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Particle Candidates for Dark Matter

Higgs
Known particle masses: neutrino electron proton
:  |Atom Interferometry LHC|Y
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Electric Dipole Moment
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® Consider electric dipole interaction: H = d . E
® d changes sign under time reversal T, E direction unchanged

® Therefore H violates T, and hence also CP

Chadha-Day, JE & Marsh: arXiv:2105.01406



QCD and the Neutron EDM

e QCD Lagrangian has a CP-violating term & 3 9= GG

67t2

e Theoretical calculations indicate |d| ~ 3.6 X 10~!1% e.cm

® Experimental upper limit |d| < 1.8 X 1072% e.cm, implying
10| <5x 107 e.cm.

® \Why so small? Fine-tuning or symmetry?

® Peccei & Quinn proposed a new field a(?, X): 8 « a(¢, X) for which

a = 0 is energetically preferred -

® Oscillations about this minimum correspond to new particle: axion

Weinberg; Wilczek, PRL 40




Simple Axion Model

Complex singlet scalar field o with spontaneously-broken U(1)pq

symmetry and an exotic quark: &£ 3 < |o]* —

2 _
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Axion field a(x): o(x) = % <VPQ + p(x)) e'“po heavy modulus
2

field o(x), heavy quark @

Axion interactions after integrating out heavy quarks:

geffa 0”a0a+é%G G'MU 4ga}/}/F/,wF//w

@ can be eliminated: a(x) — a(x) + 6f,
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Kim; Shifman, Vainshtein & Zakharov



Effective Low-Energy Theory Below
QCD Scale

® |nteractions with Standard Model particles:
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Cnepy = 24 % 107'%cm, C,, = O(1), C,y = O(1)

1 aﬂ

® Mass of axion determined by interactions with quarks, calculated using
, vz m_f, 10° GeV
chiral symmetry: m, ~ ~ 6 meV :

l+z f,

a

KSVZ = Kim; Shifman, Vainshtein & Zakharov

® Numerical coefficients model-dependent

DFSZ = Dine, Fischler & Srednicki; Zhitnitsky

L I Slo 1o [=] =11 VY ={=] Grilli di Cortona et al, arXiv:1511.02867



Axion Dark Matter Scenarios
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Chadha-Day, JE & Marsh: arXiv:2105.01406



Overview of Constraints on Axion Mass
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Axion Dark Matter Density
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Chadha-Day, JE & Marsh: arXiv:2105.01406




Existing & Prospective Axion Constraints
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Existing ALP Constraints
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Prospective ALP Constraints
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Low-Mass ALP Constraints
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Ultralight Dark Matter

A scalar ULDM ¢(x, t) field would be present throughout the Solar System
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The wavelength depends on the ULDM mass



Principle of Atom Interferometry

Mach-Zehnder Laser Interferometer Atom Interferometer
Beamsplitter Mirror HsTHptr Mirror v
n /2-pulse m-pulse N
Input . ,1”
(Light) e _+7~ Output 1

\ Output 1 . "
Input

Output 2

Laser excitation gives momentum kick to excited atom, Sl .p d h'k
which follows separated space-time path

Interference between atoms following different paths -1



Effect of Dark Matter on Atom Interferometer

DM
. €) |:> e) & ¢ induced Aw>M
_ o oscillatior.
|g> Dark matter |g>
coupling Time
VaVaw =
dark matter halo .
Pon= 0.4 GeViem® DM cloud changes DM coupling
Vou= 300 kmis [ sun S .. atom frequency causes time-
—————— )
Milky Way Va rYI n g
atomic energy
Time levels:
1 1 wa 'l —i(wa,+Aw(?M)T
o+ HFlee™ e) e




Effect of Gravitational Wave on Atom Interferometer

GW changes
light travel time

\T‘N hL/c

Time




AION Collaboration

PO LY
1 . Balashov?, E. Bentlnb3 D. Blas! &Boehm K. Bongs . A Bepiyal!
D. Bortc Bawcocks, W. Bowdens* C%ﬂv\F 8 Buchmueller®, J. Colema. ““J. Carlton

. RIGOA. hazov2 M. LangI0|s4 h4 YH L|en4 R Malolmo7
P. Majewski2, S Maliks, J. M3 ID Newbold?, R. Preece?,
B. Sauer$, U. Schnelde arbutté, M. A. Uchida’,
T. V-Salazar?, M. van der ossebeld4 D Weatherill3, I. Wilmut?,
J. Z|eI|nska6

Kings College London, 2STFC Rutherford Appleton Laboratory, University of Oxford,
4University of Birmingham, *University of Liverpool, ®imperial College London, "University
of Cambridge

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




AION — Staged Programme

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

baseline Initial funding from UK STFC
 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




AION

Atomic Multi-Gradiometer
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Time » B !

Multiple atomic interferometers in the same vertical shaft,
manipulated with same laser beam:
Eliminate laser noise, minimize gravity gradient noise
(direct effect on atoms of earth motion).
Many laser interactions to generate large momentum transfers
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Searches for Light Dark I\/IatterA|@

Linear couplings to gauge fields and matter fermions

d v d ﬁ v 1.
Ling = Ko +4§FWF“ - ;T:F,ﬁFA" = Y (dm; + Y dg)mithit;

i=e,u,d
I ) «—> induced
9) Dark matter | ) s Oscillation
coupling time

Frequency (fy) [Hz] Frequency (fy) [Hz]

Lo 103 101 10! 103 103 101 10! 103

VOIINY

MICROSCOPE

Orders of
magnitude
improvement
over current
sensitivities

ULDM-electron coupling (d,, )
ULDM-photon coupling (d.)

10—15 1 1 1 1 10—15 1 1 1 1
10—19 10—17 10—15 10—13 10—11 10—19 10—17 10—15 10—13 10—11
ULDM mass (mg) [eV] ULDM mass (m) [eV]

AION Collaboration (Badurina, ..., JE et al): arXiv:1911.11755; Badurina, Buchmueller, JE, Lewicki, McCabe & Vaskonen: arXiv:2108.02468



Vector coupling |g5_; |

AION

Vector Dark Matter

Vector ULDM frequency f, [HZ]

1023 10° 10 1 10 10°
10_25 MICROSCOPE
[ 10 g /+/Hz
10727} 6x10"g [\/Hz
2 Shot noise limited
10 10 10 10 10" 10B 1012

Vector ULDM mass my [eV]

Dual-species interferometer: 3’Sr & 88Sr

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




AION

Ultralight Spin-2 Dark Matter?

Frequency [Hz]

107 10" 10° 10’ 10°

Fifth force limit is
model-dependent

-14

-
o

ISpin-2 coupling strengthl?, ly,I?
=

10 Higuchi bound T = lyr
Atom shot noise limited
10-23 17 "1416' "”'“'1§' "'““114' ""'”'13' —
10 10 10 10 10

Higuchi cosmological Spin-2 mass, m, [eV]

instability limit is
AR CEEPREVAREEYIE model-dependent

Blas, Carlton & McCabe, arXiv:2412.14282




AION
Gravity Gradient Noise

* Rayleigh waves propagating across the surface induce density variations underground

* The density variations give rise to a phase shift:

= :::::;t ’ ~

= zf

—
—

) oy Wa 2 ~ W 2 ~
(I)g)GN,m = Zﬁa [Aa exp (—q CaHZ> + Bg exp (— c‘;z)] oS Ga,m
a

Al -j, z; * Two key parameters:
X

Zﬁ‘y . &, :surface displacement
2. AgaN = Z}—H : decay length with depth

Key quantity: velocity cy, depends on type of rock

Badurina, Gibson, McCabe & Mitchell, arXiv:2211.01854




AION

Gravity Gradient Noise

ULDM mass (my) [eV] ULDM mass (my) [eV]
10_2 10—17 10—16 10—15 10—14 10_2 10—16 10—15 10—14
1073 -3
3 — 1077
O O
£ 10 g,
a2, = 107%F
= =]
S 8
o 1075 =
£ £ 107}
Q Q
2 2
(<] — 5}
7 106 i
= =
g [ 1 1 g 10_6'-
1077 ASN 7 3 i
F ] | | NHNM ]
i 107k B = 205 m/s ]
10_8—3 e :—2 I | T — ""“:1
10 10 10 10 10 10 10 10 10
Frequency (f,) [Hz] Frequency (f) [Hz]

Badurina, Gibson, McCabe & Mitchell, arXiv:2211.01854




GGN Mitigation for AION-kmA

ULDM mass (my) [eV]
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Assuming GGN level and rock properties similar to CERN studies
for AION-100

Badurina, Gibson, McCabe & Mitchell, arXiv:2211.01854




Radiation of Ultralight Dark Matter
by Spinning Black Holes

) ULDM mass (ms) [eV] Exclusions can be avoided
ln_ll lo_l' lO-IJ 10_]" . . .
M et y — if ULDM has (self-)interactions
\\\ "l //
10-4 \ //
= o\ Excluded
# | Excluded] . \ b
—5. \\ “'- l' \ y
= b y \ N \ \ .
=1 spins SN\ TN\ / >PINS
2 P ¢ O\ '3 : of
2 0 2
= | smeH S S -
= > . BHs
f-} \II
-
0505 10-7 107 100 10"
Unal, Pacucci & Loeb, arXiv:2012.12790 Frequency (/) IHZ] Ng, Hannuksela, Vitale & Li, arXiv:2011.06010

Can be explored by prospective

AION-1km/AEDGE BH measurements of
spinning intermediate-mass BHs




Planned Location of AION-10m AI@I

AION-10 @ Beecroft building, Oxford Physics

R R L P P S
l‘

New purpose-built building (£50M facility)

AION-10 on basement level with 14.7m
headroom (stable concrete construction)

mnll[l]}]]__[.
Ground level |[/|

World-class infrastructure E

Experienced Project Manager: B

Engineering support from RAL (Oxfordshire)
i

Laser lab for AION

vibration criterion, VC-G =
10nm@10Hz. Temperature

W’ v (22+0.1)° C
]




10 & 100m Projects

Wuhan: 10m prototype

VLBAI: AION: Terrestrial shaft detector
Terrestrial tower LASER using atom interferometer at 10m
using atom L — 0(100m) planned
interferometer (UK)
0(10m)
(Germany) ATOM

SOURCE

ZAIGA: Terrestrial detector for large scale atomic
interferometers, gyros and clocks at O(100m)

(China) ATOM

SOURCE

MAGIS: Terrestrial shaft detector
using atom interferometer at
ATOM 0(100m)

SOURCE (USs)

Planned network operatign



MAGIS-100 Shaft & Design

Laser laboratory Vacuum tube module

View along shaft Source layout

Vacuum tube

MINOS
access shaft

Atom source

Relay lens

Laser lab

Structural
support

Atom source

100m

Magnetic
shield

MINOS building (ground level)

Chamber for cameras
and vacuum pumps

Atom source




AION
Physucs

Beyond. .- CERN-PBC Report-2023-002

.Collld'ers, .

A Long-Baseline Atom Interferometer at CERN:
Conceptual Feasibility Study

G. Arduini'*, L. Badurina®, K. Balazs', C. Baynham®, O. Buchmueller>**,
M. Buzio', S. Calatronil*, J.-P. Corso!, J. Ellis'"**, Ch. Gaignantl,

M. Guinchard', T. Hakulinen', R. Hobson, A. Infantino', D. Lafarge',
R. Langlozs C. Marcel', J. Mitchell’, M. Parodi', M. Pentella', D. Valuch',

H. Vincke!

I CERN, ? King’s College London, > Imperial College London, * University of Oxford,
> University of Cambridge
* Editors

Arduini, ..., JE et al: arXiv:2304.00614




Possible CERN Location of 100m
Atom Interferometer Experiment (AICE)

o = |Access shaft

LHC|

Cross-section |
of access shaft|

; Layout of
t experiment

R

Baynham, ..., JE et al: arXiv:2509.11867



2509.11867v2 [hep-ex] 16 Sep 2025

arxXiv

Letter of Intent:
AICE - Atom Interferometer CERN Experiment

* 5
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2AZ, UK
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SCERN, 1211 Geneva 23, Switzerland
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Examples of Possible 1km Sites
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Gotthard
Base
Tunnel

Longest operational railway
tunnel in Europe
Length 57.1km
Opened for trafficin 2016
200 to 300 trains per day
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| AION
Porta Alpina:

A possible site for a large terrestrial atom
interferometer?

A pair of 800m vertical shafts down to the Gotthard base railway tunnel,
with a 1km horizontal access tunnel

7.7 km 11.3 km 8.6 km 13.4 km 15.9 km
7.7 km 11.3 km 8.7 km 13.6 km 15.6 km
= - o - - e
BM Dyn. mite BM

Road access at top
Train platform at bottom
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g chni Combined technical
a e station Sedrun
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Southportal
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Multifunction station /

Emergency

stop station
Shafts Sedrun

Access tunnel Faido

Shaft Il

Environmental
Measurements _—
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Cross passage
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Guinchard, ..., JE et al, arXiv:2603.05558




Gravitational Wave Spectrum

NANOGrav 2018
IPTA early-mid 2020s
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* Gap between ground-based optical interferometers & LISA

— Formation of supermassive black holes (SMBHSs) via mergers of
intermediate-mass BHs (IMBHSs)?

— Electroweak phase transition? Cosmic strings?



Searching for Gravitational Waves AI@
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Characteristic Strain

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)?
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Growth of SMBH in CDM/FDM*
with /Heavy Seeds

BH mass can grow by mergers or accretion
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*Cold Dark Matter/Fuzzy Dark Matter <

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




Halo Mass Function in AI@I
CDM, FDM, WDM*

105 108 100 102 10 106
FDM and WDM show larger differences from CDM at high z

Novel way to probe FDM & CDM

JE, Fairbairn, Juan Urrutia, Ville Vaskonen, arXiv:2504.20043



Population of AI@
High-z SMBHs vs CDM, FDM, WDM
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JE, Fairbairn, Juan Urrutia, Ville Vaskonen, arXiv:2509.06955



Posterior Density Functions AI@I
from SMBH Mass Analysis
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SMBH data constrain 777pp5,; > 2 X 1072V eV, miypy > 7.2 keV

Shading: previous limits from Ly-a et al.

JE, Fairbairn, Juan Urrutia, Ville Vaskonen, arXiv:2509.06955



Probing Origin of Supermassive A|@
Black Holes with Gravitational Waves

; Example: assembly
o of heavy black holes
from 103 solar mass seeds
8

6 AION-km could detect many

| : 4 mergers with
106 107 10° 10° 10° 10" 100 2p gravitational waves
M. 1Mo 20 Nevers=4792
. : A Meeea=10" M

CDM model fits data on o BOf seed 2
supermassive 10f
black holes 5
at high & low redshifts :
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JE, Fairbairn, Juan Urrutia, Ville Vaskonen, in preparation M,/ M



AION

& LISA

GW Event Rates In
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JE, Fairbairn, Juan Urrutia, Ville Vaskonen, in preparation



Particle Candidates for Dark Matter

Higgs
Known particle masses: neutrino electron proton
:  |Atom Interferometry LHC|Y
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