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f Hadrons

Origin of Mass  ; ?

One of the Interesting problems of QCD
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spontaneous chiral symmetry breaking

chiral symmetric
phase at high T
and/or density

chiral symmetry
broken phase at
vacuum

<ECI> =0 (chiral condensate) <c_7q> -0

 The spontaneous chiral symmetry breaking is expected to
generate a part of hadron masses.

* |t causes mass difference between chiral partners.
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spontaneous chiral symmetry breaking

chiral symmetric
phase at high T
and/or density

chiral symmetry
broken phase at
vacuum

<5C7> =0 (chiral condensate) <5q> -0

 The spontaneous chiral symmetry breaking is expected to
generate a part of hadron masses.

* |t causes mass difference between chiral partners.

* How much mass of nucleon is from the spontaneous
chiral symmetry breaking ?

 What is the chiral partner of the nucleon ?

2019/9/27 QCS2019 9




Parity Doublet models for nucleons

e How much mass of nucleon is from the spontaneous
chiral symmetry breaking ?

 What is the chiral partner of nucleon ?

* A Parity doublet model for light baryons

— In [C.DeTar, T.Kunihiro, PRD39, 2805 (1989)],
N*(1535) is regarded as the chiral partner to the
N(939) having the chiral invariant mass.

mN — mO + m<aq>
/ N

chiral invariant mass spontaneous chiral symmetry breaking

* This model can be extended to include
different excited nucleons.



e We constructed an extended parity doublet model including
four light nucleons N(939), N(1440), N(1535) and N(1650).

e We showed that the chiral invariant masses are constrained
by the saturation properties of nuclear matter and neutron
star properties.
> T.Yamazaki and M. Harada, Phys. Rev. C 100, 025205 (2019).
> T.Yamazaki and M. Harada, Phys. Rev. D 99, 034012 (2018).



e We constructed an extended parity doublet model including
four light nucleons N(939), N(1440), N(1535) and N(1650).

e We showed that the chiral invariant masses are constrained
by the saturation properties of nuclear matter and neutron
star properties.
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2. An Extended Parity Doublet
Model for Nucleons: Constraints to

chiral invariant masses at vacuum
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chiral representation of baryons

* representation of quark under SU(2)_ xSU(2),

g~q,+q,~(21)®(1,2)
* representation of baryon under SU(2)_ xSU(2),
Y~q®q®eq~[(2N®(12)]
=5[(21)®(1,2)|®3[(3,2)®(2,3)|®[(4,1) ®(1,4)]



chiral representation of baryons

* representation of quark under SU(2)_ xSU(2),

g~q,+q,~(21)®(1,2)

* representation of baryon under SU(2)_ xSU(2),
w~¢®q®q'~[( )@(1 2)]3

_\_7_T

®|(41)@(14)] 1)@(1 4),

Chiral symmetry is broken and the isospin symmetry remains

3
| = — baryons
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Parity Doublet models with [(2,1)®(1,2)] nucleons

C.DeTar, T.Kunihiro, PRD39, 2805 (1989)
D.Jido, M.Oka, A.Hosaka, PTP106, 873 (2001)
S. Galllas, F. Giacosa, D. Rischke, PRD82, 014004 (2010)

An excited nucleon with negative parity such as N(1535)
is regarded as the chiral partner to the N(939).

N(939) and N(1535) have a chiral invariant mass:

» my [1/;1]/51/)2 — 1/32)’51,01]

Spontaneous chiral symmetry breaking generates the
mass difference between chiral partners.

> —01 [1/311M1/J1r + l/;1rMT¢1l] —9J2 [lerMEbzz + 1/721MT1/J2r]

* M=o0+i7-m transforms M - g; M g,

« (M) =0 # 0 causes the spontaneous chiral
symmetry breaking.

: . =m(N(939)
% [\/(91 +92) 02 +4mi F (g2 —g1) T Zz_z m(SV(lSBS)))



A model with [(1,2)(2,1)] and
1(2,3)D(3,2)] representations

T. Yamazaki and M.Harada, Phys. Rev. D99, 034012 (2018)

We include two representations, Y € [(1,2)D(2,1)]
andn € [(2,3)®(3,2)] to study N(939), N(1440),
N(1535), N(1650).

There are 2 chiral invariant masses.

> —m(()l) [1/31)’5‘,02 — 1/32)’51/)1] — m(()z) [71Ys512 — N2V514]
6 Yukawa Interactions

>_tg1 [‘/311M1/J1r + lljlrMTl/Ju] —9> [1/32rM1/121 + 1/;21MT1/J21~]
etc.

We also have 4 terms with one derivative.
> a, [¢1lV“auM1/J21 - 1/)1r)/“auMJr1/J2r] etc




We first fix the values of the chiral invariant masses m,

()

Physical inputs

mputs to determine 10 parameters (10 couplings).

(1)
to some constants, and use the following 10 phy5|cal

and

Masses 11y (939) = 939MeV TN (1440) = 1430MeV
mN(1535) — 1535MeV mN(1650) — 1650MeV

|

o

2

QA(N(1650)) — 0.55

____________________________________________________________________________
N

" Constraint —0.25 < g4 (IV(1535)) < 0.25
9/9/2 (Lattice analysis [T.T.Takahashi, T.Kunihiro, PRD78 (2008)] shows g,~0(0.1). j 18

T.Kunihiro, PRD78 (2008)] )

‘Decay ( 440) — N(939) + ) = 228MeV
widths 1539) — N(939) 4+ ) = 68MeV

1650) — N(939) 4+ 7) = 84MeV
\ 650) — N (1440) 4+ 7) = 22MeV )
/Axial (N(939)) = 1.27 )
cha rges (Lattice analysis [T.T.Takahashi,




]

MeV

Chiral invariant masses & Chiral partner structure

1400 5 Groups of solutions
Group 5
12001 | Group 4,
N(939) is dominated by [(1,2)®(2,1)]

=

000! | Chiral partner to N(939)
o = a mixture of N(1535) & N(1650)

800 1
Group 3

|| small m$? : N(939) is dominated by (1,2)®(2,1).

Large m((,z) : N(939) is dominated by (2,3)®(3,2).
Chiral Partner = N(1535)

600

4007

200! Group 2 | | Group 2
Group 1 N(939) is dominated by (2,3)+(3,2)

06" 200400 600800 109y, 1200 4oo| Ciral partner to N(939)
Chiral invariant mass:mg'%)[MeV] = a mixture of 3 nucleons

Chiral invariant mass:mg{1[

Group 1

N(939) is dominated by (2,3)+(3,2) representation.
Chiral partner to n(939) = N(1440)
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Prediction - Axial charges -

* |n our model the following relation is satisfied:
— ?=1 ga(N)) =0

Constraint

Input gA(N(939)) = 1.27
—0.25 < g4(N(1535)) < 0.25

g4 (N(1650)) = 0.55

2019/9/27 2475 02 015 01 005 0 005 01 015 02  0.25 20
Axial charge : ga(N(1535))



3. Constraints from Nuclear Matter

and Neutron Star Properties
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Construction of Nuclear Matter

We include the omega and rho mesons into our model using the
hidden local symmetry.

We calculate the thermodynamic potential in the nuclear medium
in our model, using the mean field approximation.
Then, we adjust model parameters to reproduce the following
physical inputs for given values of the chiral invariant masses m,
and m( ).
Nuclear saturation density

> p(uly = 923MeV) = p, = 0.16fm™3

Binding energy at normal nuclear density
E — | & _ — _
> |5 - m(939)]p0 = [pB m(939)]p0 16MeV

(1)

Incompressibility
0%(E/A) dup
> K = 9p¢ =
P65 2 N =907, N
Symmetry energy
» EqmlPo) = 31 MeV

= 240MeV




1400

[MeV]

(1)

0

Chiral invariant mass:m

1200}

1000

Constraint to model parameters

800+
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400+

2007

(group 5)

(group 1)

(group 4)

Op—* 200 400 600 800 1000 1200 14

Chiral invariant mass:mg?)[MeV]
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100 »

We checked whether

the saturation

properties are satisfied

for the parameter

choices indicated by e
* marks.

We found that, for the
parameter choices
indicated by e marks, the
saturation properties are
NOT satisfied.

So, these parameter
choices are excluded.

In particular, please note
that the parameter
choices in Group 1 are all
excluded.
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Constraint from Neutron Star Properties

e We obtained constraint to the chiral invariant masses from the tidal
deformability of Neutron Stars.

— Tidal deformability: A < 800 with Mcp;y, = 1.188 Mg

(yellow dots) are excluded,

1400 . . . .
and ¢ (red dots) are allowed —, .
1000 = (group 5) .
————————————————————————————— L1200 et
"""""""""" = o®
e ) S 4 e e o oeg s o K
""""""""""""""""""""""""""""" i ° ° -
600 VO]_OOO o o " . °
400 .
(600,695) [MeV] ----- 800+
200 [ (650,705) [MeV] -----
(705,790) [MeV] -----
0 (795,860) [MeV] -----

600

0.7 0.75 0.8 0.85 0.9 0.95 1
Mass ratio, M, /M,

1000

Chiral invariant mass:m

800
600 2007
=
<
400
(1105,675) [MeV] ===--
200 | (1155,765) [MeV] -----
(1170,795) [MeV] -----
. (1230,850) [MeV]

0.7 0.75 08 0.85 0.9 0.95 1
M io, My/M
Coiay e ass ratio, Mz/My QCS2019 24



Mass [Msolar]

Mass-Radius Relation

2.5

15

0.5

M-R relation  Tidal deformability
1000
__________ ::\\ 800 Fe=====w==r=—" =
600
=
<
400
(600,695) [MeV] -----
(650,705) [MeV] ----- [ 200 [ (650,705) [MeV] -----
(705,790) [MeV] ----- (705,790) [MeV] -----
(795,860) [MeV] ----- . (795,860) [MeV] -----
9.5 10 10.5 11 115 12 12,5 13 135 14 0.7 0.75 0.8 0.85 0.9 0.95 1
Radius [km] Mass ratio, M, /M,

The reason why smaller chiral invariant masses are excluded.

The attractive force mediated by sigma contribution is larger for smaller chiral

invariant masses. mg = % \/(gl + g,)262 +4m5 F (g, — 91)0

The repulsive force mediated by omega contribution is then larger for larger
sigma contribution to satisfy the saturation properties of normal nuclear
matter.

The attractive force by the sigma contribution becomes smaller for larger
density, while the repulsive force by the omega contribution becomes larger.

The larger repulsive force makes the radius and tidal deformability larger.

As a result, the smaller chiral invariant masses cause the larger tidal
deformability.




Symmetry energy and Slope parameter

We include p meson into the model and obtain the symmetry energy and the
slope parameter.

_pB 2m? IoNN Y\ | () _ (i) (D)2
— Esym = 5 <ZN,jk(i) X + 2 ) ; Epy = \/(kFN) + (m* )

FN™FN

_ g, [1(Z 4 9owN) | pp P (2 2m?
_L_BPB[8<RE+mf,>+82k2( k2E E3)
Predictions of the model
350
£ (8001000 MeV] The slope parameter
. 3001 E :(900,1100)[MeV] =====- L .
> L:(600,1000) [MeV] = = = e has very little
< 250 |  1:(800,1000)[MeV] -t
= o L:(900,1100)[MeV] = — — e dependence on the
= P chiral invariant mass.
S 150 =
N The symmetry energy
c I does not depend on
— the choice of chiral
1 15 2 25 3 3. 4 - invariant masses.
peryon number density: pa/o Both increase linearly
with density.
2019/9/27
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4. Summary

We constructed an extended parity doublet model including two representations, i

€

[(1,2)®(2,1)] and n € [(2,3)D(3,2)] to study N(939), N(1440), N(1535), N(1650).

We use masses, decay widths and axial charges to constrain 2 chiral invariant masses, and

found that possible combinations are categorized into 5 groups.

We exclude some values of the chiral invariant masses by requiring the saturation properties

of normal nuclear matter indicated by black dots.

We further obtain more constraints from the tidal deformability determined by the
observation of the gravitational waves from neutron star merger GW170817

1400 ' ' x >

]

MeV

Chiral invariant mass:mg{1)[

1200t e ° .

=

(group 5)

0007

8007

600

4007

2007

00" 200 400 600 800 ou 1200 1400
2019/9GI71|raI invariant mass:mg'$[MeV]

N(939) is dominated
by(1,2)®(2,1), and the chiral
partner to N(939) is a mixture
of N(1535) and N(1650).

N(939) is dominated by(2,3)®(3,2),
and the chiral partner to N(939) is
a mixture of N(1440), N(1535) and

N(1650)

QCS201

N(939) is dominated by
(2,3)®(3,2), and the chiral
partner to N(939) is N(1535)

(e




The End
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Mixing rate of Df
< S

o
N.

N(939) is dominated by[(2,3)D(3,2)|representation.

N(1440) is also dominated

N(1440) includes large amount of (1,2)+(2,1)
by [(2,3)®(3,2)] representation. [> 80 %] representation. [[(2,3)®(3,2)]< 60%]

F&hiral partner to N(939) = N(1440)

= Chiral partner to N(939) =
mixture of N(1440)+N(1535)+N(1650)
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Mixing Rate of Nucleons NO.2 s..

s
21200
1000
=
g 800 /__. l
Group 3 £ oo 0P 354 =
© |
N(939) N(1440) N(1535) N(1650) = 2
z 0, SF " Group 4
© 500 Group 2
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(@] roup 1
05200400 600 800 1000 1200 1400

Chiral invariant mass:mg(4[MeV]

(1;2)®(2;1) : lljl v lpZ Y
(2;3)®(3;2) ‘MmO N2 A

Chiral invariant mass:mo[MeV]  Chiral invariant mass:mg®[MeV]  Chiral invariant mass:mo[MeV] Chiral invariant mass:mg®'[MeV]

» Small m$® : N(939) is dominated by (1,2)&®(2,1).
« Large mgz) N(939) is dominated by (2,3)®(3,2).

— Chiral Partner = N(1535)
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* N(939) is dominated by (1,2)B(2,1).

— Chiral Partner = a mixture of N(1535) and N(1650)




Transition Axial-Charges

« We calculated transition axial-charges:
- ga(N2(1440) — N3(1535)), ga(N2(1440) — N,(1650)),
- ga(N;1(939) — N3(1535)), ga(N3(1535) — N, (1650)),
- ga(N;(939) — N,(1650)), g,(N,(939) — N,(1440)),

« We find some features.

5
4

r~

...... - -ﬂ-—. “ i 1 15
d ~
‘ 1 N
. s Z 1
" ¥ ag —
G ¢
Q5
= VR o
/ . 1 g 0- &
A g
g ! £05
, {;J %; g,
o i X
fined Q <
o -15-
"".’ "

Y4 3 0 1 1 1T 1 3 4
Axial charge : ga(Na)

Predictions of Group 1
are separated from those
from other groups.
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Al charge : gy(Nis)

ga(N3N,) [for Group 2
and Group 5]= 2
ga(N1N3) for Group 2 is
large.
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Axial charge : ga(NiNg)
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No Group 3 inside ( _
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Mass [Msolar]

Neutron Star Properties

e M-R relati Tidal deformanili
reiation * Tidal deformanility
25 1000
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Mass [Msolar]

Mass I:leolar:|

Neutron Star Properties 2

e M-R relation

o —————
-

(650,705) [MeV] -----
(705,790) [MeV] -----
(795,860) [MeV] -----

4 5 6 7 8 9
Central Density, p./po

e —

——
-
-

(1105,675) [MeV] -----
(1155,765) [MeV] —----
(1170,795) [MeV] -----
(1230,850) [MeV]

2.5

2
__________ = 1.8

’ Q“‘s\ SN
S~ 16
" ER
' = 1
1 § 1
= 03

05 (650,705) [MeV] ----- : 06
(705,790) [MeV] ----- i
(795,860) [MeV] -----

95 10 105 11 15 12 125 13 55 1 02
Radius [km]
25 2.5
2 ST - )
________ <2l
~ —
- 5 15
0
) =
[72]
1 s
=
(1105,675) [MeV] ----- \\__

051 (1155,765) [MeV] ~---- o
(1170,795) [MeV] ----- )
(1230,850) [MeV]

95 10 105 11 115 12 125 13 135 14 .
Radius [km]
QCS2019

2019/9/27

4 5 6 7 8 9
Central Density, p./po

34




