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The QCD axion
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=> Solves the Strong CP problem [Weinberg, 78]

[Wilczek, 78]
. [Abbot+Sikivie, 83]
= Excellent Dark Matter candidate [Dine and W. Fischler, 83]
[Preskil et al, 91]
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Invisible axion parameter space a---
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Are there other possibilities? a---
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Photophilic/photophobic
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Heavy axions a--»-
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What about lighter axions? a--
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An even lighter QCD axion



Axion potential
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Axion potential
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The Z2 case: Mirror world
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What about lighter axions?
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What about lighter axions?
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Z,, axion: N-mirror worlds ook 16
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=> The axion realizes the Z non-linearly.
=> N degenerate worlds with the same couplings as in the SM except for the

theta parameter
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Z,, axion: N-mirror worlds ook 16

=> N needs to be odd. Example: Z3

mq (V) 4
mag(N =1)  2N/2
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Z,, axion: N-mirror worlds ook 16

=> N needs to be odd. Example: Z3

Solving the Hierarchy Problem Discretely

Anson Hook!

" Maryland Center for Fundamental Physics, Department of Physics
Unwversity of Maryland, College Park, MD 207}2.

We present a new solution to the Hierarchy Problem utilizing non-linearly realized discrete sym-
metries. The cancelations occur due to a discrete symmetry that is realized as a shift symmetry on
the scalar and as an exchange symmetry on the particles with which the scalar interacts. We show
how this mechanism can be used to solve the Little Hierarchy Problem as well as give rise to light
axions.
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Why exp. suppressed? ww=--mi- 2mm e (£ 2)

k=0 (M + ma)

- One would expect: m2f2 - NmQ f2
ala wd
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Why exp. suppressed? ww=--mi- 2mm e (£ 2)
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\Why exp. suppressed? vw--3 mi- 22 o (L )
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Why exp. suppressed? w-- 3w fi- o (. 2)

o (my, +my

- One would expect: TM]&
TCJ TT

—=> Let’s understand the cancelation:

N Nloq 2k N 27 0
V (Qa)—%;ﬁ‘/(ea‘FW) %/O V(:C)d&?}@(/\/’)

Source: Wikipedia

Step=1/1 Does not depend

on the axion!

— cte

0.5 1.0 15 20

Based on 2102.00012 and 2102.01082 24
L .. 00000000000



\Why exp. suppressed? vw--3 mi- 22 o (L )

0 (My +myg

-> One would expect: MZ f2
TCJ TT

-> Let’s understand the cancelation:
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Why exp. suppressed? w-- 3w fi- o (. 2)
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Why exponentially suppressed?  z=mu/ma
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Why exponentially suppressed?  z=mu/ma
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Compact formula el = = 3wty I (1 2

=> Using Fourier decomposition and Gauss hypergeometric functions

we managed to show that:
€ The total Z,, axion potential approaches a cosine:

Vi (0,) ~ — /C,];a cos(N8,)

€ Compact analytical formula for the Z,,axion mass

2 2
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Novel bounds from finite density effects

N-1
2k B :
Vacuum: Vv (0,) = Z v (9@ + T) ~m2f22 Ncos(Nea) Exponentially small
k=0
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Novel bounds from finite density effects
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Novel bounds from finite density effects
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Novel bounds from finite density effects

Low density

0.45
0.40 e A stellar object of high (SM)
0.35 density is a background that

0.30 breaks explicitly Z,

0.25 g
0.20 f%m%

e At high density the minimum
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6 4 ) 2 1 6
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Caveat |

=> There are N minima: we only solve the strong CP with 1/N prob

6, = {X2nl/N} for 220,1,...,#,
) —10
4 <10
1 /N probability
-6 4 o 96@ 2 1 6
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Dark matter from the ZN
axion

Trapped misalignment



Axion DM: Misalignment mech.
00 + 3H0, +m?2sin (0,) =0

~Damped harmonic <$ + fyj; + w2x = ())
oscillator:

Pa X a
Scale factor a [Abbot+Sikivie, 83]
[Dine and W. Fischler, 83]
[Preskil et al, 91]
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Axion DM: Misalignment mech.
00 + 3H0, +m?2sin (0,) =0

~Damped harmonic
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What about the ZN axion?



Mirror world cosmology

=> Mirror worlds need to be colder than SM due to Neff bounds:

-

/
BBN: N,; = 2.89 4+ 0.57 , CMB: Nz = 2991232, (a 0.51

TS W-1)7
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Finite temperature Z, axion potential

N-1
2 .
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Finite temperature Z, axion potential

N-1
21k _ i
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Finite temperature Z, axion potential

Exponentially small
Vacuum: P y

T > Aqcp
k/N)
e Unsuppressed po
e Minimuminm ENTV2(1V N cos (V6,)
Vi (0a) = =V (
(3.6)
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https://docs.google.com/file/d/1ixnIcICvaZUfO0kEXMmpfEo7fiT7KJA_/preview

Trapped misalignment mechanism
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Trapped misalignment mechanism

| 6, =cte 15t Osc. Trapped in 0, = 7 ' 9nd Osc. WKB, N, = cte

Trapped mis.

j\//\ J/\\}/\’/\vf\ T
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T I T T T T |I T T I T
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Delay

e Delayed onset of oscillations = Less dilution = More DM
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Trapped + kinetic misalignment

Trapped + kinetic mis.
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0.13 . ?a . ICtG | . Osc VIVK%, ]VIa = clte
y 0.05 T TQCD Ty
0 — High Temp. Usual mis. < 3> Low Temp.
a a/fll

Delay
e Further delay of the onset of oscillations

[Co, Hall, Harigaya, 19]
[Di Luzio, Gavela, PQ, Ringwald, , 21]
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Trapped + kinetic misalignment

Trapped + kinetic mis.
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0, =cte 1% Osc. WKB|N, = cte,  Kinetic, g, = cte 2" Osc. WKB, N, = cte
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' 22 Maln [1—2  ap
Conclusions i g2 Mol J12 g

Proof of concept: the QCD axion can be even lighter

UV completions: KSVZ is PQ protected

Motivates regions accessible by ALPS II, BabylAXO, IAXO...

Both finite density and temperature effects are crucial

The Z, axion can explain DM in large regions of {m_f} 3 < N < 65.

Novel production mechanism: trapped misalignment

\ 2000 S N N 2

It can source kinetic misalignment

Based on 2102.00012 and 2102.01082 51




Caveats and outlook

-=> N worlds is non-minimal: extra dimensions? strings?
=> Solve the strong CP with 1/N prob.

=> Trapped misalignment:
€ Only zero mode: Axion fragmentation?

€ Trapped in other scenarios

Based on 2102.00012 and 2102.01082 52
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True axion potential

02 -

- V(a) = _mgrf?\/l _ _dmuma sin? (%)

2
(my +my)
[Di Vecchia +Veneziano,80]

[Leutwyler+Smilga, 92]
[di Cortona et al, 15]

e V(@) ~ —m2f2 cos(a/ fa)

a/fa
Based on 2102.00012 and 2102.01082 35



What about lighter axions?

0.8 f =

- Vifa) ~ cos(a/f) Completely
| massless axion?

SM

0.6 4

0.4+

024t """"":" e 0.8_ ,,,,,,,,,,,,,,,,,,,,, : ,,,,,,,,,,,,,,,,,,,, i,,,,,,,,,,,,,,,,,,,,% ,,,,,,,,,,,,,,,,,,,,

0.0 17
-2m - 0 m 2r

—— Vi) ~cos(a/fut )

0.6 1

~ cog(a/ fa)
Vi(a) ~ cos(a/ fo + )

044 —— Vo(a) + Vi(a)

N

0.04

2w -I7r 0 7r 2
a/ fa
Based on 2102.00012 and 2102.01082 36
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Potential for N=3, z=1

1.50 -1

Based on 2102.00012 and 2102.01082
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Axion potential

Lo fﬂ GG V() i f e coslal )

Vi(a/fa)

—— QCD instanton potential

7

sode . N\_._ .~ Quantum Gravity potential _

—— Total potential

=> Alignment

T R —— f__;__hu e M,.___E_ e

—=>» Cancelation

1.0 1

fa
0.0 1
_3 3
Based on 2102.00012 and 2102.01082 0 a/fa 58




PQ quality: KSVZ-like Z,

Vi(a/fa)

—— QCD instanton potential

/]

2.0 4 —— Quantum Gravity potential i

—— Total potential

Based on 2102.00012 and 2102.01082
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10°
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PQ protected

Abog < 10710
1 1 I I 1 I I I 1
10 20 30 40 50 60 70 80 90 100
N
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Temperature dependence

=
TQCD : TQCD
10" % !
B' 10—7 H S . — e — —
E 107?
O
— 10-11 N ;
» ‘
> —— 167H
~ 10—13
= iV
\—g B {./ — N-:g
10715 4 >’
E W// — R
10_17_ //M ﬁ/’/’:25 N
— N=33
102 10! 10° 10t 102 10 107!
T ( GeV)

Based on 2102.00012 and 2102.01082
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| 0, =cte 1% Osc. Trapped in 0, = 7 ! 274 Osc. WKB, N, = cte
i Trapped misalignment mechanism
' ,\ e Compare trapped (blue) with usual
Vi misalignment (orange)
i e At high temperatures the axion is
0, —(te Osc. WKB,:Na:(:te . . .
- - — trapped in the wrong minimum
Phue.tiapped iy Deyomerose ) e The onset of oscillations is

QCDM /\ /\ delayed

\/VV e Less dilution = more dark matter

0.75

ma(T) vs 1.67TH

0.05

High Temp Low Temp




102

100

T) vs 1.67TH

M

0, = cte

15t Osc.

WKB, N, = cte Kinetic, g, = cte 2" Osc. WKB, N/ = cte

1501:3

0, = cte
— ;

1591:3

/] /\ /\\/\/ ADAWWWWY

Osc. WKB, N, = cte

o M
L B———

QCD axion-like mis.

©
L

—— 1L6TH(T)
—— mg(T) for Zy axion
me(T) for QCD-like axion

QD —like
Tl\

e
T

High Temp.

Tqep Ty

Low Temp.

[Co+Hall+Harigaya, 19]
Trapped+kinetic mechanism ‘aas 21 o
e Compare trapped+kinetic (blue) with
usual misalignment (orange)
e After trapping the axion has enough
kinetic energy to overcome the
barriers
e The onset of oscillations is delayed
even further

® Less dilution = more dark matter

0.75
0.67
0.59

0.05




Could CASPEr Phase | detect an axion?

$ 1079 y

TE10710 CASPEr Electric /
S

107 & phase I 4

10-2! 9 phase III

10-23 €
10712107*210-210-10107? 1072 10~7107%10-220-* 10-% 102
ma(eV)
[Irastorza+Redondo, 18]

Based on 2102.00012 and 2102.01082

a O

Lo — -GG
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N

1(0.011 e\a

_ 202 ,.,2 £2
oL =—— nO'w/)/g)TLFMV maf - mTl'le'

2\.my, a

= Gayn

My, My

(mu + md)2

Coupling to the
nEDM

Axion mass

me (eV)



Could CASPEr Phase | detect an axion?

Jayn

1077 g
g -8
'> 107° E

T B T Tl T
SN1987A

S 1070 E

\;(./Elﬂ_lo = CASPEr Electric

=10-11 L
1072 3
10
101 E
1071
10—16
10—17
1071%
1077 p
10720 &
10~21
1072 g#
1072 Eooad”

10~ 16’10 BHo-1 101072 1078 10~ 1079 10-* 10~ 10-% [0~2

mq(eV)

Based on 2102.00012 and 2102.01082

a O

ED——GG—l—

1(0.011
0L=—= a\e nou,/yg)nF“ -
2\ my,

= Javn

7rf7r 3/2 N
m2 2~ "~ Hl—l—zN

Coupling to the
nEDM

Axion mass

me (eV)
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Can the QCD axion be fuzzy Dark Matter?

= Fuzzy dark matter: light boson with mg ~ 1072 —107*%eV, A, ~ kpc

White paper [1904.09003
My Mg paper [ ]

(mu + md)2

2 2 2 £2
Mg fa = Mz fz

mg ~ 107%%eV = f, ~ 10*® GeV > Mp,

NO, a canonical axion would have
transplanckian decay constant
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