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mtroductlon

we revisit chiral symmetry breaking (ySB)
In interacting instanton liquid model (lILM)
- even though ordinary ySB condition is NOT satisfied,

chiral symmetry can be broken in anomaly driven way (explain later)
- Interestingly, anomaly driven scenario has

direct connection to nature of hadron, e.g., sigma meson
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Introduction to ordinary ySB
- Introduction to anomaly driven ySB

- application to instanton liquid model
- summary
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iIntroduction to ordinary ySB

[1] Y. Nambu and G. Jona-Lasinio, Phys. Lev. 122, 345 (1961) NJL model:
historically NJL introduced SU(3)xSU(3) chiral symmetry T = qTY5q
and coupling gs is large enough to break it dynamically o= qq

Ling = Z 95 [(@a9)® + (@Aa59)?]
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iIntroduction to ordinary ySB

[1]Y. Nambu and G. Jona-Lasinio, Phys. Lev. 122, 345 (1961)

historically NJL introduced SU(3)xSU(3) chiral symmetry
and coupling gs Is large enough to break it dynamically

ordinary ySB in three-flavor NJL model with chiral limit:
large enough gs breaks xS dynamically, otherwise, it doesn't break xS

Ordinar;/

=0 \/

crit

NJL model;

Not broken
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iIntroduction to ordinary ySB

[2] A. Belavin, A. Polyakov, A. Schwartz and Yu. Tyuplin, Phys. Lett. 59, 85 (1975);[3] G. ‘t Hooft, Phys. Rev. Lett. 37, 8 (1976)

for chiral U(1)_A symmetry
BPST and 't Hooft found instantons and new effective Lagrangian
to violate the U(1)_A symmetry (U(1)_A anomaly)

SL SR
ur UR
dr, dRr

E. Shuryak, “Nonperturbative Topological
Phenomena in QCD and Related theory™
(2021) DOI:10.1007/978-3-030-62990-8
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iIntroduction to ordinary ySB

[2] A. Belavin, A. Polyakov, A. Schwartz and Yu. Tyuplin, Phys. Lett. 59, 85 (1975);[3] G. ‘t Hooft, Phys. Rev. Lett. 37, 8 (1976)

for chiral U(1)_A symmetry
BPST and 't Hooft found instantons and new effective Lagrangian
to violate the U(1)_A symmetry (U(1)_A anomaly)

SL SR
[4] E. Shuryak, Nucl. Phys. B 203 (1982) 93; 116
E. Shuryak developed wr UR
instanton liquid model S - ) dr dpn
instead of g and A of NJL | inst =~

nother tw ram rs ~ E. Shuryak, “Nonperturbative Topological

anotner two UG ete \ % 1/ 3 fm ) Phenomena in QCD and Related theory™
to reproduce XxSB (2021) DOI:10.1007/978-3-030-62990-8
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iIntroduction to ordinary ySB

[2] A. Belavin, A. Polyakov, A. Schwartz and Yu. Tyuplin, Phys. Lett. 59, 85 (1975);[3] G. ‘t Hooft, Phys. Rev. Lett. 37, 8 (1976)

for chiral U(1)_A symmetry
BPST and 't Hooft found instantons and new effective Lagrangian
to violate the U(1)_A symmetry (U(1)_A anomaly)

SL SR
[4] E. Shuryak, Nucl. Phys. B 203 (1982) 93; 116
E. Shuryak developed wr UR
instanton liquid model S - ) dr dpn
instead of g and A of NJL | inst =~

nother tw ram rs ~ E. Shuryak, “Nonperturbative Topological

anotner two UG ete \ % 1/ 3 fm ) Phenomena in QCD and Related theory™
to reproduce XxSB (2021) DOI:10.1007/978-3-030-62990-8

Interacting instanton liquid model 1990s <—— we use (explain later)

summed all orders of ‘'t Hooft vertex
10/52



iIntroduction to anomaly driven ySB
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introduction to anomaly driven ySB

[5] M. Kobayashi, H. Kondo and T. Maskawa, Prog. Theor. Phys. 45, 1955 (1971)

to include U(1)_A breaking in chiral effective theories (LaM, NJL model)
Kobayashi-Maskawa-'t Hooft (KMT) term, which is a part of 't Hooft vertex,

are introduced by hand s
’ Liw = Y 5 [(@a0)” + (@15200)’] + T [det(@i(L - 75)g; + Heel
a=0
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introduction to anomaly driven ySB

[5] M. Kobayashi, H. Kondo and T. Maskawa, Prog. Theor. Phys. 45, 1955 (1971)

to include U(1)_A breaking in chiral effective theories (LaM, NJL model)
Kobayashi-Maskawa-'t Hooft (KMT) term, which is a part of 't Hooft vertex,

are introduced by hand

8
g _ _. _
‘Eint — Z ?S [(q)\aq)Q S (q2’75)\aq)2] + g7D [det(qz(l — 75)(]]' —+ HC]
a=0

[6] S. Kono, et al., PTEP 2021, 093D02 (2021)
anomaly driven ¥SB in three-flavor NJL model with chiral limit:

even though

gs is not sufficient to break chiral symmetry,

large enough anomaly contribution can break xS dynamically

Anomaly-driven

crit

gs < gs

,QD#O

| (4q)] 13/52




introduction to anomaly driven ySB

[5] M. Kobayashi, H. Kondo and T. Maskawa, Prog. Theor. Phys. 45, 1955 (1971)

to include U(1)_A breaking in chiral effective theories (LaM, NJL model)

Kobayashi-Maskawa-'t Hooft (KMT) term, which is a part of 't Hooft vertex,
I 8

are introduced by hand Lint = Y ‘%S (@2aq)? + (Fi52a9)?] + %D det(q;(1 —5)q; + H.c!]

[6]S. Kono, et al, PTEP 2021, 093D02 (2021)

anomaly driven ¥SB in three-flavor NJL model with chiral limit:

even though gs is not sufficient to break chiral symmetry,

large enough anomaly contribution can break xS dynamically

Anomaly-driven Ordinar/
S SO
\/ ~—_
it crit
< Cril O
gS gS ’ gD # | (q9)l gS > gS | {gq)| 14/52




introduction to anomaly driven ySB

[7] YS and D. Jido, arXiv:2402.05425 to be published in PRD

to apply the concept of anomaly driven ySB to other systems,
introduce extension from coupling constant to curvature of effective potential

Anomaly-driven
3\5 ~~—

0

| (qq)l

gs < 95", gp # 0
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introduction to anomaly driven ySB

[7] YS and D. Jido, arXiv:2402.05425 to be published in PRD

to apply the concept of anomaly driven ySB to other systems,
introduce extension from coupling constant to curvature of effective potential

Anomaly-driven

04V

B > - = g5 —gs>0
— 0 2
\L\ / qq) (Gq)=0

| (qq)l

gs < 95", gp # 0
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introduction to anomaly driven ySB

[7] YS and D. Jido, arXiv:2402.05425 to be published in PRD

to apply the concept of anomaly driven ySB to other systems,
introduce extension from coupling constant to curvature of effective potential

Anomaly-driven

HZV crit
N e AR A

@
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introduction to anomaly driven ySB

[7] YS and D. Jido, arXiv:2402.05425 to be published in PRD

to apply the concept of anomaly driven ySB to other systems,
introduce extension from coupling constant to curvature of effective potential

Anomaly-driven

0%V .
@ [ S _ — gCI‘It — gs > 0
kﬁ\\// 0(qq)?| ’ ’ 7@
; @
[ (a9) Our definition is 0V > 0
gs < ¢ g £ () sign of curvature: d(gq) -

Positive — Anomaly driven breaking
Negative - Normal breaking 18/52



by the way

anomaly driven ySB & S|gma meson

[6] S. Kono, et al., PTEP 2021, 093D02 (2021) |

they state that if anomaly driven breaking
occurs in nature, the mass of sigma meson
as chiral partner of pion (chiral sigma)
should be smaller than about 800 MeV /c?
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by the way

anomaly driven ySB & S|gma meson

[6] S. Kono, et al., PTEP 2021, 093D02 (2021)

they state that if anomaly driven breaking
occurs in nature, the mass of sigma meson
as chiral partner of pion (chiral sigma)
should be smaller than about 800 MeV /c?

Effective potential [AU]
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by the way

anomaly driven ySB & S|gma meson

[6] S. Kono, et al., PTEP 2021, 093D02 (2021) |

they state that if anomaly driven breaking
occurs in nature, the mass of sigma meson
as chiral partner of pion (chiral sigma)
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-> by some reason, T
if the light scalar resonance around 02 0 02 04 06 08 1 1.2
500 MeV/c? in trr scattering with I = 0 S/(5)

Is chiral sigma, it has large contribution from chiral sigma
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ythemmy

anomaly driven ySB & S|gma meson

[6] S. Kono, et al., PTEP 2021, 093D02 (2021)

they state that if anomaly driven breaking
occurs in nature, the mass of sigma meson
as chiral partner of pion (chiral sigma)

should be smaller than about 800 MeV /c?

-> by some reason,

if the light scalar resonance around
500 MeV/c? in it scattering with I = 0
Is chiral sigma, it has large contribution from chiral sigma

alternatively, if we could rule out anomaly driven solution,
we would have the lower limit of the mass of chiral sigma

Effective potential [AU]
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Application to instanton liquid model
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I\/Iotlvatlon of study

71 YS and D. Jido, arXiv:2402.05425 to be published in PRD

to verify that anomaly driven breaking in other systems
rather than chiral effective theories
in chiral effective theories, U(1)_A anomaly term is introduced by hand
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calculate vacuum energy density corresponding to eff. pot.
and quark condensate
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I\/Iotlvatlon of study

71 YS and D. Jido, arXiv:2402.05425 to be published in PRD

to verify that anomaly driven breaking in other systems
rather than chiral effective theories

in chiral effective theories, U(1)_A anomaly term is introduced by hand

->Does U(1)_A anomaly effect included model show same scenario?
What mechanisms are underlying?

calculate vacuum energy density corresponding to eff. pot.
and quark condensate

-> positive curvature is our criterion to determine anomaly driven ySB

217/52



I\/Iodel

8] T. Schafer and E. Shuryak, Rev. Mod. Phys. 70 323 (1998).

Interactlng Instanton liquid model (IILM), E. Shuryak 1990s

it enables us to treat the QCD vacuum
as statistical mechanics of instantons and anti-instantons

Instanton

anti-instanton
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MOdel instanton

8] T. Schafer and E. Shuryak, Rev. Mod. Phys. 70 323 (1998).

Interactlng Instanton liquid model (IILM), E. Shuryak 1990s

it enables us to treat the QCD vacuum
as statistical mechanics of instantons and anti-instantons

. : i . . anti-instanton
described by Euclidean partition function saturated by instantons

Instanton-instanton interaction

Instanton-quark interaction
N, +N_ Ny

1
ZILM = N, IN_| / E d?if(pi) exp(—Sint) H Det (”YuDu + mf)

f=1
TSemicIassicaI Instanton amplitude
Collective coordinates of instantons
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Simulation detall

[7] YS and D. Jido, arXiv:2402.05425 to be published in PRD
Model action (weight func. for Monte Carlo calc.)

- Full il Ny
Sett = — ) _10g[f(pi)] + Sint — ) _ log [Det (7, Dy + my)]
1=1 f=1
- Quench il
Seff — Z log [f(pz)] + Slnt
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Simulation detall

[7] YS and D. Jido, arXiv:2402.05425 to be published in PRD
Model action (weight func for Monte Carlo calc.)

- Full Ny
. Zlog )] + Sint — Zlog [Det (v,D,, + m¢)]
f=1
- ench N
Qu Seff — = Zlog [f(pz)] + Slnt

Setup -

color & flavor : Nc=3 & SU(3) f limit / Quench
- mgy (MeV) : 37 <mg <70 for SU@3)_f, 2.8 <m, < 28 for Quench
- # of I&I (fixed) : 16+16
- # of conf. : 5000
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Simulation detall

[7] YS and D. Jido, arXiv:2402.05425 to be published in PRD
Model action (weight func for Monte Carlo calc.)

Full Zlog )] + Sint — Y _log [Det (y, Dy, + my)]
f=1
- N

Quench - S g (o) + S
Setup -
- color & flavor : Nc=3 & SU(3)_f limit / Quench
- mgy (MeV) : 37 <mg <70 for SU@3)_f, 2.8 <m, < 28 for Quench
- #of I&I (fixed) : 16+16
- # of conf. : 5000
Observables
- Vacuumenergy F = —InZ /V (for zero temperature)
- Quark condensate (gq) (one flavor amount w/o free contribution)
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Result: F vs. gqg [full]

Vacuum energy density (effective pot.)
vs. quark condensate
shows chiral symmetry breaking

600

- Ny=3

| @ m =54 MeV
I B m=70MeV

- m = 37 MeV e

(175.4)°  (221.0)° (2531?3 (278.5)°  (300.0)
—(qq) (MeV')

[71 YS and D. Jido, arXiv:2402.05425 to be published in PRD
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Result: F vs. gqg [full]

Vacuum energy density (effective pot.)

vs. quark condensate

shows chiral symmetry breaking

600 Nf:3
- m = 37 MeV
| @ m =54 MeV
B m=70MeV
300 m*'*
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[7]YS and D. Jido, arXiv:2402.05425 to be published in PRD
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Result: F vs. gqg [full]

Vacuum energy density (effective pot.)
vs. quark condensate
shows chiral symmetry breaking
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[7]YS and D. Jido, arXiv:2402.05425 to be published in PRD
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Result: F vs. gqg [full]

Vacuum energy density (effective pot.)

VS.

quark condensate

shows chiral symmetry breaking

600 F Nf:3 ——
- m = 37 MeV ad
| @ m =54 MeV
200 L B m=70MeV .
T
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Sk — how is cur

_300 | | | |

combining

vature?
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[7]YS and D. Jido, arXiv:2402.05425 to be published in PRD
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Result; Curvature [full]

positive curvature (here C,) Is obtained
by polynomial fitting of data
In wide quark mass ranges

% Fit order: K = 2
4.0k B Fit order: K =3
Py ) @ Fitorder: K =4
N [
I “\\‘
= - AN
v ‘\‘\"\
= N
~—20rF N
mo .\\ \~\ Y- *
— ~ |
d \
X - > \ ;
g wed
O o~
00 ———————————— — — — -

30 40 50 60 70 80
m (MeV)
[71 YS and D. Jido, arXiv:2402.05425 to be published in PRD
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Result; Curvature [full]

positive curvature (here C,) Is obtained
by polynomial fitting of data
In wide quark mass ranges

% Fit order: K = 2
40k B Fit order: K =3
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[7]YS and D. Jido, arXiv:2402.05425 to be published in PRD
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Result; Curvature [full]

positive curvature (here C,) Is obtained
by polynomial fitting of data
In wide quark mass ranges

C, x 10° (MeV )

% Fit order: K = 2
Lok B Fit order: K = 3
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[7]YS and D. Jido, arXiv:2402.05425 to be published in PRD
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Result; Curvature [full]

positive curvature (here C,) Is obtained
by polynomial fitting of data
In wide quark mass ranges

C, x 10° (MeV )
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Result; Curvature [full]

600 Nf =3 ——

... . . = 37 MeV s
positive cur\./atu.re. (here C,) is obtained [ e MY
by polynomial fitting of data E a0 Wm=T0Mev.
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Result: Curvature [quench]

negative curvature (here C,) is obtained
by polynomial fitting of data
In wide quark mass ranges

% Fit order : K = 2
0.0 _ P Fitorder: K =3
) @ Fitorder: K =4

Quenched

—20 B y )
X

C, X 10° (MeV )

_4.0_ *_// \\ ///
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[71 YS and D. Jido, arXiv:2402.05425 to be published in PRD 42/ 5 2



Result: Curvature [quench]

- N — O | e e—
i f
negative curvature (here C,) is obtained i ,szthV
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by polynomial fitting of data 5 [ +m=28MeV
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Result: Curvature [quench] |
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I I I B —28MeV
negative cur.vatt'Jr(.e (here C,) Is obtained o = 28 Mo
by polynomial fitting of data g [ tm=28MeV | .
in wide quark mass ranges S o !
Y
= Fit order: K = 2 _300 F e . s —
Fitorder: K=3 _ _ _ _ _ _ __ - - FH A
. 0.0 @ Fit order: K — 4 L e Quenched
'> i Quenched — (200.8)° (253.0)" (289.6)° (318.8)" (343.4)" (364.9)"
£ ~(qg) (MeV')
\/_20 B y . .
= e l fitting
— °_ =77
X n \\\ //// K
o .~\ ~_ 1=~ //. _ _
& Sec-- - F({ag)) = ) C;(qq)’
—40F *~ ~o = -_
\\.// .]_O
1 M
T chl—square/d.o.f. PR 55 (s — F(z:))?
m (MeV) with x&y errors: "% Naor. & 02, + 02 [f'(x:)]?

[71 YS and D. Jido, arXiv:2402.05425 to be published in PRD 44/ 5 2



Result: Curvature [quench] |

negative curvature (here C,) is obtained
by polynomial fitting of data
In wide quark mass ranges
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Result: Curvature [quench] |

negative curvature (here C,) is obtained

. .. < 300
by polynomial fitting of data E
in wide quark mass ranges S o !
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! Om (Mev)zo " with X&y errors: Xdot = Nior —~ oz + o0z [f'(z))

[7]YS and D. Jido, arXiv:2402.05425 to be published in PRD
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DlSCU SS|O N KMT term for three-flavor NJL model

three-flavor NJL model with U(1)_A anomaly term k’ e UR
Includes only 6-quark interaction dr, dR
the form of the N; = 3 eftfective 't Hooft Lagrangian
on the other hand, in principle, L}
lILM sums all orders of 't Hooft vertex ‘
Including 6-quark interaction
(c.f. textbook by E. Shuryak in 2021) o G G 05

+(1_11“0'#,,11)(ﬂr”oﬂ,,d)(s_'r“yss)+(1_/1‘“0'#,/751/)(L_lth(rﬂ,,ysd)(a_‘r“yss)]+(2 cyclic permutations u« d«<s)

/+A:Jdzfdo(P)Z*fNi%l(%)GG(%)(%va3)z

. . 3
+Huyu)(dy'd)(sy's)]+ g

[(uy u)(dd)(ss)+ (uu)(dy’d)(ss)+ (uu)(dd)(sy’s)

(ut®y*u)(dtd)(ss)+ (utu)(dt®y>d)(ss) + (ut®u)(dt°d) (s y’s) + (ut®y u)

9 _ o o o o _
- Ed"’“ [(ut?y*u)(dibd) (56¢s) + (ut®u)(dt® > d) (st°s) + (utu) (dibd) (577 ts) + (ut? Y u) (di* v’ d) (5:°9°s) ]
71»1/1)1 Tsa 5 67/’ d <€ +(’u a/y Sd)*v + Ta ah d)

32lf [(ut®o,,yu)dt’a,,d)(st°o,,s)+(utc,u)(dt’ o,y d)(st’c,,s)+(ut'c,,u)(dt’ o,

X(s_‘r"awyss)Jr (171"0'#,,75[1)(c_lt”o',,y}/Sd)(s_'t“O'Wyss)J .
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three-flavor NJL model with U(1)_A anomaly term k’ e UR
Includes only 6-quark interaction dr, dR
the form of the N; = 3 eftfective 't Hooft Lagrangian
on the other hand, in principle, L}
lILM sums all orders of 't Hooft vertex ‘
Including 6-quark interaction
(c.f. textbook by E. Shuryak in 2021) T S

+(1_11“0'#,,11)(ﬂt”oﬂ,,d)(s_'r“yss)+(1_/1‘“0'#,/751/)(L_ltho'#,,ysd)(a_‘r“yss)]+(2 cyclic permutations u« d«<s)

dp 1 (773/34‘ (14 | 5 3
SN

(ut®y*u)(dtd)(ss)+ (utu)(dt®y>d)(ss) + (ut®u)(dt°d) (s y’s) + (ut®y u)

[(uy u)(dd)(ss)+ (uu)(dy’d)(ss)+ (uu)(dd)(sy’s)

) B 3
+(uyu)(dy’d)(sy’s)]+ g

9 _ o o o L _
- Ed"’“ [(ut?y*u)(dibd) (56¢s) + (ut®u)(dt® > d) (st°s) + (utu) (dibd) (577 ts) + (ut? Y u) (di* v’ d) (5:°9°s) ]

thus, 1t is natural to reproduce o
anomaly driven ySB in [ILM as in the NJL model  ..cooommi ool
-> have shown by our work , N
Lyj=2 = /dp no(p) |:l—[ <m/0 - §7T2'03q_f,R61f,L> + 3—2 <§7T2,03)
f

_ 3 _
X (ﬁRkauLdeadL — Z’/_lRqu)\auLdRU;w)badL>i| + (L < R)

\_ the form of Nr = 2 case 49/52
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DlSCU SS|O N KMT term for three-flavor NJL model

three-flavor NJL model with U(1)_A anomaly term k’ e UR
Includes only 6-quark interaction dr, dR
the form of the N; = 3 eftfective 't Hooft Lagrangian
on the other hand, in principle, L}
lILM sums all orders of 't Hooft vertex ‘
Including 6-quark interaction
(c.f. textbook by E. Shuryak in 2021) o G G 05

+(1_11“0'#,,11)(ﬂr”oﬂ,,d)(s_'r“yss)+(1_/1‘“0'#,/751/)(L_lth(rﬂ,,ysd)(a_‘r“yss)]+(2 cyclic permutations u« d«<s)

3

:szfd( a1 (—”Sp4)GG(i)(iw3 3) [(iy*u)(@d) (55) + () (d7°d) (55) + () (@d) (5 ys)
I+4 Uppstfluas \7/\3 p‘ b4 5 )(dy KX Sy’

. . 3
+Huyu)(dy'd)(sy's)]+ g

(ut®y*u)(dtd)(ss)+ (utu)(dt®y>d)(ss) + (ut®u)(dt°d) (s y’s) + (ut®y u)

9 _ o o o L _
- Ed"’“ [(ut?y*u)(dibd) (56¢s) + (ut®u)(dt® > d) (st°s) + (utu) (dibd) (577 ts) + (ut? Y u) (di* v’ d) (5:°9°s) ]

thus, 1t is natural to reproduce o
anomaly driven ySB in [ILM as in the NJL model  ..cooommi ool

-> have shown by our work ) N
Lyj=2 = /dp no(p) |:l—[ <m/0 - §7T2'03q_f,R61f,L> + B <§7T2,03)

f

what would happen in N = 2 world? x(ﬁRmLaRxadL_ZQRW%L&RW%L)}+<L9R)
-> no KMT term, but 't Hooft vertex exists A {16 form of N; = 2 case 50/52



Summary & More

- U(1)_A anomaly contrib. to dynamical chiral sym. breaking is studied
- focus on sign of curvature of energy density w.r.t. the quark condensate

- in the IILM, the curvature is positive in full (unquench) simulation

- that implies anomaly driven breaking can be taken place in the IILM
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Summary & More

- U(1)_A anomaly contrib. to dynamical chiral sym. breaking is studied
- focus on sign of curvature of energy density w.r.t. the quark condensate

- in the IILM, the curvature is positive in full (unquench) simulation

- that implies anomaly driven breaking can be taken place in the IILM

- what does happen in Nf=2 world?
- how does the meson correlation function behave?
correlation functions are calculated in many literature,

but no studies are found in such context
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