASRC, JAEA)



Diquarks in Heavy Baryons

S=3/2A >*1385| SU3) 10 A diquarks
2518 .
\mn 13212 Bew 2496 Shoy 5826 X0 5833,
194 03] 5. 2453 / f TNITE
200
v X 1193
S=12 . |SUQ)8 | |5 diquarks
Ac2286  Ab 5620
Strange Charm Bottom

® Excited states have two distinct modes A mode p mode

These two modes are separated
The A modes are favored
in the singly heavy baryons

Quark model calculation by Yoshida, et al., PRD 92, 114029 (2015)

Makoto Oka (RIKEN Nishina Center and ASRC, JAEA)



Diquarks in exotic hadrons/matter

# Diquark may form doubly heavy tetraquark bound states

< 70r
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# Diquarks may form BE condensate

388
in dense hadronic matter.
=> color-superconducting phase . G%
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Diquark in Lattice QCD

B Hess, Karsch, Laermann, Wetzorke, PR D58, 111502 (1998)
quench, Landau gauge fixed
M(0*) ~694 MeV, M(1") ~ 810 MeV

B Alexandrou, de Forcrand, Lucini, PRL 97, 222002 (2006)
From Qqq system, quench, gauge invariant
M%) - M(0%) ~200-220 MeV, R(S) ~1 fm

B Babich, et al., PR D76, 074021 (2007)
quench, Landau gauge
M1+) - M(0+) ~162 MeV, M(0) - 2mq ~-200 MeV

B Yujiang Bi, et al., Chinese Physics C40 (2016) 073106
full QCD, Landau gauge
M%) - M(0*) ~290 MeV, M(0*) - mq ~ 310 MeV

B K. Watanabe, Phys. Rev. D105 (2022) 074510
quark-diquark potential and diquark mass
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Chiral effective theory of Diquarks
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Chiral Effective Theory of Diquarks

® Goal: to explore properties of light diquarks under
SU(3)xSU(3) chiral symmetry and answer questions such as

What are the chiral partners of diquarks and their
implications to hadron spectroscopy?

How can we observe the chiral properties of diquarks?
What are the roles of U(1)a anomaly in diquark interactions?
How do diquarks decay strongly?

How do diquarks behave in matter, where chiral symmetry is
partially restored?

Makoto Oka (RIKEN Nishina Center and ASRC, JAEA)



Chiral Effective Theory of Diquarks

M. Harada, Y.R. Liu, M.O., K. Suzuki, “Chiral effective theory of diquarks and Ua(1)
anomaly”, Phys. Rev. D 101, 054038 (2020)

Y. Kim, E. Hiyama, M.O., K. Suzuki, “Spectrum of singly heavy baryons from a chiral
effective theory of diquarks”, Phys. Rev. D 102, 014004 (2020)

Y. Kawakami, M. Harada, M.O., K. Suzuki, “Suppression of decay widths in singly
heavy baryons induced by the Uas(1) anomaly”, Phys. Rev. D 102, 114004 (2020)

Y. Kim, Y.R. Liu, M.O., K. Suzuki, “Heavy baryon spectrum with chiral multiplets of
scalar and vector diquarks”, Phys. Rev. D 104, 054012 (2021)

Y. Kim, M.O., K. Suzuki, “Doubly heavy tetraquarks in a chiral-diquark picture”, Phys.
Rev. D 105, 074021 (2022)

Y. Kim, M.O., D. Suenaga, K. Suzuki, “Strong decays of singly heavy baryons from a
chiral effective theory of diquarks”, Phys. Rev. D 107, 074015 (2023)

D. Suenaga, M.O., “Axial anomaly effect to the chiral-partner structure of diquarks at
high temperature”, Phys. Rev. D 108, 014030 (2023)

H. Takada, D. Suenaga, M. Harada, A. Hosaka, M.O., “Axial anomaly effect on three-
quark and five-quark singly heavy baryons”, Phys. Rev. D 108, 054033 (2023)
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Chiral Effective Theory of Diquarks

# Some previous works on ChET for diquarks:
D.K. Hong, Y.J. Sohn, 1. Zahed, Phys. Lett. B596 (2004) 191, Int. J.
Mod. Phys. A27, 1250051 (2012), Non-linear chiral diquark effective
theory for penta/tetraquarks
T. Hatsuda, M. Tachibana, N. Yamamoto, G. Baym, Phys. Rev. Lett. 97,
122001 (2006), Phys. Rev. D76, 074001 (2007), Chiral effective theory

and the axial anomaly in dense QCD

# Chiral effective theories of single heavy baryons
D. Ebert, T. Feldmann, C. Kettner, H. Reinhardt, Zeit. Phys. C71, 329-
335 (1996), Diquark model for single heavy baryons
Y. Kawakami, M. Harada, Phys. Rev. D97, 114024 (2018), Phys. Rev.
D99, 094016 (2019), Chiral effective theory of single heavy baryons
D. Suenaga, A. Hosaka, PR D104 (2021) 034009, Phys. Rev. D105,
074036 (2022), Pentaquark picture for singly heavy baryons
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Chiral Effective Theory of Diquarks

® Linear representation of chiral SU(3)r X SU3)L

q2. a (color), a (Dirac), i (flavor)
1+ Y5
dir = Prai, dp="Prgg PrL=—

qr — Urqr = (Ur)ijqjr, Ur € SU(3)r
qr. = Urqr = (UL)ijqin, UL € SU(3)L

# Scalar diquarks (color 3)

dip = ez-jk(qu C qu)g Right scalar diquark, chiral (3,1), color 3
= €ijn(g, C grr)®  Left scalar diquark, chiral (1, 3), color 3
® Parity eigenstates: 0*, 0- diquarks

So = d% — d% = €;(q7 Cs q ) )
aR L Jk( i V5 k) (3.1) + (1.3)
P dzR + dzL — Ez_yk(qJ CQk)
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Scalar/Pseudoscalar Diquarks

# The effective Lagrangian with SU(3), X SU(3); symmetry

M. Harada, Y.R. Liu, M.O., K. Suzuki, PR D101, 054038 (2020)

L =Dyudpr; (D'dp;)t + Dydpi (D'dy ;) /¥
—m(z)(dR,z'dTR,i + dL,,L-dTL,Z.) chiral invariant X L )
5 dr 2 (m%I S dr,
m? R L
_T(dR,z-E;fdeL,j + dL,z-Ez-deR,j) Ua(1) anomaly AQs = +6 (= +2N)
ms

—ﬁﬁijkeémn(d&kzéiEmjd},,n + dL,k'Ezz'E:rnjd}{,n) SCSB mass

+jITr 0'219,5] + V(D).

Scalar and PS nonets mesons
Eij — Uij + ’l:ﬂ'z'j

Makoto Oka (RIKEN Nishina Center and ASRC, JAEA)



Ua(1) anomaly

# Ua(l) anomaly in the diquark effective theory
2

m
—f(dR,izljdE,j +dpYidy ) AQs = £6 (= £2Ny)
g ¥
3 left quarks and 3 right antiquarks ’
flavor antisymmetric induces anomalous . ]
singlet current (AQs; = 6) dr —=— @ = dr,
3m?
8, JH0 = Tl(SAOPT — PX\Sh)
# non-anomalous term
m3 >
— g iakeomn(dRaSeSmidy , + dLaZiShdR,)

m2 L
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Scalar/Pseudoscalar Diquarks

® For the SSB vacuum (3;;) = £§;;
the mass term of the right and left diquarks are given by

A2 — mé m? + m3
m3 + ms3 m2

® The mass eigenstates are

I a 1 a a
Scalar diquark Se — \ﬁ( @ —dd ;)

Pseudo-scalar diquark

1
P = —(dg, +dr ;
\/ﬁ( g L’)
— M (0 \/m0+m1+m2,

Makoto Oka (RIKEN Nishina Center and ASRC, JAEA)



Scalar/Pseudoscalar Diquarks

# SU(3) breaking and inverse mass hierarchy

ezt ms ) 0
A 1—|— f7r< +g$f8> 3

i=3 (ud)
M3(0T) = \/mo Am?2 —m3, M;3(0 \/mo + Am? + m3.
i=1,2 (ds), (us)
Ml(o-l-) — M2(0+) — \/m% ml Iélr/n27 M1<0 ) M2 \/mo + ml + Am2,

Inverse Mass Hierarchy due to the Ua(1) anomaly

M (0)2 + M (07)% = M3(01)2% + Ms(07)?

M (07)2 — M3(07)? = M3(07)?> = M1(07)?> >0

M3(07) > My (07)
(ds), (us)  (ud)

M. Harada, Y.R. Liu, M.O., K. Suzuki, Phys. Rev. D101, 054038 (2020)
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Diquark-Heavy-Quark model

® Single-Heavy-Baryon with a O-dq potential:

V(r) = —%+AT+C,

B. Silvestre-Brac, C. Semay, Z. Phys. C 59, 457 (1993)
I. Yoshida, E. Hiyama, A. Hosaka, M. Oka, K. Sadato, PR D 92, 114029 (2015)

Y. Kim, E. Hiyama, M. O., K. Suzuki, Phys. Rev. D 102, 014004 (2020)

Ac(p mode) Ec.(Amode)
27 55 (2748)
| p mode A mode
— Z.(p mode)
26 A.(Amode) (2647)
(2613)
25
—— E¢(ground)
24r (2438)
Inverse mass hierarchy in the p mode
i he U(1)A anomaly.
>3 ——  Ac(ground) due to the U(1)a anomaly
(2286)
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Chiral effective theory

® An additional term for the scalar diquark

Y. Kim, M.O. K. Suzuki, in preparation

ES =D dR i(DudR,i)T + Dp,dL,i(DudL,i)T _ m%O(dR,id-'}-%,i + dL’idTL,’i)

"}Sl (dR,iEdeTL,j + dL,iZidelr%,j)
m
2; E7,.71<:€lm'n(dR kzlzzmjd + dL kzgzz;rn JdT )

2
f2
parameter sets with varied U(1)4 anomaly effect

(dR{ETE - —Tr[ETE]}dT +d {Zxt - —Tr[zzf]}df>

Cases Baryon/Diquark masses (MeV) Ls parameters (MeV?)
(Name) || Mo = M(Ec;1/27) [Mp(E5;1/27) [Mns(07) || mo | m&1 | mio 1
Case: L 2623 5946 1115 {[(1062)%|(762)%|—(491)”|—(324)?
Case: N 2765 6084 1271 ||(1119)%|(690)*|—(258)*| 0
Case: E 2890 6207 1406 |[(1171)%](612)%| (321)* | (319)?
Case: H 3279 6589 1819 [[(1347)%| 0 | (852)* | (690)*

Makoto Oka (RIKEN Nishina Center and ASRC, JAEA)



Axialvector/Vector Diquarks

Y. Kim, Y.R. Liu, M.O., K. Suzuki, Phys. Rev. D 104, 054012 (2021)
® The 1%/1- diquarks in (3,3) representation

Al = €ane(qir, CY* dir) = eabc(qu Cy"qi;) chiral (3,3) vector diquark
Ay = dij — dji = eave(q)" Cv*7° ¢5)  Vector 1~ diquark, flavor 3
dff&ij} =d;; +di' = €ape(q2T Cy* q¢j) Axial-vector 17 diquark, flavor 6
d* — ULd"UL, (3,3) d"" — UL'a*UT  (3,3)

Lot ot st gt 4 T st gy T i) 22 sy T i
£ = =5 TP EL) + miTrld d]]) + “ TSl sTdlf| + =2 s ivatdlf |

F* = Dtd” — D¥d"

#m All the terms are chiral and Ua(1) invariant.
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Charm Baryons in the Diquark-HQ model

[GeV]
S (3279), Case: H
ECV(3/2_9 p)
1o | (3252)
| Rt
a1l ot cA(5/2 , A)
' 3/27, 4
2.0(1/27, p) » (30%‘)( /27 4)
0T Aey(3/27, p) o P s R— —
cV/ _3p — ! —
(2943) (29,5,64)(3/2 , A) QcA(1/2 ,A)
cp(1/2 P 5 33/2 ,A) Hcs(s/z ,1)— Eca(1/27 /1)
cA
18} (2890) 2811) (2787) (2876) (1/2-. 1)
(22:7C§11g3/2 }‘) —— (2765) Case: N (;84634) (QCA)(3/2+)
1/2~ l 2755
]! E AT C L — 0.,(1/2%)
Ays(3/27, 4) ca(1/27,4) = ,(3/2%) (2700)
26 (2625) (2717) —— (2623), Case: L (269)
S T As(1/27,4) — ', (1/2%
(2§§9) (25%?1)( /27)
— ¥, (3/2%
25 (2501/%)( /27) e 1/t
— zaa2n T S
ral (2452)
23r Acs(1/27)
(2286)

Y. Kim, Y.R. Liu, M.O., K. Suzuki, Phys. Rev. D 104, 054012 (2021)
Y. Kim, M.O. K. Suzuki, in preparation
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Heavy Baryons under Chiral Restoration

Makoto Oka (RIKEN Nishina Center and ASRC, JAEA)



Diquark masses under chiral restoration

® Simulation of diquark masses for decreasing chiral condensate

<c_7q > — X <ch> 0 Chiral Symmetry Restoration

1500

r=1—2x=0

1400
1300
1200

1100

Diquark mass [MeV]

O
(=
S

800
700F

A (1%) ~Zg

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Parameter x

Y. Kim, Y.R. Liu, M.O., K. Suzuki, Phys. Rev. D 104, 054012 (2021)
Y. Kim, M.O. K. Suzuki, in preparation

600

Makoto Oka (RIKEN Nishina Center and ASRC, JAEA)



Decays of SHB in matter

# Decays of 2, 2* baryons under chiral symmetry restoration

16

Case:L —— Case:L —-—-
Case:H —— Case:H —-—-
14y Case:E —— Case:E ——-
Case: N Case : N ——-
1t Solid : ¥.(1/2%) — A.(1/27) + 7 /,/yﬂ'
_ Dotted : X7 (3/2%) — A(1/2%) + 7 /,/;//
> o7 77 4
Q10 s 717
—_ // // / /
= Vg / /
T 3 . e /// /
> EC } A‘C —|_ v ,/ y , /
8 61 // 7/ / /
2 g // // //
A 7 A /
g P & /
4 strong anomaly > 7 no anomaly
// // /
P - 7 /
-~ 7 P /
2 ,’, /// 7 7 ]
-~ - e 4 L'
- - /7 )
//// /// /// // Viye) % AC —|_ 7-‘.
L . . o Z . 2 o o . i
Q).S 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1

Parameter x

«—

Chiral Symmetry Restoration
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Diquarks in NJL for chiral restoration

® D. Suenaga and MO, Phys. Rev. D 108, 014030 (2023)
Analysis of the chiral-partner structure of diquarks in the N, = 3

Nambu-Jona-Lasinio model
Mesons di; = (Vr)§(r)§
(n)§ = €iie™(W1)5C (Yr)5,
(nr)¢ = €ijne™ (V) IC(VR)S,
Liq = 8Gtr[¢' @] + 2H (nin}, + nink)
Lanom: — 8K (det + deto!) + K'(nf on + nko'ng)
1.0
ﬁ 0.8}
% 0.6}
€ 0.4}

&)
0.2}

diquarks

#m Chiral order parameters at finite T

0.0 : : : : :
0.00 0.05 0.10 0.15 020 0.25 0.30
T [GeV]
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Scalar-Pseudoscalar Diquarks

# Finite temperature behaviors of the diquark masses
without anomaly with anomaly

—
~
1
1
1
1
1
1
1
1
]
1
]
I
1
1
1
w
o
~—
3
©
>
o |
3
o
=

Set (I) (w/o anomaly)
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~
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~
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=,
1,7
/

/
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o
(0 0]

07 i O 8 [QM
0.6 T TS 0.6 N
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
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# Confirm that U(1) anomaly 30 =0
. . —_ Ad(1/27) TS
leads to the inverse hierarchy. 3 28 WD e ]
We expect significant effects of Py Set (II)
. O 2.6f (w/ anomaly) -
U(1) anomaly on the decay widths 2
of the p-mode negative-parity states. =24 e 7

2.2 : - - - :
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Diquark at finite T and p

S inaasanas 0.8 ===

0| =0 =0
S Ac(l/Zi) \\\\\
> e s _ o6l . .
s 28 0 T S 0.6 A(1/27) = Ac(1/27)n
2 Set (1) S ., Set (1)
Q 2.6} (w/ anomaly) < (w/ anomaly)
n ©
o] S
S 24 = 0.2}

i AC(1/2+) /

2.2 : : . ' : . . .
0.00 0.05 0.10 0.15 0.20 0.25 0.30 005 010 015 020 025 0.30
T [GeV] T [GeV]
® For finite chemical potential

Set (I) (w/o anomaly) T'=0 15 Set (II) (w/ anomaly) T'= 0
> S
0 n H
Q :
9) % 05' E PO
@® ] : ~
= = :
L L L OO ——— [QQJf ) ) E\
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4

u [GeV] u [GeV]
Makoto Oka (RIKEN Nishina Center and ASRC, JAEA) 50




Summary

# Chiral effective theories of Scalar/Pseudoscalar diquarks and
Axialvector/Vector diquarks are formulated.

# Ua(1l) anomaly is found to give the inverse mass 0-(ud)
hierarchy in the pseudoscalar diquark spectrum. 0-(su)

® Spectrum of Single Heavy Baryon (SHB) is calculated based on the
chiral picture of diquarks. Inverse mass hierarchy appears in p-
mode excited states, and make the Ag and Z¢ spectra largely
different.

# Under chiral restoration, we find the mass crossing of the 1+ and 0*
diquarks. Effects of Ua(1) anomaly are significant in the behaviors
of diquarks at finite temperature. It is interesting to observe
behaviors of SHB in hot/dense matter.
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