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Motivation

« Unraveling nature of dark matter (DM) most urgent BEEEREEEEAREERERRREEGRUERRRREART lEIEES
problem of particle physics and cosmology 1035 | neutralino x =
= S - -
: : : g0 A . \ -
« Non-observation of Weakly Interacting massive Par- 107 £ neutrino v =
: L . = 2 ]
ticles (WIMPs) at LHC and in direct detection DM ex- 10-% E = e
periments strong motivation to focus also on alterna- . & = . =
. . . . — = _
tive candidates, in particular to very Weakly Interac- C  axion a &8
ting Slim Particles dubbed WISPs 10 b - £ 3
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,...; Arias et al. 12] i 1090 5 axino a E
_ _ & 106 -
« Particularly well motivated WISPs: Nambu-Goldstone i 3
.. . ')—7 - T —]
bosons arising from the breaking of global symmet- 0 = gravitino gso =
ries introduced to solve other problems, e.g. 1077 £ =
« Axion — breaking of Peccei-Quinn symmetry — solves 10 % E ey GeV =
strong CP problem [Peccei,Quinn 77; Weinberg 78; Wilczek 78] e e L R e T

10-20 1012 10—4 104 1012 1020

« Majoron — breaking of lepton symmetry — solves neutrino ;
mass problem [Chikashige et al. 78; Gelmini,Roncadelli 80] mpm [GeV]

, Kim,Carosi 10
* Flavon — breaking of flavor symmetry — solves flavor [ !

puzzles [Wilczek 82; Berezhiani,Khlopov 90]
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Strong CP Puzzle

Theta term in Quantum Chromodynamics

e  Quantum Chromodynamics (QCD) [Gross,Wilczek 73;Politzer 73; Fritzsch,Gell-Mann,Leutwyler 73]

. 1 a a 1%
Sacp = [ e {g(in D" - My q - (65,6}
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Strong CP Puzzle

Theta term in Quantum Chromodynamics

e  Quantum Chromodynamics (QCD) [Belavin et al. 75;t Hooft 76;Callan et al. “76;Jackiw,Rebbi “76 ]

1 g — ~
4 — /- a a, v S a a, v
SqQcp = /d x {q (¢y, D* — My)q — ZG“’”G R — 3 0G,,G"" }
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Strong CP Puzzle

Theta term in Quantum Chromodynamics

e  Quantum Chromodynamics (QCD) [Belavin et al. 75;t Hooft 76;Callan et al. “76;Jackiw,Rebbi “76 ]

1 _
Socp = /d% {q(i%D“ - M,)q— -G, G — eaujgs}

4 M

/d% O Jbg = 0,41,42, ...
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Strong CP Puzzle

e  Quantum Chromodynamics (QCD) [Belavin et al. 75;t Hooft 76;Callan et al. “76;Jackiw,Rebbi "76 ]

4 MY 1

1 o
5qQcp = /d4w {G(iwD“ ~ M) q—~Go,Gum — 2 QGZVG“’“’”}

» Parameters: strong coupling &s, quark masses M, = diag(m,,, mg,...) and theta angle 0 € [—m,+n7]
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Strong CP Puzzle

e  Quantum Chromodynamics (QCD) [Belavin et al. 75;"t Hooft 76;Callan et al. “76;Jackiw,Rebbi "76 ]

1 o
5qQcp = /d4w {G(iwD“ ~ M) q—~Go,Gum — 2 9GZVG“’“”}

4 MY 1

» Parameters: strong coupling &s, quark masses M, = diag(m,,, mg,...) and theta angle 0 € [~m, +n]

» Topological theta term o G4%,G**" « E* - B
violates T and P, and thus CP
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Strong CP Puzzle

e  Quantum Chromodynamics (QCD) [Belavin et al. *75;"t Hooft 76;Callan et al. “76;Jackiw,Rebbi "76 ]

1 g — ~
_ 4 — [ a a, v S a a, v
Sacp = [ dto {a(in, D"~ My q - GG - 1 TG, G0 |

» Parameters: strong coupling &s, quark masses M, = diag(m,,, mg,...) and theta angle 0 € [—m,+n7]

« Topological theta term Gzyéaw x E¢ . B¢ fu
violates T and P, and thus CP -

« Most sensitive probe of T and P violation in flavor -
conserving interactions: electric dipole moment of dﬂ“ P d,L
neutron ..

\\_,J ([T
T Y\:./
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Strong CP Puzzle

e  Quantum Chromodynamics (QCD) [Belavin et al. *75;"t Hooft 76;Callan et al. “76;Jackiw,Rebbi "76 ]

1 g — ~
_ 4 — [ a a, v S a a, v
Sacp = [ dto {a(in, D"~ My q - GG - 1 TG, G0 |

» Parameters: strong coupling &s, quark masses M, = diag(m,,, mg,...) and theta angle 0 € [—m,+n7]

« Topological theta term Gzyéaﬁw ~x E¢ . B¢ fu
violates T and P, and thus CP -

« Most sensitive probe of T and P violation in flavor N
conserving interactions: electric dipole moment of tlﬂ“ P d,l,
neutron; prediction: [Crewther,Di Vecchia,Veneziano,Witten 79;...; Pospelov,Ritz 00] y.

n —16 ~ (_{T
dn(ﬁ) = 2.4(1.0) X 10 6 e cm
T +
),
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Strong CP Puzzle

Quantum Chromodynamics (QCD): [Belavin et al. *75;'t Hooft 76;Callan et al. *76;Jackiw,Rebbi *76 ]

1 o
5qQcp = /d4w {G(iwD“ ~ M) q—~Go,Gum — 2 9GZVG“’“”}

4 MY 1

» Parameters: strong coupling &s, quark masses M, = diag(m,,, mg,...) and theta angle 0 € [—m,+n7]

« Topological theta term Gzyéaw ~x E¢ . B¢ fu
violates T and P, and thus CP -

« Most sensitive probe of T and P violation in flavor N
conserving interactions: electric dipole moment of tlﬂ“ P d,L
neutron; prediction: [Crewther,Di Vecchia,Veneziano,Witten 79;...; Pospelov,Ritz 00] .

ya) —16 7 = ‘lT
dn(ﬁ) = 2.4(1.0) X 10 6 e cm

. Experiment: [Baker et al. 06] T ‘;-"’

dn] < 2.9 x 1072 ccm v
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Strong CP Puzzle

Quantum Chromodynamics (QCD): [Belavin et al. *75;'t Hooft 76;Callan et al. *76;Jackiw,Rebbi *76 ]

1 o
5qQcp = /d4w {G(iwD“ ~ M) q—~Go,Gum — 2 9GZVG“’“”}

4 MY 1

» Parameters: strong coupling &s, quark masses M, = diag(m,,, mg,...) and theta angle 0 € [—m,+n7]

« Topological theta term Gzyéaﬁw ~x E¢ . B¢ fu
violates T and P, and thus CP -

« Most sensitive probe of T and P violation in flavor N 4
conserving interactions: electric dipole moment of tlﬂ“ P d,l,
neutron; prediction: [Crewther,Di Vecchia,Veneziano,Witten 79;...; Pospelov,Ritz 00] y.

n —16 \‘“:"" (_{T
d,(0) =2.4(1.0) x 10 0 ecm
_ T +
 Experiment: [Baker et al. 06] — ’9’ < 10—10 *—
d,| < 2.9 %1072 ecm v

DESY. | Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019 Page 11



Axionic Solution of Strong CP Puzzle

In a nutshell: replace theta parameter by dynamical theta field

« Add to SM Nambu-Goldstone field, 0(x) = A(x)/fa € |—m, 7], respecting a non-linearly realized U (1)pq
symmetry (f(z) — 6(z) + const.), broken by coupling to gluonic topological charge density: [Peccei,Quinn 77]

Lo —b@)q);  qlz) = G (@G (@)
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Axionic Solution of Strong CP Puzzle

« Add to SM Nambu-Goldstone field, 0(x) = A(x)/fa € |—m, 7], respecting a non-linearly realized U (1)pq
symmetry (f(z) — 6(z) + const.), broken by coupling to gluonic topological charge density: [Peccei,Quinn 77]

LS —0(x)q(x); qlz)= g—w Gt (x)GPH (x)

« Can eliminate QCD @-parameter

g — ~b. Ly
LD - [0+ 6(x)] GY, G

by shift (x) — 0(z) — 0
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Axionic Solution of Strong CP Puzzle

« Add to SM Nambu-Goldstone field, 0(x) = A(x)/fa € |—m, 7], respecting a non-linearly realized U (1)pq
symmetry (f(z) — 6(z) + const.), broken by coupling to gluonic topological charge density: [Peccei,Quinn 77]

LS —0(x)q(x); qlz)= g—w Gt (x)GPH (x)

« Can eliminate QCD @-parameter N
LD ——1046(x)] G, G
- 7 [ + ( )} nv
by shift 6(x) — 6(x) — 6
» Effective potential at energies below Agcp has absolute minimum at ¢ = 0 and thus predicts vanishing vev, (§(z)) = 0
No strong CP violation in vacuum [Vafa,Witten 84]

o

V) = 8 (my + my) 1_\/m%—|—m?l+2mumd(3089
U d My + My

Y = —(au) = —(dd) [Di Vecchia,Veneziano "80;
Leutwyler,Smilga 92]

L27r I—7r 0 I7T '27r
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Axionic Solution of Strong CP Puzzle

Add to SM Nambu-Goldstone field, 8(z) = A(x)/fa € |—m, 7], respecting a non-linearly realized U(1)pq
symmetry (f(z) — 6(z) + const.), broken by coupling to gluonic topological charge density: [Peccei,Quinn 77]

LS —0(x)q(x); qlz)= ;“—W Gb, () GO (z)

Can eliminate QCD @-parameter

Qs b Ab,uv
by shift (x) — 0(z) — 0

Effective potential at energies belowAQCD has absolute minimum at # = 0 and thus predicts vanishing vev, O(x)) =0
No strong CP violation in vacuum [Vafa,Witten 84]

Particle excitation: pseudo Nambu-Goldstone boson “axion” [Weinberg 78; Wilczek 78]
Topological susceptibility in QCD, X = /d4$<Q(9€)Q(0)>, determines mass in units of decay constant: m4 = \/x/fa
Recent precise determination (ChPT; lattice QCD):

109GV rilli di Cortona et al. "16;
ma = 5691(51) ( - ) mev g?)r:!acrj]yicetgl.ﬂé e

fA Gorghetto, Villadoro "19]
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Peccei-Quinn Extension of Standard Model

Simple way to get dynamical theta field

« Asinglet complex scalar field o, featuring a spontane-
ously broken global U(1)pq symmetry

 Particle excitations:

1 .
7(2) = = (onq + pla)) €40/ 7

V2

» Mass of particle excitation of modulus: M, ~ UVpQ

« Mass of particle excitation of phase: my =0

[Raffelt]
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Peccei-Quinn Extension of Standard Model

« Asinglet complex scalar field o, featuring a spontane-
ously broken global U(1)pq symmetry

 Particle excitations:

1 .
7(2) = = (onq + pla)) €40/ 7

V2

* Mass of particle excitation of modulus: 1M, ~ UpQ
» Mass of particle excitation of phase: ma =0

« Coloured fermions carry PQ charges such that U(1)pq
is broken due to gluonic triangle anomaly:

Oudliy. D — SN GY G

HYU(1)pq 37
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Peccei-Quinn Extension of Standard Model

« Asinglet complex scalar field o, featuring a spontane-
ously broken global U(1)pq symmetry

 Particle excitations:

o(z) = % (vpq + p(x)) Ao — e —

* Mass of particle excitation of modulus: 1M, ~ UpQ

« Mass of particle excitation of phase: my =0

« Coloured fermions carry PQ charges such that U(1)pq

is broken due to gluonic triangle anomaly:
87

i s b Ab,uv
« Low energy effective field theory at energies above Aqcp

but below v (<< UPQ)Z [Peccei,Quinn 77; Weinberg 78; Wilczek 78]

£= _g_;- 0(x) Gy, GO () = A(z)/fa; fa =vpq/N

[Kim 79;Shifman,Vainshtein,Zakharov
80;Zhitnitsky 80;Dine,Fischler,Srednicki 81;...]
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Peccei-Quinn Extension of Standard Model

1 o C'4 1 CAf —
LD 8A8A—— 2 A% — 7AF F“” — 0,A H
102 GeV Grilli di Cortona et al. 16 ;
« Axion mass: m4 = 5.691(51) (—e) meV {30rrlslanlyi Straol.r]?é;a
fA Gorghetto,Villadoro "19]

Couplings of axion to SM suppressed by powers of

fa =vpq/N > v =246 GeV
[Kim 79;Shifman,Vainshtein,Zakharov 80;Zhitnitsky
rendering the axion ,,invisible“ 80;Dine,Fischler,Srednicki 81;...]

[Kaplan 85;Srednicki "85]

Photon coupling: Cay = N 1.92(4)

Nucleon couplings: [Grilli di Cortona et al. *16]
Cap =—0.47(3) + 0.88(3)C'ay, — 0.39(2)Caq — 0.038(5)C' 45

—0.012(5)C ac. — 0.009(2)C 4p — 0.0035(4)C a4 ,
C'an = —0.02(3) + 0.88(3)C'aq — 0.39(2)C' 4y, — 0.038(5)C 45
— 0.012(5)C' 4 — 0.009(2)C'4p — 0.0035(4)C 44
« Electron coupling very model-dependent
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Astrophysical Axion Bounds

« Evolution of stars (Main Sequence — Red-Giant (RG) — Helium Burning (HB) — White Dwarf (WD)) sensitive

to additional energy losses

»
=
=
=
| —-—
o
O
&
=
=
@
o
=
=
=

30,000

planetary nebula

double shell-
burning

red giant

A —'-.'\_ _«

.- helium/ glant
- burning
star ’
*

white dwarf

10,000 6000
surface temperature (Kelvin)

-

. red

subgiant

inert carbon
‘k helium-burning shell
hydrogen-burning shell

double shell-
burning core

‘ helium burning
hydrogen-burning shell
helium-burning
star core

‘ inert helium

hydrogen-burning shell

subgiant/
red giant core

[Copyright Addison Wesley]
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Astrophysical Axion Bounds

H
- - ’ . L] L] ]
e ¥ Particle emission
NS delays He ignition, i.e.
B core mass increased
| "Xi‘:’% '; [sochrbnes for
. 14 Gy, [Fe/H] = -2

Asymptotic Giant '. N, Red Giant

Particle erhission reduces
helium burning lifetime,
i.e. number of HB stars

Horizontal Branch 0 (IV_I) 2 3

[Raffelt 14]
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Astrophysical Axion Bounds

 RG cooling rate: Brightness of tip of RG branch in color-magnitude diagram of globular cluster

m PR
’gAee‘ = _e‘CAe‘ < 4.3 x 10 13 [Viaux et al. 13]
A
« HB cooling rate: Number of HB stars vs. number of RGs in color-magnitude diagram of globular cluster
a —_
‘gAfyfy’ — —’CA’Y‘ < 0.6 X 10_11 GeV 1 [Ayala et al. 14]
27TfA

« WD cooling rate: White dwarf luminosity function (WDLF)
Me

fa

(GAce| = |Cae| < 2.7 X 10~ [Isern et al. 08-12]
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Astrophysical Axion Bounds

RG cooling rate: Brightness of tip of RG branch in color-magnitude diagram of globular cluster

Gace] = —|Cae| < 4.3 x 10713 [Viaux et al. 13]
« HB cooling rate: Number of HB stars vs. ﬁ%mber of RGs in color-magnitude diagram of globular cluster

Ga~~| = ﬁy@w\ < 6.6 x1071 Gev! [Ayala et al. 14]
« WD cooling rate: White dwarf luminosity function (WDLF)

(GAce| = 7;: |Cae| < 2.7 X 10~ [Isern et al. 08-12]

« Axion is a WISPy Dark Matter candidate: very light and very weakly interacting, since

1013
= 5.1 x 107 |Cxe| <_) GeV
10° GeV fa :
mag = 5691(51) ( © ) meV ’gAee’ 1
fA 8 10_11 GeV™
= 1.2 x 10 ’CAW‘ GeV
947~
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Axion Dark Matter

Vacuum re-alignment mechanism

« PQ phase transition takes place at

T ST ~vpg = Nfa

« Axion takes random initial values in causally 8,-0.053 ) oz " onr % Q.
connected domains Q029 \_ 018 0.057 _

01 02 03 04 05

[Turner "86]
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Axion Dark Matter

« PQ phase transition takes place at
T STYQ ~vpg = N fa

« Axion takes random initial values in causally
connected domains

 When H(T) ~ ma(T), axion field starts to
oscillate around minimum of potential; be-
haves like cold dark matter: wa = pa/pa >~ 0
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

DESY. | Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

IIIIIIIIIIIIlIIII|IIIIIIIII

m, < 3H

axion is frozen

k

IIIII|IIII|lIII|IIII|IIII|IIII|IIII|I

axion number N,
is conserved

m, ~ 3H

axion starts rolling,
turns into pressureless matter.

—my/ mg
| | 1 | —3H/m)
0 0.5 1 1.5 2 2.5
1/T (Gev™)

[Wantz,Shellard "09]

x10'2
25

20

15

Page 25



Axion Dark Matter .ol

0.7

9.(MVg,(N — |
9.(N/g (N — 1

Ratio
o
©

110 |

PQ phase transition takes place at

T <TP? ~wvpq = Nfa

90

= 70
k)
« Axion takes random initial values in causally 50r
connected domains 30|
 When H(T) ~ ma(T), axion field starts to oo 101 po ppe 108 105

T (MeV)

oscillate around minimum of potential; be- Borsanyi et al., Nature 16 [1606.0794]

haves like cold dark matter: wa = pa/pa ~ 0
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

« QCD input from lattice:

 Equation of state = H(T)
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Ratio

Axion Dark Matter LW \.\\7 ' —
g.(N/g, (N — |
0.7 94(7)/g(T) —

110 |

PQ phase transition takes place at

T <TP? ~wvpq = Nfa

90

= 70
k)
« Axion takes random initial values in causally 50r
connected domains 30|
 When H(T) ~ ma(T), axion field starts to e ppw o pp- o o5
. T . . _ T(MeV)
oscﬂlatg around minimum of potential; be Borsanyi et al., Nature 16 [1606.0794]
haves like cold dark matter: wa = pa/pa >~ 0 102

[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

« QCD input from lattice:

lfm]

 Equation of state = H(T)
x(T)
fa

» Topological susceptibility = m 4(T) =
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Pre-inflationary PQ symmetry breaking scenario

Axion Dark Matter

ee”" T e tee_ inflation
et H; N end of
D L T T, “~~._ inflation
Seny

If PQ symmetry broken before or during inflation o :
(fa > H;/(27)) and not restored afterwards ;T

no PQ symmetry
restoration

Axion CDM density depends on single initial value
in patch which becomes observable universe and f 4

-

b .
------

-------------

[Saikawal]
Page 28
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Axion Dark Matter

« If PQ symmetry broken before or during inflation
(fa > Hy/(2w)) and not restored afterwards

» Axion CDM density depends on single initial value
in patch which becomes observable universe and f 4

O R2 ~ (.12 fa o 2
A ' 9 x 1011 GeV '

1.165
~ 0.12 (6 “ev) 02,

ma

DESY. | Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

f, [GeV]
101010 10" 10™ 10™* 10™ 10" 10" 10 1¢°

100 i QA>QCDM

q o post-inflation
107 f  pre-inflation misalignment 1
initial angle range
o ,n2
@ 10
-3 i
L Q4 < Qcpm
10'4 L

109 10° 10* 10% 102 107 10 10" 10> 10°
My [LeV]

[Borsanyi et al., Nature "16]
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Axion Dark Matter

« If PQ symmetry broken before or during inflation
(fa > Hy/(2w)) and not restored afterwards

» Axion CDM density depends on single initial value
in patch which becomes observable universe and f 4

fA >1.165 02

9 x 1011 GeV !

1.165
~ 0.12 (6 “ev) 02,

ma

QYW h? ~ 0.12 (

» Upper bound on scale of inflation from isocurvature
fluctuations produced by the axion during inflation
and not erased afterwards:

5.0 neV) 04T

Mg

H; < 5.7 x 10° GeV (

» VR works also for ALP (mass ind. of decay const.):

1/2 fa ’
Ont 012 (2 67
RO Gev) \arxaosaev ) 7
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G
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g @ B
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Oob
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Q
)M
il
— ek mmh b
o o o o
LN N w E
(Aaw) "w

E, (GeV)
102 10" 10" 10" 10"

1017
19 || TIIIIII || Tllllll || lllllll h [N RN || ]|l|”[ 1 _9
10 A0 < N 10
1018 , \)\ -8
A N 10
10" Q&Q 107
10' Anthropic £ N 10°
10" » s .

. . 5
axion window / N 10

VT
S| Misalignment

0,=m— f . \ Too
Strings much
/ \lark matter

10 7 | ”

8 /' RNNORDT
10 E@ / fi=4 opﬁ/sic% 102
107 m‘é.uum” 1 T M et
10* 10° 10° 10" 10® 10° 10" 10”10‘210“"101“10‘51016
H, (GeV)

[Wilczek, Turner "91; Beltran,Garcia-Bellido,Lesgourges 06;
Hertzberg, Tegmark,Wilczek 08; Visinelli, Gondolo 09;
Hamann et al. 09; Wantz,Shellard 09]
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Axion Dark Matter

Post-inflationary PQ SSB scenario

Post-inflationary PQ symmetry breaking scenario

Time
end of inflation
Averaging over random initial axion field values N
1.165
30 peV
OTh2 a2 0.12 (L)
ma

PQ symmetry
e —— :
restoration

Does not exceed observed CDM abundance for
ma > 28(2) peV

/ ) PQ symmetry
o " breaking
[Borsanyi et al., Nature 16 [1606.0794]]

QCD phase

after QCD
phase transition

[Saikawal]
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Axion Dark Matter

Averaging over random initial axion field values
30 ,ueV) 1.165

ma

QW h? ~0.12 (
« Does not exceed observed CDM abundance for

ma > 28(2) Mev [Borsanyi et al., Nature “16 [1606.0794]]

« Axions also produced by collapse of network of
topological defects — strings and domain-walls —

* AXIOH can be 100% Of DM for [Hiramatsu et al. 11,12,13;

Kawasaki,Saikawa,Segikuchi 15;
Ballesteros et al. 16;
~ AR,Saikawa "16;
ma ~ 25 ,LLGV 4.4 meV Klaer,Moore “17;
Gorghetto,Hardy,Villadoro "18;
Buschmann et al. 19;
Hindmarsh 19]
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Summary

« DM axion mass spans a huge range:

Preinflation models Postinflation models

Anthropic window - 00000

< I
I | - lllllll L1 lllllll L1 lllllll Ll lllllll Ll lllllll L1l lllllll L1l lllllll L1l lllllll L1 lllllll
1077 10°® 1077 107° 107° 10~ 103 102 10! 1
™m A [meV]
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Summary

« “Axion revelation”: DM axion mass starts right at border of stellar energy loss exclusion bounds:

10-8
10-°
LSW (OSQAR) PVLAS
2 10°°
_g 8]
10 ABRACADABRA Helioscopes (CAST) 8 10
o 10
— m
T 1010 0 10-11
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« Many experiments are running/planned which probe a large region ot relevant DM parameter space
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