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Particle	Candidates	for	Dark	Matter

  

Atom	Interferometry LHC

  

Fuzzy	
Dark	
Ma6er	

< 10−21eV

Warm	Dark	Ma6er ∼ keV  

Spin-1	dark	ma6er?	Spin-2?



Electric	Dipole	Moment

• Consider	electric	dipole	interac)on:	 	

• d	changes	sign	under	)me	reversal	T,	E	direc)on	unchanged	

• Therefore	H	violates	T,	and	hence	also	CP

H = d . E

	Chadha-Day,	JE	&	Marsh:	arXiv:2105.01406



QCD	and	the	Neutron	EDM
• QCD	Lagrangian	has	a	CP-viola)ng	term	 	

• Theore)cal	calcula)ons	indicate	 	e.cm	

• Experimental	upper	limit	 	e.cm,	implying	
	e.cm.		

• Why	so	small?	Fine-tuning	or	symmetry?	

• Peccei	&	Quinn	proposed	a	new	field	 :	 	for	which	
	is	energe)cally	preferred	

• Oscilla)ons	about	this	minimum	correspond	to	new	par)cle:	axion

ℒ ∋ θ
g2

s

16π2 G G̃

|d | ∼ 3.6 × 10−16

|d | < 1.8 × 10−26

|θ | < 5 × 10−11

a(t, x) θ ∝ a(t, x)
a = 0

	Peccei	&	Quinn,	PRL	28,	p1440

Weinberg;	Wilczek,	PRL	40



Simple	Axion	Model
• Complex	singlet	scalar	field	 	with	spontaneously-broken	U(1)PQ	

symmetry	and	an	exo)c	quark:		 	

• Axion	field	 :	 ,	heavy	modulus	

field	 ,	heavy	quark	 	

• Axion	interac)ons	ader	integra)ng	out	heavy	quarks:	

• 	

• 	can	be	eliminated:	

σ

ℒ ∋ ( |σ |2 − v2
PQ)

2
+ yσ𝒬̄L𝒬R

a(x) σ(x) = 1

2 (vPQ + ρ(x)) eia(x)/vPQ

σ(x) 𝒬

ℒeff ∋ 1
2 ∂μa∂μa +

αs

8π
a
fa

Gμν G̃ μν + a
4 gaγγFμν F̃ μν +

∂μa

2fa
cqq̄γμγ5q : fa =

vPQ

N𝒬

θ a(x) → a(x) + θfa
Kim;	Shifman,	Vainshtein	&	Zakharov
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Effec)ve	Low-Energy	Theory	Below	
QCD	Scale

• Interac)ons	with	Standard	Model	par)cles:

	

																										 ,	 ,	 	

• Mass	of	axion	determined	by	interac)ons	with	quarks,	calculated	using	

chiral	symmetry:	 	

• Numerical	coefficients	model-dependent	

• For	details,	see

ℒ ∋ − 1
2 m2

a −
ieCNEDM

2fa
aN̄σμνγ5NFμν + Caγ

α
8π

a
fa

Fμν F̃ μν + 1
2 caf

∂μa

fa
ψ̄γμγ5ψ

CNEDM ≃ 2.4 × 10−16cm Caγ = 𝒪(1) CaN = 𝒪(1)

ma ≃
z

1 + z
mπ fπ

fa
≃ 6 meV ( 109 GeV

fa )
KSVZ	=	Kim;	Shifman,	Vainshtein	&	Zakharov

Grilli	di	Cortona	et	al,	arXiv:1511.02867

DFSZ	=	Dine,	Fischler	&	Srednicki;	Zhitnitsky



Axion	Dark	Ma/er	Scenarios

Scenario	A:	
axion	dark	
ma/er	density	
depends	on	 	at	

,	followed	by	
harmonic	
oscilla)ons

θ
Thot

	Chadha-Day,	JE	&	Marsh:	arXiv:2105.01406

Scenario	B:	
axion	dark	
ma/er	density	
determined	by	
decays	of	
topological	
defects



Overview	of	Constraints	on	Axion	Mass

	Chadha-Day,	JE	&	Marsh:	arXiv:2105.01406



Axion	Dark	Ma/er	Density

	Chadha-Day,	JE	&	Marsh:	arXiv:2105.01406



Exis)ng	&	Prospec)ve	Axion	Constraints



Exis)ng	ALP	Constraints

	O’Hare,	https://cajohare.github.io/AxionLimits/



Prospec)ve	ALP	Constraints

	O’Hare,	https://cajohare.github.io/AxionLimits/



Low-Mass	ALP	Constraints

Badurina,	Blas,	JE,	S.Ellis,	arXiv:2507.17825



Ultralight	Dark	Matter



Principle	of	Atom	Interferometry

Mach-Zehnder	Laser	Interferometer Atom	Interferometer

Laser	excita)on	gives	momentum	kick	to	excited	atom,		
which	follows	separated	space-)me	path	

Interference	between	atoms	following	different	paths



Effect	of	Dark	Matter	on	Atom	Interferometer



Effect	of	Gravitational	Wave	on	Atom	Interferometer



AION	Collaboration

Network	with	MAGIS	project	in	US	
MAGIS	Collaboration	(Abe	et	al):	arXiv:2104.02835	

, A Beniwal1,
J. Carlton



AION	–	Staged	Programme

• AION-10:		Stage	1	[year	1	to	3]	
▪ 1	&	10	m	Interferometers	&	site	investigation	for	100m	
baseline	

• AION-100:	Stage	2	[year	3	to	6]		
▪ 100m	Construction	&	commissioning	
• AION-KM:	Stage	3	[>	year	6]		
▪ Operating	AION-100,	preparing	1	km	&	planning	for	
beyond	

• AION-SPACE	(AEDGE):	Stage	4	[after	AION-km]		
▪ Space-based	version	

AION	Collaboration	(Badurina,	…,	JE	et	al):	arXiv:1911.11755

Initial	funding	from	UK	STFC



Atomic	Mul)-Gradiometer

Mul)ple	atomic	interferometers	in	the	same	ver)cal	shad,	
manipulated	with	same	laser	beam:	

Eliminate	laser	noise,	minimize	gravity	gradient	noise	
(direct	effect	on	atoms	of	earth	mo)on).	

Many	laser	interac)ons	to	generate	large	momentum	transfers



Searches	for	Light	Dark	Matter
Linear	couplings	to	gauge	fields	and	matter	fermions

AION	Collaboration	(Badurina,	…,	JE	et	al):	arXiv:1911.11755;	Badurina,	Buchmueller,	JE,	Lewicki,	McCabe	&	Vaskonen:	arXiv:2108.02468
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Vector	Dark	Ma/er

Using	87SrDual-species	interferometer:	 	&	87Sr 88Sr

AION	Collaboration	(Badurina,	…,	JE	et	al):	arXiv:1911.11755



Ultralight	Spin-2	Dark	Ma/er?

Fidh	force	limit	is	
model-dependent

Higuchi	cosmological		
instability	limit	is	
model-dependent

Blas,	Carlton	&	McCabe,	arXiv:2412.14282

Higuchi,	NPB282,	197	(1987)



Gravity	Gradient	Noise

Badurina,	Gibson,	McCabe	&	Mitchell,	arXiv:2211.01854

Key	quan)ty:	velocity	cH,	depends	on	type	of	rock



Gravity	Gradient	Noise

Badurina,	Gibson,	McCabe	&	Mitchell,	arXiv:2211.01854



GGN	Mi)ga)on	for	AION-km

Assuming	GGN	level	and	rock	proper)es	similar	to	CERN	studies	
for	AION-100

Badurina,	Gibson,	McCabe	&	Mitchell,	arXiv:2211.01854



Radia)on	of	Ultralight	Dark	Ma/er	
by	Spinning	Black	Holes

Excluded	
by	

spins	
of	
LVK	
BHs

Can	be	explored	by	prospec)ve	
AION-1km/AEDGE	BH	measurements	of	

spinning	intermediate-mass	BHs

Ng,	Hannuksela,	Vitale	&	Li,	arXiv:2011.06010		

JE	&	Vaskonen:	in	preparation	

Ünal,	Pacucci	&	Loeb,	arXiv:2012.12790	

Exclusions	can	be	avoided	
if	ULDM	has	(self-)interac)ons

Excluded	
by	

spins	
of	

SMBHs
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AION-10 @ Beecroft building, Oxford Physics 

10.0m

AI-10

Ground level

• New purpose-built building (£50M facility)
• AION-10 on basement level with 14.7m 

headroom (stable concrete construction)
• World-class infrastructure 
• Experienced Project Manager: 
• Engineering support from RAL (Oxfordshire)

10
m

Laser lab for AION
vibration criterion, VC-G = 
10nm@10Hz. Temperature  
(22±0.1)°C

Planned	Loca)on	of	AION-10m												
      



10	&	100m	Projects
Wuhan: 10m prototype



MAGIS-100	Shaft	&	Design

View	along	shad Source	layout Laser	laboratory Vacuum	tube	module



Arduini,	…,	JE	et	al:	arXiv:2304.00614



Possible	CERN	Loca)on	of	100m		
Atom	Interferometer	Experiment	(AICE)

LHC

Cross-sec)on	
of	access	shad

Access	shad

Layout	of	
experiment

LHC

Baynham,	…,	JE	et	al:	arXiv:2509.11867





Examples	of	Possible	1km	Sites

Heise,	arXiv:2603.06504 Boulby	Laboratory,	UK



Go/hard	
Base	
Tunnel

Longest	opera)onal	railway	
tunnel	in	Europe	
Length	57.1km	

Opened	for	traffic	in	2016	
200	to	300	trains	per	day



Porta	Alpina:	
A	possible	site	for	a	large	terrestrial	atom	

interferometer?

Road	access	at	top	
Train	plaxorm	at	bo/om

A	pair	of	800m	ver)cal	shads	down	to	the	Go/hard	base	railway	tunnel,		
with	a	1km	horizontal	access	tunnel	



Environmental	
Measurements	
at	Porta	Alpina

Guinchard,	…,	JE	et	al,	arXiv:2603.05558



Gravitational	Wave	Spectrum

• Gap	between	ground-based	optical	interferometers	&	LISA	
– Formation	of	supermassive	black	holes	(SMBHs)	via	mergers	of	
intermediate-mass	BHs	(IMBHs)?	

– Electroweak	phase	transition?	Cosmic	strings?



								Searching	for	Gravitational	Waves

Probe	formation	of	SMBHs	
Synergies	with	other	GW	experiments	(LIGO,	LISA),	test	GR

Badurina,	Buchmueller,	JE,	Lewicki,	McCabe	&	Vaskonen:	arXiv:2108.02468



How	to	Make	a	Supermassive	BH?
SMBHs	from	mergers	of	intermediate-mass	BHs	(IMBHs)?

Light	seeds

Heavy	seeds



Growth	of	SMBH	in	CDM/FDM*		
with	Light/Heavy	Seeds

JE,	Fairbairn,	Urrutia,	&	Vaskonen,	arXiv:2509.06955

Mv � 1013 M�

z � 0

mDM � 10-20 eV
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� Heavy	seeds		
from	halo	collapses?

Light	seeds		
from	Pop	III	stars?mFDM = 10−20 eV

BH	mass	can	grow	by	mergers	or	accre)on

*Cold	Dark	Ma/er/Fuzzy	Dark	Ma/er



Halo	Mass	Func)on	in		
CDM,	FDM,	WDM*

JE,	Fairbairn,	Juan	Urru)a,	Ville	Vaskonen,	arXiv:2504.20043

FDM	and	WDM	show	larger	differences	from	CDM	at	high	z	
Novel	way	to	probe	FDM	&	CDM



Popula)on	of	
High-z	SMBHs	vs	CDM,	FDM,	WDM

JE,	Fairbairn,	Juan	Urru)a,	Ville	Vaskonen,	arXiv:2509.06955

_________	CDM	
———	FDM	 	eV10−20

Seed	mass	103m⊙



Posterior	Density	Func)ons	
from	SMBH	Mass	Analysis

JE,	Fairbairn,	Juan	Urru)a,	Ville	Vaskonen,	arXiv:2509.06955

SMBH	data	constrain	 ,	mFDM > 2 × 10−20 eV mWDM > 7.2 keV

~~ ~~log10(mWDM/keV)

Shading:	previous	limits	from	Ly- 	et	al.α



Probing	Origin	of	Supermassive	
Black	Holes	with	Gravita)onal	Waves

CDM	model	fits	data	on	
supermassive	
black	holes	

at	high	&	low	redshids

Example:	assembly	
of	heavy	black	holes	

from	103	solar	mass	seeds

AION-km	could	detect	many	
mergers	with	

gravita)onal	waves

JE,	Fairbairn,	Juan	Urru)a,	Ville	Vaskonen,	in	prepara*on



GW	Event	Rates	in	AION-km	&	LISA
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JE,	Fairbairn,	Juan	Urru)a,	Ville	Vaskonen,	in	prepara*on

Event	rates	different	for	CDM,	FDM	and	WDM



Particle	Candidates	for	Dark	Matter

  

Atom	Interferometry LHC

  

Fuzzy	
Dark	
Ma6er	

< 10−21eV

Warm	Dark	Ma6er ∼ keV  

Spin-1	dark	ma6er?	Spin-2?


