
 THETA TERM

In YM theory one has Kinetic term

Fui Fat e Lorentz e gauge inv with at most

tuo derivatives

There is another term that satisfies then conditions

La FantFam with FoMegetosoff

This term violates CP It can be phenomendogicelly important
d

Under CP
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tenace and P are both violated then one can have

the following terms in the Lagrangian
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In YM O parametrites physically inequivalent theories

despite the fact that Lo is a total derivative
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A it does not modify the equationsofmotion
However in quantum theory when I CONFIGSPACE

is nontrivial then total derivatives matter

For non ab gauge theories I CONFIGSP 7

A it doesnotcontribute to perturb theory totalderivative is a Epiternel

However in presence of fermions changedonde G
O is onphysical because it depends on how the

phaseof those fermions is chosen

To understand this effect let us do a REDEFINITION

of all fermions

Axialanomaly

DCE
Be are realphases
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This is equivalent to

Q H Q 2ERI
Only the combination A argdet Yuka is

physical i e invariant underfield redefinition
I niel 3
It alè EuA Lip IRB
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phaseof Yuh shifted b Pitti
Cile row a multiplied beim columnp multiplied b Bi
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Analogously dit Ya è Eridit Ya

any del Yoka a aydetkka 22 Bi
a

the same shift as 0

Moreover thanks to axial anomaly we can show that

A and Q It an physically indistinguishable

Infact we can always absorb the 21T shift by
rotating one 4 by Best that does not affect
the Yukawa matrices

1
This on also proved by noticing that Sa Q.in neri

eisa cio by taking 0h07 21T A
instanton number

topological

quantity



Even if A term does not contribute to any order
in perturbation theory nevertheless several SM observables

have a non trivial Q dependence such as

vacuum energy
electric dipole momentof the neutron
pion mass proton neutron mass splitting

This dependence con be understood qualitatively as

the Contribution to the SM Pil of gaugeconfig with
non vanishing topological charge Q I d fieno

Example VACUUM ENERGY of QCD E A

Elo is defined as

è Yeol gppgstd i.ESFIFI

ECON EIA
Eco e Eco da fiddndef.de d and

use Doing and 55007510 fora

Q O is the absolute min of Elf as

IKEA e EVEN e ad a
Std Iefte

podestà è KEG

ECO Ed

parity sim At 0 is notspoutbroken
VafaWittentheorem



Let us extract the form ofEco and show that Elato

To do this we need some approximation method

to compute the P.I

use saddle pt approximation
take Pil in Euclidean formulation as we

did above
contribution ofintegrand mostly given by config
with FINITE ACTION and that MINIMIZE STA

arance stese aetj.sn9
itgoesout integral

ma in 4M or QCD config Aj that MINIMIZE
the Evil action and han FINITE Action are

called INSTANTONS

Finite action Fieg pies
Af è pure gauge ie i2pulaula for

some ULI SI G

Instantons are classified by maps U s G these

are classified by Homotopyclasses classes an dove

by maps that can be continuously deformed into
each other in it G 7 The classes are
labelled by an INTEGER that is precisely

h Infdkffu EM INSTANTON NUMBER



Maps that have the same lust numb have
the same O term S On

è YEA Eeine fan è
sta

How to determine the instanton solution in eachclass

Write Euclidea action as

Effie IIEF.it sin
S s 8g In min obtained when

E E
Fields satisfying x are automatically solof e a m

In the topological sector labelled by the integer n

Stdmin SE
In

è held 2 èSItaltino gg e
Falde

I computable
As MI increases the contribution is suppressed

the leading contribution to A dependence is

given by Int 1

By doing the Computation one realizes that
ECO has a non trivial O dependence

Since ELOI ECO any effect of a appears in vac.eu
at leading order at least through È and rapidly



disappears for 04 Effect of Ato mostvisible

in parity odd observables like the ELECTRIC DIPOLE

Moment of the Neutron da strongest bound on 0
at present

El dipole moment represents the effective coupling
between the neutron n and the photon Api dentro
DIFFEREN DISTRIBUTION OF POSITIVEAND NEGATIVE EL CHARGES

inside the neutron It is formally definedas
the coping

da Arman Fp e parity odd

da gets O dependence at quantum level quantum
concetong

da n alal MI 10101 e Gli
miefondimanalysi

A dependence should disappear if one quark
is massless da Ma aME

The most recent experimental bound 2015 Pendlebury etall is

duk 18.10 e Gli 101st
very small STRONG CP Problem

A very small dimensionless parameter is naturally
related to an approx sym that is restored

when o quantum correction L 0

Is CP such a syn No because CP already brokenbuffet



Morava O is the sun of tuo contributions oneof
which comes from Yukawa matrices that are
Known to have an Ohl ce violating phase
natural expectation is On Gul

PECCEI QUINN SOLUTION

Proposal there is a new V11 global symmetry
with a mixed anomaly with such

a L

Q angle is unphysical if there is a global
continuous trust parametrizedby a that

leaves or theory invariant up to a shift
of the gluon top term SLA a Fife

The easiest way to realise it is what proposed by P.A

Sullo is classically invariant under
a global UCDpatrouf but Un p is anomalous

with mixed triangle diagrams with gluons so

that
go e gaeiafieau

First trial would be to cheek among the already

existing 011 symmetries of the SM However

non satisfies the requirements



global 013 flou syme acting on the Weyl spinors
Qe UE df li er with vanishing mass term

is broken explicitly by Yuto Yato to the

Baryon and lepton number UCI Bx Oil that
have no anomalous mixed 4 with Sua

PQ solution requires new physics beyond SM

One may add zero mass fermions that survive
in IR to realize the anomalous term However

Suchafermionic particles are not observed
colored

It remains the option that Uu pa is
Sport BROKEN and in the law en theory

its NGB called QCD AVION alt

reproduces the anomalous actionof the gm
in theeffective lagrangiani

normaleofArtwith

Fffaque
canonica kinetic term

Al d GISpa
1 SI È

non decayconstant
E amacaamaca related to scaleof

spSym breaking
Guessed in the same way
as Legg was guessed

brakes shift sym
axiom mess expected ma fa
by quantum corrections

Hetta ma Mach a shiftsymforbids masstermtoraxion a



At energies below scale of Pa symbreaking the

5Mt axiom Lagrangian is
term

Si 0 Eien e amava gjii.it
PQ syn now halved as X p

A
SHIFT syn model dependent terms that do not

at at afa pieces break shift sym
and diff

include terms like

Fair afm.FM III cifrati gasati
9

either a quark
or a lepton

there could be non derivative coupling of axiom to quark
mass matrix

q e
i405Ham q

but it con be rotated away by red.fm q e

that would just shift the are coupling and Gaffney

fa is defined by x in the frame where Capo

Now we can use shift sym to rotate away tho term

a 0 All the rest of L is left invariant

in presence of Axton Gluon coupling the O term

is not physical and all observables an indepiof 0
results ove quivi todo ma resolutionof StrongCPproblem



Ian andca coupling ate impotent because thy per
potential processes where axiom could be detected

these coup are pop ti fà powers mi way
to constrain fa value

Astroplys danni based on neutrino emission from
SUPERNOVA 1987A gue

fa posa
veryweak

interaction withvisiblematter

Ma E 1 ev very
small

An upper bound comes from blackhole superradiane

fa E 2.1017GeV

Depending on cosmological scenario fa gets more stringent upper
bound from Dark Matter production

Since ma is very smell a will survive in IR
below Qed scale we can define an effective

action with Lifeson and a

To do this we will use the following trick votate

q's siti axion gluon coup disappears the priceto

pay is a mass term dressed with axiom field a
We know how My appear in law en Lagrangian

L e fà Tr Lugnut Boff trCUM.ttMau



Nowsubstitute that reducesto

Ma e
415

amo e
i405alfa expression above

whenCq is pronto

We then obtain a scalar potential depending

on pions and axiom Pions have mass bigger than master
we can integrate pious out and obtain the
axiom potential

Vale mi ftp.uYYFYEI
Even and periodic potential
Min is at a o mi CP is not sport broken

Includingnext to leading corrections
a Via It 01mg t uncertainty on

Mu Md
140 1140

fromincluding
alsoquack s

One con derive an expression for avion mass

mi ihn MÈI ma sitter FI
Then is also a a selfinteraction with

Iiii il I
very weak unlessthere are

many axioms thatgenerate
anattractiveforceeven
competing with gravity


