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The QCD axion



The strong CP problem
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The strong CP problem
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The strong CP problem

1
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CP violating

e [nstantons contribute because of
complexity of QCD vacuum,
2 2
effect ~ e 87 /&

e Physical parameter = 6 + N¢fy
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The strong CP problem
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CP violating

e [nstantons contribute because of
complexity of QCD vacuum,
2 2
effect ~ e 87 /&

e Physical parameter = 6 + N¢fy
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The QCD axion

New global axial symmetry U(1)pq
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New global axial symmetry U(1)pq

e Spontaneously broken by the vacuum
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New global axial symmetry U(1)pq

e Spontaneously broken by the vacuum
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The QCD axion
New global axial symmetry U(1)pq
E~f

e Spontaneously broken by the vacuum

2\ 2
_ 2 a _ ip(x)/fs

Vi = (lof -5 ) et0=peeers .
mese S0
WO SR
NS S

NS Beit!
\\}-..-i'.". ':-_‘;;,!

Vi
I

i1l
]

e Classical shift symmetry ¢ — ¢ + const
@%Gé + ogint

7T
? E~Ngcp < 1o

Energy
/

1
$¢ = E u(ba#d) +

o Explicitly broken (at quantum level) by GG

S A

T

and instantons at Agcp
1
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The QCD axion

New global axial symmetry U(1)pq

e Spontaneously broken by the vacuum
2

Vi =2 (1P - 5) o0 = ptxye

e Classical shift symmetry ¢ — ¢ + const

1 .-
Ly = 50,0"9 + M%GG+ZM

:

o Explicitly broken (at quantum level) by GG~ Energy

and instantons at Agcp //
o 053(x) = (/% "
Minimum is CP conserving I I 1 6
- 0 7T
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Properties and models

The QCD potential sources a mass term for low E, below Agcp:

, m2f? 10° GeV
@ m? ~ ;;2” , my~6 meVT
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, m2 f2 109 GeV
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Properties and models

The QCD potential sources a mass term for low E, below Agcp:

, m72r fw2 109 GeV
@ m? ~ 7z m, ~ 6 meVT
( Invisible axions: f, >> vgy )

I) DFSZ model
e Two Higgs doublets model H,, Hy
e SM fermions carry PQ charge ¢,

@)

5 g C’z/)’[/;’YH’YSQ/}
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Properties and models

The QCD potential sources a mass term for low E, below Agcp:

, m2 f2 109 GeV
i m? ~ ;;2” m, ~ 6 meV 3
( Invisible axions: f, >> vgy )

I) DFSZ model 1) KSVZ model

e Two Higgs doublets model H,, Hy e New heavy quarks Q*

e SM fermions carry PQ charge ¢, e The new quarks carry PQ charge

8ﬂ¢ Tom aﬂ¢ Yk A M *
of, cyYy s of, cor @7 Q
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Cosmological populations




e Thermal axions

e Non-thermal axions: misalignment and topological defects
— Important to relate f, to the scale on inflation!
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e Thermal axions

e Non-thermal axions: misalignment and topological defects
— Important to relate f, to the scale on inflation!

PQ breaking

Inflation

N

PQ breaking
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Vacuum realignment

We study the evolution of the ¢ field

x10'
$+3Hé + m2p =0 T
+3Ho + m2p =
g 15 m, < 3H T —N, 20
; axion is frozen 15
axion number N, J10
. s

is conserved

e At high T the axion field has a random

6,
o
o
L L L B B R U

TSR ST
N

initial value, and is frozen 0 ’ u
5
~ H -0.5
o When m,(Tos) ~ 3H(Tosc) it starts | | 0

oscillating

1012 GeVv\ "%
e) GeV

Tosc =1.18 ( 3

m, ~ 3H
axion starts rolling,
turns into pressureless matter.

7m,,/m:
‘ ‘ ‘ —3H/m)

0.5 2 25

e The field coherently oscillates
producing a non-relativistic population

of axions

1 15
1/T (Gev')

po o< R
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Hot axions: dark radiation

e Thermal production: x; + x2 <> x3 + ¢
e Solve Boltzmann equation

e Axions contribute to Ngg

dn
d—;b + 3Hn, = r(n;" — ny) ANeir = Negr — NéfSFM) x Z—(ﬁ
.
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Hot axions: dark radiation

e Thermal production: x; + x2 <> x3 + ¢
e Solve Boltzmann equation

e Axions contribute to Ngg

dn sM) P

d—;b + 3Hn, = r(n;" — ny) ANeir = Negr — Néﬁ ) o B2

P~
O ANefF O( g*_s4/3 T IIHIII| T \IIIIII| T IHIHI‘ TTTIM T T T T T \IHIIIl T IHIHI:
e We focus on . X ;
Tg~ Tew 3
5 Planck(20) -
o CMB-54 will reach 3 0 -
sensitivity CMB — 54(20) 3
ANeff ~ 0.01 1072 =
1 ) T W IHIHI‘ | IHHH‘ 1 IIIHHl 1 HHIIIl 1 \IHIIIl 1 IHIHIrE
107 107 1073 1072 107! 1 10 10 10°

T(GeV)
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Axion cosmology

Cold axions

e Non-thermal production mechanisms

) f:a 1.18 _
Q.h% ~0.15 7

1011 GeV
Scenario A: f, > Tk Scenario B: f, < Tr, (0;) ~ O(1)
f, > 10 GeV 10° GeV < £, < 10! GeV

Hot thermal axions

e Production in our DFSZ and KSVZ models
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Results in thermal production




Production at the EW scale in DFSZ

L = Lsy —|— CxxtrXul,X‘W u¢ C¢’(/_)’y’u’)/51/)
21, 7
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Production at the EW scale in DFSZ

L = Lsu —|— Z CxxtrXul,X“ 2ﬂf¢ Z C¢’(/_)’y’u’)/51/)
2y

Axion couplings

e Model independent
¢Gé operator,
subdominant w.r.t. y;

e Derivative — Yukawa

I Cw my,

P51

e Leading top-axion
operator at the EW
scale tX — to
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Production at the EW scale in DFSZ

L = Lo + Z CxxtrX, X 2“f¢ > oy
oy

SM couplings Axion couplings

o X ={g, v, WE, Z h) ° Mod(il independent
¢G G operator,

® g > Yt > 8w > ¢ .
subdominant w.r.t. y;

1.2
1.0
0.8

e Derivative — Yukawa

0.6
ICw my,

P59

0.4
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T (Gev] e Leading top-axion

operator at the EW

o tg — to + EW corr.
scale tX — to

Sydney Meeting 2020 10



Numerical results
Comoving axion abundances for f,/c; = 108 GeV:

0.0032 | t9 10 -
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Numerical results
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Axion parameter space

DFSZ model KSVZ model
AxionDark Matter | AxionDark Matter

Thermal production Thermal production

Gom ADMX Gor ADMX
— Astro — Experiments, | | Astro— Experiments

Gop MA%MAbX* Gop MADMAX*

Gon CAST, IAXO* Gom CAST, IAXO*
6 7‘ é é 1‘0 1‘1 1‘2 13 6 7‘ é é 1‘0 1‘1 1‘2 13

logf, [GeV]

logf, [GeV]

6 x 10% GeV < fPFSZ <25 10° GeV 5 x 108 GeV < £X5VZ < 2 x 1010 GeV
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Backup slides: nEDM

e The nEDM is a measure for the

>

distribution of positive and

\1/

negative charge inside the neutron ap P N

e Under T, up changes its direction, 5 (lT
whereas dy stays unchanged TN

ﬂ— |

e Under P, the dy changes its
direction but not uy

e Measurable with Larmor precession of the neutron spin inside a parallel and
anti-parallel E and B fields

_ hAv
T 4E

hl/=2/ANB:|:2dNE, dn



Backup slides: axion CDM

Scenario A: f; > Tgr Scenario B: f, < Tg

e Only vacuum realignment e Vacuum realignment and
contribution topological defects contributions
e Crucially depends on the initial e The initial angle value is averaged
angle over different causal patches
Q,h% ~ 0.1 Vg f \7°
~015( —2 . 2 a
a <1011 GeV) ! $2,h 0.7 (1011 GeV)
e Wide range of possible scales: o Limited window:

fo 2 10° GeV 10° GeV < £, < 101 GeV
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