7 x—YJEK=HWIc
INFAYVEERDBEAEL KLU,
(3.3) @ (3.,3)&(8.1) @ (1,8)FHZ
RAWik37 L —/I\—/\) F 1+ —EIGIEHY

Hadronic effective model considering quark flow diagrams,
and a 3-flavor parity doublet model with
(3,3")+(3*,3) and (8,1)+(1,8) representations

Takuya Minamikawa (Nagoya Univ. )
collaborators: M. Harada (Nagoya Univ. ) and T. Kojo (Tohoku Univ.)

TQFT, Sep 21 2022



2 /18
Fate of Nucleon Mass?

chiral symmetric phase

broken phase
c=0

c#0
\ 4 Z restored
>
high temperature

low temperature
high density

low density

* In effective models, e.g. the linear-sigma model, My «x o

vQ

¢ However, lattice QCD at finite T (e.g.Aarts+'15, '18): - [Aarts+"18] 2
I ]
"> T but Myremains ~ 1GeV . %h i
chiral “invariant” mass? S = g g 15 Ji % ]
* M, are not very sensitive to the environment ? e

relevant for the physics of heavy ion collisions and Neutron Stars (NSs)
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NSs as Cosmic Laboratories

fate of nucleons? chiral?

QCD PHASE DIAGRAM

HADRONIC

MATTER
.;utron St!

= 121 ~ 5-10 7,

saturation nuclear density
ny = 0.16 fm™>

Hp

low density high density

EOS —2L NS M-R

P ———

I—> constraints on the microphysics



(D NS data constrain mO through MR relations
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Our Previous Works

using 2-flavor chiral hadronic model with
“chiral invariant mass”

2.5 -

2.0 1

1.0 1

0.5 -

[Minamikawa+; PhysRevC.103.045205]

Sy
— \
AN A PSR J072Q+6620
— |
N ‘\\‘\ ‘
larger mO
(m0=600-900 MeV)
1 6W170817 is favored )030+(451
-
mo =600 MeV
—-- my=700 MeV
—=- mp=3800 MeV
—— Mg =900 MeV smaller mO (500 MeV)
; ; . is unfavored
10 11 12
R [km] from GW170817 (20)

(@ chiral condensates in crossover

[Minamikawa+; PhysRevC.104.065201]

1 PDM
: — mp =500 MeV, (H/G, gy/G) =|1.30,0.7)
- mg =700 MeV, (H/G, gv/G) =[(1.40,0.8)
0.8 - —-= mg=900 MeV, (H/G, gv/G) =|(1.45,0.7)
<
0.6 1
S
1S
N~
S~~~
N
@ 0.4 -
1S
N~
0.2 1
- . %'.-,_.' .... - «
hadronic|matter (PDM) ...l.!f!.tme_ml”?.?late - quark ma
00 | | b, e
0 1 2 3 - 5 6
ng/Ny

Skip these works today
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Hyperon in a NS
3=-window (Masuda+'ll; ..)

P NJL

B.C.

Sno

2-flavor PDM

" try many possible

Zno curves

A

c.2=dP/de < | (causality)

—> removes unphysical curves
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Hyperon in a NS

3-window (Masuda+ 'l |; ..)

P NJL

hyperons
appear

any possible
curves

c.2=dP/de < | (causality)

—> removes unphysical curves
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Hyperon in a NS

3-window (Masuda+ 'l I; ..)

P NJL

hyperons
appear

Need to extend chiral hadronic model (PDM) with hyperons
(Additional parameters may be constrained from NS data)
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Motivations (in this work)

3-window (Masuda+ 'l I; ..)

P NJL

hyperons
appear

-build a chiral model for hyperons

— chiral condensate (gq),(ss), hyperons in higher density

- HADRONIC effective model considering QUARK picture
— hadron quark crossover ?7 (in the future??)




7 /18

What | Show

. Ist-order (ordinal) Yukawa 1s not sufficient.

. We Introduce 2nd-order Yukawa-like
with integrating out bad dlquark

representatio

moreover, parity doubling structure appears naturally.

\Chiral invariant mass
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Chiral Representations

~
left-handed quark ¢, ~ (3,1) ~ SU@3),x
right-handed quark ¢, ~ (1,3) ~ N—

B, ~q®q.®q;,~ (1.1) D (8.1) & (10,1)

BLNQL® ~ (3,3) @ (3,6)
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Chiral Representations

~
left-handed quark ¢, ~ (3,1) ~ SU@3),x
right-handed quark ¢, ~ (1,3) ~ N—

B, ~q®q, ®q,~ (1,1) D (8,1) D (10,1)
and

BLa’;qu® o ~ (3,3) @ (3,6)
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Chiral Representations

~
left-handed quark ¢, ~ (3,1) ~ SU@3),x
right-handed quark ¢, ~ (1,3) ~ N—

B, ~q®q. ®q,~ (1,1) D &, 1) D (10,1)
and

BLa:dQL® 9. R qr TP
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Chiral Representations

~
left-handed quark ¢, ~ (3,1) ~ SU@3),x
right-handed quark ¢, ~ (1,3) ~ N—

’{B ~ qL®qL®qLN(1 1)@(8 1)@(1091)

octet baryon

’{B e QL 9. 4qr. i_d@éj)

octet baryo ctet baryon
ncluding “bad” diquark
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Chiral Representations

~
left-handed quark ¢, ~ (3,1) ~ SU@3),x
right-handed quark ¢, ~ (1,3) ~ N—

{B NQL®QL®QLN(1 1)@(8 1)@(1091)

octet baryon

{B e QL 9. 4qr. i_d@éjz

octet baryo ctet baryon
ncluding “bad” diquark

~ (3, 3) YR ~ (3,3)



8 /18
Chiral Representations

~
left-handed quark ¢, ~ (3,1) ~ SU@3),x
right-handed quark ¢, ~ (1,3) ~ N—

B~ g ®q®q ~(1.1)® 8.1 10.1)
and

U octet baryon

{BLa:dQL® R ® N%@é&j)

octet baryon

including “bad” diquark
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Chiral Representations

~
left-handed quark ¢, ~ (3,1) ~ SU@3),x
right-handed quark ¢, ~ (1,3) ~ N—

B~ g ®q®q ~(1.1)® 8.1 10.1)

{BLa:dQL® R ® N%@%)

octet baryon

including “bad” diquark
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Chiral Representations

left-handed quark ¢, ~ (3,1) ~
~ (1,3) ~

right-ha

~ (3, 3)

nded quark

a N\

N—_

N\ A

SU(3), X

“good” diquark | “bad” diquark

aryon

color SU(B)C

spin  SU(2)

YR ™ (3,3)

flavor SU(B)F

spin

anti-sym
anti-sym

anti-sym

~®1) e~ (18)

anti-sym 3

sym 6

1” diquark

(3,6) (6,3)
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Chiral Yukawa Interactions

B3| dn @D

nmetric
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Chiral Yukawa Interactions

da 8.0)
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Chiral Yukawa Interactions

da 8.0)
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Chiral Yukawa Interactions
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Chiral Yukawa Interactions
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Case (1): Simplest, Only )

y~ (3,3)+(3.3)
X~ (8,1)+(1,8)

G6) (63)

~ (891) )(R ~ (1’8)

v

no Yukawa b/w (8,1) & (1,8)

may be too heavy
because of “bad” diquark

PROBLEM: m[N] = m[E] in this model
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Case (1): Simplest, Only zIJ

v~ (3,3) + (3.3)
7~ (8,1) +(1,8)
QR qdr QR 4R

63 v ~(B3) ~@.1) xR~<1 3) 36 (63

may be too heavy
no Yukawa b/W (8,1) & (1.8) because of “bad” diquark
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Case (2): ¥ & x

3 4 (3 a 93 MeV I
v G scalar meson (M) = < / ) ) 93 MeV CSpro e dd)
x~ @1+ (1.8 Y 127 MeV y~ o5~ (55)

mass matrix for nucleons for Sigma baryons for Xi baryons

—ga ha
ha 0O

PROBLEM: m[N] > m[Z] In this model
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Case (2) v & x

03 MeV _ 7
=f~o~ (au+dd
ssssssssss (M) = < p ) 93 MeV @=f~ o~ iutdd)
x~ (8 1)+ (1, 8) y 127 MeV y ~ 05~ (55)

for Sigma baryons for Xi baryons

(— ) (—g}/ ha) (‘80‘ h}’)
ha (O ha 0 hy; 0O

PROBLEM: m[N] > m[Z] In this model



11/ 18

Case (2): ¥ & x

93 MeV B _
=f~ o~ (au+dd
w~(33)+(3.3) scalar meson (M) = < p ) . ey @ =~ o~ (it dd)
x~ &,1)+(1,8) Y 127 MeV y ~ 0, ~ (3s)
mass matrix for nucleons for Sigma baryons for Xi baryons

( o ha) ( gy ha (‘80‘ h}’)
0 0
uL ZE
3, 3)@ (ZR (3.3) a, S)HHB 3)

o

PROBLEM: m[N] > m[Z] In this model
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Case (2): ¥ & x

93 MeV
~(33)+@33) scalar meson (M) = < p ) 93 MeV
x ~ (8,1)+(1,8) y

a=p~oc~ (iu+dd)

127 MeV] y ~ 05~ (55)

mass matrix for nucleons for Sigma baryons for Xi baryons

ga ha —gv | ha _805 h}’
0 ha 0O

R I 2
(3.3) B \-\ u (3,3) (1.8) 8) (3 3)
SS Gs @0
y

mass eigenvalues for ground-state octet baryons eigenvalue with the smallest absolute value of <y O)

m[N] =m(|gal|,|hal) mix,y) = \/(x/2)2+y2—x/2
m[Z] =m(|gy|,|hal)

m[E] =m(|ga|,|hy]|)

PROBLEM: m[N] > m[Z] In this model
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Case (2): ¥ & x

93 MeV B _
= f~ o~ {iu+dd
~G3)+G3) scalar meson (M) = < p ) 93 MeV a=pro <M_M )
mass matrix for nucleons for Sigma baryons for Xi baryons

goc ha —g7! ha —ga hy
0 ha O

R I 2
(3.3) B \-\ u (3,3) (1.8) 8) (3 3)

5 8 Oy @0

: : Y
mass eigenvalues for ground-state octet baryons eigenvalue with the smallest absolute value of <y O)
m[N1=m((ga]), | ha|) m(x,y) =1 (127 + 57 = x/2

m[X] = m(( gy [JdLroP)
m[E] =m(|ga|,|hy]|)

PROBLEM: m[N] > m[Z] In this model

0.m(x,y) <0 therefore m[N]>m[Z]
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Why Not Enough?

hucleon Sigma baryon Xi baryon

(1,8) to (3,3%)

(3%,3) to (3,3%)

For Xi baryon, there are no interactions of s quark in the diquark.
(3,0)+(0,3) rep. iIs needed. We integrate out it for simplicity.
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2nd-Order Yukawa (1)

Let us make a diagram starting from (3,3)

i

(3,3)
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2nd-Order Yukawa (1)

Let us make a diagram starting from (3,3)
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2nd-Order Yukawa (1)

Let us make a diagram starting from (3,3)
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2nd-Order Yukawa (1)

Let us make a diagram starting from (3,3)
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2nd-Order Yukawa (1)

Let us make a diagram starting from (3,3)
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2nd-Order Yukawa (1)

Let us make a diagram starting from (3,3)

“bad" diqua}rk]
il y a
% Ay 4 |

(3, )L (¢ 1)(3 3|

color SU(3) anti-s

flavor SU(3)F anti-s
spin SU(2) e anti-s
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2nd-Order Yukawa (1)

Let us make a diagram starting from (3,3)
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2nd-Order Yukawa (1)

Let us make a diagram starting from (3,3)

[} \
“b;ad" diquark
( — — d J d
Y L (| Y R

3311% Va3
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2nd-Order Yukawa (1)

Let us make a diagram starting from (3,3)
I/I;R\ I/_t D Ur

@’ - y d @
Ay7 Ay 4 A7 dp

( 1) 11 ~ 1 ( 93)
(3, 3) (3 )L (B3

one more
quark exchange

—_—

color SU(3) anti-s

flavor SU(S)F anti-s
spin SU(2) e anti-s
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2nd-Order Yukawa (2)
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2nd-Order Yukawa (2)
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2nd-Order Yukawa (2)

» G35 M

mir
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2nd-Order Yukawa (2)

~(3,3), yr ~ (3,3)

mlr (3 3) wmlr (3,3) [
ffmll'

- mII'

Lo = MoPysy™ — ™ ysy)

_\ chiral invariant mass

% :,
. 3 g
‘.A e - . _p s e eI B - ,'4' V“ >



14/ 18

2nd-Order Yukawa (2)

l//L ~ (393)! WR ~ (393)

mlr (3 3) wmlr (33) »

| f‘IIllI‘
gCIM = m, (1/7}/51//m1r — mlr}/Sl//) .
- chiral invariant mass y

- i"'r"tiil”’ mirror rep.

~ q;1(qrCrsqr) = Prqdy



minimization function

w~(3,3)+(3.3)

¥~ (8,1)+(1,8) g — g(l//,)(, l//mir’)(mir’ M)

™~ (3,3) + (3.3)
2™~ (1,8) + (8,1)
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input mass [MeV] N =
Ground-state 939

excited (J* = 1/2%) 1440

excited (J' =1/27) 1535

excited (J* =1/27) 1650

minimization function

f(couplings) =




Numerical Result

mass [MeV]

mass [MeV]

1300

1200

1100

1000

2200
2100
2000
1900
1800
1700
1600

Mo=800MeV
N o
" N(939)
] ] ] ] ]
N N 2 = N+E 3A+ZX
2 4
" 0
i X
L N(1535)
] ] ] ] ]
N N > = N+E 3A+X

mass [MeV]

mass [MeV]

1800

1700

1600

1500

1950
1900
1850
1800
1750
1700

1650 ¢

Gell-

m[N] + m[Z] B 3m[A] + m[X]
2 ; 4

I ]

Mann—QOkubo mass formula

- N(1440)
] ] ] ] ]
N N\ 2 = N+EZ 3A+X
> 4
- >< l
| N(1650)
] ] ] ] ]
N N > = N+4+EZ 3A+X
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Discussion

(D Ground-state nucleon consists mainly of w & y

(@ Ground-state nucleon consists mainly of y™r & y or v & y™r
nucleon mass

939 MeV

vacuum density
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Summary

A ZILEIRIRI3T7 L —/\—/\KROVEBRIZDODWT, 74A—7KEZRBHWT
EZE,

-1 ZI)(3,37)+(3*3)FIF & (8,1)+(1,8) xR = ALV RE = f52E,

BB OFZINEBEER(XY Y 1ROF)I)IZT TlEHyperon DBEE = BiIR
DA AW

ERDFZNNEBEER(XY Y 22RDF))Z2 ANd Z & THyperonDEE
ZHIFETE. F/cParity doublinglB EaBRICH TS Z &z R,
Parity doublingf&& 3 14 ZIILAEEE & RiEICED %,

Outlook

LEIRREICH T D(3,3)+(3*3) & (8,1)+(1,8) DRk 73 Lt
é%@ﬂ?} (or o)ikE4
BRBEPLHEFEICHITDEMN







— >0
7 +
W~ %Asinglet+ ¥
3
PR ”L
(3,3)
PR M ”L P
(1,3)
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Diagram vs Eff. Interaction

~(3,3)+(3,3)
¥~ (8,1)+(1,8)

[

C_ZR)/ ‘ |
o,

LA
NG

()17 2= €77y,

s+ p
—L304 A
NN
=0 _2ZA
V6

<>

”L
d rr
\Lée S)H (WR)”l [1213](M)r2(WL)l3[ 17|

\/5

I _ l
(l/jL)r T Egrrlrz(l//[,) [riralas
1 <0 | n ]
Ly04 LA 5
7 p
2" — L1504 LA n
v

== =0 _2 A

/6

X & 1,1,E 25>y, R)"1 (M ) (1/11 L)
=: det'(wg, M, ;)

(3 3)<_> ()(R)r[rlrz](MT)r(WL)l "l ()(R)F(MT)F(V/L)Z

= tr(jr g My,
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v~ (3’3) * (3’3) rr . rrr T
(pp)!7hs = ey, o W)= e, ()11

x ~ (8,1) + (1,8) 2
(b 1) URr— i
- 7 —‘a: ulqui——>u 3.3
LiL ) \IE ’ ¢ »’nigror reza.
- A

PRy MO ) o g, 7R (M) (MR )

= w(pp " MM yy) — e M) (M )
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mass Input =(1790

(to satisfy G.O.)

Vi (D, Ly) S Octet members Singlets
1/2%  (56,05) 1/2| N(939)* |A(1116)* [X(1193)" X(1318)"

1/2%  (56,03) 1/2| N(1440)*]A(1600)** [ X (1660)™ = “

1/2= (70,17) 1/2| N(1535)*A(1670)* W

3/2_ _(70,17) 1/2|NH5267 |/

C— — = _—  — _— = -— — —

1/2= (70,17) 3/2| N(1650)™|A(

— — — — — o= -

2 (1750 L)
¥(1620)1
)
)

Gell-Mann—Okubo mass formula 2 (2203'67 = (] 925) (G-O-)

mINT+m[Z] _ 3m[A] + m[Z] or 2 (1909
2 . (tr)

= (1989)

(automatically
determined by
the value of trace)
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mass matrix

<M>=<a p )~[93MCV 93 MeV @=p~ o~ {au+dd)
y

127 MeV] y~ 05~ (55)

gio™ gio= my+ g"* (0™ If, + V(%) gi200°=lf,
0 g5200>=1f, moy + g (0> If, + g¥=(c%)*1f,
gsc™ 850"
0
a for N a for N
c*= < yforZ 0= =13 aforx

a for = y for E



