
Spectroscopy of Heavy Baryons and  
Roles of Diquarks

Makoto Oka

Nishina Center for Accelerator-Based Science, RIKEN


and

Advanced Science Research Center, JAEA


HADRON2023, Genova, June 05,2023

Makoto Oka (RIKEN Nishina Center, & ASRC, JAEA)



Makoto Oka (RIKEN Nishina Center, & ASRC, JAEA)

Contents

1. Introduction - Diquarks in Heavy Baryons


2. Chiral Effective Theory of Diquarks


3. Spectrum of Single Heavy Baryons


4. Decays of Single Heavy Baryon Resonances


5. Diquarks and Heavy Baryons for Restoration of Chiral 
Symmetry


6. Summary

2



Makoto Oka (RIKEN Nishina Center, & ASRC, JAEA) 3

Introduction 
Diquarks in Heavy Baryons
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Diquarks in Heavy Baryons

For light baryons, the spin-spin force splits SU(3) 8 and 10. 

For heavy baryons, the diquark structure is dominant due to the 
weak spin-spin force (heavy-quark spin symmetry).
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P-wave excited states from s → c → b: the λ and ρ modes are split.

Probabilities of the λ and ρ modes  
in the lowest P-wave ΛQ(1/2-) state
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Quark model calculation by Yoshida, et al., PRD 92, 114029 (2015) 
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Diquarks in exotic hadrons/matter

Diquark may form doubly heavy tetraquark bound states. 
TQQ =  

Diquarks may form BE condensate  
in dense hadronic matter. 
=> color-superconducting phase

QQq̄q̄
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Diquarks in Heavy Baryons

Scalar diquark S(0+) 
L=0, S=0, color  → flavor SU(3)f   (antisym) :  
	 [ud]=(ud-du), [ds]=(ds-sd), [su]=(su-us) 
⇒ flavor  HQ baryons: 


Axial vector diquark A(1+) 
L=0, S=1, color  → SU(3)f 6 (sym) 
      uu, {ud}, dd, {us}, {ds}, ss 
⇒ flavor 6 HQ baryons: 


SU(3)f symmetry breaking is suppressed 
due to the isospin symmetry for  
due to the HQ spin symmetry for 

3̄ 3̄

3̄ ΛQ, ΞQ

3̄

ΣQ, Ξ′￼Q, ΩQ

ΛQ − ΣQ

ΞQ − Ξ′￼Q
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Diquarks in QCD
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Axial Vector
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Diquark in Lattice QCD

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

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

Babich, et al., PR D76, 074021 (2007) 
quench, Landau gauge 
  M(1+) - M(0+) ~162 MeV, M(0+) - 2mq ~ -200 MeV

Yujiang Bi, et al., Chinese Physics C40 (2016) 073106 
full QCD, Landau gauge 
 M(1+) - M(0+) ~290 MeV, M(0+) - mq ~ 310 MeV

K. Watanabe, Phys. Rev. D105 (2022) 074510 
quark-diquark potential and diquark mass

9
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M(1+)-M(0+) ~ 290 MeV		  
M(0-)- M(0+) ~ 540 MeV		  
M(1-)- M(1+) ~ 510 MeV	

 
M(0+) ~ 720 MeV 
M(0-) ~ 1260 MeV 
M(1+) ~1010 MeV 
M(1-) ~ 1520 MeV

a-1=1.75 GeV
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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)×SU(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?


Chiral effective Lagrangian based on the linear representation 
of diquarks (and S+PS mesons)

12
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Chiral Effective Theory of Diquarks

13

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 UA(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”, ArXiv:2305.09730

H. Takada, D. Suenaga, M. Harada, A. Hosaka, M.O., in preparation
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Chiral Effective Theory of Diquarks
Some previous works on ChET for diquarks: 
D.K. Hong, Y.J. Sohn, I. 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

14



Makoto Oka (RIKEN Nishina Center, & ASRC, JAEA)

Chiral Effective Theory of Diquarks

Linear representation of chiral SU(3)R x SU(3)L


Scalar diquarks (color )


Parity eigenstates: 0+, 0- diquarks

3̄

15

(3̄, 1) + (1, 3̄)
<latexit sha1_base64="4imNryiBLAfLucurOcuUfzRkh+w="></latexit>
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The effective Lagrangian with  symmetrySU(3)R × SU(3)L

Scalar/Pseudoscalar Diquarks

16

UA(1) anomalous

SCSB mass

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

Scalar and PS nonets mesons

<latexit sha1_base64="zzq3uFVfvqRc9Y8J9a1kVEhE0aM="></latexit>

�Q5 = ±6 (= ±2Nf )

chiral invariant
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For the SSB vacuum          
the mass term of the right and left diquarks are given by


The mass eigenstates are  
Scalar diquark 
 
 
 
Pseudo-scalar diquark 
 

Scalar/Pseudoscalar Diquarks

17
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Scalar/Pseudoscalar Diquarks

SU(3) breaking and inverse mass hierarchy

18

(ds), (us) (ud)

i=3 (ud)

i=1,2 (ds), (us)

Inverse Mass Hierarchy due to UA(1) anomaly
<latexit sha1_base64="+VOTpMd175Tvug6hwuNoQ1pG4iI="></latexit>

M1(0
+)2 +M1(0

�)2 = M3(0
+)2 +M3(0

�)2

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

<latexit sha1_base64="w0V7+FIRbayQq79l1d9op2k0erI="></latexit>

M1(0
+)2 �M3(0

+)2 = M3(0
�)2 �M1(0

�)2 > 0

<latexit sha1_base64="M+mmQAn1GxPAe0KlbkDmAvD/KYs="></latexit>

M3(0
�) > M1(0

�)

0+(ud)

0-(ud)

0+(su)

0-(su)

<latexit sha1_base64="0PGwdaHLT9vyoO7RXS+C0t6feMI="></latexit>

A ⌘ 1 + ✏ ⌘ fs
f⇡

✓
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gsfs

◆
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Axialvector/Vector Diquarks

The 1+/1- diquarks in (3,3) representation


All the terms are chiral and UA(1) invariant.

19

Y. Kim, Y.R. Liu, M.O., K. Suzuki, Phys. Rev. D 104, 054012 (2021)
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Spectrum of Single Heavy Baryons
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Diquark-Heavy-Quark model

Single-Heavy-Baryon with a Q-dq potential: 
 

21

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

M(ud)(0
+) = 725 MeV

<latexit sha1_base64="5IjLhKLUz7vKEtInQjrjHO8yCgY="></latexit>

<latexit sha1_base64="cwaMIfcr102LcOVPrjbwMajcasA="></latexit>

M(qq)(1
�) = 1447 MeV

<latexit sha1_base64="8Bx8C13/djWSk+HogvW2DENTNNM="></latexit>

M(qq)(1
+) = 974 MeV

<latexit sha1_base64="j1qye2jExoGXErd8uzvWUnC4bk8="></latexit>

M(us)(0
+) = 906 MeV

<latexit sha1_base64="e8QbGadbWUdScKaWJozyB6U55vw="></latexit>

M(us)(0
�) = 1142 MeV

<latexit sha1_base64="DEpjeHyb98Yvy0nI9MUlHVudGlM="></latexit>

M(ud)(0
�) = 1265 MeV

<latexit sha1_base64="PnH3UXMmpvr0UmPaVQ0WEsZ8t4E="></latexit>

M(qs)(1
+) = 1116 MeV

<latexit sha1_base64="X0UkhORBcWwIEizpuC9Leuy0gjg="></latexit>

M(ss)(1
+) = 1242 MeV

dqQ
<latexit sha1_base64="f4COMxJeSVnMniZKTu4Lh1eKyEE="></latexit>

3
<latexit sha1_base64="5cBfvHZjTywHdaVOBYakpwJHyPg="></latexit>

3̄
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Inverse mass hierarchy for Baryons

22

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

charm baryons

1/2+

1/2+

1/2−

1/2−

1/2−,3/2−

1/2−,3/2−

ρ mode (1/2-) vs λ mode (1/2-, 3/2-)


Inverse mass hierarchy for ρ mode

λ mode

Q

ρ mode

Q
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Decays of Single Heavy Baryon 
Resonances
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Strong decays of SHB resonances

transition within a chiral representation:  P → S  (and V → A)


transition across different chiral representations: A → S


 and  terms are UA(1) anomalous.m2
1 g2

25

SP

PS

SA

PS

octet + singlet

singlet

<latexit sha1_base64="ZtrQSJKyyGFMYMsqZ1GXLqi1Src="></latexit>

G1 = g1 + ↵g2
<latexit sha1_base64="vpgTDHEj4XhpSgfyM101w55oj/A="></latexit>

G2 = g1 + g2



Makoto Oka (RIKEN Nishina Center, & ASRC, JAEA)

B ( ) → B ( ) + PS3̄ 1/2−
3̄ 1/2+

The generalized Goldberger-Treiman relation determines the 
coupling of PS,   . 


The decay coupling constant is suppressed by the UA(1) anomaly 
as well as the mixing of  and .η1 η8

26

Y. Kawakami, M. Harada, M.O., K. Suzuki, PR D102, 114004 (2020)
Unknown mass of the chiral partner Λc(1/2-) 

Quark model  
prediction

Λcη threshold

<latexit sha1_base64="4ADzA/U8c7QStublBC8PxRJS+Do="></latexit>g

effect of anomaly  m2
1
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B6 (1/2+, 3/2+) → B  (1/2+) + PS3̄

U(1)A anomaly in diquark couplings


Coupling constant fitted to the decay widths 
 

The anomalous term      is suppressed, because it has a higher 
dimension.

27
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Tetra-diquark for U(1)A anomaly

D. Suenaga, A. Hosaka, Phys. Rev. D 104, 034009 (2021), and Phys. 
Rev. D 105, 074036 (2022) 
“Pentaquark picture and U(1)A anomaly in Single-Heavy Baryon” 
→ tetra-diquark     
	 in the chiral representation


Further studies of the SHB spectrum and decay widths with 
mixings of 3- and 5-quark structures 
H. Takada, D. Suenaga, M. Harada, A. Hosaka, M.O., in preparation

qRqRqRq̄L(Q5 = + 4) ∼ qLqL(Q5 = − 2)

28
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Diquarks and Heavy Baryons


for Restoration of Chiral Symmetry
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Scalar-Pseudoscalar Diquarks

D. Suenaga and MO, ArXiv:2305.09730 
Analysis of the chiral-partner structure of diquarks in the 
Nambu-Jona-Lasinio model


Chiral order parameters at finite T

Nf = 3

30

2

a significant influence on the chiral-partner structure of
the diquarks in medium.

In light of the above symmetric properties of QCD,
in the present study we examine diquark mass changes
at finite temperature with a quark chemical potential to
see the chiral-partner structures and roles of the U(1)A

axial anomaly for them. In particular, we employ the
three-flavor Nambu-Jona-Lasinio (NJL) model incorpo-
rating six-point interactions responsible for the U(1)A

axial anomaly e↵ects [38–42]. In hot QCD matter, our
present investigation is expected to provide useful in-
formation on SHBs and doubly heavy tetraquarks from
the viewpoint of chiral symmetry and the U(1)A axial
anomaly for future HIC experiments and lattice simu-
lations. Meanwhile, in cold and dense regime, further
understandings of the onset of color superconducting
phase [43, 44] and roles of the U(1)A axial anomaly there,
which is related to the continuous transition from hadron
to quark phases [45, 46], are expected.

This article is organized as follows. In Sec. II, our
three-flavor NJL model containing meson and diquark
channels is introduced, and in Sec. III our strategy to
evaluate the diquark masses in medium and our regu-
larization technique are explained. Based on them, we
present numerical results of the diquark masses at finite
temperature and chemical potential in Sec. IV. In Sec. V,
we discuss the SHB spectrum at finite temperature ex-
pected from our results on the diquark masses, and ar-
tifacts induced by our regularization. Finally, Sec. VI is
devoted to concluding our present study.

II. MODEL

In this section, we present our NJL model toward in-
vestigation of diquark masses at finite temperature with
a quark chemical potential.

Our NJL Lagrangian is separated into three parts of

LNJL = L2q + L4q + Lanom.
6q . (1)

The first part L2q includes kinetic and mass terms of
dynamical quarks as

L2q =  ̄(i/@ + µ�0 � M) , (2)

where  = (u, d, s)T is a three-flavor quark multiplet.
The quantities µ and M are a quark chemical potential
and a mass matrix of the current quarks, respectively.
Under SU(2)I isospin symmetry M takes the form of
M = diag(mq, mq, ms).

The second part in Eq. (1), L4q, describes four-point
interactions among the quarks

L4q = G

8X

A=0

⇥
( ̄�A

f  )2 + ( ̄i�5�
A
f  )2

⇤

+H

X

A,A0=2,5,7

h
| T

C�
A
f �

A0

c  |2 + | T
C�5�

A
f �

A0

c  |2
i

.

(3)

In this Lagrangian, �A
f and �

A0

c are the Gell-Mann ma-
trices for flavor and color spaces, respectively, and C =
i�

2
�

0 is the charge-conjugation Dirac matrix. As for the
H term in Eq. (3), we have included only A, A

0 = 2, 5, 7
channels which are antisymmetric with respect to both
the flavor and color indices, since these combinations can
generate the most attractive forces in between the two
quarks [43]. At first glance, symmetric properties of the
two terms in Eq. (3) are obscure because they are written
in terms of parity-eigenstate bases. In order to see the
properties more clearly, we introduce the following quark
bilinear fields:

�ij = ( ̄R)a
j ( L)a

i ,

(⌘L)a
i = ✏ijk✏

abc( T
L )b

jC( L)c
k ,

(⌘R)a
i = ✏ijk✏

abc( T
R)b

jC( R)c
k . (4)

In these fields,  R(L) = 1± ! 5
2  is the right-handed (left-

handed) quark, and the subscript “i, j, · · · ” and super-
script “a, b, · · · ” represent flavor and color fundamental
indices, respectively. Under U(3)L ⇥ U(3)R chiral trans-
formation,  L and  R transform as  L ! gL L and
 R ! gR R, where gL 2 U(3)L (gR 2 U(3)R), and
accordingly, chiral transformation laws of �, ⌘L and ⌘R

read

� ! gL�g
 
R , ⌘L ! ⌘Lg

 
L , ⌘R ! ⌘Rg

 
R . (5)

Meanwhile, one can easily derive identities

tr[� 
�] =

1

8

8X

A=0

h
( ̄�A

f  )2 + ( ̄i�5�
a
f )2

i
,

⌘
T
L⌘

⇤
L + ⌘

T
R⌘

⇤
R =

1

2

X

A,A0=2,5,7

h
| T

C�
A
f �

A0

c  |2

+| T
C�5�

A
f �

A0

c  |2
i

, (6)

and hence, the four-point interaction Lagrangian (3) is
rewritten into

L4q = 8Gtr[� 
�] + 2H(⌘T

L⌘
⇤
L + ⌘

T
R⌘

⇤
R) . (7)

Equation (7) clearly shows U(3)L ⇥U(3)R chiral symme-
try of the interactions. Moreover, (global) SU(3)c color
symmetry is also manifest since ⌘L and ⌘R belong to 3̄
representation of SU(3)c color group.

The third part of Eq. (1), Lanom.
6q , is of the form

Lanom.
6q = �8K(det�+ det�  )

+ K
0(⌘T

L�⌘
⇤
R + ⌘

T
R�

 
⌘

⇤
L) . (8)

This Lagrangian is again left unchanged under SU(3)L ⇥
SU(3)R chiral and SU(3)c color transformations but is
not invariant under U(1)A axial transformation. That
is, Eq. (8) is responsible for leading contributions from
the U(1)A axial anomaly. In particular, K term is often
referred to as the Kobayashi-Maskawa-’t Hooft (KMT)
determinant term which plays an essential role in gen-
erating a large mass of ⌘0 meson [38–41]. The K

0 term

2

a significant influence on the chiral-partner structure of
the diquarks in medium.

In light of the above symmetric properties of QCD,
in the present study we examine diquark mass changes
at finite temperature with a quark chemical potential to
see the chiral-partner structures and roles of the U(1)A
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FIG. 1. Temperature dependence of the chiral condensates
! øqq" and ! øss" at vanishing quark chemical potential µ = 0
normalized by their vacuum values.
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respectively.
When we take

! UV = 1 .6 GeV , µIR = 0 .45 GeV , (37)

and determine the model parameters

mq = 0 .00258 GeV, ms = 0 .0761 GeV,

G = 1 .15 GeV! 2 , K = 10.3 GeV! 5 , (38)

from Þtting the inputs ( 34), the resultant T depen-
dence of the chiral condensates is obtained as depicted in
Fig. 1. Although reduction of ! øss" at Þnite temperature
is slightly slow compared to lattice results, the pseudo-
critical temperature for ! øqq" reads

Tpc % 0.15 GeV , (39)

which is close to the lattice estimation [55]. Therefore,
we expect that the parameters (37) and (38) are capable
of capturing qualitative behavior of chiral symmetry in

medium well, and in what follows we adopt those param-
eters.3

As seen from Eq. (10), M q is proportional to ! øqq"
when ignoring the current quark massmq which is in-
deed small. Hence, at Þnite temperatureM q drops sub-
stantially above Tpc % 0.15 GeV in accordance with the
su" cient reduction of ! øqq" as in Fig. 1. On the other
hand, M s is generated by the comparably largems and
! øss" contributions, so M s does not decrease prominently
even aboveTpc . In Sec.IV B , we Þnd that the former fast
reduction of M q signiÞcantly a#ects the mass degeneracy
of the chiral partners of diquarks aboveTpc .

One of our aims in this work is to examine theU(1)A
axial anomaly e#ects to the chiral-partner structures of
diquarks in medium. For this reason, as for the param-
eters in terms of diquarks, we regardK " as a free pa-
rameter and determine the remainingH from a lattice
result: mlattice

[qq]+
= 0 .725 GeV [56]. In particular, we use

two parameter sets with no anomaly e#ects (K " = 0)
and with signiÞcant e#ects (K " = 15 GeV! 5). The de-
termined H and diquark masses in the vacuum with those
values ofK " are tabulated in Table I. It should be noted
that we employ K " = 15 GeV! 5 as a typical value of
K " such that the mass of chiral-partner ! c(1/ 2! ) reads
M [! c(1/ 2! )] = 2 .99 GeV. The detailed discussion in
terms of the ! c baryons is provided in Sec.V A .

K ! H m[qq]+ m[qq]! m[sq ]+ m[sq ]!

[GeV" 5] [GeV" 2] [GeV] [GeV] [GeV] [GeV]

Set(I) 0 1.77 0.725# 0.840 0.777 0.931
Set(II) 15 1.53 0.725# 1.43 0.854 1.38

TABLE I. Determined values of H and the diquark masses for
two parameter sets with K ! = 0 and K ! = 15 GeV " 5. The
asterisk (#) stands for an input from the lattice simulation.

From the table, one can see that, for positive-parity di-
quarks, m[qq]+ < m [sq]+ follows as naively expected since
the s quark mass is larger than theq quark mass. For
negative-parity diquarks, m[qq]! > m [sq]! which is of-
ten referred to as the inverse mass hierarchy is realized
when signiÞcant anomaly e#ects enter [7], while the nor-
mal mass hierarchym[qq]! < m [sq]! is obtained when the
anomaly e#ects are absent.

B. T dependence of the diquark masses

Here, we present our numerical results on temperature
dependences of the diquark masses at a givenµ, and see

3 We note that the mass of ! ! meson cannot be reproduced by the
parameter set ( 38). However, our present study aims to shed
light on the diquark masses in medium which are dominantly
controlled by the remaining parameters H and K ! , and hence,
we expect that the following discussion is not a ! ected by this
shortcoming considerably at a qualitative level.
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Expect significant effects of U(1)  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FIG. 2. Temperature dependence of the diquark masses for the parameter Set (I) (left) with no anomaly e ! ects and Set
(II) (right) with signiÞcant anomaly e ! ects at µ = 0. The mass di! erences are deÞned by" m[qq] = m[qq]! ! m[qq]+ and
" m[sq ] = m[sq ]! ! m[sq ]+ .

their chiral-partner structures together with e ! ects from
the U(1)A axial anomaly. We note that, in the present
paper, we deÞne the diquark masses including the shifts
from µ.

Depicted in Fig. 2 is the resultant temperature depen-
dences of the diquark masses atµ = 0 for the param-
eter Set (I) with no anomaly e! ects and Set (II) with
signiÞcant anomaly e! ects in Table I. Mass di! erences
between the chiral partners, " m[qq] ! m[qq]! " m[qq]+

and " m[sq] ! m[sq]! " m[sq]+ , are also displayed to see
the chiral-partner structures more clearly.

The left panels of Fig. 2 indicate that the normal mass
hierarchy for both the positive and negative-parity di-
quarks is observed at any temperature when the anomaly
e! ects are absent. Besides, the mass di! erence between
the chiral partners always satisÞes" m[sq] > " m[qq]. In
the absence of the anomaly e! ects, the kernels for [qq]+
and [qq]! ([sq]+ and [sq]! ) are identical, and only the
kinetic contributions in the loop functions ( 31) and (32)
generate di! erent e! ects to the two diquarks. As ex-
plained below Eqs. (31) and (32), such di! erences are
proportional to M q which su# ciently drops above Tpc
for both the [qq] and [sq] diquark sectors. Therefore,
the mass degeneracy of the chiral partners takes place
prominently above Tpc , and as a result the chiral-partner

structures are clearly seen at high temperature.
On the other hand, from the right panels of Fig. 2,

one can see that the inverse hierarchy for the negative-
parity diquarks is always realized accompanied by the
signiÞcant anomaly e! ects. Moreover, the mass di! er-
ence reads" m[qq] > " m[sq] at any temperature when
the anomaly is switched on, and the reduction of" m[qq]
at high temperature is tempered whereas" m[sq] is suf-
Þciently suppressed similarly to with K " = 0. The for-
mer tempered reduction is understood as follows. When
K " = 15 GeV! 5, the kernels K[qq]+ and K[qq]! are sig-
niÞcantly a! ected by the #øss$ contributions in addition
to the constant H , signs of which are opposite for [qq]+
and [qq]! channels as seen from Eq. (14). Besides, the
suppression of#øss$at Þnite temperature is hindered com-
pared to #øqq$ as in Fig. 1. Hence, the di! erence between
K[qq]+ and K[qq]! is left sizable even atT % 0.3 GeV
and the resultant " mqq also reads considerably large, al-
though J [qq]+ and J [qq]! become approximately identical.
Meanwhile, the su# cient reduction of " msq is straight-
forwardly understood from the fast decrement of #øqq$
aboveTpc , since the di! erence betweenK[sq]+ and K[sq]!

induced by K " contributions is proportional to #øqq$ and
the situation is similar to with K " = 0 at such high tem-
perature.
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FIG. 5. Quark chemical potential dependence of the diquark
masses for the Set (I) (top) and Set (II) (bottom) at T = 0.
The dotted vertical line corresponds to the critical chemical
potential µ! at which m[qq]+ = 0 is satisÞed.

decay widths of the SHBs based on the analysis done for
the diquarks in Sec.IV .

The singly charmed baryons composed of [qq]± are the
ground-state ! c(2286) and its chiral partner ! c(1/ 2! ).
Experimentally, the chiral partner ! c(1/ 2! ) has not been
identiÞed, while the ground-state! c(2286) is well estab-
lished [15]. One possible reason why the! c(1/ 2! ) is still
missing could be a too large decay width caused by a
comparably large mass of! c(1/ 2! ). Based on this spec-
ulation here we particularly focus on the mass and decay
width of ! c(1/ 2! ) at Þnite temperature.

We here assume the masses of! c(1/ 2± ) are given sim-
ply by the sum of the constituent c quark massmQ and
the corresponding diquark onesm[qq]± as [7]

M [! c(1/ 2± )] = mQ + m[qq]± , (40)

based on the heavy-quark e" ective theory. From the par-
ticle data group (PDG) we Þnd M [! c(1/ 2+ )] = 2 .286
GeV [15]. Hence, when we assumem[qq]+ = 0 .725 GeV in
the vacuum as shown in TableI, the value of mQ is Þxed
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FIG. 6. Temperature dependence of the masses of! c(1/ 2+ )
and ! c(1/ 2" ) for µ = 0 with the Set (II).

!"!# !"$! !"$# !"%! !"%# !"&!
!"!

!"%

!"'

!"(

!")

* !+,- "

!"
#$

%
!&

'(
"

!"#$%&&'
%()$*+,-*./'

<latexit sha1_base64="3z3PxmeN5LbcAtEad6XjScupw+8="></latexit>

µ = 0
<latexit sha1_base64="SRFwal4sQ1hrplnDQogeX52W6Kg="></latexit>

! c(1/ 2! ) ! ! c(1/ 2+ )!

FIG. 7. Temperature dependence of the decay width of
! c(1/ 2" ) ! ! c(1/ 2+ )! for µ = 0 with the Set (II).

to be mQ = 1 .56 GeV. With this value, M [! c(1/ 2! )] in
the vacuum is evaluated to beM [! c(1/ 2! )] = 2 .99 GeV
when we take the Set (II) in Table I. The estimated mass
is su# ciently larger than M [! c(1/ 2+ )], which seems to
be suitable for the demonstration in this section. For this
reason, in the following analysis we will employ the Set
(II) to study the mass and decay width of ! c(1/ 2! ).5

Under an assumption that the value of mQ and in-
teractions between the heavy quark and the diquark do
not change in medium, the temperature dependence of
the masses of! c(1/ 2± ) is simply evaluated by that of
m[qq]± . Depicted in Fig. 6 is the resultant temperature
dependences ofM [! c(1/ 2± )] for µ = 0 with the Set (II).
The dependences are essentially identical to those of [qq]±
as in the top-right panel of Fig. 2, implying that the mass

5 As for the mass of ! c (1/ 2" ), for instance, the nonrelativistic
quark model predicts M [! c (1/ 2" )] = 2 .89 GeV [65]. Within
the present chiral-model approach such a mass value is obtained
when the inverse mass hierarchy is realized as with the Set (II).



Makoto Oka (RIKEN Nishina Center, & ASRC, JAEA)

Scalar and Axialvector Diquarks

Masses of the 0+ and 1+ diquarks under chiral restoration

32

<latexit sha1_base64="Z3ABJzgxilLu2diDFRZ4JI4VJZM="></latexit>

m2
S0 = (1031 MeV) 2

m2
S1 = (606 MeV) 2

m2
S2 = ! (274 MeV)2

<latexit sha1_base64="Z3ABJzgxilLu2diDFRZ4JI4VJZM="></latexit>

m2
S0 = (1031 MeV) 2

m2
S1 = (606 MeV) 2

m2
S2 = ! (274 MeV)2

<latexit sha1_base64="DgAedJzDRyoWznnY4Jg1tBAJUY4="></latexit>

m2
V 0 = (708 MeV) 2

m2
V 1 = ! (760 MeV)2

m2
V 2 = (714 MeV) 2

<latexit sha1_base64="DgAedJzDRyoWznnY4Jg1tBAJUY4="></latexit>

m2
V 0 = (708 MeV) 2

m2
V 1 = ! (760 MeV)2

m2
V 2 = (714 MeV) 2

S (0+) ~ ΛQ

A (1+) ~ ΣQ

UA(1) Anomaly
V (1-)

P (0-)

Y. Kim, Y.R. Liu, M.O., K. Suzuki, Phys. Rev. D 104, 054012 (2021)
Chiral Symmetry Restoration



Makoto Oka (RIKEN Nishina Center, & ASRC, JAEA)

Decays of SHB in matter

Decays of  baryons under chiral symmetry restorationΣc, Σ*c

33

Chiral Symmetry Restoration



Makoto Oka (RIKEN Nishina Center, & ASRC, JAEA)

Summary

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

UA(1) anomaly is found to give the inverse mass  
hierarchy in the pseudoscalar diquark spectrum. 

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

Effects of UA(1) anomaly in the strong decays of excited SHB are 
studied. The GT coupling is found to be suppressed by the 
anomaly, while the anomalous coupling of 1+ and 0+ diquarks is 
suppressed.

Under chiral restoration, we find the mass crossing of the 1+ and 0+ 
diquarks, which may give significant effects on the behaviors of 
SHB in hot/dense matter.
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