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1. Broken (Hidden)
chiral symmetry
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Chiral symmetry is hidden

Ordinary symmetry (Algebraic)
Example (Isospin), TN -> A -> N scattering

mI=1,N:1=12 I,=1/20r3/2

(w || >:;< p| DT 1)1 |m" p) =(="p|3/2)T(312)(
(7l [°0)= (2" s[312) s (302 p)= (10 £ 313 7o
<7r0p > <7Z'p‘3/2> < > (10%%%%)(11%_%'%%

Matrix elements are related by the CG coefficients

+ >:T(3/2)
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Mass degeneracy

Pion: m(nt*) ~ m(m~) ~ m(n’), Nucleon: m(p) ~ m(n)

Symmetry transformation

Operator O — gOg’

g=¢""? (Q: generator, 0: parameter

State |A) — g|A)=|B)

H —> gHg' ~H+i0[Q,H]+..=H [0,H]=0

Mass relation

BUT

m, =(A|H|A)=(B|gHg"|B)=(B|H|B) = my

|B) = g|A) = ga,"|0) = ga,"g'g|0)=a,"g|0)=a;"|0)

Invariance of the vacuum & | 0> = |0> 1s assumed




Chiral symmetry is spontaneously broken

There 1s no mass degeneracy

GeV
- Meson spectrum
C T K;(1400)
(+@(1260) 1J1(123:') _r(1300) 4+ ——
n(1295) K—(mﬂ) |
(980) e — Unnatural parity
i
O i _ Wi S — Natural parity
U+ 'l -
05 F :
o- Z139) GeV | Baryon spectrum - H
Aqer0y 4BO - A0700)
- N(1535)  —— Y —
15 | T —
2(1190) 5+ A(1232)
AQ120) — T —
10 b (:NO39)
T —
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Nambu’s contribution

« Nambu had communications with Bardeen

 He realized that the Goldber& Treiman’s dispersion relation
is related to the conservation of the axial current

 He noticed the analogy of the Dirac theory and the
BCS theory (Nambu-Gorkov equation)

e Discovery of the SSB of chiral symmetry, NJL model
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2. Non-linear (dynamic)
vs linear (algebraic)
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Questions from Weinberg

e If chiral symmetry 1s spontaneously broken, no chiral
partner 1s needed to write down chiral invariant Lagrangian in
the non-linear realization.

 In that case, chiral symmetry is no longer algebraic, but
rather dynamic as it leads to low energy theorems.

Weinberg:

“how it is possible for a dynamical symmetry like chirality to
have any algebraic consequences’!”’
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Resolving degeneracy

SU(Ny); x SUWNr _ SUNy)y
Representation (L, R) OH = mgq
o
/
(G’ Tt ) \ T
Analogy to rotation
OH = Bu
M=J
4 M=7-1

M=J,J1,.. —
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Resolving degeneracy

SU(Np) x SU(Npg _ SUNp)y
Representation (L, R) OH = mqq e
o
| |
| |
(O-’ 7[) \ [ Iﬂ'
\_ /
Analogy to rotation
OH = Bu —_————
l .
| M=J
! M=J-1
| |
M = J, J'I g oo I I
\ /

—-_— s - .

Broken world may have some trace of symmetry
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QCD ~ linear rep

Locp = 2 qr(iD—mg)q + 1 F
f
For massless quarks, f=u,d

1Fy
> >q, q=q; +qx

This 1s invariant under SU(2); X SU(2);, and furthermore,
quarks are in the linear fundamental representation.

i-(£0)+(0)

drL..R =

Low energy 3
QCD Hadrons 1n
Quarks — Nonlinear repr.
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QCD ~ linear rep

Locp = 2 qr(iD—mg)q + 1 F
f
For massless quarks, f=u,d

lFy
> >q, q=q; +qx

This 1s invariant under SU(2); X SU(2);, and furthermore,
quarks are in the linear fundamental representation.

i-(£0)+(0)

drL..R =

Low energy 3
QCD Hadrons 1n
Quarks Hadrons in == | Nonlinear repr.
in linear repr. Linear repr s Chi-PT




From linear to non-linear

Linear sigma model

_. _ - - 1 .
L=4gid,y"q—gq(o+iT -7tys)q+ 5((8u6)2 + (aun)2)— V(o7

Freeze out the massive ¢ mode,
Consider only the massless 7

=7 O+IiT 7T
:UszelT(PYS/fﬂ, :U

Angle variables
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Assumptions are

g~ (— ,()) + (O,—) Fundamental representation

11 . .
(G’ & ) = (5 ’ 3) Chiral four-vector representation

As a consequence 771, = gf. (Golberger-Treiman relation)

with g, =1
The value of g, is determined by the representation.

In a non-linear theory, g, can take an arbitrary value.
In other words, 1n a broken phase, representation mixing occurs.

Isospin analogue: Isospin charge of N =1/2
A=3/2
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Linear representations

SU(2)xSU(2) -> SU(2)

Linear chiral Non-linear chiral

Larger symmetry

More constraints on dynamics
Various couplings, scattering amplitudes, etc

Question:
What chiral multiplets do hadrons belong to?
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Further needs of linear reps.

At high temperature and/or density,

chiral symmetry 1s restored
=>
e Hadrons (if survive) must belong to linear chiral
representations, and a hadron theory may be constructed
by a linear chiral model

e Character change in a massive (Higgs) mode (o) may be
observed in experiments
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3. Representations and
constraints
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Chiral representations

SUR22); xSUR)y — (D ,Dg)
D; + Dy ~ Isospin
_ 1 1
Quark: Y=y +yp ~ (3,0) + (0,5) Fundamental

(Nucleon in the linear sigma model)

Scalar mesons (G,ﬁ'),(n,ﬁo) ~ (%,%) Chiral four-vector

Ty = (L7),75,75) = (1/7%1//, l/_/’L';J’s‘//)
= (Wrow, Wiy sy ) + (Wi, vsy, wiy ) ~ (0.7) + (1, dy )

In general various higher representations are possible
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Chiral structure of quark composites

Mesons 49 ~ [(% ’O) + (O’%)} X [(% ’O) + (O’%)}

=(0,0) + (1,0)+(0,1) + (%%)

Scalar Anti-symm tensor Four-vector

Baryons 4499 ~ [(%’O) + (O’%)T

=(3:0)+(0:3) + (13)+(5.1) + (3.0)+(0.3)
Fundamental Higher repr.

9943 ~ | (%.0)+(0.4
=(0.1)+(1.0) + (L3)+(2.1)+..

For multiquarks, more complicated structures are possible
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A technical question

Operators vs States

Ni=(G9g, N,=@Gysevsa  §=q Cys(ity)
These are both I = 1/2, and (1/2,0)+(0,1/2)

However, 1sospin is conserved but chiral is not in general

(0[NN|0) ~ §<0|N|B><B|NIO>

B has the definite I = 1/2, but with any (L, R)
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g, values

Fundamental (%,0) + (0,%) gs=1
Mirror (0,%)+(%,0) gs=-—1
Higher repr. (1,%) + (% ,1) g, = %

N, +2

Arbitrary N, (Nc4+1 ,Nz_l) + (NC4_1 ,NC4+1) EA = 3

Determination g, value of a baryon 1s useful to know its structure
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4. Weinberg’s
consistency conditions
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Algebraic constraints

Weinberg’s bottom-up procedure (pre QCD)

Any Lagrangian built from such ingredients will be highly
nonlinear and replete with derivative interactions.

“The algebraic aspects of chiral symmetry arise from the
need for cancellations which insure reasonable asymptotic
behavior at high energy.”

... to use them 1in the tree approximation, ...
We shall require that the rapidly growing terms

contributed by the tree graphs shall cancel among
themselves



Lagrangian
Non-linear chiral Lagrangian

21 a C 1 1a a
L=— Hgabcﬂ:bauﬂ: + f_Auau” ~ 0(g)
T

Iz

s‘ R s‘
N ! N
A3 P A3
L4 Y
X4

Tomozawa-Weinberg Yukawa

<Nﬁs'

Jd3x Vy

N O‘s> = (T") Isospin charge

Bo

<Nﬁs'

Jd Sy i ‘ N O‘s> =50,/ (X ¢ )ﬁa Axial charge

May 27, 2010 YITP molecule, EXIHC10
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Consistency conditions 1

Scattering amplitude of zN -> 7N

q . ) ,
T g ety
T x¢ x°
0(q) 0(q”)
(%) a) R
T — {—zeabcTC + [X“,Xb}} -0
Ix
T T 1=ie , T¢
Combined with “ ] abe

the 1sospin algebra

T, X" 1=ig,, X°
X X"1=ig, T*

May 27, 2010
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Representations

PA 4
4 ¢

. ’
04 ’4 ﬁ 0' 7/ ~ (Xb ) (Xa )
Hadron states ¢, 3, ¥ can be components of any

representation of chiral symmetry group that are
connected by X

Pre-QCD, the choice of representations was phenomenological.

Now, can we hope that we determine it from QCD?
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Consistency condition 2

a l I'= Qb Isospin I = 2 part does not
/ contribute to this amplitude
B <= No exotics

This lead to a constraint on the mass matrix

2 2 2
Chiral scalar Chiral four vector

(m2 (@=1,2,3)=0)

[Xa,mz} =0, [Xa,mﬂ = imfl
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Predictions

Mesons
T, O, P, d, (%,%)+[(1,0)+(0,1)] with 45° mixing

o-p and T-a; mixing
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Baryons

N, D, Roper [(%O)+(O%)] [(1%)+(

0 ~52°

0 ~ 45°

May 27, 2010

gA "’125

ga~4/3~1.333

2 2 0
my +mp = 2mj,

YITP molecule, EXIHC10

1
2

1]
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Mass matrix

4@7 - QJr o

(q0q)  (90990q)
From (gOq) we can construct only one Lorentz scalar (g1q)
But this 1s the fourth component of a chiral four-vector
(% %) ~ (0,7, 7y, 75)

Hence, if the mass has a gg®® origin, it must be of chiral
four-vector

we Chiral scalar may be furnished by gluons or multiquarks



5. Linear sigma models
with mirror baryons
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Simple models

A chiral doublet N and N* ~ can be any chiral repr.

Simple choices (%.0)+(0.2) and/or (0.1)+(1.0)

(1/2,0)+(0, 1/2) 0, 1/2)+(1/2, 0)

Naive: Mirror:;
Yy + Yr Yy + Yr
4494 4944949

g, =+l 8=l g,=—1 &upp=-1

Axial-charge carry information on internal structure



Nalve model

Lagrangian
L=N,iON, — g Ni(o +iysm,t9)N,
+N21$N2 +g2 Nz (G +i’}/577:afa )N2

+8, [Nl (o +ir,t°Y )N, + N, (0 +i7ra1"’y5)Nl] +

Chiral scalar mass term 1s not possible

Lorentz invariance requires a structure L'R+R'L

Mass term after o — <0 > =0

—  — 81 g12Ys \[ My
g1Ys —& )\ N,

May 27, 2010
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Diagonalization

N.)_( cos®  yssin® N, an2g = 2812
N —Yssin@®  cos® |\ N, 81178

_0o
)

my (\/(gl +82) +48n 1 (8 - 82))

* N, and N, decouple
* Masses are solely generated by g,

Chiral four-vector
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Mirror

Lo = V1iOY | +Wid Y, —my, (V727’5W1 - '7717’5‘//2)

1 O
Axial charge ( 0 j diagonal
v,
0
But mass matrix M = (1 0) Non-diagonal
1 I R
% 7T (1 0 j
_ 1 1 L —
V2 \/5 0 -
° rotation

May 27, 2010 YITP molecule, EXIHC10 36



Mirror
L = yidy, —g, 'FTI{_H"F‘II?.‘SEHTH}WZ

Chiral four-vector

+ PLidy, - g, W, (O +iysm, T )Y,
my (@, YsW — W VsW,) +-

Chiral scalar
1s now available when y; and , transform inversely
under chiral transformations.

Diagonalization
N, _ cosf Yssin0O | v, tan2g = 0 2
N_ —Yssin@  cosO@ Ay, Oy & 18

. 1
May 2. m, = 5(\/(81 +g2)20'§+4m§ t(g _82)60) 37




Masses

——— Naive

—  Mirror

Pe  Po m, = const

Axial couplings

&

NN*
A A" Snvnt /
z'f
/ diagonal
- }-
p. %o !_,-'
_+—
off diagonal




Observe the sign of g,

Assume minimal processes with N and N(1535)

yor x e n x
‘.1\. e o q *1"' J-" '.E ‘."- "-l' i'ﬂ
*'-..i . '..ll' 1"'..l|I 2’ .."ll i'-i n Illl-"'
— ‘r +
~ N N N N*
s JTY 9 hwe
+ ....

Naive: Ervsv+ = 8zvv -> constructive
Mirror: 8xzvsn: — —8znvv > destructive

May 27, 2010 YITP molecule, EXIHC10 39



Pion-induced production

Jido, Oka, Hosaka

Prog. Theor. Phys. 106, 873, 2001

Total cross section

(a)
s .

S I vimee VHITTOT 3
= Naive ’ @
- 5
a =
E: 5
; =
= g
3 k=
k) &

Z

J

Angular distributions

—&— Naive -
-&- Mimor L
-

P, .| =565 MeVlc P
. Mirror

-
-
-
-
-

“\‘\\Naii‘

T T T 1
05 0L 05 L

mﬂ,arﬂm.
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[1b]

Photoproduction

Jido, Oka, Hosaka
Prog. Theor. Phys.

Total cross section

106, 873, 2001

Angular distributions

- .-"' E T T T
g . = E =700 MeV
————— . - -—— E=590MsV
Naive
Mirror
. - TTIe— -
== . . . . P e bl
60 580 600 620 &40 660 630 -1 08 06 04 92 o 02 04 06 0E 1
&0
FPhoton Enerey (MeV) %6
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6. Extension to SU(3)

May 27, 2010 YITP molecule, EXIHC10
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N [ —
[=
~——"
_|_
<
[\),_
S~—"
—

w

SuR)  gq9~|(%.

=(3.0)+(0 %) + (13)+(.) + (3.0)+(03)

Funiam tal Higher repr.

SUB)  qqq ~[(310)+(0,3)%

=(3,3)+(3.3)+(8.1)+(1,8) + (3.6)+(6.3)

+ (10,1)+(1,10)

Y,» derivatives d,, multi ¢ components form various reprs.
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Actual calculation

Local fields
Singlet A

Octet NN

e PC€4c (g4 CT 1 g1 g

EABD(/‘N)DC Eabc(QiTcrl Qg)rz Qf:-

Decuplet AP = §3%C€,,0 (¢4 CT'1 g3 2q¢-

= €anc€ " (g4 Cqp)ysqc
= EabeABE{fEiTCTﬁqEé)qE,
= €€ (¢4 CyuYsq8) Y 45,
= Eabcf’wc(?ircﬁ’# a3)Y* V59

__ ABC T b
— €abc€ {fﬂ Cﬂrpvqlﬂ}ﬂrpvj”ﬁq%- 10

Not all of them
are independent
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Local fields

Flavor Chiral
Octet 2 B,, B- (3,3)+(3,3)
(8,1)+(1,8)
Singlet 1 A (3,3)+(3,3)
Yu o! Np, = 0" €Y A (Gaysa8) Y udc
N?rpp - _EABD"{EC{‘?A Tpﬁ'ﬂ}yvffﬂ' + {Ju' — v)
B’
petet B (6,3)+(3.6)
Decuplet A
Ay (10,D)+(1,10)
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Chiral

transformations

U(l)s: g —*ﬂxp(f*:-*s

SU3)y: g— -:}Lp(:'*;@

May 27, 2010

,.5["

ba| 2=y b2

bi]

*5)q— g+ dig,

)

g = g+ dsq,

YITP

SUB)L® SUB3)r  SU3)p g4 81 & «a
1 A -1 — — _
) i N. -1 1 -1
(3,3)@(3,3) - -1 0 2
8 g_ -1 -1 -1 1
A -1 — =2
N, 3 1 3
2, 3 1 0
8,1 @(L8) 8 = 3 1 -3 0
Ay 3 — 0
N, 1 5/3 1
X, 1 2/3 2
8 E, 1 -1/3 =3 3/5
A, 1 — =2
(3.6)®(6,3) A, 1 1/3
. 1 1/3
10 E, 1 1/3 - —
Q 1 — =2
A, 3 1 3
. 3 1 0
(10, 1) ® (1, 10) 10 g, 3 1 -3 —
() 3 — —6

i
L




Mixing and

case field g g F D SUL(3) x SUg(3)
Ja I Ni—N-

II N+ Ns

I N; — Ns +1 -1 0 —1 {E 3)4:1{:3 3)

IV N, + N, -3 —1 1 0 (1,8) @ (8,1)

0 Ou(NF +INF) +1 42 +2 +1 Qﬁp@

(0,LII), (0O, I, IIT) Mixing of three components with two angles

Case G wp Ja wepr P ¢ F D F/D
[T 1.267 0.33 39.3°  28.0° £2.37 0.399 £ 0.02 0.868F0.02 0.460 £ 0.04
Input EXp F/D = 0.571 4+ 0.005,
g ~ Au+ Ad + As
3 3 valence quarks => As =0
8a ~Au—Ad F/D 1s not reproduced

gy ~ Au+Ad —2As Need of multi-quark components
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Furthermore

Construct chiral invariant Lagrangians of SU(3)xSU(3)
Study of various properties: masses, couplings, decays

Property changes toward symmetry restoration

May 27, 2010 YITP molecule, EXIHC10
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Problems/Questions

What is the origin of the mass, especially of chiral scalar?

Another source of g,?

 How we can look into chiral structure of physical hadrons?

What experiments are available to look into chiral structure?

* Do particles belonging to a chiral representation has the common
spin?
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Derivative terms

!

1 _ _ _
(ﬂﬂ_g) [($rus®) - ( x 0m) + (P o¥) - (00¥m — m0¥o)]
Arbitrary g,

Is this related to chiral representations?
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