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The QCD Axion

Dark matter candidate
motivated from particle physics

Very light and weakly-coupled particle,
significantly different from VIMPs

Different production mechanisms



The Strong CP Problem

- STRONG INTERACTIONS
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Lqocp = _ZGWGW +qilDg — [qg mqqr + h.c.]

) ()

S oo

0
mq
0

005




The Strong CP Problem

- STRONG INTERACTIONS ~N

1 . _
Lqocp = _ZGWGW +qilDg — [qg mqqr + h.c.]
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It conserves C,P and T (and of course CPT)

Can we conclude that we cannot have CP
(or T) violation by strong interactions?



The Strong CP Problem

CP VIOLATION

C\{S I/N — ')
ngg = 98—7TG““ Gy — [qR Mg € Y0 g + h.c.]




The Strong CP Problem

CP VIOLATION

4 )
CVS 1Y ~ — ')
ngg = 0—=G""G — [qR Mg € Y0 g + h.c.]
87
EQ—ZQQ
\_ T
- OBSERVABLE CONSEQUENCES ~

Neutron electric dipole moment

d, ~2.4 x 107% ) ecm

Crewther, DiVecchia,Veneziano, Witten, PLB88 (1979) and PLB9I (1980)




The Strong CP Problem

CP VIOLATION

\

Pendlebury et al.. PRD92 (2016)

-
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685‘6 = 68—7TG““ Gy — [qR Mg € Y0 g + h.c.]
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- A SPECTACULAR BOUND




The Peccei-Quinn Solution

s

. . )
Dynamical solution to the strong CP problem

New U(l)rq symmetry

 spontaneously broken at the scale f (with f > weak scale)

* anomalous under strong interactions

Peccei, Quinn, PRL38 (1977) and PRD | 6 (|977)J




The Peccei-Quinn Solution

s

. . )
Dynamical solution to the strong CP problem

New U(l)rq symmetry

 spontaneously broken at the scale f (with f > weak scale)

* anomalous under strong interactions

Peccei, Quinn, PRL38 (1977) and PRD16 (1977) |

100 GeV New physics at a very high energy scale

GeV Do we have any low-energy degree of freedom?



The Peccei-Quinn Solution

~

. . )
Dynamical solution to the strong CP problem

New U(l)rq symmetry

 spontaneously broken at the scale f (with f > weak scale)

* anomalous under strong interactions

Peccei, Quinn, PRL38 (1977) and PRD 16 (1977)

PROBLEM |

Unbroken Symmetry Broken Symmetry

> \

Pseudo Nambu-Goldstone boson in the spectrum (axion)
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The Peccei-Quinn Solution

e , , R
Dynamical solution to the strong CP problem

New U(l)rq symmetry

 spontaneously broken at the scale f (with f > weak scale)

* anomalous under strong interactions

i Peccei, Quinn, PRL38 (1977) and PRD | 6 (|977)J

The axion has (“anomalous”) coupling to gluons

2
a g ~
L D > _GH*Md,,,
QCD f 3272 H

100 GeV

GeV



The Peccei-Quinn Solution

s

. . )
Dynamical solution to the strong CP problem

New U(l)rq symmetry

 spontaneously broken at the scale f (with f > weak scale)

* anomalous under strong interactions

Peccei, Quinn, PRL38 (1977) and PRD16 (1977)

100 GeV
CP-conserving minimum!
Strong CP Problem Solved Dynamically!

GeV




The QCD Axion

Axion develops a potential below the QCDPT

(harmonic potential only good around its minimum)

DiVecchia,Veneziano, Nucl. Phys. B 171 (1980)



The QCD Axion

4 )

Axion (zero-temperature) N
: 10 GeV
mass from non-perturbative me = 5.7 neV

f
potential (f = 108 GeV)

Georgi, Kaplan, Randall, PLB169 (1986)
Grilli di Cortona, Hardy,Vega,Villadoro, JHEP1601 (2016)

The QCD axion is very light!
\_ _/




The QCD Axion

4 A
Axion (zero-temperature) N

: 10 GeV
mass from non-perturbative me = 5.7 neV

f
potential (f = 108 GeV)

Georgi, Kaplan, Randall, PLB169 (1986)
Grilli di Cortona, Hardy,Vega,Villadoro, JHEP1601 (2016)

The QCD axion is very light!

\_ _/
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......... Is & v
g;:: 3272 fG G
The QCD axion is extremely i
weakly coupled to Standard | = ﬁ Crry 3;2 %F“”FW
Model particles
0,0 -
""""" < cr= I




The QCD Axion

Very lightand ggi
m=s1(PFN) v extremely weakly e P <
coupled Vi:

Axion detection challenging,
but several novel ideas

Irastorza, Redondo, Prog.Part.Nucl.Phys. 102 (2018)

Potential prominent

role in cosmology

Wilczek, Phys.Rev.Lett.40 (1978)
Weinberg, Phys.Rev.Lett.40 (1978)




The QCD Axion

Very lightand gi:
m=s1 (U7 ) v extremely weakly e P <
coupled ﬁi

Axion detection challenging,
but several novel ideas

Irastorza, Redondo, Prog.Part.Nucl.Phys. 102 (2018)

Potential prominent

role in cosmology

Wilczek, Phys.Rev.Lett.40 (1978)
Weinberg, Phys.Rev.Lett.40 (1978)

In this lecture:

Cosmological production of axions

in the early universe



Axion Stability

-

Axion can decay to
two photons




Axion Stability

-

Axion can decay to a’ ,,,,,,,,
two photons
PROBLEM 2 f 5 \
Ta—syy = 1.3 X 10°° (109 GeV> yrs




Cold Axions
(Dark Matter)




Axion Field Evolution

d?a

dt?

SH

dt




Axion Field Evolution

* 3H(T) > ma(T): axion field stuck by “Hubble “friction

* 3H(T) < ma(T): axion field oscillates, energy density
stored in oscillations evolves as non-relativistic matter




Axion Cold Dark Matter

Bae, Huh, Kim, JCAP 0809 (2008)




Axion Cold Dark Matter

Bae, Huh, Kim, JCAP 0809 (2008)

>1.18

f
1011 GeV

2
1

~ (0.1 6:

0, h?




Axion Cold Dark Matter

. il \ , - | '

What is the initial axion field value? ¢ gy

It depends...
Bae, Huh, Kim, JCAP 0809 (2008)
*‘J

e A

1.18
f

1011 GeV
-

Qu.h? ~0.167




Pre vs Post Inflation

Dark matter relic density gives us
a hint about what f could be

What PQ broken during inflation!?
If yes, was it restored afterward!?



Pre vs Post Inflation

f‘

\_

Dark matter relic density gives us
a hint about what f could be

What PQ broken during inflation!?
If yes, was it restored afterward!?

Pre-=Inflation ™~

Single initial field value
Relic density depends on f and O

Misalighment only

J

\_

- Post-Inflation ™~

Average over initial field value
Relic density depends on f only

Misalignhment + Topological defects

Gorghetto, Hardy,Villadoro, JHEP 07 (201 SU




Axion CDM Summary

fo [GeV]
107 10'% 10" 10" 10™ 10™* 10" 10" 10" 10" 10°

Ot 0~0() -
10 () -

| “natural”
107 } pre-inflation —.

| initial angle
o ;
& 107 l -_
-3 i Pre-Inflation Scenario: ) |
10 PQ broken during inflation and not restored afterward | |
Axion field homogenized, one single (unknown) value
1 0'4 of over the entire horizon -
| No Fourier higher-modes, no topological defects |

10° 10 10% 102 102 10" 10° 10" 10% 10°
Mp [HeV]

Borsanyi et al., Nature 539 (2016)



Axion CDM Summary

fo [GeV]
10'910'% 10" 10'° 10" 10'* 10"° 10"# 10" 10" 107

10° | 7 -:

1 post-inflation
10 misalignment -

o 5 range
S 10 —-
1 0-3 Post-Inflation Scenario: ) i
PQ broken after inflation '
Average over initial value of axion field

1 0'4 Additional contribution from topological defects =

. (significant uncertainty) )

10° 10 10% 102 102 10" 10° 10" 10% 10°
Mp [HeV]

Borsanyi et al., Nature 539 (2016)



Axion CDM Summary

fo [GeV]
102 10'° 16’7 10"° 10™ 16" 10" 10'¢ 10" 10"° 10?

* PRE:initial field value unknown, just a (0 | f
relation between 0 and f (i.e. m,) 0} predinfiation postinfation
initial angle range
S 102 l

* POST: theoretical uncertainty on
topological defects contribution gives

a range for f (i.e. m,)

10° 10™® 10™* 10° 102 10" 10 10" 10¢ 10°
mp [neV]

Motivated range for f (with caveats):

Correct dark matter abundance for POST, and PRE if there is a O(1) initial misalignment angle

10° GeV < f <10 GeV



Axion CDM Summary

fo [GeV]
102 10'° 16’7 10"° 10™ 16" 10" 10'¢ 10" 10"° 10?

* PRE:initial field value unknown, just a (0 | f
relation between 0 and f (i.e. m,) o'l oradation postinfiation
initial angle rangeg ‘
& 107 l

* POST: theoretical uncertainty on
topological defects contribution gives
a range for f (i.e. m,)

10 10° 10* 102 102 10" 10° 10' 10% 10°
mp [neV]

Motivated range for f (with caveats):

Correct dark matter abundance for POST, and PRE if there is a O(1) initial misalignment angle

10° GeV < f < 10M GeVv

e — e '*‘

| What about hot axions in thls range’ W




Hot Axions
(Dark Radiation)




Axion Dark Radiation

Axions produced by 2—2 processes involving
particles in the primordial thermal bath
(final energy much higher than m,, i.e.“hot”)

B1B2 — Bga

They are still around today!
How do we unveil their presence?



Axion Dark Radiation

Axions produced by 2—2 processes involving
particles in the primordial thermal bath
(final energy much higher than m,, i.e.“hot”)

BlBQ — Bga

They are still around today!
How do we unveil their presence?

: : 7 (T,\"
“Hot axions” can be inferred by prad = py+ Py +pa = |1+ 2 (T—> Neff] Py
8
studying the CMB, manifesting as
. : . 1I\Y3
additional neutrino species ANy = % (Z) g—
Y



Hot Axions and CMB

5_ ! ! A AR y { R L) : : A A A
\ QCD PT
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Gauge s
002~ Weyl D
001~ Scalar 1002
0.005 - 1001
104 Y ] 100

Decoupling Temperature (GeV)

Brust, Kaplan,Walters, JHEP 1312 (2013)



Hot Axions and CMB

St | - | | CII) PT AN@H Planckgo'2
N\ Q ANt spr_sc =~ 0.06
1.\ ANett| s _as ~ 0.025
05 11
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<1 o4 2018) 02 %1
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auge
0.02 - Weyl SPF3G 0.05
001~ Scalar CMB-S4 - 1002
0.005 - 1001
10-4 Y ] 100

Decoupling Temperature (GeV)

Brust, Kaplan,Walters, JHEP 1312 (2013)




A Note on Precision

Importance of a precise calculation:

Axions may never thermalize

If they thermalize, decoupling details relevant
(i.e. effect larger the experimental error)

)
<

.
- QCD PT
5

1
05

o ———— J—— o -

02
Planck

0.1
005 G 0.1
0.02 Weyl SPT3G =0.05
oor- Scalar  cmp.s4 i
0.005 0.01
10~ Y o 100
Decoupling Temperature (GeV)



A Note on Precision

Importance of a precise calculation:

Axions ma)/ never thermalize i} SN = e I ———— -

o

If they thermalize, decoupling details relevant o Weyl TS

001+ SCalar CMB-$4 0.02

(i.e. effect larger the experimental error) | o
Découpling Temperature (GeV)

Tracking the axion humber density

dng
CZ | SHna:%:Ca

Collision operators accounting for all
processes (scattering and decays) changing
the axion number density




Collision Rates

TS
gg — ga [gauge X Q) —
(and others) f

3
fh — fCL PfIéYmion X y?%

ik
f g — f a F%&"mion X &Smiﬁ



Collision Rates

TS
gg — ga FgaugeO(OéfQ
(and others)
TS
fh —7 fCL Pfe]rmlom X yf f2
wi

fg — fa Ffermlon OC&SmfF

Loop suppression

Enhanced for
heavier fermions




Collision Rates

TS
gg — ga [ gauge X O —
(and others) f
TS
fh —7 fa Pfe]mnmom X yf f2
wi
fg — fa Ffermlon OC&SmfF

Efficient at high
temperatures

(UV_production)

Efficient at low temperatures

(IR _production)

This has to be compared with the expansion rate H(T) ~ T2/Mp

na(T)

YolT) =~ =

I(T)/H(T) =

MpiI(T)/T?




Collision Rates

TS
gg — ga [ gauge X O —
(and others) f
TS
fh —7 fa Pfe]mnmom X yf f2
wi
fg — fa Ffermlon OC&SmfF

ANcg barely within reach
of future CMB survyes

Potentially large
contribution to ANes

This has to be compared with the expansion rate H(T) ~ T2/Mp

="y = T()/H(T) =

MpiI(T)/T?




Collision Rates

TS
— ga I X a
g(g\d others)g SAUEE o f f2 ANes barely within reach
of future CMB survyes
TS

fh — fCL Ffelrmlon X yf f2

T | -
2 Potentially large
f g — f a Ffermlon X &Smfﬁ Y S

contribution to ANes

(9 Axion coupling to fermions

a — : :
mediate processes leading to

C

I f v f detectable ANef

Baumann, Green,Wallisch, Phys.Rev.Lett. 1 17 (2016)




Third Generation Quarks

0,0 -
""""" Cf%fV“V

°f

Already studied well above

and below the EWPT

Compute axion production
mediated by coupling to
Standard Model quarks of the
third generation (t and b)

Salvio, Strumia, Xue, JCAP 1401 (2014)
Ferreira, Notari, Phys.Rev.Lett. 120 (2018)

Complete calculation by including processes with all electroweak states

Smooth connection between above and below the EWPT (with

temperature dependent Higgs vev)

Thermal masses

New contribution: axions from decays (for off-diagonal couplings)

Aragon, FD, Ferreira, Merlo, Notari, in preparation



Results: Scattering

0.20 PRE\ \M‘Nmm
Cf — 1
— tt-ag
—— bb-ag
~——— CC=->ag
e tt—aH
— ttsaZ
20 CMB-S4 s
— tb-aW
----- tt-ay;
——— All Processes with c;
1o CMB-S4
gg-ga
1o futuristic
0.01 5 B 7 B 9 70 1"
10 10 10 10 10 10 10 10

f,(GeV)

Aragon, FD, Ferreira, Merlo, Notari, in preparation



Results: Scattering

0.20 : |
/ : /’ -
- CAST IAXO
: C f p—
0.10} , : B
. bb-ag
: ' : cc-ag
/] : — ttsaH
£ 0.05} :
z ' | : tt->aZ
— E o R B ----- ttoay,
' . tb-»aW
‘ -~
:‘\ S\ 1 =ee-- tt_’aXi
0.02 2% All Processes with ¢,
'\ 10 CMB-S4
g Y gg-ga
K i ) s
' I A
)
]
0.01 : : . /I . . " 19’ futuristic
104 10° 10° 107 108 10° 1010 10™M
f,(GeV)

Bounds from coupling to photons (assuming order one couplings)
Region relevant to cosmology within reach of future axion terrestrial searches!

Aragon, FD, Ferreira, Merlo, Notari, in preparation



Results: Decays

0.20 PRE\_\M‘N,NM
0.10} \
= 0.05 _ — t-ua & t=ca
= —— b-da & b-sa
L]
20 CMB-S4 s
gg-ga
0.02}
10 CMB-54
0.01 . i . . . 10 futuristic
104 10° 10° 107 108 10° 1010 10"
f,(GeV)

Aragon, FD, Ferreira, Merlo, Notari, in preparation



Results: Decays

R
' |3 Reees
IAXO
: Cf — 1
0.10 :
+ 0.05 — t=ua & t=ca
g —— b-da & b-sa
\ 20 CMB-$4 = l=ta.
) gg-gda
0.02
10 CMB-S4
i i ) /l ) 10 futuristic
10 10° 108 107 108 10° 10'° 10"
f.(GeV)

Bounds from coupling to photons (assuming order one couplings)
Region relevant to cosmology within reach of future axion terrestrial searches!

Aragon, FD, Ferreira, Merlo, Notari, in preparation



The Ho Tension

Mismatch between early and late universe
measurements of the Hubble constant Ho

Planck Collaboration, Planck 2018 results.,arXiv:1807.06209]
A. G. Riess et al.,Astrophys.]. 861 (2018)

A substantial (~ 0.2) contribution to AN can be the origin
Bernal,Verde, Riess, JCAP 1610 (2016)

0.507

, Scattering \

Could it be from axions!? Yes!

~,
~
~
~
-~
S
<

But... axion interacting with >
heavier lepton flavors and
large couplings

=
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' 20, CMB-S4

' 10, CMB-S4

0.01 10, futuristic :

10°* 10° 10" 10’ 108 10°
flc) [GeV]

FD, Ferreira, Notari, Bernal, JCAP 1811 (2018)




Cold and Hot Axions

QCD axion: motivated hypothetical particle
with substantial cosmological consequences

7

10° GeV < f <10 GeV

\

fo [GeV]
1010 10" 10"® 10" 10" 10" 10" 10" 10" 10°

10° F
107 }
& 102}

108 }

104 |

“/:Lﬁwlnuunu

10% 10®° 10 10° 102 107" 10° 10" 10% 10°
ma [ueV]

99999

rrrrrrr

Aragon, FD, Ferreira, Merlo, Notari, in preparation
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Solar Axions




Solar Axions

{
1/ ®
Sonmn
W
,0
' J
Y
<
Qan Y & Loop Correction

Axions can be produced in the
Sun and they would escape

without further interactions and 0 et
. ¥ - 3 —b nL’..—
with energy around the keV = ' ' B R
'i,e' f.e‘ N ——d— N
Bremsstrahlung

Kolb, Turner,“The Early Universe”, Front.Phys. 69 (1990)



Electron Recoil from Solar Axions

They can hit an atomic target here on Earth
and ionize the atom via the axioelectric effect

Axlon e
‘ >
>
Z+ e Z* e

This would induce an order keV electro recoil

Can we detect it!

Derevianko, Dzuba, Flambaum, Pospelov, Phys.Rev.D 82 (2010)






Solar Axions at XENON1T?

---- 2l4pp ---- Solarv  ---- 833MKr
———- 85Kr 133 e 124y a
. ---- Materials ---- 131mXe —— By
Observation of electron v T o [ SR1 data

recoils over a wide L S S
F SR1 (226.9 days)

range or recoil energies
(I -210) keV

1033—

102

Events/(t-y-keV)

0 25 50 79 100 125 150 175 200
Energy [keV]

XENON Collaboration, arXiv:2006.0972 |



Solar Axions at XENON1T?

---- 2l4pp ---- Solarv  ---- 83WKr
St 85K1" 133Xe 124Xe
. i ; ey 231IA N—
Observation of electron e e St
recoils over a wide wosf .~ T T
. . E SR1 (226.9 days)
range or recoil energies

103'5—

(1 - 210) keV

102

Events/(t-y-keV)

25 50 79 100 125 150 175 200
Energy [keV]

Excess at low energy?

.. XENON Collaboration, arXiv:2006.0972 1



Solar Axions at XENON1T?

120 T T
| -7 keV range: = [l | l "
285 events observed = = ETH? lr 1

. it
. | | |
Background expectation: £ ] ‘
232 i |5 T T 1832{1 data—
-2+ ‘ _

0 El) 110 115 ) 210 215 30

Energy [keV]

XENON Collaboration, arXiv:2006.0972 |



Solar Axions at XENON1T?

| -7 keV range:
285 events observed

Background expectation:
232 £ |5

120

100

lll

> | |
i T ] l]l | I I l
S 6of l ”[Hl | | [
& !
&
2 l |
20 F — B
I SRI1 data
0 |
21 -
b O L s e o o ‘e ... A ..
_2— . [
| | | o | |
0 5 10 15 20 25 30

Energy [keV]

Background from tritium decay
still not completely understood

Worth keeping an eye on it!

XENON Collaboration, arXiv:2006.0972 |



SUMMARY



Dark Matter

85% of matter of
unknown origin and composition

gravity

Standard Model Dark Matter



Motivated Candidates in 2020

Hierarchy Problem Strong CP Problem
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Motivated Candidates in 2020

Hierarchy Problem

Standard particles SUSY particles

WIMPs

i C 1

1 GeV SJ MWIMP S 10 TeV

owimp =~ 1 pb

spin-independent WIMP-nucleon interactions

10"
107
1074

— 107" E
~

WIMP paradigm
challenged by decades
of negative searches

S 1074
10

10
w)

g 1074

L™=

O o
1074
1074

l()AJ" 1 | lllllll L 1 lllllll L 1 ) TS 1A S
1 2 3 5 10 20 30 50 100 200 500 1000

WIMP mass [GeV/c] M. Schumann, Zurich PW 2019




Motivated Candidates in 2020

AXion

10° GeV

My = 5.7
(7

da SM X fa_l

) meV

Strong CP Problem
@4

smiT

Wealth of new ideas
for axion detection

Irastorza and Redondo, Prog. Part. Nucl. Phys. (2018)




Where Are We?

T 17 T ]
| SIMPs WIMPzillas_
Asymmetric DM
1075 — Sub=GeV WIMPs _
10—10 - ]
— 10—15 I ' |
@ Axions
Sterile v
10—25 - ]
FIMPs
10—30 I ]
Fuzzy DM Gravitinos
10—35 L ]
10—40 ‘ |
102 107 107> 10710 107> 1 10° 101 101 10% 10



Where Are We?

10°
| | | | |

1 I

10—5 I

10—10 -

10—15 -

U int (pb)

10—20 I |

10—25 I |

10—30 I |

10—35 I _

10—40 ‘ ‘
107 10~2Y 1071 10710 107> 1 10° 1010 101 10%° 10%

mpm(eV)



Where Are We?

A
Direct searches:
“neutrino floor’ in x
the next 5-10 years
5 | — Y

1 2 3 456 810 20 3040 60 100 200 400 600 1000
2
WIMP mass [GeV/c]

Talk by M. Schumann at TeVPA 2016

Within few years:

* WIMP discovered (herald of additional discoveries?)
* Move on with new ideas beyond the WIMP paradigm



Next ldea Could Be Yours!

10°

1

107

10—10

10—15

Tint (pb)

10720

10—25

10—35

10740

THANK YOU

10—30 I

- SIMPs WIMPzillas_
Asymmetric DM

o Sub—GeV WIMPs L

B Axions ]
Sterile v

Fuzzy DM CELIBE ]

| Gravitinos

107% 10720 1071 10710 107 1 10° 1010 1013 102 10%

mpm(eV)




