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Vast Space of possibilities
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A large number of particle physics ideas Do Mot
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The mass scale for dark matter spans many
orders of magnitude
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For masses < eV:
dark matter has to be bosonic, non-thermal,
and is aptly described by a classical field

For masses 2 M,,;:
dark matter is not a fundamental particle,
e.g. nuggets, primordial black holes

Particle dark matter
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WIMPS

Classical fields (bosons) "Composites”
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Bosonic Sub-eV Dark Matter

A number of well-motivated models fall in this category

Why are these light?

(Pseudo-)Nambu - Goldstone bosons

QCD Axion
Axion-like particles

Light spin-1 particles
Dark photons

Very weakly coupled scalars
Modulus / dilaton fields

Expected to be ubiquitous in theories of quantum gravity



The QCD axion

Motivated as a solution to the strong CP problem

The strong CP phase is constrained to be small
= arg det (ewy,:ﬂy:&) <1010 [neutron EDM]
dokm = arg det [yuyi,ydylg] ~ O(1)
Make @ a dynamical field, the axion Peccei, Quinn [1977]

Weinberg [1978]

| i Wilczek [1978
QCD generates a potential for the axion lczex [1978]

V(a) ~ —f2m2 cos (9 + fi)

Potential is minimized at @ = 0 vafa, Witten [1984]

E[6]

Mass and couplings of the axion are set by f,




Axion dark matter abundance

Dark matter abundance depends on (only) a few details of
cosmology

Misalignment mechanism

QCD axion: temperature dependent mass

Axion-like particles

QCD axion: Non-standard cosmology

Anthropic axion / entropy dump / particle production

Production from topological defects



QCD Axion Dark Matter Abundance : misalignment

Abundance set by initial misalignment and f,

In the early universe the axion is misaligned
from its minimum

Axion potential depends on temperature,
turns on at QCD phase transition

s:ljlg °r

The axion starts oscillating around its minimum when H ~ m,(T)
pa(Tosc) = mg(Tose) £5,0;
Under adiabatic evolution, comoving number density conserved

pa(To) N pa(Tosc)
mg (TO)S(TO) B Mg (Tosc)S(Tosc)

The dark matter abundance today is

7/6
Q.h? ~ 0.1 ( Ja ) 02

1012 GeV
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Expanded Axion target space

[1611.0985] Farina et al
[1709.06085] PA, Fan, Reece, Wang

Clockwork

Dark photon
production

K [ NN N

[1708.05008] PA, Marques-Tavares, Xue

[1710.04213] PA, Howe
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Clockwork [ Alignment

In "aligned” multi-axion models, the light mode can inherit
parametrically different couplings to different gauge groups

[hep-ph/0409138] Kim, Nilles, Peloso

Two axion model

a g b ap 4 Qb
I 87rF F fb STTFbe + A” cos (fa 1 )
The massless mode
V2 + Q2 f2
Qo aq ., = ¢ oy, = ’
—F,F, — [} F;
feff 8 feff 87 b

[1404.6209] Choi, Kim, Yun

[1511.00132] Choi, Im

fef = \/ e+ Q%f2 [1511.01827] Kaplan, Rattazzi
[1611.0985] Farina, Pappadopulo, Rompineve, Tesi
[1709.06085] PA, Fan, Reece, Wang

Clockwork: Rinse, repeat
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Dark photon
production

K [ NN N
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Particle production

Couple the axion to dark photon

a « ~ a ~
L=——G G*"™ + ——(Fp)uFy’
fa Qr KV T 4fa( D)ﬂ D

As the axion oscillates, depletes energy into dark radiation

Equation of motion for the gauge field in time-dependent axion background

k:f
A1+(k2:pﬁf“)Ai=0
W

N L2 (k)

(in conformal time)

Tachyonic instability



Conditions for efficient depletion

/
A;+(k2¢’8k“)Ai=0

Large coupling required (requires clockworking)

g>1

Bka'

a

k ~ 0;fmq

Growth rate of the tachyonic modes set by k

Small (no) thermal mass

Cannot use SM photon
Particles with dark charge should be absent



Results

Neglecting backscattering into axion k-modes
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Impact of backscattering

High number of dark photons scatter back into axions

Need lattice simulation for k-modes of dark photons
and axions

—
o
—h

=0

—
o
o
T
1

[1802.00444]
Kitajima, Sekiguchi, Takahashi
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Effect on matter power spectrum?



Dark Photon Dark Matter

Spin-1 fields with very small masses

Dark electric field ~ 50 V/cm
Common / Complementary probes with the axion

Challenging to populate light dark photon dark matter

Arias, Cadamuro, Goodsell, Jaeckel, Redondo,

(Tuned) couplings to curvature |
Ringwald [1201.5902]

Limited inflationary production mechanism

Q=0 My Hi
v T RiPM 6 x 1076 eV \ 104 GeV Graham, Mardon, Rajendran [1504.02102]

B-L gauge boson Kinetically mixed with photons
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Massive dark photons

Couple dark photons to an axion

a « ~ B a ~ 1
= ——@G* GWW + = —(Fp), F*¥ + =m2, A, A"
L I G+ 4fa( D)wFp + 5 My A

Energy density initially stored in the axion
As the axion starts to oscillate, dumps energy into dark photons

Equation of motion for the massive gauge field

I 2 2 Bkd _ (in conformal time)
+ T m., + Kk F f A:I: =0

Bastero-Gil, Santiago, Ubaldi, Vega-Morales
[1810.07208]

Co, Pierce, Zhang, Zhao [1810.07196]
Dror, Harigaya, Narayan [1810.07195]

PA, Kitajima, Reece, Sekiguchi, Takahashi,
[1810.07188]



Massive dark photons

Less than a 1% of initial number density remains in the axion
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If m., < mg, axions still constitute most of dark matter

This simulation used axion-like particles, but also possible to use
QCD axion



Dark Photon Spectrum
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Model building requirements

Coincidence of mass scales

M~y S Mg
Large coupling 8 > 1 Clockwork
‘“
B=Fkj—

J 87
Large charges

Landau pole in the UV completion ko <1

=3 Need clockwork for particle production

Maximum clockwork (unitarity)

j<yfdn
mg,

Origin of dark photon mass: Higgs mechanism / Stueckelberg



Quartic couplings

Dark photon quartic coupling affects phenomenology

N .
v HIgES 4)\h

A’y" ;generic ™ T g

m,

0

Decay constant of the eaten Goldstone

Self-energy can shut off particle production
Ay Ay Sm2 AL —p Ay S
Backreaction on the Higgs )
9pan(AL) < At

Dark photons require very large charged objects

1\ /4 m. 1/2 3 1/2
> — 4
vn 2 1 GeV (Ah) (;ueV) (1014 GeV)

op < 10715 (ﬁ)“ (m) (ueV)m (1014 GeV)”Q
~ qi ueV My fa
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ki~ 103 5 < 1015



Conclusion

107°
10710 Clockwork
T; 107"
QL
QO 14 Dark photon
— |3 10 production
10718 / T
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m, [eV]

Theoretical mechanisms open up new parameter space for QCD axion dark matter

Make light dark photon a viable dark matter candidate



