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weak nuclear interactions

det [y, v, ydyji] = 0ckM =~ 1.2

Cronin and Fitch ’64



Time Reversal




Time Reversal

Anti-
Matter

CP violating phase (dcp)

m «— CP symmetric
can take a value between -180° and 180° | (No neutrinc-antineutrino difference)

Disfavored
region at
the 30 C.L.
Enhance electron
antineutrino appearance

180° «— CP symmetric
+180 (No neutrino-antineutrine difference)

T2K experiment ’19

Enhance electron neutrino
appearance




Time Reversal




Neutron EDM

Strong CP problem!



The QCD Axion Solution Peccei Quinn ‘77

Weinberg, Wilczek ‘78
(KSVZ, DSFZ...)

U(1)pg with mixed anomaly with SU(3). (with SSB)
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The QCD Axion Solution

Peccei Quinn ‘77
Weinberg, Wilczek 78
(KSVZ, DSFZ...)

U(1)pg with mixed anomaly with SU(3). (with SSB)
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From Lattice QCD
Athenodorou et al. ‘22 yop = (80 £ 10 MeV)*
Bonati et al. ‘15 Yiop = (70 £ 10 MeV)*

From Chiral Perturbation Theory

) mumg  m2f?
! (mu+md)2 f(%

Weinberg 73




the QCD axion: the mass @NLO

m? — Ty, 1My mTZTfT?
¢ (mu + md)z ff




the QCD axion: the mass @NLO

Grilli, Hardy, Pardo, GV - 1511.02867

m2 f2 m?2
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the QCD axion: the mass @NLO

Grilli, Hardy, Pardo, GV - 1511.02867

m2 f2 m?2
m? My My il . m — 6mymg +m3
= 14207 (B — ho 1 !

(my +ma)?  f2 [ Ik ( N )]

lattice average: ﬂ
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the QCD axion: the mass @NLO

Grilli, Hardy, Pardo, GV - 1511.02867

22 2 _
m2 = Tl M/ [1+2 (h;‘—hg—zg m, Gm“m”mdr)]

mu+md 2 3 f.,.T (mu +md)
a—l
-3 7(4 10_
lattice average: ﬂ (4'8 +14-10 ) ( )
MS 2 GeV Amikstrong)

= Ea G ~ 0. 48(Bﬂ




the QCD axion: the mass @NLO

Grilli, Hardy, Pardo, GV - 1511.02867

m2 f2 m2
2 My My ply i m: . . . m —Gmumd—l—md .
— 14+2—Z (A" — ht — 1 [

(My +mg)?  f2 [ " = ( 17T (M +mg)? )]

\ J |-'J
lattice average: ﬂ (4-8 +1.4- 10_3) ( (4) 1077 )

L= M2 GeY) 48(Bﬂ
M5 (2 GeV)

Mg = 5.70(6)(4) ueV (101;(}(3\/)

\ J

(Xtop)1/4 — \/m = 755(5) MeV




the QCD axion: the mass beyond NLO

Gorghetto, GV - 1812.01008

1012 GeV
Mg = [5.815(22)2(04) £ —0.121(38) ¢ —0.022(07)¢r (05),r +0.019(06)kr] ueV
., ~— - N ‘ L'\_ ‘ 1. EJ\— - ZJ fa
[TO0] [NLO NNLO EM
1012 GeV 1/4

me = 5.691(51) peV

Xt = T5.44(34) MeV
fa



the QCD axion: the mass beyond NLO

Gorghetto, GV - 1812.01008

1012 GeV
My = [5.815(22) —0.121(38)55 —0.022(07)¢r (05)r H0.019(06) 7 ) peV ©

~ -~ fa
x Y —

(T3] [NLO | NNLO| EM

1012 GeV 1/4

mg = 5.691(51) peV i Xtop
a

= 75.44(34) MeV



QCD Axion PI'OpGI'ti@S Grilli di Cortona, Hardy, Pardo Vega, Villadoro ‘15

1 -
LD ZgaprF



QCD Axion PI'Op@I'ti@S Grilli di Cortona, Hardy, Pardo Vega, Villadoro ‘15

1 ~ - o Dem E 1 92(4)
LD ZgawFF Jaryy = 27Tfa N . X Mg



QCD Axion PrOpertieS Grilli di Cortona, Hardy, Pardo Vega, Villadoro ‘15

L - _ Qen 1B g9
LD ZgawFF Jaryy = 27Tfa N . X Mg ,



QCD Axion PI'OpGI'ti@S Grilli di Cortona, Hardy, Pardo Vega, Villadoro ‘15

L FE ) SN T
EDZQQWFF gaqr'y—m N_ . () X Mg ,

M2 [ Gary\ 2 5 23 eV "
Loy =2 ( aw) ~ 10" Ja ~ ©
T 4 \ 4 TR 10T To5 Gey U\ T,



QCD Axion PI'OpGI'ti@S Grilli di Cortona, Hardy, Pardo Vega, Villadoro ‘15
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QCD Axion PI'OpGI'ti@S Grilli di Cortona, Hardy, Pardo Vega, Villadoro ‘15

1 ~ _ Qem E
LD ZgaprF :> Jayy = E [N — 192(4) X My ,

a
Sso a — —|_ _ _
. ”acNNW%N cp =[—0.47(3) 4 0.88(3)c2 — 0.39(2)c) : 0.038(5)c?
—0.012(5)c® — 0.009(2)cp — 0. 0035(4) A&
cn =|—0.02(3)| + 0.88(3)cy — 0.39(2)c® — 0.038(5)c?
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Axion Parameter Space

fa I(I)IS 1917 1?16 1?15 1?14 1(I)13 1(I)12 lloll I(I)IO 1?9 I(I)S 1(I)7 GeV

| | | | | | | | | | |
mg 101 10 10° 10% 107 10° 10° 10* 103 102 10! eV

| | |
Ae km m mm




Axion Parameter Space
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Axion Parameter Space
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Axion Parameter Space

Ja 10 107 10'° 1?” 1?”‘ 19” l(l)12 19“' 1?“’ 10°  10% 107 GeV
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Scenario I: no PQ restoration after inflation

fa > maX{HI, TR}

A

Av/\v/\v/\v/\ o




Scenario I: no PQ restoration after inflation

fa > maX{HI, TR}

a(tg) = const (within Hubble)

after inflation



Scenario I:

a(tg) = const = 6y f,

i+ 3Ha+mia=0

T> A

-2



Scenario I: a(ty) = const = b f,

i+ 3Ha+mia=0
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QCDh

Ja 108 19” 19“‘ 1(|)15 19“‘ 103 10" 1?“' 19”’ 199 108 107 GeV

0=102 6=1 O=mn

fa
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Post-Inflationary Scenario fa < max{Hr, Trmax}




Post-Inflationary Scenario fa < max{Hr, Trmax}

=1

U(1) restoration




Post-Inflationary Scenario fa < max{Hr, Trmax}

=1

U(1) restoration

No initial 6 dependence

Q, = Qpu ‘ Prediction for m, !



‘ Complex non-linear evolution




‘ Complex non-linear evolution




Complex non-linear evolution





n ‘ Complex non-linear evolution

Strings Domain Walls




- b Complex non-linear evolution

Strings Domain Walls

t— domain wall

from 1906.00967




‘ Complex non-linear evolution

Domain Walls Oscillons
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IR A Complex non-linear evolution

Strings Domain Walls Oscillons





n ‘ Complex non-linear evolution

Strings Domain Walls Oscillons Mini-Clusters

i today

t— domain wall

from 1804.05857



n ‘ Complex non-linear evolution

Strings Domain Walls Oscillons Mini-Clusters Axion-Stars

t— domain wall

from 1804.05857



QCD Axion Dark Matter

1018 1?17 l(l)lﬁ 1915 1914 1I013 l(l)lz l(l)ll 1?10 1?9 108 107 GeV
pre-inflation

| overproduction |

| | | | | | | | |
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me 2, 0.02 meV



QCD Axion Dark Matter

1018 1?17 l(l)lﬁ 1915 1914 1I013 l(l)lz l(l)ll 1?10 1?9 108 107 GeV
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| overproduction |
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mg 1010 1010 102 10® 107  10° 107 ' 104 107 102 107! eV
Mg 2 0.02 meV

only
misalignment



QCD Axion Dark Matter

1018 1?17 l(l)lﬁ 1915 1914 1I013 l(l)lz l(l)ll 1?10 1?9 108 107 GeV
pre-inflation
| overproduction | post-inflation
I | | I | | I | I
mg 10"t 10 10°  10% 107 10° 10'5' 10* 103fF 102 10" eV

e > 0.02 meV mg 2 0.5 meV (’\: =1
me = 3.5 meV (N = 6)

only _
misalignment w/ strings...

Gorghetto Hardy Villadoro 18 - ‘20

Klaer Moore ‘17

Kawasaki, Sekiguchi, Yamaguchi, Yokohama ‘18
Buschmann, Foster, Safdi ‘19 - 21



QCD Axion Cosmology: Thermal Production
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QCD Axion Cosmology: Thermal Production

' r”‘a g 1”‘a T2 -5 T3



QCD Axion Cosmology: Thermal Production
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QCD Axion Cosmology: Thermal Production




QCD Axion Cosmology: Thermal Production
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QCD Axion Cosmology: Thermal Production

T? T3
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Axion Future Present and Future Searches
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