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A (partial) list of open questions 1n particle physics and
cosmology

* Why do strong interactions not violate CP?
* What 1s the nature of dark matter?

« At what scale did inflation take place?



The Strong CP problem
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The gauge invariant combination G G is odd under parity (P), but even under charge
conjugation (C), so odd under CP. This 1s like in EM:
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One can show that GG is a total derivative. As such it cannot have any effect in
perturbation theory. It does have, however, physical non-perturbative effects, due
to non-trivial gauge field configurations (instantons).



The Strong CP problem

Including also the quarks

Performing a global U(1) chiral rotation of the quark fields g — €Y

2
introduces the term ¢ gs 5 Gl Gay  1nthe lagrangian.
T
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From LQCD D (932;_2 GZVGGMV -+ chz-Miquj + h.c.

we then have that the physical CP violating angle in QCD 1s

O =0+ arg detM

Using chiral lagrangian techniques, to study QCD below the confinement scale,

one can compute the dependence of the neutron electric dipole moment (EDM) on the
parameter 0.

The experimental non observation of a neutron EDM implies: 6 < 10~ 1Y



The Strong CP problem

In the Standard Model the quark masses are proportional to their yukawas, and

arg det M = argdet(Y;Yy,)

In the weak interactions, starting from the yukawas one defines the CKM matrix,
where the CP violation is parametrized by the phase 0, which is experimentally
measured to be of order one.

So, we have evidence for a CP violating phase of order one in the weak interactions,
no evidence for a CP violating phase in the strong interactions.
We call this the strong CP problem.



Anthropic solution?

What would be different in nature if theta were of order one?

How does theta affect nuclear physics?
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Effect of theta on the deuteron binding energy

Big Bang Nucleosynthesis (BBN) is sensitive to the deuteron binding energy (2.2 MeV)
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No reason from nuclear physics and BBN why theta should be small!
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NO anthropic solution to strong CP



The Axion solution

Augment the Standard Model (SM) by a global chiral U(1)pq symmetry, anomalous
under the QCD gauge group. This can be achieved by adding at least one complex scalar
field to the SM

¢ = pew/ / > pei(a/ fra) PQ = Pecce1-Quinn

U(1)pq

2 ~
The anomaly of the U(1)pq generates the term % ngTQ GG

in the QCD lagrangian.
At scales below confinement, A ~ 200 MeV , we get the potential

V(@.0) ~ AY [1 ~ cos (% i eﬂ

minimized at (o) = —f0.

At the minimum of this potential, QCD is CP conserving: strong CP problem solved!



Spontaneous vs explicit breaking of PQ symmetry
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Temperature dependence of the axion mass

A : confinement scale of a strong gauge group

A2
At zero temperature  Mgyo = & 7
A\P
At finite temperature My (1) ~ { ’ (T)
el for T' < A,

For the QCD axion: A =~ 200 MeV, p=4, I=0.1, &=0.1
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Due piccioni con una fava

On top of providing a solution to the strong CP problem,
the axion can also provide a good cold dark matter candidate.
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The Axion 1n the expanding universe

FRW metric  ds® = —dt* + a*(t)dz*

Hubble parameter I 5
a 3M;p

1 1
S = /d4x\/ g“’”( 0,00,0 + 2m202>

From the action derive the equation of motion of the axion

v2
O'—|—3HO'—|—m O'——QO'—O
a

Take the axion to be homogeneous in space o(Z,t) — o(t)

6+3H+mioc=0
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Axion dark matter
6+ 3Ho +my(T)*c =0
Consider the evolution during the radiation dominated era H~—

V(o)
T < AQCD

-27T —‘rr é)* J‘T 2‘7'( O'/f

When H ~ m (1) the axion field starts to oscillate.
Soon after, the energy density of the oscillating field redshifts like
non relativistic matter:

po xa”’
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Light but very cold dark matter

For this calculation we need only CLASSICAL field theory.

In fourier space, a field homogeneous 1n space corresponds to
a field with zero momentum.

The classical axion field then describes what in quantum field theory would be
a very large number of scalar particles at zero momentum.

These are clearly non-relativistic, very cold indeed.
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Axion relic abundance
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Summary so far

@ The Universe undergoes a phase of
exponentially accelerated expansion: inflation.

f V(o)
@ TRrRH
1 — X . — o/f
@ , Hy ~ 14ys
@ T osc

@ The Universe reheats to a temperature Ty ,
and as it expands it cools down.

| At Tose,when mg(Tose) =~ H(T,s), the axion field starts oscillating.
‘1,.: @ Such an oscillating field describes a collection of non-relativistic
axions, which survive until today.
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HISTORY OF THE UNIVERSE A
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Axion dark matter with low scale inflation

What if the scale of inflation 1s as low as

Hi < mg,
. 3 ¢ 2 —0 . — 3 Hit
o+ 3Hro+m,o o(t) = o 271 cos(myt) — 0
V V
end of inflation
classical motion
\/ g g
no axion dark matter

Are there ways to obtain a relic abundance of axions in this scenario?
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o :axion ¢ : inflaton

What if the inflaton and the axion are coupled?

L1 1
=t o2 2
= =39 (0u00y0 + 0,00,¢ + 200,00,¢) + Smyo” +V(9)

Kinetic mixing
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Via the kinetic mixing, when the inflaton starts oscillating around the
minimum of its potential (reheating) it will kick the axion away from its
minimum.

The axion displacement, in turn, allows for the re-alignment mechanism of

dark matter production to take place.
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End of inflation

V(6)4 o i
...inflation__ g2 !
2 ¢ =V(¢) = 2MpH”

>
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¢end i~
me
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Diagonal basis at reheating

mg < mi

D REREAEEEEE 2
Reheating

e

Diagonal basis during reheating

2
mo.
oM~ ad+o, pra~ V1 - a? (¢_O‘m2 0)

m2 ?
2 2 2 @
mpy — My, MR = 1 _ o2
At the end of inflation
gb N QMPHend ODMend — CV¢end + Oend = CV¢end
end = my  CaMpHenq

me
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Reheating

Q
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Aend Uosc Aend Aosc
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CaMpHend The field drifts on a flat potential and stops within
me a few Hubble times

opMm + 3Hopm =~ 0

¥DMend M0
A ~ ~ >
Agou] ~ | 2208 B ] > ortend
BaMpimgg
i é — ©@DMx =
\ My
aénd afc:)sc @
\ B 1s a number of order 1
ODM = a_3/2SODMend cos(myot)
| ODMend| = Mo0|¥YDMend|
o5
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Summary so far

The dark matter field
SODM ~ C\5¢ —|— 0}

18 a linear combination of axion and inflaton, hence we dub it inflaxion dark matter.

After the dynamics that happen during reheating, it 1s stuck at

BOszmJQ

PDMx —
me

away from the minimum of its potential.

That 1s the misalignment. From that point on, the calculation of the relic abundance
proceeds in the same way as for scenario 2.

26 .
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Final relic abundance

p+3 1

_ pP+3 __1 p+1 p+3
QO_h? = Kk, 62 gs(Tosc) 1 gs(Tosc) \ T AN TSN A / P2
7 P 100 100 0.1 0.1 200 MeV / \ 1012 GeV

Whereas 1n the first scenario I discussed the initial misalignment angle
1s not calculable, in the inflaxion scenario it 1s given
in terms of the parameters in the Lagrangian.
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Parameter space

logo( Myo / €V )

Excluded regions, violation of:
Meo > Hing blue
e Mo (Tmax) < Hing green
E 0, <1 red
z
I'pm < Ho orange
logyo( f / GeV)
(a) A =200MeV (QCD axion) o = 1/3 Jdoff = 10_2
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Parameter space

logIO( mMg0 / eV )

logo( Hiye / €V )
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log1o( f/ GeV)
(c) A =10°GeV
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Excluded regions, violation of:

Meo > Hint blue
Mo (Tmax) < Hing green
0, <1 red
I'pm < Ho orange

a=1/3  gopr =107
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Conclusion

An axion (or any scalar) which mixes kinetically with the inflaton can
provide a good dark matter candidate even 1f the scale of inflation 1s lower
than 1ts mass!
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