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CP violation and the neutron electric dipole moment

Theory: Vacuum structure of QCD 
(instantons) generates a term
 

Some angle, not fixed by theory,
 so presumably 𝒪(1)
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Experiment:  observable but 
bundled with phase from quark 
masses

θQCD

Where it sets the electric dipole 
moment of the neutron
dn = (2.4± 1.0)✓̄ ⇥ 10�3 e fm
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⌫± = 2|µnB ± dnE|
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Recent measurement [2001.11966]

G. Pignol

|dn| < 1.8⇥ 10�26 e cm (90% CL)

What do they see?
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The real problem: why are two completely 
unrelated numbers cancelling each other < ppb?



The solution, a la Peccei-Quinn
QCD vacuum energy density already has a minimum at  (Vafa-Witten 

theorem). However  is just a parameter, there is no mechanism to cause it to 
want to minimise energy
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PQ mechanism: what if there was?
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•Introduce field, , that couples to gluons . It will have a shift symmetry that 
can be used to cancel off any unwanted CP violation while VW theorem ensures 

•QCD vacuum implies a potential for the axion and thus a small mass

a ∝ (a/fa) GG̃
⟨a⟩ = 0

The axion
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The axion effective theory

Introduce axion as the pseudo-Goldstone boson of a new global  , spontaneously 
broken at scale . After some extra work, it can also couple to the photon and fermions 

U(1)
fa

Importantly, all couplings suppressed by . So set symmetry breaking 
scale as high as you like to evade observational constraints 

→ ideal candidate for dark matter

g ∼ f −1
a



The axion is fashionable

• Solves outstanding problem of the SM
• Cosmologically relevant as (all or some of) DM
• Many laboratory tests possible, almost totally falsifiable
• Testable in astrophysical environments as well 
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Lots of activity, but potentially many years away from a discovery

This talk: Can we do anything theoretically to accelerate us towards one?
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Lots of activity, but potentially many years away from a discovery

This talk: Can we do anything theoretically to accelerate us towards one?
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For more, see cajohare.github.io/AxionLimits/ → Now hosts results from >200 publications!
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Coupling to the photon

L = �1

4
ga�a(x, t)Fµ⌫ F̃

µ⌫ = ga�a(x, t)E ·B
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Axion → PhotonPhoton → Axion
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→ KSVZ-like models with 1 new heavy 
quark. Band covers all possible 

representations under SU(3)cxSU(2)IxU(1)Y 
satisfying various theoretical conditions

(no Landau poles below Planck scale and the 
quark itself is not cosmologically stable) 
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Light ALP-photon oscillations in astrophysical B-fields
(Galaxies, galaxy clusters, and the Milky Way) 
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Dark matter axions



Dark matter axions
a(x, t) ⇡

p
2⇢a
ma

cos (!t� p · x+ ↵)

! ⇡ ma

Oscillating at the axion mass

behave like a classical field :



Dark matter axions

B-field

a(x, t) ⇡
p
2⇢a
ma

cos (!t� p · x+ ↵)

! ⇡ ma

Oscillating at the axion mass

behave like a classical field :
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gaγ ∝ T−1/4

Sensitivity:

Will take a long 
time to cover 
DFSZ from

 eV — eVμ 100 μ

Biggest challenge right now is that 
we don’t know the axon mass



How good are our chances of detecting the axion?

For the sake of argument, let’s assume that a canonical 
QCD axion model to make up 100% of dark matter



Predicting the mass of the axion with cosmology:
Misalignment mechanism

Time

ä+ 3Hȧ+
@V(a)
@a

= 0

Axion field rolls down
potential

ma(t) ≈ 3H(t)

where, V(a) ⇡ 1

2
m2

aa
2

Axion field starts damped 
oscillations with frequency ~ma
→ cold axions dark matter

ma(t) ≳ 3H(t)

Initial angle
V (�)

✓i

✓i

A
xi

on
 fi

el
d,

 θ
=

a/
f a



Scenario 1: 
Pre-inflationary axions

Relic density just depends on single 
initial misalignment angle
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Scenario 2: 
Post-inflationary axions

Distribution of initial misalignment angles 
→ distribution highly inhomogeneous + 

topological defects
*P

Q
*

QCD

zeq

Inflation

Axion 
mass

Single ✓i
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Scenario 2: 
Post-inflationary axions

Ensemble of initial misalignment angles 
→ Density set by single stochastic average
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fa [GeV]

✓i ⇠ 1
Axions 

subdominant
Axions over-

produced
(Unless initial angle tuned: 

“anthropic axion”)

ma [eV]

Axions
 subdominant 

Ruled out
by stellar/SN bounds

Axions definitely 
overproduced

Scenario 1:
Pre-inflation

Scenario 2:
Post-inflation

✓i =
⇡p
3
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In principle one can 
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find the  that matches:

Ωh2 = 0.12
ma

10°15

10°14

10°13

10°12

10°11

10°10

10°9

|g
ag

|[
G

eV
°

1 ]

10°6 10°5 10°4

ma [eV]

Ballesteros ’17

Dine ’17

Borsanyi ’16

Fleury ’15
Berkowitz ’15

Bonati ’16

Petreczky ’16

Klaer ’17

Buschmann ’21

Buschmann ’20

103 104
Frequency [MHz]

CASTCAST

E/N = 44/3

E/N = 5/3

KSVZ

DFSZ

UFUF

RBFRBF

A
D

M
X

A
D

M
X

H
A

Y
ST

A
C H

A
Y

ST
A

C

C
A

PP

C
A

PP

C
A

PP

O
R

G
A

N

Q
U

A
X

-a
g

R
A

D
ES

Neutron StarsNeutron Stars

Foster et al.Foster et al. DarlingDarling Battye et al.Battye et al.

Why no agreement? Pr
ed

ic
tio

n



Complication in the post-inflationary scenario: topological defects

After U(1) spontaneous breaking (at T< ):
 Cosmic strings from axion field winding around  

fa
⇒ 2π

After explicit breaking (at T  )
 Domain walls between axion field at true/false vacuum (0 and )

≲ ΛQCD
⇒ π



Numerical simulations
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Radial dof: “saxion” 
Sets string width.

Mass = 

�(x) ⇠ |�(x)|ei✓(x)
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Angular dof: “axion” 
Sets domain walls 

Temperature dependent mass:

m2
a(T ) =

�0

fa

✓
150MeV

T

◆n
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 and  
can be calculated via e.g lattice 

QCD [1606.07494]

χ0 ≈ (76 MeV)4 n ∼ 6 − 8

✓(x) = a(x)/fa
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Evolution of the axion field
 in the post-inflationary scenario

String network scaling

Domain walls attached to strings
→ network collapses

Inhomogeneous distribution of 
axions free streams 

Gravitational collapse into 
miniclusters and halos

PQ

QCD

zeq

CAJO, Pierobon, Redondo, Wong [in prep.]
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Evolution of the axion field
 in the post-inflationary scenario

String network scaling

Domain walls attached to strings
→ network collapses

Inhomogeneous distribution of 
axions free streams until non-

relativistic  

CAJO, Pierobon, Redondo, Wong [in prep.]

Seeds of structure 
gravitationally collapse 

into miniclusters and halos

PQ

QCD

zeq



CAJO, Pierobon, Redondo, Wong [in prep.]

Evolution of the axion field
 in the post-inflationary scenario

When the axion mass grows quickly with 
temperature (e.g. ) large numbers of 

high density oscillating lumps are seeded 
towards the end of the simulation with sizes 

 

m2
a ∝ T−6.68

λ ∼ m−1
a

→ “Axitons”

(Movie)
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high density oscillating lumps are seeded 
towards the end of the simulation with sizes 
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(Movie)



Axitons (aka oscillons)
• Pseudo-breathing solutions of the Sine-Gordon 

equation with a growing mass 
• Can also be thought of as the unstable transition 

between dilute and dense axion stars
• Radiate away axions but eventually will dissipate 

once the axion mass reaches its present day value

m2
a(T) ∝ T−n

Mass increasing with time 

Axitons

1710.08910

CAJO, Pierobon, Redondo, Wong [in prep.]

Dense branch (unstable)

Dilute branch
(Need gravity)



Around ~4000, field is inhomogeneities on small 
scales L~0.1 pc 
→ Leads to gravitational collapse of structures 
much earlier conventional thermal CDM
→ Miniclusters

zeq

Mmc ⇠ 10�12M� ⇢mc ⇠ 104 GeV cm3
<latexit sha1_base64="w1DSP71KYqEKROxM4Sy9h7m02Mc="></latexit>

(For QCD axion, ALP miniclusters will be fluffier)

What next? → Gravity



Outstanding problem 1: the DM distribution

Problems for direct detection
 → Encounter rate ~ once every —  years. 
→ If tidally disrupted by stars we could pass 
through streams [2011.05377], but this implies a 
radically different signal model for lab experiments

104 106

Opportunities for indirect detection 
→ Collision of miniclusters with 
neutron stars, observe in radio [2011.05378]

→ Miniclusters passing line of sight 
(microlensing) [1908.01773],[1701.04787]

vlab



•Want to simulate larger than the causal horizon
L ∼ 1/H

•Whilst also resolving string cores 
Δx ∼ 1/ms = ( λfa)−1

•For a realistic model e.g.  GeV 
 →  

•With current resources  grid points, can 
only simulate 

fa = 1011

ms/H ∼ 1028

≲ 81923

ms/H ∼ 103−4

•Might be okay since this parameter enters as 
 in the string tension but still needs to 

be checked, e.g. with AMR [2108.05368]
log ms/H

Problem 2: String radiation and the dynamical range



Summary

•The axion is the best candidate for dark matter

•The axion could be found tomorrow, or in 20 years time

•Need high-resolution numerical simulations to predict the axion 
mass and to study the clumpiness of axions in our Universe. Many 
open questions and avenues for further study



Key issues to be resolved
Axion dark matter abundance/axion mass
→ Current simulations cannot study the string 
scaling regime in full due to high required dynamical 
range, see e.g. [2007.04990]
→ Not clear if the spectrum is dominated by IR 
modes (meaning large overproduction) or UV modes 
(. Important for predicting the axion mass, see 
[2108.05368] for recent work with AMR

Implications of an inhomogeneous axion distribution
→ Formation of gravitationally bound structures “axion 
miniclusters”
→ Do miniclusters survive to present day? Could be 
important for direct and indirect searches 
→ Can stable axion stars form? Could there be signals 
of these e.g. fast radio bursts?
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The axion lineshape
Effect of halo 
anisotropy

Effect of 
substructure

High speed stream 
e.g. Sequoia

Low speed stream 
e.g. Helmi streams

Isotropic  
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Pure laboratory tests of axion-fermion fifth forces

L � �a
X
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Key point: any SM or BSM CP-violation (could be e.g. size of Jarlskog invariant of CKM matrix) could shift 
axion vev and generate CP-violating axion-fermion couplings in addition to the CP-conserving ones 

Monopole-monopole
(Spin independent)

Monopole-dipole
(Spin dependent)

Dipole-dipole
(Spin dependent)
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→ e.g. tests of inverse 
square law/WEP

→ Spin-mass forces e.g. 
ARIADNE/QUAX

→ Forces between spin-
polarised samples

 1
<latexit sha1_base64="kfae+SLm/UcCbeOFJ1ClnUXk3Es=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5cY3vf75YpX9ebAq8TPSQVyNPrlr95A0TRm0lJBjOn6XmKDjGjLqWDTUi81LCF0TIas66gkMTNBNr92is+cMsCR0q6kxXP190RGYmMmceg6Y2JHZtmbif953dRG10HGZZJaJuliUZQKbBWevY4HXDNqxcQRQjV3t2I6IppQ6wIquRD85ZdXSatW9S+qtfvLSv0mj6MIJ3AK5+DDFdThDhrQBAqP8Ayv8IYUekHv6GPRWkD5zDH8Afr8AU1hjvI=</latexit>
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<latexit sha1_base64="vKFQW6cc1ibz7kjIdn6UcF2nyB0=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5cY3q/1yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroOMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vklat6l9Ua/eXlfpNHkcRTuAUzsGHK6jDHTSgCRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5A07ljvM=</latexit>
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<latexit sha1_base64="faGUkVU7uKDVMorV1a66zcXByfY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1hv3MBNN+ueJX/TnQKglyUoEcjX75qzdQJBVUWsKxMd3AT2yYYW0Z4XRa6qWGJpiM8ZB2HZVYUBNm82un6MwpAxQr7UpaNFd/T2RYGDMRkesU2I7MsjcT//O6qY2vw4zJJLVUksWiOOXIKjR7HQ2YpsTyiSOYaOZuRWSENSbWBVRyIQTLL6+SVq0aXFRr95eV+k0eRxFO4BTOIYArqMMdNKAJBB7hGV7hzVPei/fufSxaC14+cwx/4H3+AIz6jxw=</latexit>
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<latexit sha1_base64="yMyRFOVXywXdZF9Rk8P0JKMhLAc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSa9jPTG3aL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Rrd1fVuo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnD45/jx0=</latexit>

a
<latexit sha1_base64="wqZLPcGml9Og5FDdUdFUNWEF4FE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxKuM6Q==</latexit>

a
<latexit sha1_base64="wqZLPcGml9Og5FDdUdFUNWEF4FE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxKuM6Q==</latexit>



Monopole-dipole searches

Challenge: stellar bounds tightly constrain gp, and spin 
independent fifth force tests easily constrain gs: so Astro x 

Lab bound on these coupling combos are very strong

(Latest QUAX result 2011.07100)

ARIADNE QUAX

Conceptually similar, spin an unpolarised source mass near to a spin-polarised target 

Constrains: gp gs (nucleon-nucleon) Constrains: gp gs (electron-nucleon) 



Pure laboratory tests for monopole-dipole axion-mediated forces

Electron-nucleon coupling Nucleon-nucleon coupling

Hard to beat the astrophysical bounds, but ARIADNE projects that it will 

O’Hare & Vitagliano [2010.03889]



Evolution of dimensionless variance in the density contrast
Strings era Domain walls era Axiton era

Domain 
walls

( )k ≈ ma

Axit
on

s (

)
k ≈

m a

Vaquero, Redondo, Stadler [1809.09241]
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