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1. AXIONS
What, how and why

arXiv:2104.07634, 2105.01406, 2109.07376

arXiv:1801.08127, 2003.01100, 2012.05029



STRONG CP PROBLEM

Violating CP term

L��CP = θ
αs

8π
Ga

µνG̃µν
a

Neutron electric dipole moment

dn = (2.4 ± 1.0) · 10−3 e fm × θ

The vacuum of the theory is determined by angle θ ∈ [0, 2π]
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STRONG CP PROBLEM

dn < 1.8 · 10−13 e fm

|θ| < 8 · 10−11

1C. Abel et al., Phys. Rev. Lett. 124, 081803.
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THE AXION

A clean solution
Dynamic variable θ(⃗x, t)
Pseudo Nambu-Goldstone boson
Peccei Quinn U(1) symmetry
Spontaneously broken at fA
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EARLY UNIVERSE

Re(ϕ)

Im(ϕ)

θ(⃗x, t) =
A(⃗x, t)

fA

2See e.g. arXiv: 1801.08127, 2003.01100, 2012.05029, 2104.07634, 2105.01406, 2109.07376.
6/45



EARLY UNIVERSE

1 E ≫ fA
2 PQ transition
3 QCD transition

V(ϕ)

2See e.g. arXiv: 1801.08127, 2003.01100, 2012.05029, 2104.07634, 2105.01406, 2109.07376.
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EARLY UNIVERSE

1 E ≫ fA
2 PQ transition
3 QCD transition

θi

2See e.g. arXiv: 1801.08127, 2003.01100, 2012.05029, 2104.07634, 2105.01406, 2109.07376.
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EARLY UNIVERSE
AFTER INFLATION
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2See e.g. arXiv: 1801.08127, 2003.01100, 2012.05029, 2104.07634, 2105.01406, 2109.07376.
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EARLY UNIVERSE

1 E ≫ fA
2 PQ transition
3 QCD transition

θi
θmin

2See e.g. arXiv: 1801.08127, 2003.01100, 2012.05029, 2104.07634, 2105.01406, 2109.07376.
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A FREE MEAL

Strong CP problem
Evolution from θi to
CP-conserving value θmin

Dark matter
Non-thermal production
from mismatch θi ̸= θmin

Inflation
(Possible) explanation of
dynamics of inflation field

2See e.g. arXiv: 1801.08127, 2003.01100, 2012.05029, 2104.07634, 2105.01406, 2109.07376.
10/45



PQ-AXION©

Models
• PQWW: fA ∼ EW-scale
• KSVZ: hadronic axions
• DFSZ: GUT axions

Massive boson
• mA ∝ fA
• Light (< MeV)

• Non-relativistic

Coupling
• g ∝ f−1

A

• Hadrons & gluons
• Photons
• Electrons (DFSZ only)

2See e.g. arXiv: 1801.08127, 2003.01100, 2012.05029, 2104.07634, 2105.01406, 2109.07376.
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A LAND TO EXPLORE
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A LAND TO EXPLORE

gAγ =
α

2π

CAγ

fA

CAγ =
E
N

− 1.9

E
N

∈
[

5
3

,
44
3

]
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A LAND TO EXPLORE
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A LAND TO EXPLORE

ASTRONOMY
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A LAND TO EXPLORE

ASTRONOMY

C
O

SM
O

LO
G

Y
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A LAND TO EXPLORE
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A LAND TO EXPLORE

Pre-inflation scenario

Post-inflation scenario

tuned

too much

tuned

few

NARROW SIGNAL Q ∼ 106

ORDERS OF MAGNITUDE
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A CLASSIC APPROACH

Laγγ =
gaγ

4
a FµνF̃µν

Coherent oscillations
Macroscopic wave behavior
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A CLASSIC APPROACH

ϵ∇ · E = ρ − gaγ Be · ∇a

∇× H − Ė = j + gaγ(Be ȧ − E ×∇a)

ä −∇2a + m2
aa = gaγ E · Be

Signature
EM radiation in vacuum in the presence of a magnetic field

z

z
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A CLASSIC APPROACH

ϵ∇ · E = ρ − gaγ Be · ∇a

∇× H − Ė = j + gaγ(Be ȧ − E ×∇a)

ä −∇2a + m2
aa = gaγ E · Be

|E| = gaγBea0

ϵ
e−i mat

|E| = 1.3 · 10−12 |Caγ|
(

Be

10 T

)(
0.3 GeV cm−3

ρa

)1/2 V
m

14/45



A CLASSIC APPROACH

SIKIVIE’S HALOSCOPE

|E| = gaγBea0

(
1 − ωp

ω2
a − iω2

a Γp

)−1

3P. Sikivie, Phys. Rev. Lett. 51, 1415 (1983).
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SIKIVIE’S HALOSCOPE

𝐵

𝑇𝑀!"!

𝑎

FFT

Frequency
Po
w
er

ω

ωa
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SIKIVIE’S HALOSCOPE
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CURRENT LIMITS

10−
12

10−
11

10−
10

10−
9

10−
8

10−
7

10−
6

10−
5

10−
4

10−
3

10−
2

10−
1

100
101

102
103

104
105

106
107

ma [eV]

10−19

10−18

10−17

10−16

10−15

10−14

10−13

10−12

10−11

10−10

10−9

10−8

10−7

10−6

|g
aγ
|[

G
eV
−

1 ]

KSVZ

DFSZ

X-rays
EBL

Ionisation
fraction

BBN
+N

eff

COBE/FIRAS

Horizontal branch

Solar ν

W
hi

te
dw

ar
fs

A
D

M
X

H
A

Y
STA

C

SHAFT

O
R

G
A

N

R
B

F+U
F

C
A

PP

Q
U

A
X

B
A

SE

A
D

M
X

SLIC

CAST

ALPS-I PVLAS

OSQAR

CROWS

Fermi-SNe

DSNALP

Hydra

M87

Mrk 421

FermiStar

clu
ste

rs

Chandra
SN1987A

HESS
HAWC

MWD X-rays

MWD
Polarisation

SN1987A (γ)

SN1987A
(ν)

M
U

SE V
IM

O
S

XMM-Newton

Leo T

Neutron stars

B
lack

hole
spins

ABRA
10 cm

103
104

105
106

107
108

109
1010

1011
1012

1013
1014

1015
1016

1017
1018

1019
1020

1021
νa [Hz]

4O’ Hare, cajohare/AxionLimits:AxionLimits.
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MATCHING WAVELENGTHS

Desiderata
• Cryogenic temperature
• Tunability
• Large volume
• “Low” plasma frequency
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WIRE METAMATERIALS

Metamaterials
Composite materials with different
properties than their single parts

5P.A. Belov et al., J. Electromagn. Waves. Appl. 16, 8 (2002).
19/45



WIRE METAMATERIALS

ω2
p

c2 =
2π

ab

[
log

(√
a b

π d

)
+ F

(a
b

)]−1

F(u) = − log u
2

+
∞

∑
n=1

(
coth(πnu)− 1

n

)
+

πu
6

5P.A. Belov et al., J. Electromagn. Waves. Appl. 16, 8 (2002).
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WIRE METAMATERIALS

TM110 mode structure
Behavior as an effective medium
Field distortion near wires might
complicate readout

6A. Millar et al., arXiv:2210:00017.
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WIRE METAMATERIALS

PROs
• Cryogenic
• Solenoidal magnet
• Much larger volume than cavities

CONs
• Behind on R&D

6A. Millar et al., arXiv:2210:00017.
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2. ALPHA
Axion Longitudinal Plasma HAloscope

A. Millar et al., arXiv:2210.00017, accepted by PRD



AXION LONGITUDINAL PLASMA HALOSCOPE

ALPHA CONSORTIUM

Fermilab
IIT Chicago
IIT Kanpur
ITMO University
MIT Cambridge
Niels Bohr Institute
Oak Ridge National Labs

Stockholm University & OKC
UC Berkeley
UC Davis
UCL London
University of Maryland
University of Oxford
Uppsala University
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POWER IN THE DETECTOR

Ps =

(
ρa

ma
g2

aγ

)
κB2

e QGV

Quality factor Q
System dampening

Q =
ωU
Ploss

=
ω

c Γp

Geometry factor G
Normalization of stored energy

G =
1

a2
0g2

aγB2
e VQ2

∫
|E|2 dV

Volume V

23/45



QUALITY FACTOR

• Tightly bound to design
↪→ (material, shape, volume. . . )

• Theory ✓ Simulation ✓ Experiment
• Q ∼ some 1000s

↪→ ×10 than expected
• Wire losses > surface

↪→ Asymptotically Ps ∝ V

SINGLE CAVITY MODE BREAKS DOWN

f

Cryogenic copper

7R. Balafendie et al., PRB 106, 075106 (2022).
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GEOMETRY FACTOR

For single-mode systems

G = C =
1

B2
e V2

(∫
BeEi dV

)2

For multi-mode systems

MORE THAN ONE ANTENNA NEEDED

𝒢 = 0.71 ∼ 𝒞 = 0.69

𝒢 = 0.21
𝒞 = 0.13

High Q cylinder (Γp = 10−3 ωp; λ ≥ R)

6A. Millar et al., arXiv:2210:00017.
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TUNING

6A. Millar et al., arXiv:2210:00017.
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3. STATISTICAL INFERENCE
Searching strategies and sensitivity projections

A. Gallo Rosso et al., arXiv:2210.16095



TUNING IN

Frequency

P
ow
er

Frequency

P
ow
er

ω

ωa

REAL LIFE

JUST FANTASY
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SCANNING STRATEGY
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✘

✔

✘

✔

✔

✘

✔

✘

✔

✘

✔ ✔

1 2 3 4

ν1

ν2

ν3

ν4

ν5

ν6

ν7

28/45



SCANNING STRATEGY
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SCANNING STRATEGY

yij = ϕ(Awij, σij)

{yij}t
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ONE FREQUENCY, ONE SCAN

Data {yij}t

Fluctuations x = ∑
i∈I

Ni

∑
j=1

wijyij

σ2
ij

Configurations u = ∑
i∈I

Ni

∑
j=1

w2
ij

σ2
ij

Test statistics s =
x√
u
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k = kα ?

k-th scan

Build xk

H0 rejected

xk ≥ x
(k)
thr ?

Fail to reject H0

k → k + 1

k = 1

no

yes

no

yes

GEOMETRIC TEST

x̂1 ≥ xthr

x̂2 ≥ xthr

x̂3 ≥ xthr



GEOMETRIC TEST LIKELIHOOD BASED

x̂1 ≥ xthr

x̂2 ≥ xthr

x̂3 ≥ xthr ŝ3 =
x̂1 + x̂2 + x̂3√
u1 + u2 + u3

≥ c3

ŝ2 =
x̂1 + x̂2√
u1 + u2

{
≥ c2

≥ b2

ŝ1 =
x̂1√
u1

{
≥ c1

≥ b1



Build sℓ

sℓ ≥ cℓ ? H0 rejected

sℓ ≥ bℓ ?

Fail to reject H0

ℓ → ℓ+ 1

ℓ-th scan

ℓ = 1

no

yes

no

yes

LIKELIHOOD BASED

ŝ3 =
x̂1 + x̂2 + x̂3√
u1 + u2 + u3

≥ c3

ŝ2 =
x̂1 + x̂2√
u1 + u2

{
≥ c2

≥ b2

ŝ1 =
x̂1√
u1

{
≥ c1

≥ b1



GEOMETRIC TEST

[P(xℓ > xthr|H0)]︸ ︷︷ ︸
Rescan probability

kα−1 ≤ α

kα = number of scans
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LIKELIHOOD BASED APPROACH

✓ c1

✓ b1

✓ c2

✓ b2

kα = number of scans qℓ = rescan probability
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LIKELIHOOD BASED APPROACH

α

kα
= P(Dℓ|H0) =

P(sℓ ≥ cℓ, bℓ−1 ≤ sℓ−1 < cℓ−1, . . . , b1 ≤ s1 < c1) =
∫ ∞

cℓ
dsℓ

∫ cℓ−1

bℓ−1

dsℓ−1· · ·
∫ c1

b1

ds1 Nℓ(s| 0, Σs)

P

(
Cc
ℓ ∩ Bℓ

∣∣∣∣∣
ℓ−1⋂

h=1

{Cc
h ∩ Bh}, H0

)
=

P

(
ℓ⋂

h=1
{Cc

h ∩ Bh}
∣∣∣∣∣H0

)/
P

(
ℓ−1⋂

h=1
{Cc

h ∩ Bh}
∣∣∣∣∣H0

)
=

∫ cℓ
bℓ

dsℓ· · ·
∫ c1

b1
ds1 Nℓ(s|µs, Σs)∫ cℓ−1

bℓ−1
dsℓ−1· · ·

∫ c1
b1

ds1 Nℓ−1(s|µs, Σs)
= qℓ

✓ c1

✓ b1

✓ c2

✓ b2

✓ . . .

kα = number of scans qℓ = rescan probability
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ONE FREQUENCY, MANY SCANS

Geometric
Likelihood-based
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8A. Gallo Rosso et al., arXiv:2210.16095.
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MANY FREQUENCIES, MANY SCANS

<latexit sha1_base64="oX6wdDvLtycilVLf4TRNEMkGPDs=">AAACLnicbVC7TsNAEFzzfpOARENzIkKiIbIRrxJBQwmCAFJsRetjgRPnh+7WiMj4Z2ih4GuQKBAtn4EdUhBgqtHMrnZ2wlQry6775gwNj4yOjU9MTk3PzM7N1+oLZzbJjKSWTHRiLkK0pFVMLVas6SI1hFGo6Ty8Paj88zsyViXxKXdTCiK8jtWVksil1Kkt+RHyjUSdnxSd3Fv3Uac3WHRqDbfp9iD+Eq9PGtDHUafugH+ZyCyimKVGa9uem3KQo2ElNRVTfmYpRXmL19QuaYwR2SDvPVCI1cwiJyIlI5QWPZF+buQYWduNwnKyimt/e5X4n9fO+Go3yFWcZkyxrA6x0tQ7ZKVRZTMkLpUhZqySk1CxkGiQmYwSKGUpZmVVAwfvv1MPaGFUdeb9bugvOdtoetvNrePNxt5+v70JWIYVWAMPdmAPDuEIWiDhAR7hCZ6dF+fVeXc+vkeHnP7OIgzA+fwCy+yo0Q==</latexit>S1�↵

max
t=1,...,T

{
st

L − ct
L
}
= S

c̃t
L = ct

L + S1−α
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SEARCHING PROTOCOL

38/45



IT WORKS

Original
LEE corrections
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8A. Gallo Rosso et al., arXiv:2210.16095.
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SEARCHING PROTOCOL

𝑡 ≤ 𝑇 ?yes

𝑠𝑡𝐿 ≥ ̃𝑐𝑡𝐿 ?

𝑡 → 𝑡 + 1

Fail to reject 𝐻07

𝐻0 rejected globally

𝑡 = 1

Fail to reject 𝐻0 globally

yes

no

no
Build 𝑠𝑡ℓ

𝑠𝑡ℓ ≥ 𝑐𝑡ℓ ? 𝐻0 rejected

𝑠𝑡ℓ ≥ 𝑏𝑡ℓ ?

Fail to reject 𝐻0

ℓ → ℓ + 1

ℓ-th scan

ℓ = 1
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LOOK ELSEWHERE CORRECTIONS

INDEPENDENT REGIONS

P(Dtℓ|H0) =
α
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Tkα

82 84 86 88
1.30

1.32

1.34

1.36

1.38

1.40

1.42

Si
gn

ifi
ca

nc
e
α
[×

10
-
3 ]

3σ equivalent

94 96 98 100
2.80

2.85

2.90

2.95

3.00

3.05

Si
gn

ifi
ca

nc
e
α
[×

10
-
7 ]

5σ equivalent

Number of independent regions R100
α

8A. Gallo Rosso et al., arXiv:2210.16095.
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A SIMPLE EXAMPLE

i

t

yi`

t � 2 t � 1 t t + 1 t + 2

xt
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d = 5

<latexit sha1_base64="kvy/VoBSkdXxxZ1Rdx2+juRIBDo=">AAACJHicbVDJTgJBFHyDG+IGevTSkZh4whmDy8WE6MUjJrIkbOlpHtihZ0n3GyMh/IdXPfg13owHL36LM8BBwDpVqt5LVcoNlTRk299WamV1bX0jvZnZ2t7Z3cvm9qsmiLTAighUoOsuN6ikjxWSpLAeauSeq7DmDm4Tv/aE2sjAf6BhiC2P933Zk4JTLLWjThOVahO7Zs7peSebtwv2BGyZODOShxnKnZwFzW4gIg99Eoob03DskFojrkkKheNMMzIYcjHgfWzE1OcemtZoUnvMjiPDKWAhaiYVm4j492PEPWOGnhtfepwezaKXiP95jYh6V62R9MOI0BdJEEmFkyAjtIz3QNaVGol40hyZ9JngmhOhlowLEYtRPNBc4PO09ZzmeuN4M2dxoWVSPSs4F4XifTFfupmtl4ZDOIITcOASSnAHZaiAAA0v8Apv1rv1YX1aX9PTlDX7OYA5WD+/pS+kCA==</latexit>

ut
` = 1/5

8A. Gallo Rosso et al., arXiv:2210.16095.
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A SIMPLE EXAMPLE

Independent regions
Likelihood-based
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DISCOVERY REACH

ALPHA PHASE I
• 2 years run
• (5 ÷ 40) GHz
• HEMT amplifiers
• Single scan mode

ALPHA PHASE II
• 2 years run
• (5 ÷ 45) GHz
• Quantum noise
• Single scan mode

ALPHA I
ALPHA II

H
A

LO
SC

O
PE

S

Q ∼ (1 ÷ 3) · 104

B = 13 T
V = π × 352 × 75 cm3

7A. Millar et al., arXiv:2210:00017.
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CONCLUSIONS

ALPHA
• Overall design validation

✓ Theory/simulation/experiment
✓ Q ×10 than previously expected
✓ Feasible tuning

• KSVZ and DFSZ at reach

DAQ & ANALYSIS
• Framework for inference on sequential tests

✓ One frequency: Closed form for power
✓ Multiple frequencies: Monte Carlo for LEE

• Protocol and computational optimizations

IMPROVE SYNERGY FOR SIMULATION & ANALYSIS
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