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-
mn to axial transformations

~infinitesimal
4 ->4' =(1 + 1285)4

I -> y' =4(1+in85)

Lac- Lac=i*(ItiagstUD'
· (1+ix85)4

- [MI(1+i) (1+iaN44+n.]
- gauge. Kinetic

term - O-tern

=Lacy - [2ixMY, Ym+h.c.]
()

would seem

->massless QCD is invariantunder

axial trafas

However:quantum effects break

thisclassical symmetry
Itaxial anomaly)-



Deeper reason:S =Sd"xGac,n=0
is invariant, butthe functional
measure in the path integral is not

z =J04 04 exp[iSd"x4iDY]
I

consider only
fermions as

Aare not

affected by MC1)A
axial trafos

Zy**1 =J0404 exp/iSd"/4iDY
+ iaFuqur,f]

In massless QCD, O-tern can be removed

bya UCIAtransformation.

In massive QCD, Ocan be traded for

complexphases in the mass matrix.

(see eg. (*) which
shows how LQCD

transforms under U(IA).



Whatremains unchanged under UCIIA

is the combination

Oef =NgO + arg det M

I when generdizing tomore

than one quark species

3.5.2 The Peccei - Quinn Mechanism

Idea:Add a dynamical field that
contributes to any

det M and show

thatits ver dynamically evalues to a

value where Ge
=0.

Toy model:

2 = -EFM+ iYC4
I complex scalar

+
y 44,4+ y*44,

-(On)(0) -V(4,yt)

- Far Fra



Under axial U(Ipo transformations

4, -> e4

in the a

2ix
& -> e ↑

· as above:absorb o into complexphase
of y

· assume of develops Ver

· show thattargy=0)

Outlineof proof:
Goal:computeeffective potential

(potential including q
·outuen

correctionsl

Partition function

z[I] =S8404840A
eiSd"x(x +10)

=>77
=
-i237



Effective action:

r(<x)) =- ilogz []] -Sdy[(y)co2(y)

=>=-id"y1)
- 2(x) +Sdyy
=- f(x)

=>for zero J(X), 24 minimizes

the effective action, r(<4]

Effective potential

Vegs(es) = -1 + [x]v.T

5 I
time interval

volume

Here: - terms dependingon and </)

have to come from the Unkawa

complings
- assume y1 and expand



Vegg[42] e Vclass(P) + yc. K

+y**k
I

unknown constant,
has to be real because

the rest of his symmetric
under 4- 4R

~iy(y). Keil.
K - caslart (4)+any)

non-trivial

y <4) =(y) K4)
elorye'org<

I**(** =(y) ka jiay e-cary(e)
=>Vegy[9s] is extremal at

+arzy=0



3.5.3 The axia arg <4)
~ dynamicalW

I· Write I =14)-eil* j rascalar
field

If 101 has very large mass, we cannot

observe it

↳ we can write
i( +ji)

4 = fae

Excitations of a LET chiral ratations

Using the axial anomaly again,
we can make the transformation

:(a +ity
Y fae TR

↓

y fae ,4+ trFur Fur

low - E phenomenologyof a lexical

depends on aAn couplings because

161, 4 are very heavy



If Y is changed under several gauge

group factors, we obtainan afarfru

coupling for each of them, in particular
- em charge of 4

-I #Fru)
M

↳fa-
em field strength
tensor (Fnv=Fur)

C
·areeng

------
r

for instance:axious traveling through

a streng B-feld
can convertinto

photons




