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o Ultralight Dark Matter & Axions
o Ultralight Dark Matter
e Axions as Ultralight Dark Matter
e Couplings to the Standard Model

e Detecting Ultralight Axion Dark Matter

e Through Photon Coupling
e Through Nucleon Coupling Axions
o Through Neutrino Coupling (?)

e Bounds from the Matter-Power Spectrum u;
o Constraint on Generic Axions

o Largely eliminates detectable axions at lower
masses

o Escaping the Power Spectrum

o Large charges @oom
o Kinetic mixing

° Discrete SymmetrieS [1610.07962 - Giudice et al]
o Clockwork
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o Ultralight Dark Matter : m ~ 10722 — 10713 &v
o “Fuzzy" Regime: m ~ 10722 — 10 % eV
o Why?

[uGC 5497 - Nasa] [0906.4447 - Popolo et al]

AN

Missing Satellites Too Big to Fail Cusp-Core
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Why Ultralight Dark Matter?

102eV keV GeV 100 TeV M 10M,
d—; :
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Ultralight DM Light DM wiMp Composite DM PBH

o Ultralight Dark Matter : m ~ 10722 — 10713 &v
o “Fuzzy" Regime: m ~ 10722 — 10 % eV
o Why?

[uGC 5497 - Nasa] [0906.4447 - Popolo et al]

AN

Missing Satellites Too Big to Fail Cusp-Core

@ Lyman-a Bound (& other purely gravitational considerations)

mz O(107%) eV
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Axions as Ultralight Dark Matter

e Historically: Strong CP Problem

Jacob M. Leedom ULA DM: Detectability, Constraints, and Model Building



Axions as Ultralight Dark Matter

e Historically: Strong CP Problem

|d,| ~ 107 134/1 — cosfe cm

[1812.02669 - Hook] —\M
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@ Good Dark Matter Candidate: Misalignment & Cosmic Strings
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Axions as Ultralight Dark Matter

e Historically: Strong CP Problem

&

|d,| ~ 107 134/1 — cosfe cm

[1812.02669 - Hook] \M

@ Good Dark Matter Candidate: Misalignment & Cosmic Strings

@ Continuous Shift Symmetry = Small mass natural

Broken to discrete shift symmetry:
2

V(a) = p* cos (Z) = m, ~ %
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Axions as Ultralight Dark Matter

e Historically: Strong CP Problem

&

|d,| ~ 107 134/1 — cosfe cm

[1812.02669 - Hook] \M

@ Good Dark Matter Candidate: Misalignment & Cosmic Strings

@ Continuous Shift Symmetry = Small mass natural

Broken to discrete shift symmetry:
2

V(a) = p* cos (Z) = m, ~ %

@ Can consider a as the goldstone boson of some global
symmetry breaking or mode of higher form field
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Couplings to Standard Model

@ Anomalous & derivative couplings oc 1/f,
@ Axion - Photon Coupling

r o CayQEM

Fu F™
8nf, - M
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r o CayQEM
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@ Anomalous & derivative couplings oc 1/f,
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@ Axion - Neutron Coupling
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Couplings to Standard Model

@ Anomalous & derivative couplings oc 1/f,
@ Axion - Photon Coupling
r o CayQEM
8rf,
@ Axion - Neutron Coupling

aFWI—:W’ — rotates photon polarization
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@ Axion - Neutrino Coupling
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Couplings to Standard Model

@ Anomalous & derivative couplings oc 1/f,
@ Axion - Photon Coupling
r o CayQEM
8rf,
@ Axion - Neutron Coupling

aFWI—:W’ — rotates photon polarization

C - : :
L> ;N 0,aNv"~s N — nucleon spin precession
a

@ Axion - Neutrino Coupling

5 Caua S5ty — mass splittings
£ & mixing angles
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Couplings to Standard Model

Anomalous & derivative couplings oc 1/,

Axion - Photon Coupling

CayQEM
L= —4F

@ Axion - Neutron Coupling

aFWI-:W’ — rotates photon polarization

C - : :
L> %Nﬁuany“%N — nucleon spin precession
a

@ Axion - Neutrino Coupling
Lo &8 a5y — mass splittings
f, " & mixing angles

Other Couplings

o Gluon: [1708.08464 - Hook et al]
o Electron: [1709.07852 - Graham et al]
e Muon: [2005.11867 - Graham et al] & [2006.10069 - Janish et al]
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Detecting Ultralight Axion Dark Matter: Photon Coupling

Axion birefringence — rotation of light polarization

. Optic axis

<
S
~

e~

parallel polarization

perpendicular polarization

Jacob M. Leedom ULA DM: Detectability, Constraints, and Model Building



Detecting Ultralight Axion Dark Matter: Photon Coupling

‘Pulsar
and
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Detecting Ultralight Axion Dark Matter: Photon Coupling

[Image credit - NRAO/AUI/NSF]

[Harari,Sikivie - 1992]
[Ivanov et al - 1811.10997]

[Fedderke, Graham, Rajendran - 1903.02666]

Pulsar

AGN

[Fujita, Tazaki, Toma - 1811.03525]

[Liu, Smoot, Zhao - 1901.10981]
[Image credit - Wiki]

[Image credit - ESA/NASA]
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Photon Coupling Parameter Space
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Photon Coupling Parameter Space
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Detecting Ultralight Axion Dark Matter: Nucleon Coupling

Analogy with electric dipole moment (EDM) Y
“Oscillating oscillations” ‘
X
P P P E- " " - - E -
S(t) B 24 4 24 24 4 B ¥ ¥ ¥ ¥ ¥ B

50[cos(27wBt)>“< So[ cos(2m(uB + dyE)t)%  So[ cos(2m(uB — dnE)t)%
+sin(2muBt) ] +sin(2r(uB + d,E)t f/] +sin(2r(uB — d,E)t f/]

LD gaNauany“%N = H D A/2ppmV - &y cos(m,t)
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Nucleon Coupling Parameter Space
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Nucleon Coupling Parameter Space
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Bounds from the Matter-Power Spectrum (Rough)

Applying above bound to axions:
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Bounds from the Matter-Power Spectrum (Rough)

Applying above bound to axions:

° Vz;/‘cosfi
a
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Bounds from the Matter-Power Spectrum (Rough)

Applying above bound to axions:

° Vz;/‘cosfi
a
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Bounds from the Matter-Power Spectrum (Rough)

Applying above bound to axions:

a
o V =p*cos—
a

2 4
2 M M
my ~ Ao~ 2
a a
@ Using
2
eq 4 eV
Ppm ~ eVt — Aeqg ~ —
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Bounds from the Matter-Power Spectrum (Rough)

Applying above bound to axions:

a
o V =p*cos—
a

2 4
2 M M
ma ~ ?a )\a ~ ?
@ Using
ev?
Py ~ &V = a2 ~ —
a
e We find
4 4
Aad’ | g3 & g3
m2a2 o 2£2
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Bounds from the Matter-Power Spectrum (Rough)

Applying above bound to axions:

a
o V =p*cos—
a

2 4
2 M H
ma ~ ?a )\a ~ ?
@ Using
V2
P~ eVt = ag ~ &
my
o We find
Apat V4
2 g0t = S <10
m3a eq mafa
10720 ev
The Rough f, 23 %1012 Gev| —
Cosmological Bound m,

Jacob M. Leedom
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Bounds from the Matter-Power Spectrum (Numerical)

0.10f

o Matter-Power Spectrum studied for o /_/\N"\

misalignment = 0.0
@ Hubble friction freezes axion until oo \

H(z.) ~ m, and oscillations begin I R ,
1074 107 102 107!

KMpc]

AP/Prcom

@ Ultralight axion acts similar to

warm dark matter: require z. = 105 [1806.10608 - Poulin et al]

1
PDM = Emga(z)z

a(z)oc(1 + 2)%2

—20
The Numerical f, > 1.2 x 1013 GeV (10e\/>
my

Cosmological Bound
Very close to rough bound!
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Photon Coupling Parameter Space

107" il u .| T u u
& y ] SN-1987A
—12[ m & /s i -
10 rng / | T
7t e e
_ )
1078 E
T
> /
> 1n-14L ]
S 10 :-,s\
>
b?) —15
107"k E
10710k S 4
10—17 d ul ul ul ul ul d ul ul
10724 10722 10720 10718 10—16 10714
mg[eV]

: Detectability, Constraints, and Model Building

Jacob M. Leedom



Photon Coupling Parameter Space
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Photon Coupling Parameter Space
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Photon Coupling Parameter Space
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Axion-nucleon parameter space
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Axion-nucleon parameter space
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Axion-nucleon parameter space

10k % i
SN-1987A 11 ____J <3
10—10 =
—': 107" 4
(5]
<)
=z
s 10712 -
107" -
—14
10 10724 1(;'14

Jacob M. Leedom

ULA DM: Detectability, Constraints, and Model Building



Axion-nucleon parameter space
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Q:What are experiments looking for?

Feep You From Forgetting To Mail Your Wile's Letler RUBE QOLDBERS (tm) RGI S4d
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Q:What are experiments looking for?

g
AN
Feep You From Forgetiing To Mail Your Wile's Letber RUBE QOLDBERG [tm) RGI Gdd

Rube Goldberg Machine: a machine intentionally designed to per-
form a simple task in an indirect and overly complicated way
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Escaping the Power Spectrum: Can we avoid completely?

@ Assumptions:
e 1. The ultralight dark matter is present until prior to
recombination
e 2. The ultralight dark matter is an axion with a full
trigonometric potential
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Escaping the Power Spectrum: Can we avoid completely?

@ Assumptions:
e 1. The ultralight dark matter is present until prior to
recombination
e 2. The ultralight dark matter is an axion with a full
trigonometric potential
e Evade Assumption #17
o Tricky - need produce axions at late times, perhaps by decay of
heavier state.
o However this would produce relativistic axions and change
equation of state.
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Escaping the Power Spectrum: Can we avoid completely?

@ Assumptions:
e 1. The ultralight dark matter is present until prior to
recombination
e 2. The ultralight dark matter is an axion with a full
trigonometric potential
e Evade Assumption #17
o Tricky - need produce axions at late times, perhaps by decay of
heavier state.
o However this would produce relativistic axions and change
equation of state.
e Evade Assumption #27

o Dark matter is “just a pseudoscalar"
o No shift symmetry = no protection from terms like a®F? &
3
a’FF
o These terms destabilize the light scalar
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Escaping the Power Spectrum: Can we avoid completely?

@ Need to raise coupling to visible matter for a given mass
= non-trivial model building

e Focus on photon coupling:

a3 Gyoaem FE
LDp cosfa—l-iswfa a

Need strategies to increase the value of C,,

o Considered in the literature for QCD axions & axion inflation

[hep-ph/0409138 - Kim, Nilles Peloso]  [1611.09855 - Farina et al|

[1503.01015 - Shiu, Staessens, Ye] [1709.06085 - Agrawal et al]
[1503.02965 - Shiu, Staessens, Ye] [1806.09621 - Agrawal, Fan, Reece]
[1511.00132 - Choi, Im] [1909.11685 - Choi, Shin, Yun]
[1511.01827 - Kaplan, Rattazzi] [1910.11349 - Fraser, Reece]
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Q: What are experiments looking for?

AT
Ksep You From Forgetiing To Mail Your Wile's Letier RUBE QOLDBERS (tm) RGI G4
A: Rube Goldberg (Axion) Model: a model that requires indirect
and overly complicated physics to be detectable
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Escaping the Power Spectrum: Large Charges

@ Simple idea - adjust fermion content:

Cay = TV(QE:M) ~ NfQE:M
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Escaping the Power Spectrum: Large Charges

@ Simple idea - adjust fermion content:

Caoy = TV(QE:M) ~ NfQE:M
@ Not so simple: Pertubativity Bound

'Y\/\/—O/\/\r'}’
2.2
NeQ<e <1
(4m)2 ~
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Escaping the Power Spectrum: Large Charges

@ Simple idea - adjust fermion content:

Caoy = TV(QE:M) ~ NfQE:M
@ Not so simple: Pertubativity Bound

'Y\/\/—O/\/\r'}’
2.2
NeQ<e <1
(4m)2 ~

o Can get C,, ~ O(10%)
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Escaping the Power Spectrum: Large Charges

@ Simple idea - adjust fermion content:

Caoy = TV(QE:M) ~ NfQE:M
@ Not so simple: Pertubativity Bound

W’WQ\/\r’Y
2.2
NeQ<e <1
(4m)2 ~

o Can get C,, ~ O(10%)
e What about large PQ charges? Large PQ charges result in SM

charged states with mass <1 TeV. O(10) enhancement
pOSSible [1709.06085 - Agrawal et al]
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Escaping the Power Spectrum: Kinetic Mixing of Axions

1 1 ”
LD 56(31)2 + 58(32)2 + edaidar + pt cos L + a aFF

R 8nhk
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Escaping the Power Spectrum: Kinetic Mixing of Axions

a
A 87TF2

1 1
LD 56(31)2 + 56(32) + eda1dar + p* cos — aFF

@ Diagonalize with:
dyp — dp — €aq
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Escaping the Power Spectrum: Kinetic Mixing of Axions

agFf:_

1 1
LD 56(31)2 + 56(32)2 + eda1dar + p cos i__—i + 8:,__2

@ Diagonalize with:
dyp — dp — €aq

@ Induces photon coupling for a;:
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Escaping the Power Spectrum: Kinetic Mixing of Axions

1 1
LD 56(31)2 + 56(32)2 + eda1dar + p cos i__—i + 8:,__2

agFf:_

@ Diagonalize with:
dyp — dp — €aq

@ Induces photon coupling for a;:

Lo —

o If G5y = eF1/F> >> 1, then axion-photon coupling is
enhanced beyond naive expectation!
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Escaping the Power Spectrum: Kinetic Mixing of Axions

(07

1 1 ”
LD 56(31)2 + 56(32)2 + eda1dar + p cos i__—i + 87 aFF

@ Diagonalize with:
dyp — dp — €aq

@ Induces photon coupling for a;:

o If G5y = eF1/F> >> 1, then axion-photon coupling is
enhanced beyond naive expectation!

This is not easily done in field theory!
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Escaping the Power Spectrum: Kinetic Mixing of Axions

Consider origins of kinetic mixing term
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Escaping the Power Spectrum: Kinetic Mixing of Axions

Consider origins of kinetic mixing term
o IR:

0,31 - 0,a> -
L5 EZPybygyp + L2 by
F1 F>
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Escaping the Power Spectrum: Kinetic Mixing of Axions

Consider origins of kinetic mixing term
o IR:

a - Opan -
L2 Sy sy + “EE 0 sy
/\2

Jacob M. Leedom
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Escaping the Power Spectrum: Kinetic Mixing of Axions

Consider origins of kinetic mixing term

o IR:
o.a
I + 2 TR
N? F2
6 —_—
(4m)2F1Fy © Fy
o UV: .
LD — (DT 6<D1 (])Jr 6432 ¢1’2 = F1726’31’2/F1’2
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Escaping the Power Spectrum: Kinetic Mixing of Axions

Consider origins of kinetic mixing term

o IR:
o.a
I + 2 TR
N? F2
6 —_—
(4m)2FiF ~ R
o UV: .
LD — (DT 6<D1 (])Jr 6432 ¢1’2 = F1726’31’2/F1’2
F1 F _ F
N Yh
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Escaping the Power Spectrum: Kinetic Mixing of Axions

Consider origins of kinetic mixing term

o IR:
o.a
I + 2 TR
N? F2
6 —_—
(4m)2FiF ~ R
o UV: .
LD — (DT 6<D1 (DT 6432 ¢1’2 = F1726’31’2/F1’2
F1 F_F
A2 TR

@ Might be able to evade this in string constructions, but no
concrete example exists so far [1709.06085 - Agrawal et al]
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Escaping the Power Spectrum: Discrete Symmetries

Based on idea from [1802.10093 - Hook]

@ Introduce an axion and N non-abelian gauge sectors G, that
transform as
a—a+2nF,/N

Gp — Gny1)

N .
Qg a 27rl ~ OEM ~
E o) i_él (f‘; + N) G(,)G(,) + 87TfaaFF
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Escaping the Power Spectrum: Discrete Symmetries

Based on idea from [1802.10093 - Hook]

@ Introduce an axion and N non-abelian gauge sectors G, that
transform as
a—a+2nF,/N

Gp — Gny1)

N .
Qg a 27rl ~ OEM ~
E o) i_él (f‘; + N) G(,)G(,) + 87TfaaFF

a 2w
@ Using simple cosine potential gives feos| =+ =0.
g simp p g Zu Pt
o Need to use more realistic parametrization - find that mass is
exponentially suppressed:
1 u?

my ~ QNTa
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Escaping the Power Spectrum: Discrete Symmetries

@ Not whole story - the matter-power spectrum strikes back

_C2,U42 C4,U44
V(a)—?éa _ﬂFi‘;"a + -

log,y C2

4
Aap

-10, Y

[P

et <ev4 C3y> Cy

22 4 2 f2
msa m; ms f;

eq

log,y Cs
|
S
N

logo C4/Cy

10 20 30 40 50
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Escaping the Power Spectrum: Discrete Symmetries

@ Not whole story - the matter-power spectrum strikes back

4 4
V)= 28 2 Gl a
2 F? 4! F2
1
7m2a —)\a
2
0 " /my = 3
5 N = |
)\ag A ev4 B (ev4 Cﬁy) C4 H :lg w//\\/y
2 2 4 2 £2 ], )
mM33% | g my m3 fa G 2 T
g 0 /4
s -2 %,
@ 4 BN
] 2
-8
S 4
. S f—= "V
Large enhancement give 5 7
large deviations T
in matter-power spectrum ooy
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Escaping the Power Spectrum: Clockwork

o N axions a; & N non-abelian gauge sectors G;) with
Lagrangian

aiv1 [ Biai | aiv1 ~
L= Z ( E T ,_—’_H) G(iv1)Gliv1) + o ,__ ——a1G Gy +

FF
8 FN N
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Escaping the Power Spectrum: Clockwork

o N axions a; & N non-abelian gauge sectors G;) with
Lagrangian

aiv1 [ Biai | aiv1 ~
L= Z ( E T ,_—’_H) G(iv1)Gliv1) + o ,__ ——a1G Gy +

FF
8 FN N

Bia1 aj+1 ) 4 ai
V ~ E cos + + uq cos —
P} pisa ( Fi Fi1 HLeos T
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Escaping the Power Spectrum: Clockwork

o N axions a; & N non-abelian gauge sectors G;) with

Lagrangian
Lo /\121 i1 ( Biaj LA\ @ e e CFE
8w F,' F’-Jrl (i+1) 2(i+1) 8T F 191491 8 FN N

i=1

N-1
Biaw  ain 4 A
V ~ E /ﬁlcos( + + p{ COS —
i=1 " Ff Ff+1 F].

@ Integrating out heavy axions
an QEM =
L > utcos + anyFF
YU FNTL B 8nFw

Ca'y = HBI
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Escaping the Power Spectrum: Clockwork

o N axions a; & N non-abelian gauge sectors G;) with

Lagrangian
Lo /\121 i1 ( Biaj LA\ @ e e CFE
8w F,' F’-Jrl (i+1) 2(i+1) 8T F 191491 8 FN N

i=1

N-1
Biaw  ain 4 A
V ~ E /ﬁlcos( + + p{ COS —
i=1 " Ff Ff+1 F].

@ Integrating out heavy axions
an QEM =
L > utcos + anyFF
YU FNTL B 8nFw

Ca'y = HBI

Even for modest [3;, large enough N gives significant enhancement
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Escaping the Power Spectrum:Clockwork Phenomenology

@ N — 1 heavy axions may be populated in the early universe
(misalignment, thermal)

@ Light composite sector should exist with mass scale

H1 ~ ma,f,
o Effectiveness of clockwork:

e From the EFT perspective, clockwork seems to allow for
arbitrarily large enhancement

o Does this hold for UV completions?

o Perturbative Heterotic String models have a rank 16 — 4 = 12
gauge group to use for clockwork.
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Conclusions

@ The matter-power spectrum places strong constraints on
ultralight axion dark matter models

@ Not an obvious, viable method to evade this bound in vanilla
axion models

e Can you model build the bound away?

o Large Charges/Lots of fermions - limited effectiveness

e Kinetic mixing - doesn't seem to work from the EFT
perspective, maybe string constructions could work.

e Using discrete symmetry - matter-power spectrum bound gets
stronger, not viable

o Clockwork - seems to work. Unlimited effectiveness from EFT
perspective, limited effectiveness in string theory?

@ Next: Neutrinophilic/majoron ultralight axion dark matter
models.
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