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One flavor
Chiral symmetry <—> S𝛘SB <—> light pions

Wilson fermions 
Ginsparg-Wilson fermions

SF [ , , A] =

Z
d4x L[ , , A]

<latexit sha1_base64="rOs4D4Vd/kAq78iFqTsjwxOn2nA="></latexit><latexit sha1_base64="rOs4D4Vd/kAq78iFqTsjwxOn2nA="></latexit><latexit sha1_base64="rOs4D4Vd/kAq78iFqTsjwxOn2nA="></latexit><latexit sha1_base64="rOs4D4Vd/kAq78iFqTsjwxOn2nA="></latexit>

L[ , , A] =  (x) [�µDµ] (x)
<latexit sha1_base64="7kFmxic6B/oxDLAxfi5zYjMRX4w="></latexit><latexit sha1_base64="7kFmxic6B/oxDLAxfi5zYjMRX4w="></latexit><latexit sha1_base64="7kFmxic6B/oxDLAxfi5zYjMRX4w="></latexit><latexit sha1_base64="7kFmxic6B/oxDLAxfi5zYjMRX4w="></latexit>

Dµ = @µ + iAµ
<latexit sha1_base64="7VZFo4L3pQd+3SY1odp0xwyEGjA="></latexit><latexit sha1_base64="7VZFo4L3pQd+3SY1odp0xwyEGjA="></latexit><latexit sha1_base64="7VZFo4L3pQd+3SY1odp0xwyEGjA="></latexit><latexit sha1_base64="7VZFo4L3pQd+3SY1odp0xwyEGjA="></latexit>(

 (x) ! ei↵�5 (x)

 (x) !  (x)ei↵�5

<latexit sha1_base64="cv2wMs1u9bgH46P57YQReWy17n4="></latexit><latexit sha1_base64="cv2wMs1u9bgH46P57YQReWy17n4="></latexit><latexit sha1_base64="cv2wMs1u9bgH46P57YQReWy17n4="></latexit><latexit sha1_base64="cv2wMs1u9bgH46P57YQReWy17n4="></latexit>

↵ 2 constant
<latexit sha1_base64="ImAQAzpXqP4QrDrvRNLyo+E+Ul4="></latexit><latexit sha1_base64="ImAQAzpXqP4QrDrvRNLyo+E+Ul4="></latexit><latexit sha1_base64="ImAQAzpXqP4QrDrvRNLyo+E+Ul4="></latexit><latexit sha1_base64="ImAQAzpXqP4QrDrvRNLyo+E+Ul4="></latexit>

L[ 0, 
0
, A] =  (x)ei↵�5 [�µDµ] e

i↵�5 (x) = L[ , , A]
<latexit sha1_base64="zPgg9ud5nhTbsRAW+bVAXvtCpLs="></latexit><latexit sha1_base64="zPgg9ud5nhTbsRAW+bVAXvtCpLs="></latexit><latexit sha1_base64="zPgg9ud5nhTbsRAW+bVAXvtCpLs="></latexit><latexit sha1_base64="zPgg9ud5nhTbsRAW+bVAXvtCpLs="></latexit>

{�5, �µ} = 0
<latexit sha1_base64="tz2h7sXFZNdPhcWHA97o97af3rE="></latexit><latexit sha1_base64="tz2h7sXFZNdPhcWHA97o97af3rE="></latexit><latexit sha1_base64="tz2h7sXFZNdPhcWHA97o97af3rE="></latexit><latexit sha1_base64="tz2h7sXFZNdPhcWHA97o97af3rE="></latexit>



One flavor
m (x) (x) ! m (x)ei↵�5ei↵�5 (x) = m (x)e2i↵�5 (x)

<latexit sha1_base64="bbfJjGWbCFkb6Vif/WpKjtcOXBk="></latexit><latexit sha1_base64="bbfJjGWbCFkb6Vif/WpKjtcOXBk="></latexit><latexit sha1_base64="bbfJjGWbCFkb6Vif/WpKjtcOXBk="></latexit><latexit sha1_base64="bbfJjGWbCFkb6Vif/WpKjtcOXBk="></latexit>

Not invariant

Chiral symmetry —> Left- and Right-handed

PR =
1 + �5

2
<latexit sha1_base64="vurvm42/vDzFsv4EUn0yz3idbU4="></latexit><latexit sha1_base64="vurvm42/vDzFsv4EUn0yz3idbU4="></latexit><latexit sha1_base64="vurvm42/vDzFsv4EUn0yz3idbU4="></latexit><latexit sha1_base64="vurvm42/vDzFsv4EUn0yz3idbU4="></latexit>

PL =
1� �5

2
<latexit sha1_base64="Pq4NtgUaP276eRMKzSJgfJJsVr0="></latexit><latexit sha1_base64="Pq4NtgUaP276eRMKzSJgfJJsVr0="></latexit><latexit sha1_base64="Pq4NtgUaP276eRMKzSJgfJJsVr0="></latexit><latexit sha1_base64="Pq4NtgUaP276eRMKzSJgfJJsVr0="></latexit>

P 2
R,L = PR,L

<latexit sha1_base64="WqBZk5KnVzoEoeE5YZPtmBTF7fE="></latexit><latexit sha1_base64="WqBZk5KnVzoEoeE5YZPtmBTF7fE="></latexit><latexit sha1_base64="WqBZk5KnVzoEoeE5YZPtmBTF7fE="></latexit><latexit sha1_base64="WqBZk5KnVzoEoeE5YZPtmBTF7fE="></latexit>

�2
5 = 1

<latexit sha1_base64="4otCrnGWnQYFvLky0bs06BfNheM="></latexit><latexit sha1_base64="4otCrnGWnQYFvLky0bs06BfNheM="></latexit><latexit sha1_base64="4otCrnGWnQYFvLky0bs06BfNheM="></latexit><latexit sha1_base64="4otCrnGWnQYFvLky0bs06BfNheM="></latexit>

PR + PL = 1
<latexit sha1_base64="Xz8uLOsvWtolTGA/aPNLdhYDQHY="></latexit><latexit sha1_base64="Xz8uLOsvWtolTGA/aPNLdhYDQHY="></latexit><latexit sha1_base64="Xz8uLOsvWtolTGA/aPNLdhYDQHY="></latexit><latexit sha1_base64="Xz8uLOsvWtolTGA/aPNLdhYDQHY="></latexit>

PRPL = PLPR = 0
<latexit sha1_base64="rfdOr3ie5CVEnuOg/GwHlI7u0dY="></latexit><latexit sha1_base64="rfdOr3ie5CVEnuOg/GwHlI7u0dY="></latexit><latexit sha1_base64="rfdOr3ie5CVEnuOg/GwHlI7u0dY="></latexit><latexit sha1_base64="rfdOr3ie5CVEnuOg/GwHlI7u0dY="></latexit>

�µPL,R = PR,L�µ
<latexit sha1_base64="7aDpXVKIevdJlCF6k6blqd8AODI="></latexit><latexit sha1_base64="7aDpXVKIevdJlCF6k6blqd8AODI="></latexit><latexit sha1_base64="7aDpXVKIevdJlCF6k6blqd8AODI="></latexit><latexit sha1_base64="7aDpXVKIevdJlCF6k6blqd8AODI="></latexit> R,L = PR,L 

<latexit sha1_base64="05X3QfRg98lLKJYVhsF8MGTh89A="></latexit><latexit sha1_base64="05X3QfRg98lLKJYVhsF8MGTh89A="></latexit><latexit sha1_base64="05X3QfRg98lLKJYVhsF8MGTh89A="></latexit><latexit sha1_base64="05X3QfRg98lLKJYVhsF8MGTh89A="></latexit>

 R,L =  PL,R
<latexit sha1_base64="Bnnz1/TX8bDuaJpra/IFRqWE7Fk="></latexit><latexit sha1_base64="Bnnz1/TX8bDuaJpra/IFRqWE7Fk="></latexit><latexit sha1_base64="Bnnz1/TX8bDuaJpra/IFRqWE7Fk="></latexit><latexit sha1_base64="Bnnz1/TX8bDuaJpra/IFRqWE7Fk="></latexit>

Lm=0 =  (PR + PL) �µDµ (PR + PL) =  L�µDµ L +  R�µDµ R
<latexit sha1_base64="m9oXOv0drRVk9o8M7531VrYT7CM="></latexit><latexit sha1_base64="m9oXOv0drRVk9o8M7531VrYT7CM="></latexit><latexit sha1_base64="m9oXOv0drRVk9o8M7531VrYT7CM="></latexit><latexit sha1_base64="m9oXOv0drRVk9o8M7531VrYT7CM="></latexit>

m  = m (PL + PR)(PL + PR) = m
�
 R L +  L R

�
<latexit sha1_base64="z0W3TODnAuoXYrIhlGGhgFXXoQA="></latexit><latexit sha1_base64="z0W3TODnAuoXYrIhlGGhgFXXoQA="></latexit><latexit sha1_base64="z0W3TODnAuoXYrIhlGGhgFXXoQA="></latexit><latexit sha1_base64="z0W3TODnAuoXYrIhlGGhgFXXoQA="></latexit>

m ! 0
<latexit sha1_base64="FqVvIVwKCnlK1CeKPI05JJObiBU="></latexit><latexit sha1_base64="FqVvIVwKCnlK1CeKPI05JJObiBU="></latexit><latexit sha1_base64="FqVvIVwKCnlK1CeKPI05JJObiBU="></latexit><latexit sha1_base64="FqVvIVwKCnlK1CeKPI05JJObiBU="></latexit>

Chiral limit �5�µDµ + �µDµ�5 = 0
<latexit sha1_base64="MaUujV6jm9WAELd0FKgc3ocSfvk="></latexit><latexit sha1_base64="MaUujV6jm9WAELd0FKgc3ocSfvk="></latexit><latexit sha1_base64="MaUujV6jm9WAELd0FKgc3ocSfvk="></latexit><latexit sha1_base64="MaUujV6jm9WAELd0FKgc3ocSfvk="></latexit>



Several flavors
Nf

<latexit sha1_base64="nVanDiuLpPxQ27ohssY5O1Zc7+w="></latexit><latexit sha1_base64="nVanDiuLpPxQ27ohssY5O1Zc7+w="></latexit><latexit sha1_base64="nVanDiuLpPxQ27ohssY5O1Zc7+w="></latexit><latexit sha1_base64="nVanDiuLpPxQ27ohssY5O1Zc7+w="></latexit>

flavors

 (x) =

2

64
 1(x)

...
 Nf (x)

3

75

<latexit sha1_base64="rbPFkOgwcIqNXlb7sCysw+lwbJc="></latexit><latexit sha1_base64="rbPFkOgwcIqNXlb7sCysw+lwbJc="></latexit><latexit sha1_base64="rbPFkOgwcIqNXlb7sCysw+lwbJc="></latexit><latexit sha1_base64="rbPFkOgwcIqNXlb7sCysw+lwbJc="></latexit>

M =

2

64
m1

. . .
mNf

3

75

Nf⇥Nf
<latexit sha1_base64="ARBXY+JwiwqG0BOYkUXyxAajfm8="></latexit><latexit sha1_base64="ARBXY+JwiwqG0BOYkUXyxAajfm8="></latexit><latexit sha1_base64="ARBXY+JwiwqG0BOYkUXyxAajfm8="></latexit><latexit sha1_base64="ARBXY+JwiwqG0BOYkUXyxAajfm8="></latexit>

m1 = mu
<latexit sha1_base64="CHeVvIxpju9zSF21RYOszpBD8ps="></latexit><latexit sha1_base64="CHeVvIxpju9zSF21RYOszpBD8ps="></latexit><latexit sha1_base64="CHeVvIxpju9zSF21RYOszpBD8ps="></latexit><latexit sha1_base64="CHeVvIxpju9zSF21RYOszpBD8ps="></latexit>

m2 = md
<latexit sha1_base64="ywSrD05nJd9BBfNImnNXyjja0bo="></latexit><latexit sha1_base64="ywSrD05nJd9BBfNImnNXyjja0bo="></latexit><latexit sha1_base64="ywSrD05nJd9BBfNImnNXyjja0bo="></latexit><latexit sha1_base64="ywSrD05nJd9BBfNImnNXyjja0bo="></latexit>

m3 = ms
<latexit sha1_base64="g5TrCec5jLKshZYqjrAWBi7romo="></latexit><latexit sha1_base64="g5TrCec5jLKshZYqjrAWBi7romo="></latexit><latexit sha1_base64="g5TrCec5jLKshZYqjrAWBi7romo="></latexit><latexit sha1_base64="g5TrCec5jLKshZYqjrAWBi7romo="></latexit>

...
<latexit sha1_base64="6H3vyzbLMLt2j4AcA+FRVuYfqlE="></latexit><latexit sha1_base64="6H3vyzbLMLt2j4AcA+FRVuYfqlE="></latexit><latexit sha1_base64="6H3vyzbLMLt2j4AcA+FRVuYfqlE="></latexit><latexit sha1_base64="6H3vyzbLMLt2j4AcA+FRVuYfqlE="></latexit>

SF [ , , A] =

Z
d4x  (x) [�µDµ +M ] (x)

<latexit sha1_base64="PFjWkKkVSgxAQTTV+hKodEeYNNE="></latexit><latexit sha1_base64="PFjWkKkVSgxAQTTV+hKodEeYNNE="></latexit><latexit sha1_base64="PFjWkKkVSgxAQTTV+hKodEeYNNE="></latexit><latexit sha1_base64="PFjWkKkVSgxAQTTV+hKodEeYNNE="></latexit>

SU(Nf )
<latexit sha1_base64="EdnSgR8Ds0z/3kCI1lcjVvjdaOk="></latexit><latexit sha1_base64="EdnSgR8Ds0z/3kCI1lcjVvjdaOk="></latexit><latexit sha1_base64="EdnSgR8Ds0z/3kCI1lcjVvjdaOk="></latexit><latexit sha1_base64="EdnSgR8Ds0z/3kCI1lcjVvjdaOk="></latexit>

SU(Nc)
<latexit sha1_base64="MhYm0J/C/5vqcgn4L/HPLRN7Z70="></latexit><latexit sha1_base64="MhYm0J/C/5vqcgn4L/HPLRN7Z70="></latexit><latexit sha1_base64="MhYm0J/C/5vqcgn4L/HPLRN7Z70="></latexit><latexit sha1_base64="MhYm0J/C/5vqcgn4L/HPLRN7Z70="></latexit>

Not to be confused with

SU(Nf )V :

(
 (x) ! ei↵

a�a

 (x)

 (x) !  (x)e�i↵a�a

<latexit sha1_base64="qeo8/BQEsEVOE5LEpeqrXzALzEw="></latexit><latexit sha1_base64="qeo8/BQEsEVOE5LEpeqrXzALzEw="></latexit><latexit sha1_base64="qeo8/BQEsEVOE5LEpeqrXzALzEw="></latexit><latexit sha1_base64="qeo8/BQEsEVOE5LEpeqrXzALzEw="></latexit>

U(1)V :

(
 (x) ! ei↵ (x)

 (x) !  (x)e�i↵
<latexit sha1_base64="RdxmQqkILaoN2dcctF/PfTeUC1w="></latexit><latexit sha1_base64="RdxmQqkILaoN2dcctF/PfTeUC1w="></latexit><latexit sha1_base64="RdxmQqkILaoN2dcctF/PfTeUC1w="></latexit><latexit sha1_base64="RdxmQqkILaoN2dcctF/PfTeUC1w="></latexit>

SF
<latexit sha1_base64="tw40ZMocWNXKxY494VVGuxMv1YA="></latexit><latexit sha1_base64="tw40ZMocWNXKxY494VVGuxMv1YA="></latexit><latexit sha1_base64="tw40ZMocWNXKxY494VVGuxMv1YA="></latexit><latexit sha1_base64="tw40ZMocWNXKxY494VVGuxMv1YA="></latexit>

is invariant for       and M = 0
<latexit sha1_base64="aOxjpqKa6KYRzJcAjIo8We9/eso="></latexit><latexit sha1_base64="aOxjpqKa6KYRzJcAjIo8We9/eso="></latexit><latexit sha1_base64="aOxjpqKa6KYRzJcAjIo8We9/eso="></latexit><latexit sha1_base64="aOxjpqKa6KYRzJcAjIo8We9/eso="></latexit>

M = diag(m, · · · ,m)
<latexit sha1_base64="aJVAbVrqvYHboxers8PMjUHU4Ys="></latexit><latexit sha1_base64="aJVAbVrqvYHboxers8PMjUHU4Ys="></latexit><latexit sha1_base64="aJVAbVrqvYHboxers8PMjUHU4Ys="></latexit><latexit sha1_base64="aJVAbVrqvYHboxers8PMjUHU4Ys="></latexit>



Several flavors

SU(Nf )V :

(
 (x) ! ei↵

a�a

 (x)

 (x) !  (x)e�i↵a�a

<latexit sha1_base64="qeo8/BQEsEVOE5LEpeqrXzALzEw="></latexit><latexit sha1_base64="qeo8/BQEsEVOE5LEpeqrXzALzEw="></latexit><latexit sha1_base64="qeo8/BQEsEVOE5LEpeqrXzALzEw="></latexit><latexit sha1_base64="qeo8/BQEsEVOE5LEpeqrXzALzEw="></latexit>

U(1)V :

(
 (x) ! ei↵ (x)

 (x) !  (x)e�i↵
<latexit sha1_base64="RdxmQqkILaoN2dcctF/PfTeUC1w="></latexit><latexit sha1_base64="RdxmQqkILaoN2dcctF/PfTeUC1w="></latexit><latexit sha1_base64="RdxmQqkILaoN2dcctF/PfTeUC1w="></latexit><latexit sha1_base64="RdxmQqkILaoN2dcctF/PfTeUC1w="></latexit>

SF
<latexit sha1_base64="tw40ZMocWNXKxY494VVGuxMv1YA="></latexit><latexit sha1_base64="tw40ZMocWNXKxY494VVGuxMv1YA="></latexit><latexit sha1_base64="tw40ZMocWNXKxY494VVGuxMv1YA="></latexit><latexit sha1_base64="tw40ZMocWNXKxY494VVGuxMv1YA="></latexit>

is invariant for       and M = 0
<latexit sha1_base64="aOxjpqKa6KYRzJcAjIo8We9/eso="></latexit><latexit sha1_base64="aOxjpqKa6KYRzJcAjIo8We9/eso="></latexit><latexit sha1_base64="aOxjpqKa6KYRzJcAjIo8We9/eso="></latexit><latexit sha1_base64="aOxjpqKa6KYRzJcAjIo8We9/eso="></latexit>

M = diag(m, · · · ,m)
<latexit sha1_base64="aJVAbVrqvYHboxers8PMjUHU4Ys="></latexit><latexit sha1_base64="aJVAbVrqvYHboxers8PMjUHU4Ys="></latexit><latexit sha1_base64="aJVAbVrqvYHboxers8PMjUHU4Ys="></latexit><latexit sha1_base64="aJVAbVrqvYHboxers8PMjUHU4Ys="></latexit>

(
 (x) ! ei�5↵

a�a

 (x)

 (x) !  (x)ei�5↵
a�a

<latexit sha1_base64="7yTSQWNss/DWLXu0zFihwLyIEAQ="></latexit><latexit sha1_base64="7yTSQWNss/DWLXu0zFihwLyIEAQ="></latexit><latexit sha1_base64="7yTSQWNss/DWLXu0zFihwLyIEAQ="></latexit><latexit sha1_base64="7yTSQWNss/DWLXu0zFihwLyIEAQ="></latexit>

U(1)A :

(
 (x) ! ei�5↵ (x)

 (x) !  (x)ei�5↵
<latexit sha1_base64="FZPwwgcEytX8csre+r0cZMr3EnU="></latexit><latexit sha1_base64="FZPwwgcEytX8csre+r0cZMr3EnU="></latexit><latexit sha1_base64="FZPwwgcEytX8csre+r0cZMr3EnU="></latexit><latexit sha1_base64="FZPwwgcEytX8csre+r0cZMr3EnU="></latexit>

M = 0
<latexit sha1_base64="aOxjpqKa6KYRzJcAjIo8We9/eso="></latexit><latexit sha1_base64="aOxjpqKa6KYRzJcAjIo8We9/eso="></latexit><latexit sha1_base64="aOxjpqKa6KYRzJcAjIo8We9/eso="></latexit><latexit sha1_base64="aOxjpqKa6KYRzJcAjIo8We9/eso="></latexit>

SU(Nf )L ⇥ SU(Nf )R ⇥ U(1)V ⇥ U(1)A
<latexit sha1_base64="5VG6iCpiapgoQ70cEDkkiLNLJ6Y="></latexit><latexit sha1_base64="5VG6iCpiapgoQ70cEDkkiLNLJ6Y="></latexit><latexit sha1_base64="5VG6iCpiapgoQ70cEDkkiLNLJ6Y="></latexit><latexit sha1_base64="5VG6iCpiapgoQ70cEDkkiLNLJ6Y="></latexit>

Anomalous

ZF =

Z
D[ , ]e�SF [ , ,U ]

<latexit sha1_base64="ZWZ3GCqF82DfztCt/Izuf3cVDpw="></latexit><latexit sha1_base64="ZWZ3GCqF82DfztCt/Izuf3cVDpw="></latexit><latexit sha1_base64="ZWZ3GCqF82DfztCt/Izuf3cVDpw="></latexit><latexit sha1_base64="ZWZ3GCqF82DfztCt/Izuf3cVDpw="></latexit>

Measure not 
 invariant

Fujikawa

S𝛘SB



Chiral symmetry breaking
M = diag(m, · · · ,m)

<latexit sha1_base64="aJVAbVrqvYHboxers8PMjUHU4Ys="></latexit><latexit sha1_base64="aJVAbVrqvYHboxers8PMjUHU4Ys="></latexit><latexit sha1_base64="aJVAbVrqvYHboxers8PMjUHU4Ys="></latexit><latexit sha1_base64="aJVAbVrqvYHboxers8PMjUHU4Ys="></latexit>

Explicit breaking

SU(Nf )L ⇥ SU(Nf )R ⇥ U(1)V
<latexit sha1_base64="4wTn3qWdbANQCnl8sXmY+olNDBM="></latexit><latexit sha1_base64="4wTn3qWdbANQCnl8sXmY+olNDBM="></latexit><latexit sha1_base64="4wTn3qWdbANQCnl8sXmY+olNDBM="></latexit><latexit sha1_base64="4wTn3qWdbANQCnl8sXmY+olNDBM="></latexit>

SU(Nf )V ⇥ U(1)V
<latexit sha1_base64="xdarTGJVZn5QoZBtviUCToa/lcA="></latexit><latexit sha1_base64="xdarTGJVZn5QoZBtviUCToa/lcA="></latexit><latexit sha1_base64="xdarTGJVZn5QoZBtviUCToa/lcA="></latexit><latexit sha1_base64="xdarTGJVZn5QoZBtviUCToa/lcA="></latexit>

M = diag(m1, · · · ,mNf )
<latexit sha1_base64="A8+HdpVHmrQWFtbmqWtrXmP6dPs="></latexit><latexit sha1_base64="A8+HdpVHmrQWFtbmqWtrXmP6dPs="></latexit><latexit sha1_base64="A8+HdpVHmrQWFtbmqWtrXmP6dPs="></latexit><latexit sha1_base64="A8+HdpVHmrQWFtbmqWtrXmP6dPs="></latexit>

U(1)V ⇥ · · ·⇥ U(1)V| {z }
Nf factors

<latexit sha1_base64="sBCzPnXzhYBBf1cybBeWcNlIkjc="></latexit><latexit sha1_base64="sBCzPnXzhYBBf1cybBeWcNlIkjc="></latexit><latexit sha1_base64="sBCzPnXzhYBBf1cybBeWcNlIkjc="></latexit><latexit sha1_base64="sBCzPnXzhYBBf1cybBeWcNlIkjc="></latexit>

mu, md ⇠ 5 MeV
<latexit sha1_base64="nKmS+pWsJgaBOyH+J3cAViUNNf4="></latexit><latexit sha1_base64="nKmS+pWsJgaBOyH+J3cAViUNNf4="></latexit><latexit sha1_base64="nKmS+pWsJgaBOyH+J3cAViUNNf4="></latexit><latexit sha1_base64="nKmS+pWsJgaBOyH+J3cAViUNNf4="></latexit>

ms ⇠ 100 MeV
<latexit sha1_base64="2mEcbJQFmHVXcQego2P3/trXKx0="></latexit><latexit sha1_base64="2mEcbJQFmHVXcQego2P3/trXKx0="></latexit><latexit sha1_base64="2mEcbJQFmHVXcQego2P3/trXKx0="></latexit><latexit sha1_base64="2mEcbJQFmHVXcQego2P3/trXKx0="></latexit>

mP ⇠ 1 GeV
<latexit sha1_base64="pn6zL/PtV1RTjix1IEvYYxFxwEM="></latexit><latexit sha1_base64="pn6zL/PtV1RTjix1IEvYYxFxwEM="></latexit><latexit sha1_base64="pn6zL/PtV1RTjix1IEvYYxFxwEM="></latexit><latexit sha1_base64="pn6zL/PtV1RTjix1IEvYYxFxwEM="></latexit>

⇤QCD ⇠ 300 MeV
<latexit sha1_base64="zyCH5eEQQSS4I9FCj5p7kV6kFmw="></latexit><latexit sha1_base64="zyCH5eEQQSS4I9FCj5p7kV6kFmw="></latexit><latexit sha1_base64="zyCH5eEQQSS4I9FCj5p7kV6kFmw="></latexit><latexit sha1_base64="zyCH5eEQQSS4I9FCj5p7kV6kFmw="></latexit>

Nf = 2
<latexit sha1_base64="r5e95yDBV1LlWXwLvw7sGtgSdnw="></latexit><latexit sha1_base64="r5e95yDBV1LlWXwLvw7sGtgSdnw="></latexit><latexit sha1_base64="r5e95yDBV1LlWXwLvw7sGtgSdnw="></latexit><latexit sha1_base64="r5e95yDBV1LlWXwLvw7sGtgSdnw="></latexit>

Nf = 3
<latexit sha1_base64="yz0o1lkQI5sLIEjZqWgvZhmy3ng="></latexit><latexit sha1_base64="yz0o1lkQI5sLIEjZqWgvZhmy3ng="></latexit><latexit sha1_base64="yz0o1lkQI5sLIEjZqWgvZhmy3ng="></latexit><latexit sha1_base64="yz0o1lkQI5sLIEjZqWgvZhmy3ng="></latexit>

Good Good?

mu = md = 0
<latexit sha1_base64="zahOfi9oJCY0k5uQWY75JDbJGiE="></latexit><latexit sha1_base64="zahOfi9oJCY0k5uQWY75JDbJGiE="></latexit><latexit sha1_base64="zahOfi9oJCY0k5uQWY75JDbJGiE="></latexit><latexit sha1_base64="zahOfi9oJCY0k5uQWY75JDbJGiE="></latexit>

If SU(2)L ⇥ SU(2)R ⇥ U(1)V
<latexit sha1_base64="94KT8qC3157l4RpiqhBNTCCjJlo="></latexit><latexit sha1_base64="94KT8qC3157l4RpiqhBNTCCjJlo="></latexit><latexit sha1_base64="94KT8qC3157l4RpiqhBNTCCjJlo="></latexit><latexit sha1_base64="94KT8qC3157l4RpiqhBNTCCjJlo="></latexit>

Good symmetry

mN = mN⇤
<latexit sha1_base64="YZiltjhNfvug/RFopX5IdpCsDe8="></latexit><latexit sha1_base64="YZiltjhNfvug/RFopX5IdpCsDe8="></latexit><latexit sha1_base64="YZiltjhNfvug/RFopX5IdpCsDe8="></latexit><latexit sha1_base64="YZiltjhNfvug/RFopX5IdpCsDe8="></latexit>

mN ' 940 MeV
<latexit sha1_base64="BRnFVZUC+SDS2AdprogKC9LTP4g="></latexit><latexit sha1_base64="BRnFVZUC+SDS2AdprogKC9LTP4g="></latexit><latexit sha1_base64="BRnFVZUC+SDS2AdprogKC9LTP4g="></latexit><latexit sha1_base64="BRnFVZUC+SDS2AdprogKC9LTP4g="></latexit>

mN⇤ ' 1535 MeV
<latexit sha1_base64="zEj11WmeNRQV+WrssKwYSQuhQ0E="></latexit><latexit sha1_base64="zEj11WmeNRQV+WrssKwYSQuhQ0E="></latexit><latexit sha1_base64="zEj11WmeNRQV+WrssKwYSQuhQ0E="></latexit><latexit sha1_base64="zEj11WmeNRQV+WrssKwYSQuhQ0E="></latexit>

}
<latexit sha1_base64="dO/D589ynLgKzYIkHlT/ANkSBMY="></latexit><latexit sha1_base64="dO/D589ynLgKzYIkHlT/ANkSBMY="></latexit><latexit sha1_base64="dO/D589ynLgKzYIkHlT/ANkSBMY="></latexit><latexit sha1_base64="dO/D589ynLgKzYIkHlT/ANkSBMY="></latexit>

S𝛘SB
mu,d 6= 0

<latexit sha1_base64="XTeRW4XtuhjNB9yBXecbzdRU3j4="></latexit><latexit sha1_base64="XTeRW4XtuhjNB9yBXecbzdRU3j4="></latexit><latexit sha1_base64="XTeRW4XtuhjNB9yBXecbzdRU3j4="></latexit><latexit sha1_base64="XTeRW4XtuhjNB9yBXecbzdRU3j4="></latexit>

too small



Spontaneous chiral symmetry breaking

Spin systems —> action invariant | ground state is not 
⌦
 (x) (x)

↵
<latexit sha1_base64="5Clctxnf/WmW3jcrNaSAfMeV+TU="></latexit><latexit sha1_base64="5Clctxnf/WmW3jcrNaSAfMeV+TU="></latexit><latexit sha1_base64="5Clctxnf/WmW3jcrNaSAfMeV+TU="></latexit><latexit sha1_base64="5Clctxnf/WmW3jcrNaSAfMeV+TU="></latexit>

Not invariant in the chiral limit

lim
m!0

lim
V!1

⌦
 (x) (x)

↵
= 0

<latexit sha1_base64="xAsCKQnhJzkz9kpIC+1D/9SjD9c="></latexit><latexit sha1_base64="xAsCKQnhJzkz9kpIC+1D/9SjD9c="></latexit><latexit sha1_base64="xAsCKQnhJzkz9kpIC+1D/9SjD9c="></latexit><latexit sha1_base64="xAsCKQnhJzkz9kpIC+1D/9SjD9c="></latexit>

lim
m!0

lim
V!1

⌦
 (x) (x)

↵
6= 0

<latexit sha1_base64="Xgmnk6F3ctr20K3AfD8pTiOgdr0="></latexit><latexit sha1_base64="Xgmnk6F3ctr20K3AfD8pTiOgdr0="></latexit><latexit sha1_base64="Xgmnk6F3ctr20K3AfD8pTiOgdr0="></latexit><latexit sha1_base64="Xgmnk6F3ctr20K3AfD8pTiOgdr0="></latexit>

Pions are not massless because


Chiral symmetry is useful if           is smallM �= 0

G ⇥ H ⇤ N = NG �NHGoldstone theorem                                 massless particles

SU(2)L ⇥ SU(2)R ! SU(2)V ) 3 Goldstone bosons (3 pions)

mq ⌧ �QCD ' 250 MeV (mq ' 4 MeV )

M⇡ ⌧ �� = 4�F⇡ ' 1.2 GeV (M⇡ ' 140 MeV )


