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The Origin of Baryon Mass

Quark mass < Baryon mass

 Chiral Invariant Mass m,

N 000 y In parity doublet model: m = m, + g{qq)
|T\/ ,oe Spontaneous Breaking of Chiral Symmetry (gg)
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The Origin of Baryon Mass

Quark mass <« Baryon mass
N 000 y In parity doublet model: m = m, + g{qq)
\ ,oe Spontaneous Breaking of Chiral Symmetry (gg)

 Chiral Invariant Mass m,

Chiral invariant mass of nucleons by the study of neutron stars
\
« 600 < myy <900 MeV 1]
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« 600 < myy <900 MeV 1]

[1] T. Minamikawa, et al., Phys. Rev. C 103, 045205 (2021). Y h half of |
. 580 < myy < 860 MeV [2 ore than half of nucleon mass

[2] Y. K. Kong, et al., Phys. Rev. C 108, 055206 (2023).

o

» How large the chiral invariant masses of hyperons?
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Motivation of Model Construction

Previous model based on SU(3), x SU(3), chiral symmetry

« Same chiral invariant mass for octet baryons [3]

[3] E. S. Fraga et al., Phys. Rev. D 108, 116003 (2023)
* Different chiral invariant masses, but many parameters [4]

[4] B. Gao et al., Phys. Rev. D 110, 016016 (2024)
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» Construct an SU(2) , x SU(2), effective model reduced from SU(3), x SU(3),,
with fewer parameters, while capturing the effects near hyperon onset density.

SU3
Mg = g 4 Mg mgy + migg,

—m SU2)

A0 Ty T Mqq)
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Nucleon Model
Parity doublet model 5]

Representation of Nucleon and meson
N~[2,1)& (1,2)], M~ [(2,27)]
Transformation under Chiral Symmetry
Nip = &N Nig = 8rNir
Nop = 8rNop» Nog = 81 Nop
M — gLMg;g

[5] D. Jido, et al., Prog. Theor. Phys. 106, 873 (2001)
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Nucleon Model
Parity doublet model 5]

Representation of Nucleon and meson Effective mass of Nucleon
N~[2,1)& (1,2)], M~ [(2,27)]

Transformation under Chiral Symmetry
Nip = &N Nig = 8rNir

1
my, = 5\/ (gn1 + &v2)°0” + 4”’6%10 * (8n1 — 8v2)o

Nyp = 8rlNoy, Ny = 81 Nog
M — 8LM81§

Chiral Invariant Mass Term

L =my(N  Nog + )

mass [MeV]

Interaction Term

Zine = — &1 (W  Myrp + -++) + g(++)

30 60 10 20 0
o [MeV]
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Hyperon Model

Representation of Hyperon (s quark is heavy)

qgs ~ [2,1) & (1,217

=2[(1,LD]®2[(2,2)] ® [(,1) & (1,3)]
A z
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gm - — mA()/_\A - mzotr[ilLEZR + "']

Interaction Term
311113 = — GA [/_\L(M)hrl(MT)nllAR + ]

—Gy [(ilL)lllz(M )llrl(M )lzrz(zm)% + ] + Gypl -] 2114



Hyperon Model

Representation of Hyperon (s quark is heavy)

qgs ~ [2,1) & (1,217

* 1 2.4 2 1 2
=2[(1,D)] & 2[(2,2)] ® [(3,1) & (1,3)] Mys = 5\/ (Gg1 + Gyp)’0" + dmgy £ -Gy =~ Or)o
A 3

Transformation under Chiral Symmetry
Apgp—= Apg

Effective mass of Hyperon

* _ 2
mA = mA0+ GAG

2y — 8L21L8LT» g nglez_er

2y — 8R22L81-er , Lo = 8L22R8LT

Chiral Invariant Mass Term

mass [MeV]

gm - — onj_\A - mzotr[ilLZZR + "’]

Interaction Term

o 30 60 10 20 0
Zint = = Ga[ AL, (MY Ag + -] o [MeV]

— Gy [(ilL)zlzz(M ), (M), (2 )2 + | + Gyl -++] 2114



Pressure in the mean field approximation
Pressure

P = Z PF(m*,,u*) + 2 P*(my, ;) — V(o, w, p)
i=N,\,Z [=e,u

Pf: Pressure of Fermi Gas
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Pressure in the mean field approximation
Pressure

P = Z PF(m*,,u*) + Z P*(my, ;) — V(o, w, p)
iI=N,A\. 2 [=e,u

PF: Pressure of Fermi Gas
Effective Chemical Potential
B = pp — 8pi@ + Ly — 8,p) + Spy (i=N, A )

I;: isospin, S: strangeness (S =0 for N, — 1 for A, %)

Meson Potential [6]
1 1 1 1 1

) 4 6 2 2 2 2
V(o, a),p)—a,u o —2/140 +g/16a +mﬂfna+5mwza) +5mpp

[6] Y. Motohiro, et al., Phys. Rev. C 92, 025201 (2015)
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Pressure in the mean field approximation

Pressure

— Fro % % % .
P = 2 P(m™, %) + Z Py, ) — V(o, @, p) Pion Decay constant: f, = 92.4 MeV
iI=N,A\. 2 [=e,u

Saturation Property

F. -
P": Pressure of Fermi Gas . Saturation density: 1, = 0.16 fm™>

Effective Chemical Potential Binding energy: B, = — 16 MeV

B = pp — 8pi@ + Ly — 8,p) + Spy (i=N, A )

Symmetry energy: S, = 31 MeV

I;: isospin, S: strangeness (S =0 for N, — 1 for A, %) Incompressibility: K, = 240 MeV

Hyperon potential:

Ui - ml*(G) - mi + ga)l‘a)

Meson Potential (6]

1 1 1 1 1
V(o,w, p) = 5,07202 — 2/1404 + 5/1606 + mﬁfﬂa + Emwzco2 + Empzp2

[6] Y. Motohiro, et al., Phys. Rev. C 92, 025201 (2015) o1
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Onset Density of A
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Results for neutron star matter up to 10n,
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Onset Density of A Results for neutron star matter up to 10n,
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* A appears at a lower density when its chiral invariant mass is greater
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Onset Density of A

Results for neutron star matter up to 10n,

my, = 500 MeV (Myg, Mg, Msg) = (500, m,, 800) MeV
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* A appears at a lower density when its chiral invariant mass is greater
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Results for neutron star matter up to 10n,

Onset Density of A

myo = 500 MeV (g, Mpg, M) = (500, 1m0, 800) MeV
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S ol
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* A appears at a lower density when its chiral invariant mass is greater

* A can appear in neutron stars
when its chiral invariant mass is sufficiently large



Onset Density of X
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Onset Density of X
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* ¥ also appears at a lower density when its chiral invariant mass is greater
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Onset Density of X
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* ¥ also appears at a lower density when its chiral invariant mass is greater
¥ appears only when its chiral invariant mass is as large as its vacuum mass
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Why hyperons appear at lower density when m,, ms are greater?
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Why hyperons appear at lower density when m,, ms are greater?

» Because the repulsive force is weaker for larger chiral invariant masses.

Hyperon mass is close to chiral invariant mass in the matter 1200} ==y
= mao = 900 MeV
< 1000,
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Why hyperons appear at lower density when m,, ms are greater?

‘ Because the repulsive force is weaker for larger chiral invariant masses.

Hyperon mass is close to chiral invariant mass in the matter

Hyperon Potential: U, = mj(c) — m, + g, r®

attractive

Uy —mji(o) + my

gwA.z:
Wy

Iad

repulsive

O

my, pi [MeV]

12001 = M\
mao = 900 MeV
1000
800t e,
600 mao = 800 MeV

I 2 3 4 5 6 7
nB/nO

500 600 700 800 900 1000
mao, My [MeV] 12/14



Why hyperons appear at lower density when m,, ms are greater?

‘ Because the repulsive force is weaker for larger chiral invariant masses.

Hyperon mass is close to chiral invariant mass in the matter 1200
=
Hyperon Potential: U, = m;(6) — m, + g,,o = 1000
attractive  repulsive = |
g X 800}
UA_mX(O-) +mA UA_mA0+mA * <
oA = ~ E 600}
@o @y

Effective Chemical Potential
BN = HB — 8pA® — Hy

greater m,, = smaller g, — larger uy — likely to appear

mao = 900 MeV
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Why hyperons appear at lower density when m,, ms are greater?

‘ Because the repulsive force is weaker for larger chiral invariant masses.

Hyperon mass is close to chiral invariant mass in the matter

Hyperon Potential: U, = mj(c) — m, + g, r®
attractive  repulsive

Uy—mi(o)+my  Up—myo+my
gO)A = ~
@y @

Effective Chemical Potential

Hp = Hp — 8ua® — Hq

reater m,, = smaller = larger u¥ = likely to appear
g AO ga)A g MA y pp
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Why hyperons appear at lower density when m,, ms are greater?

‘ Because the repulsive force is weaker for larger chiral invariant masses.

Hyperon mass is close to chiral invariant mass in the matter

Hyperon Potential: U, = mj(c) — m, + g, r®
attractive  repulsive

Uy—mi(o)+my  Up—myo+my
gO)A = ~
@y @

Effective Chemical Potential
BN = HB — 8pA® — Hy

reater m,, = smaller = larger u¥ = likely to appear
g AO 8wA ger u, y pp

> has same mechanism, but U, = — 30 MeV, Uy = + 30 MeV

Uy < Us = g A < g,z = less likely to appear than A
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Summary and Outlook

Summary
« We constructed a hyperon model based on the SU(2), x SU(2), chiral symmetry
« We introduced A and X as [(1,1)] and [(3,1) & (1,3)] representations

« A is more likely to appear when its chiral invariant mass is greater because the
repulsive force becomes weaker

* The repulsive force for X is stronger than that of A, so X is less likely to appear
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Summary and Outlook

Summary
« We constructed a hyperon model based on the SU(2), x SU(2), chiral symmetry
« We introduced A and X as [(1,1)] and [(3,1) & (1,3)] representations

« A is more likely to appear when its chiral invariant mass is greater because the
repulsive force becomes weaker

* The repulsive force for X is stronger than that of A, so X is less likely to appear

Outlook

« Mass — Radius relation of neutron star
 Constraint on the chiral invariant masses
* Introduction of E
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SU(3), X SU3), VS. SUQ2), x SUQ2),

The §s condensate shows very weak density dependence up to the
hyperon onset regime

The model is expected to be valid up to about the hyperon onset density
= |t is possible to investigate the hyperon onset density using the
framework of the SU(2), x SU(2), chiral symmetry



Full Lagrangian (Nucleon)

ZLy= NIWMD Ny — gy (NlLMNlR + NlLMTN1L>
+N,iy D,N; + gy (NZLM "Nog + NZRMN2L>
— My (Nﬂ’sNz — Nz?le)
My
— Nl;/”D N-N T N,
My

SSB
cos@ yssin@\ (N,
—yssinf@ cosO ) \V,

2my

(&v1 — &n2)o

where N = < >, tan 260 =

|
my, = 5\/ (gn1 + 8np) 70" + 4mgy £ (gy) — En2)O



Full Lagrangian (Hyperon)

Pz = Aip"D,A = Gy [, (MY, A+ MM, (MY, A
+tr|Zir* D2y | = Gy |21, (M), (M), (Z1)" "2+ h . c. |
[ Zpiy" D, Z| + Gso [(Ey),,, (MO (M) (Zpp)" 2+ e |
~mpoAA = mggtr [ Z1752, — Zyps |

_ _ _ _/m
@% Aiy”DﬂA — myAA +tr [Ziy”DﬂZ] —tr [Z ( > > Z]
My _
cos 6 sin @ )y 2
where X = , /s > : , tan 20 = ™50
—Yssin@ cos 6 2, Gs| — Gsy)02

* 2
mA = mA0+ GAG

my, = l\/ (Ggy — Gyp)’o™ + 4mg, + l(GZl — Gyy)o°
=2 2



Full Lagrangian (Vector Meson)

« Decomposition of meson field: M = Elotp, & p(x) ol h(x)ép g(0gf
* Maurer-Cartan one form: alt = %[(Dﬂée)é; +(DEDE], alt acid h(x)al+hT (x)

* Nucleon - Vector meson coupling
3xector = {Cle[NlszV”a,Ll‘fLNlL + (L < B)| + agy (N y#tr [a;Ll]NlL> } +(1 <2
1

v .,/0 0,3
— >~ 8oNn® 2 Niy"N; = =8P Z Niy"T°N;
MFA i=1,2 2 i=1,2

« Hyperon - Vector meson coupling
gx’ezctor = boA</_\L7”t1‘ [a)| AL+ Agytr [%U]AR>
+C slr [ZL@TW“)}@LZM + (L & R)] + cystr [ilLy”tr [a)}]ZlL] + (1 < 2)

—— — g pOAPA =g 50 Y t[E)0%] —g5p Y u[Ey00%)
MFA i=1,2 =12



Parameter Determination

Inputs

ParameterS ° Vacuum Mass:
N(939), N(1535), A(1116), £(1193), =(1620)

« Pion Decay constant: f, = 92.4 MeV

Nucleon:

Mo  8n1 N2 8woN  8pN

A baryon:  Saturation Property
Mo G, gA - Saturation density: n, = 0.16 fm™>

> baryon: Binding energy: B, = — 16 MeV

msy  Gyp Gy &us 8ps

Symmetry energy: S, = 31 MeV

Incompressibility: K, = 240 MeV

Meson: Hyperon potential: U, = — 30 MeV, Uy = + 30 MeV

B A A

Assumption  g,s =g,5



Parameter Determination

Inputs
Parameters e VVacuum Mass:

Nucleon: I N(939), N(1535), A(1116), 2(1193), 2(1620)

ZoN  &oN « Pion Decay constant: f, = 92.4 MeV

- Saturation Property
EwA - Saturation density: n, = 0.16 fm™>

Binding energy: B, = — 16 MeV

Symmetry enerqgy: S, = 31 MeV
ng gp2 y y gy: S €

Incompressibility: K, = 240 MeV
Hyperon potential: U, = — 30 MeV, Us = + 30 MeV

Assumption  g,s =g,5



Parameter Determination

Inputs

ParameterS ° Vacuum Mass:
N(939), N(1535), A(1116), £(1193), =(1620)

« Pion Decay constant: f, = 92.4 MeV

Nucleon:

« Saturation Property

- Saturation density: n, = 0.16 fm™>

Binding energy: B, = — 16 MeV

Symmetry energy: S, = 31 MeV

Incompressibility: K, = 240 MeV
Hyperon potential: U, = — 30MeV, Uy = + 30 MeV

Assumption  g,s =g,5



Parameter Determination

Inputs

ParameterS ° Vacuum Mass:
N(939), N(1535), A(1116), £(1193), =(1620)

« Pion Decay constant: f, = 92.4 MeV

Nucleon:

« Saturation Property

- Saturation density: n, = 0.16 fm™>
ng ‘

Assumption  g,s =g,5

Binding energy: B, = — 16 MeV

Symmetry energy: S, = 31 MeV

Incompressibility: K, = 240 MeV
Hyperon potential: U, = — 30MeV, Uy = + 30 MeV



Parameter Determination

Inputs

ParameterS ° Vacuum Mass:
N(939), N(1535), A(1116), £(1193), =(1620)

« Pion Decay constant: f, = 92.4 MeV

Nucleon:

« Saturation Property

- Saturation density: n, = 0.16 fm™>

Binding energy: B, = — 16 MeV

Symmetry energy: S, = 31 MeV

Incompressibility: K, = 240 MeV
Hyperon potential: U, = — 30MeV, Uy = + 30 MeV

Assumption  g,s =g,5



Hyperon model candidates

- [(LDI®[(2,2)]

mAl,Z = E(mAO + mYO)

1
ig\/(m/\() — myo)z + 4g/2\0-2

My, = Ny

g, < 0 : atractive

mao

msxo

ma2

]

fr

- (22D (G, @ (1,3)]

Mag = My

g, < 0 : atractive

U, =-30MeV, Us = +30MeV

« [(2,2)]
mA = mAO + GAO-Z

— 2
mz = mzo + GZO'

If SwA > 07
Up<Us=>@2)>(1)

myo

g0 fr



mao [MeV]

A Onset Density Dependence on m,,

my, = 800 MeV

7
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6
900

5 o
800 g

g 8
700} s
600} 3
=anl | 2
W60 700

o [Me\/

A is less likely to appear
when chiral invariant mass of nucleon is greater

The reason of this result
* @ — A coupling constant

oA ™

Up — myg—

mp

)

 » mean field at saturation

8wN

Wy = —— Ny
m2

-« gy becomes smaller when m,, is greater to
balance attractive force
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