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Dark matter

Compelling evidence (only gravitational) of non-luminous matter
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We don’t know...

- fundamental particle?
- Spin, mass?

- non-gravitational interactions?

- thermal relic?
- when was it produced?
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Dark matter on the mass scale

QCD axion WDM limit unitarity limit
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Traditional searches for particle dark matter

Thermal WIMPs
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Traditional searches for particle dark matter

Thermal WIMPs

o

N
>
X

4

=0
E‘I‘lll | I lllllll I I Illllll I | e [ o [ e A | | | 10

(a) Direct detection (b) Collider detection

Dark matter
A

SM particle SM particle
— —

:
5

10~%

.
£

‘...

Dark matter

o

ol
N
a1

! //- Gamma-ray

fo !

und
3
)

Electron
Positron 10-48

(C) Indirect detection
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https://arxiv.org/abs/2406.01705

Lighter sectors ??
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Alternatives ??



Wave-like dark matter

» Spin-0 dark matter in the mass range ~ 107 eV < m, <1eV

* When these light bosons constitute the majority of the dark matter, the number density
of the bosonic field inside galactic halo is large enough so that the dark matter field
have a large occupation number, allowing the system to be described effectively as a
classical “wave-like” hield.

[' -_
~ \/ 2PDM, local L :
4¢(x’ t) ~ m¢ COS (m¢(t T ’B X)) : \E\ ~ 107 - dark matter velocity
! q; ; x dependent term amounts to a random phase
S o —————

We ignore the velocity dispersion term « ||



Ultralight dark matter

Low-mass bosonic particles form a coherently oscillating classical field described by

|
. Amplitude fixed by dark matter energy density : p, = Em(/%@% ( POM.10cal ® 0.4 GeV/ cm®)

» The angular frequency determined by the rest mass: @ ~ m,,
Aw <V£>

— ~ 1070
Q) C

. Small corrections from the kinetic energy :

i 6
v ~ 10°T..

. Coherence time is set by the frequency spread : 7_;, ~



Ultralight dark matter

In the early universe, a generic classical bosonic Misalignment mechanism

field evolves as ¢+3H(t)¢+m€%¢=() 1.2 T
H(t) > m
1.0F —
When 3H > m,, the system behaves like an . 08} _
overdamped oscillator - the field remains static. g_ 1l ]
~ -
Oscillations start when 3H ~ m,, and the field S 04l - " i
: : . . . " < m
slowly starts rolling towards its potential minimum = .| 2 _
= =
As the Universe expands, H < < m, and the = 00F S
ultralight field starts oscillating and its energy 02k ]
density scales as p o a2, like cold dark matter. o4l _
102 10T 100 a0t 102
e . 1y
(2, ~0.1 10777 GeV™ [ Ma ]1/2 " Marsh, 1510.07633
. f 10—22eV |
. : C. O’Hare, 2403.17697




Axion-like particle interactions at different scales

* At the UV scale ALPs interact with quarks, gluons and other SM particles

0"a _ 0"a
c, U u -
9 f uu }/,uyS 9 f

PP > Aoap) 3 dy,ysd + coo—>—G,,, G
7 (> Aqcp) 3 Caa A7,Y5a t C5i dn o

* These couplings need to be renormalised consistently and matched to a Lagrangian
appropriate for low energy processes. Running and matching changes the axion couplings and
introduce new couplings that are not present in the UV theory.

* We do the running of the ALP couplings from the UV scale to the electroweak scale by solving
the system of RGEs at the weak scale and adding the matching contributions at EW scale. The
ALP couplings at the QCD scale are then determined by step-wise running below the EW scale.



ALP low-energy Lagrangian-linear interactions

* At energy scales below Aqcp, the relevant ALP couplings to photons, nucleons and electrons are written in the

leading order of the expansion of the decay constant f, as

1 mgo
SZD 5 < A = (() a) ota a2
(v S Agcp) = > % (0*a) 5
ota N (3”61 _ N4 off @ aF v
| C, € e C

* rY 471.][ HV

(p,n)

* We assume that all ALP-interactions at the low scale are CP conserving, such that it has no linear, scalar

coupling to any Standard Model degrees of freedom.



Origin of quadratic interactions

» At quadratic order in f_, ALPs have scalar interactions described by the dim-6 operators

2 2 2
L0 S Aacp) = N (Cy (0 + G5 ()7) N + Cp ()¢ + C (i)~ F,, F*

f? 4f>

f

diag(1l, — 1)

* Coupling to gluons at the UV scale induce quadratic couplings to pions below the QCD
scale.

* From chiral Lagrangian, one obtains mixing between the ALP and the pion and in the
basis where kinetic and mass terms are diagonal one finds upon expanding in a/f:

2 2 A2
(@) = 1 (1 + 3(a)) == 5 (@) = — =2 ;z (1 ’2‘) +0(z)
m

m=m,+m)/2,A = (m,—m)l2,t,=m>/m?




Origin of quadratic interactions

* For the ALP nucleon quadratic coupling, the leading order term is generated by the higher order
operator in the chiral Lagrangian and one can write the universal quadratic ALP interaction with
nucleons as

<% 3 4cym? 5 (a)NN + ...

¢, = — 1.26 GeV ™2 (Alarcon et.al, 1210.4450)

g Y Y Y Y Y
2 2
v = ( : ; + + ... a m: As
, \ , \ C (1) = —c? 1 +32¢ |
' ol 247 ¢ ( 'M
a al \a a/ \a




More on quadratic interactions

* Quadratic interactions are an unavoidable feature if axion/ALP interacts with gluons at
the UV scale.

* The loop-induced quadratic couplings are much more significant than the ones of
O ((0"a)*lf;).

* Quadratic interactions are spin-independent (scalar-like) in nature, so they induce

variations of SM couplings and masses, unlike the linear spin-dependent ALP
couplings.

* In the oscillating dark matter background, the fundamental constants become field-
dependent and their time-dependent variations are measured in the quantum sensors.

In axion/ALP dark matter, these probes are achievable uniquely due to the quadratic
Interactions.



Shifts in fundamental constants

In the oscillating dark matter background, the low-energy quadratic lagnrangian induces a time-dependent
component in the following fundamental constants :

1 ;
off(q) = (1 + éa(a)>a Wit 6,(@) = — (1 _ 32611\%) 5 (a)

3
mef(@) = m,(1+6,a)) with 8,a)="=C,—In—=

My(a) = MN(l 4 5N(a)) with  Sy(a) = — 4c1%5,,(a)
N



Clocks

Basic components Clock transition Measured* radiation laser/microwave is
tuned in resonance

f db k . "
eedbac with the transition
Probing laser | WAV = A, output

U
Z1  Different transitions of same system
Uy OF distinct systems

*Cannot measure absolute energies observable —

* Quantum clocks, operate by comparing the frequency ratios of different atomic, vibrational and nuclear
transitions.

* Clock frequencies rely on the frequencies of spectral lines in these transitions. Therefore, a fractional
change in the spectra brings in a shift in the clock frequency

* Clock searches are naturally broadband, with mass range depending on the total measurement time and
specifics of the clock operation protocols



A generic clock prescription

* The frequency ratio of atomic transitions in two different atomic clocks A and Bis

parametrised as
Difference in the sensitivity coefficients

e q
k m, mq
I/A/B X O« E—
m AN
(2, QCD

* To obtain a signal in the clock comparison, the sensitivity coefficients of the two
systems must be different



* The observable is the fractional variation in the frequency ratio of A and B :

oV %) om, om om, ONA
A/B _ ka 2 | ke e p n kq q QCD
UA/B 0/ m, mp mq AQCD

Oy /p -
=k,o0,(a)+ k,0,(a)— |k, +2 kq 5p(a) + kq 0 (a)
VA/IB

* Microwave clocks are based on hyperfine transitions - frequencies of a few GHz. Primarily sensitive to the

variations in a and m,/m,,

» Optical clocks are based on transitions between different electronic levels - frequencies of ~ ©(10'°) Hz.
Sensitive to variations in a.

In the oscillating dark matter background,

0 2
A« a? = p[;M COS” m t = 'ODéW (1 + cos Zmat)

Signal is obtained when

d

Clock frequency w ~ 2m,
LAIB My Mg



Different clock comparisons

U X O mz/m FMW(a) ; clock stability o v/ Av

Hyperﬁne frequencies :

inarrow linewidth gives higher stability :

vmamFm>‘i

Ophcal Frequencues

* Two microwave clocks : Rb/Cs - transitions between different hyperfine levels in the two ground state
atoms 8’Rb and *3Cs . Sensitive to very low frequencies corresponding to ALP mass ~ 107" eV and
below due to the long time-span of the experiment.

* Two optical clocks : BACON — Al*/YDb, Yb/Sr and Al"/Hg™ frequency comparisons.

- YbTE;/E, : comparison between the electric-octupole transition (E;) and
the electric-dipole transition (E,) of !’'Yb™ ion.

- YbTE,/Sr : frequency ratio between the E; transition in !’'Yb* to a

transition in the optical lattice clock ®’Sr is measured.

» Optical and microwave clock comparisons : Yb/Cs - all three sensitivity coefficients &, k, and k_ are

non-zero, which makes it particularly sensitive to variations in m,.



Clock-cavity comparison

Solid material Electronic transition
e
— g
Lsolia X ag = 1/(mea) Vatom X Ry & mea2 Vatom 0
= Vsolid & l/Ls;olid XM Vsolid

courtesy : Y. Stadnik

* The FC variations in the oscillating DM background induces a change in the length of solid objects such
as optical cavities due to variations in Bohr radius.

* The fractional change in the cavity length causes a change in the frequency of the eigenmodes of the
cavity, which scales as the inverse of the cavity length.

* The cavity reference frequency, v. @« am,is compared to the atomic transition frequencies in the clocks
or other cavities in the optical/microwave domain.



Clock-cavity & cavity-cavity comparisons

* Sr/Si: frequency comparison between a Si optical cavity and a ®’Sr optical lattice clock. Only sensitive to the variation in the
fine-structure constant, due to vg, o>V m,. Operates in the optical domain with higher frequency stability and provides the
strongest limits in the range m, ~ 10717-2%x 107 1% eV.

Kennedy et. al, Phys. Rev. Lett. 125, 201302 (2020)

* H/Si: comparison of the reference frequency of a Si cavity and an H maser. Sensitive to both a and m variation because the
hyperfine transition frequency of H maser shows a different functional dependence on m, compared to the cavity frequency -

vy & a*m?. Operates in the microwave domain.

* Cs/D2: Larger ALP mass is constrained by comparing the measurements of electronic transitions between two states of 33Cs
against a laser cavity. Sensitive to FC variations between the acoustic cut-off frequency of the cavity resonator and the

frequency of the natural line width of the excited state. Constrains ALPs in the range m, =~ 4.6 X 10711-1077 eV.

Antypas et. al, Phys. Rev. Lett. 123, 141102, Tretiak et. al, Phys. Rev. Lett. 129 (2022)
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How does the parameter space look ?
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Other experiments probing FC variations??



Opticalinterferometers

* A two-arm laser interferometer is typically used to detect small
changes in the difference of the optical path lengths in the two
arms of the interferometer.

* The two arms of an interferometer are practically equal in
terms of optical path length. However, the beam splitter can
create a geometric asymmetry. The beam-splitter and arm
mirrors of an interferometer, if freely suspended, can produce
differential optical-path length variations due to changes in the
fundamental constants.

* A freely-suspended beam-splitter would experience time-vaying
size changes about its centre-of-mass, thus shifting back-and-
forth the main reflecting surface that splits and recombines the
laser beam would create the phase difference, hence the signal.

H. Grotel et. al, [arX1v: 1906.06193]



J (5a 5me) 0(Ly — Ly) = V2 [(n — %) ol + l5n] ~nl [0a(a) + 0c(a)]

on = -5 x107° (2 oa | 5m6)

Qo Me

® GE0-600 - A modified Michelson’s interferometer. The differential strain is derived as a
function of frequency to set bounds on the ALP couplings. The entire optimal frequency range
of the detector (100 Hz -10 kHz) remains smaller than the fundamental frequency of the

longitudinal oscillation mode ~ 37 kHz. Sensitive to the ALP mass range
m, ~ 107111071 eV,
®LIGO - FC oscillations can also be probed with Febry-Perot interferometers like LIGO. The

methodology is similar to GEO60O0 but for LIGO the sensitivity is attenuated by a factor of arm

cavity finesse ~ O(100). There is an additional contribution to o(L, — L) from the thickness
variation of the mirrors fitted on the two cavity arms. However, this is a subleading effect

because o(L, — Ly) x At ~ ~ 80 um . LIGO-03 observations set limits in the mass range
m, ~ 10714-107!1 eV.



Mechanical resonators

@111

 Similar to optical cavities, mechanical resonators are sensitive to the time variation

of the mechanical strain /(%) of solid objects consisting of many atoms, which
originates in variations of the atom size caused by FC variations.

W) = = (0,a) + o.(a))

* For quadratic ALP couplings that induce the FC variations above, the strain can be
resonantly enhanced if one of the acoustic modes of the elastic body is tuned to
twice the ALP Compton frequency.



Mechanical resonators

AURIGA - A cryogenic resonant-mass

detector of bar length ~ O(m).
Sensitivity over a narrow bandwidth
850-950 Hz, corresponding to ALP mass

window1.88 - 1.94 peV.
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Experiments sensitive to linear ALP coupling
Haloscopes

Haloscopes are microwave cavities tuned to detect the resonant conversion of dark
matter ALPs into photons in the presence of a strong static magnetic field

ALP conversion inside the cavity takes place through “ Inverse Primakoff production”
which is primarily induced by the linear ALP-photon interaction

In a resonant microwave cavity immersed in a magnetic field, axions interact with the
virtual photons of the magnetic field and convert to an oscillating electromagnetic field.

The ALP conversion maximises if its Compton frequency matches the frequency of a
resonant mode of the cavity resonator.
Sikivie Phys. Rev. D 32, 2988 (1985)



Kimball et. al, The Search for Ultralight Bosonic Dark Matter

Amplifier Mixer
Fourier Transform
The width of the axion
signal ~ Av, S 107%y,
- | = AV,

Local Oscillator

Power

Cavity  hv = mgc? Vg Frequency
* The resonant conversion condition is that the ALP mass is within the bandwidth of the
microwave cavity at its resonance frequency.

* Since the axion mass is unknown, the cavity resonance frequency must be tuned to access a
range of axion masses.

* Photons generated from ALP-photon conversion give rise to excess power generation inside the
cavity. The frequency dependent signal power extracted on resonance-

B>VC min(Q,, Q,)




 Cavity haloscopes are designed to probe masses ~ O(ueV).

» Searches for smaller ALP masses would require larger cavities because the volume scales

as Vo 1/m? .

* Higher masses require reduced
cavity volume which
significantly affects the signal | [
power and therefore the scan |
rate.
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Haloscopes sensitive to quadratic interactions ??

(D) Nv9dO

ADMX-SIDECAR (Q)

ceelf (GeV)™!

ADMX-SIDECAR

1.x 107 5.x 107 1.x 1072 5.x107?
m, (eV)

a’ a’

2 2
’74f2 Qv = Wﬁ(E _B)

absorption

‘lt(gfﬁ/ double axion

Flambaum et al, Phys. Rev. D 106, 055037, 2022

quadratic interactions allow to
extend the parameter space !!



Upcoming facilities



Seiferle et al., Nature 573, 243 (2019)

Nuc‘ear Cl()Ck - 229Th T. Sikorsky et al., Phys. Rev. Lett. 125, 142503 (2020)

Caputo et. al, arXiv 2407.17526

Th-229 has an exceptionally low-energy excited isomer state with an excitation energy of a few eV,
making it the only nuclear transition accessible to lasers and precision spectroscopy.

229m Th Ground state Isomer
> o 8.19(10) eV
E S | Coulomb
o » Coulomb
Nuclear transition o > | energy l energy
148.71(42) nm s 9 MeV scale 8.19 eV
Lifetime ~ 5000s = T ~ 10°
f: MeV
S
229Th <

courtesy : M. Safronova

Unprecedenfed sensifivify - Corresponds to sensitivity coefficients kw kq ~ @(104 — 105)



Atom interferometers

Ground state /,

o o . Excited state ,/ P

Atomic interferometers measure the phase shift = P

between split atomic wave packets and detect a dark ,,’ ,/’

matter-induced signal phase when the period of Senipe g o7 Excited state

. s . . ground state ; >
atomic transition oscillation matches the total S
duration of the interferometric sequence. Beamsplitter, Mirror Beamsplitter,

o o o D E——— T ———
® The FC oscillations generate an oscillatory Time

component in the electronic transition frequency,
which is w, o m .

wa(t,x) =wa +dwala) owala) _ §.(a) + (2 + &) 8u(a)

WA

PDM e
~ (e + (24 £)da) m2 2 coS (2wqat) = WA cos (2wqt)

The total phase difference for a single Al is obtained by summing
over all such paths in which the atom is in the excited state




A system of two or more interferometers is used to
cancel the common laser phase noise

Gradiometers mmp

separation between two Als

/

D, = ol S sin (wgnL) sin (w,T) sin{w, (T'+ (n — 1)L)}

W, L X

Baseline length [nterrogation time

Proposals
» Compact gradiometers : AION-10 and MAGIS ®, = 4wanArsin® (m,T)
* Longerbaselines - 100 m and km length baselines
. Space based - AEDGE ® Longer baseline corresponds to higher sensitivity|

® | ow frequencies prone to gravity gradient noise

—————————— ————————————— R ————————— S ————————— —— A e —— e R

| —
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Putting everything together
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Take home

We consider ALPs coupled to only gluons at the UV scale.

The gluon coupling at the UV scale induces various low-energy interactions, linear and
quadratic

Quadratic couplings induce ALP field-dependent shifts in the fundamental constants, which
in the oscillating dark matter background, give rise to time-variations of these quantities.

Quantum sensors probe quadratic couplings over a mass range m,_, = 107%* = 10"%eV

Linear couplings are probed with haloscopes which are sensitive around O(ueV) range

Upcoming quantum sensors provide very promising prospects in probing ultralight dark
sectors.



Thank you!!



Finite density effects

Axion-field value is different in the vicinity of a massive object (such as the earth) than in the vacuum.
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critical value of the axion-gluon

coupling under the small-coupling

approximation
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* Axion potential is periodic, resulting in a cutoff V = —m2 2 \/ 1 4mumd)2 i (i)

for the field value a ~ r/f, implying that the f
higher order operators in the expansion —
regulates the divergence in the field. | 7
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* For non-DM axion, the boundary conditionat _ ™|

r — o is a vanishing field value, so the full

solution can be obtained. In the case of axion
dark matter it should be finite as the free |
oscillating field - Needs proper treatment Y
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For the axion field value to T wF e ot
deviate from the vacuum m?2 f? 1 pNOr <0,
solution, the potential energy

m, (eV)

Mn

induced by the source needs to
be sufficiently large to turn the
axion mass tachyonic
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Hook and Huang et. al, 1708.08464

Non-dark matter axions
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» gradient energy required to move the axion away froma =0 ~ ( fgl rz)

* when the energy from the finite density effects overcomes the mass, the minimum of the potential shifts to z

* when the gain in potential energy outweighs the gradient energy, the axion gets sourced by the finite density
medium

Popit = —— mT =m
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Axions and ALPs

QCD Axion : a solution to the strong CP problem - 6,  a/f,

Peccei Quinn 1972, Weinberg 1978, Wilczek 1978

m, AéCD/ 1, - mass related to the interactions with SM particles

Pseudo Nambu-Goldstone bosons : has derivative couplings - 0, apysy/f,

Can constitute a component or all of cold dark matter



Axions and ALPs
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aH—Axion-like particles

2 QCT
(ALPs) do not solve strong CP

e éCD : od-te : ith-SM-particles ALP mass is a free
parameter

Pseudo Nambu-Goldstone bosons : has derivative couplings - 0 ,a yysy/ fa*/

Can constitute a component or all of cold dark matter v



Pions
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L,pT = Z“tr[qu(a)T + mg(a)XT] +...,

where X = exp (z\/éH/ fw) and the quark mass matrix is ALP-field dependent
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Feynman rules for the vertices from the O(p?) chiral Lagrangian leading to a loop-induced a?F? coupling.

Three diagrams contributing to yy — aa at O(p*) in the yPT Lagrangian.

C. Beadle et. al : PhysRevD.110.035019



Nucleons
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New developments in optical clocks

The QCD-interactions of the oscillating dark matter field give rise to oscillations in the
nuclear charge radius. In heavy atoms like '"'Yb™, there is a large contribution from the “field-shift
energy” in the total electronic energy, since Epq ~ Kgq (r]%,) x A%,
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courtesy : M. Safronova

(r]%,) is dominated by the distribution of protons within the nucleus and the inter-nucleon
distance, which are sensitive to pion decay constant, pion mass and pion-exchange processes.
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sensitivity improved by several orders
compared to BACON clocks!!
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Lighter ALP mass

®* Tunable LC circuits - ADMX-SLIC
* Toroidal magnets, broadband configuration - SHAFT, ABRACADABRA

Heavier ALP mass

ADMX-SIDECAR, ORGAN - tunable to higher
cavity modes

QUAX

®* Ferromagnetic haloscopes exploiting the principle of magnetic resonances
®* ALP dark matter cloud acts as an effective RF magnetic field on the electron spins
in a ferromagnetic material




Future proposals

Larger ALP mass - Dielectric haloscopes

MADMAX, LAMPOST - proposed to probe a up to a few orders above the
ueV scale

Smaller ALP mass

oo And many more !! * Photon frequency conversion technique - SRF, DarkSRF
®* DMRADIO - resonant LC circuit




Non-DM ALP landscape
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