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Why QS? I



Quantum technologies everywhere…

https://thequantuminsider.com/ https://www.qureca.com/quantum-initiatives-worldwide/
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Quantum-HEP/Grav/Cosmo: A growing field
https://quantum.cern/

https://quantum.fnal.gov/

https://uknqt.ukri.org/our-programme/qtfp/

https://pbc.web.cern.ch/

https://www.jpl.nasa.gov/go/funpag

https://phystev.cnrs.fr/

https://indico.cern.ch/event/999818/
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Why Quantum Sensing for HEP: II

Sensor 
• System — H0

•  Noise — Hn
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Sensor 
• System — H0

•  Noise — Hn

In the real world there are also  
fundamental backgrounds 

• Signal  —  Hsig∫ dtHsig ∼ flux

Several other techniques have a  
minimum momentum transfer

There are no thresholds: the larger the flux the better!
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Figure 3: Scheme for the Ramsey sequence. The x axis represents time. In orange (blue)

we represent the ground (excited) state |1i (|2i). During the Ramsey time T the atoms

can interact with DM particles of momentum p�. See main text for details.

In the absence of new interactions, the standard choices for the Ramsey sequence yield the

probabilities of being detected on each state [86]

P1 = sin[�!T/2]2, P2 = cos[�!T/2]2, (4.1)

where13

�! ⌘ ! � (E2 � E1). (4.2)

The light frequency ! can be locked to the energy split by adjusting it to the value !max

that maximises P2. In the presence of a background, be it particles or a field, the evolution

of the system is modified as made explicit in the respective subsections below.

4.1.1 Particle dark matter

Since the free-fall time between pulses T is much larger than the duration of the pulses

t1 we look at DM particle scattering during the interval T . Up to irrelevant phases, the

wave-function of the DM-atom system after the second pulse is

 1(t, x) =
1

2

⇣
�out

1 (x) � ei�!T �out

2 (x)
⌘

, (4.3)

 2(t, x) = �
i

2

⇣
�out

2 (x) + e�i�!T �out

1 (x)
⌘

, (4.4)

where the out states are given in eqs. (3.6) and (3.9).

As previously remarked, the leading e↵ect will come from forward scattering where there

is no momentum transfer and the trajectory of the atoms is unchanged. The detection

13
The reader acquainted with neutrino physics might find the following analogy useful: the light pulses

can be taken to be “production” and “detection” with the association of the outcome states (superposition

of energy states) to the interaction basis. During the longer time T the system oscillates freely. The

probabilities in eqs. (4.1) can be interpreted as the outcome of oscillations where nonetheless we can ‘tune’

the energy di↵erence via !.
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Measuring at :  phase shifts in atomic systemsq = 0

We want : long coherence, small noise.
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Standard quantum limit may be important
[ ̂ϕ, N̂] = i ΔϕΔN ≥ 1/2
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Quantum noise vs classical measurements

To understand sensitivity, need to know about noise

Consider a simple harmonic oscillator:

Autocorrelation
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x(t) = x(0)cos(Ωt) +
p(0)
mΩ

sin(Ωt)

Gxx(t) = ⟨x(0)x(0)⟩cos(Ωt) +
⟨p(0)x(0)⟩

mΩ
sin(Ωt)

Quantum noise vs classical measurements

To understand sensitivity, need to know about noise

Consider a simple harmonic oscillator:

Autocorrelation

QM
[ ̂x, ̂p] = iℏ ΔxΔp ≥ ℏ/2
Independently of the state 

This source of noise is called back-action



LIGO coll. (Science, 2024)

Standard Quantum Limit (SQL) 
usually defined as regime where QM 
shot noise and back-action noise are 

simultaneously minimised

QM shot noise

QM
 backaction noise

Quantum noise is already around
Even in a measurement with zero inserted photons, QM imposes a minimal noise level

How to beat it? Squeezing or phase-space displacement
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Measuring at :  phase shifts in atomic systemsq = 0

I  = e, u, d DM Scalar Fermion Vector Boson

Ax. vector J :  ̄�µ�5 J� : i�†@µ�+h.c., �̄�µ�, i�†
⌫@µ�

⌫+h.c.

�̄�µ�5�,

Tensor J :  ̄�µ⌫ J� : – �̄�µ⌫�, �†
↵(⌃µ⌫)

↵
��

� .

Table 1: Leading interactions for scattering between DM and SM fermions in the form

of operators O ⌘ J ⇥ J� of dimension  6. We only write operators that do not vanish

in the limit of zero transferred momenta. The terms �µ⌫/2 (or (⌃µ⌫)
↵
�) are the Lorentz

generators in spin 1/2 (or spin 1) space, �µ⌫ = i/2[�µ , �⌫ ] (⌃↵�
µ⌫ = i(⌘↵µ⌘

�
⌫ � ⌘�µ⌘

↵
⌫ )).
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Figure 1: Contact interaction of DM � with the electron or quark components of the

nucleus of an atom denoted by At.

quarks are confined in the bound nucleons; the connexion between the two descriptions

is given by form factors of the type hAt| q̄�µ�5q |Ati. This connection is established step-

wise; the first stage, the quarks-to-nucleons step, can be taken by considering the RHS of

eq. (2.1) with  ! N = n, p and GN constants related to Gq (for q2 = 0) as:

Ax. vector : Gp =0.897(27)Gu � 0.376(27)Gd, Gn =0.897(27)Gd � 0.376(27)Gu, (2.2)

Tensor : Gp =0.794(15)Gu � 0.204(8)Gd, Gn =0.794(15)Gd � 0.204(8)Gu, (2.3)

with numerical values taken from [58]. The step nucleons-to-nuclei can be found in sec. 3.1.1,

after we discuss which are the atomic elements of relevance (cf. table 2).

The extension of this EFT to a model with a dynamical mediator is straight forward for

the axial vector case. We introduce an axial vector boson Ãµ with mass mÃ and coupling

to dark and ordinary matter as:
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where J� is any of the currents given in the upper block of table 1. The interaction that

this mediator generates is:
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QM allows us to measure    
and move to low DM masses!

q = 0

α



p�

⇡/2 pulse

p
0
�

1p
2

�ip
2

t1 T

⇡/2 pulse

t1

1�e
i�!T

2

1+e
�i�!T

2i

Figure 3: Scheme for the Ramsey sequence. The x axis represents time. In orange (blue)

we represent the ground (excited) state |1i (|2i). During the Ramsey time T the atoms

can interact with DM particles of momentum p�. See main text for details.

In the absence of new interactions, the standard choices for the Ramsey sequence yield the

probabilities of being detected on each state [86]

P1 = sin[�!T/2]2, P2 = cos[�!T/2]2, (4.1)

where13

�! ⌘ ! � (E2 � E1). (4.2)

The light frequency ! can be locked to the energy split by adjusting it to the value !max

that maximises P2. In the presence of a background, be it particles or a field, the evolution

of the system is modified as made explicit in the respective subsections below.

4.1.1 Particle dark matter

Since the free-fall time between pulses T is much larger than the duration of the pulses

t1 we look at DM particle scattering during the interval T . Up to irrelevant phases, the

wave-function of the DM-atom system after the second pulse is

 1(t, x) =
1

2

⇣
�out

1 (x) � ei�!T �out

2 (x)
⌘

, (4.3)

 2(t, x) = �
i

2

⇣
�out

2 (x) + e�i�!T �out

1 (x)
⌘

, (4.4)

where the out states are given in eqs. (3.6) and (3.9).

As previously remarked, the leading e↵ect will come from forward scattering where there

is no momentum transfer and the trajectory of the atoms is unchanged. The detection

13
The reader acquainted with neutrino physics might find the following analogy useful: the light pulses

can be taken to be “production” and “detection” with the association of the outcome states (superposition

of energy states) to the interaction basis. During the longer time T the system oscillates freely. The

probabilities in eqs. (4.1) can be interpreted as the outcome of oscillations where nonetheless we can ‘tune’

the energy di↵erence via !.
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Dark Matter

Ramsey sequence in the presence of DM
R. Alonso,  DB and P.  Wolf 
1810.00889 & 1810.01632

Du et al. 2205.13546

mDM ⌧ matom

P2 = cos[�! T/2]2 +
⇡n�v T

p�
Re[f̄1(0)� f̄2(0)] sin[�!T ]

@P2 = 0 !max = �E + �DM

scattering amplitude at   q = 0scattering amplitude at   q = 0scattering amplitude at   q = 0

QM allows us to measure    
and move to low DM masses!

q = 0

Measuring at :  phase shifts in atomic systemsq = 0

I  = e, u, d DM Scalar Fermion Vector Boson

Ax. vector J :  ̄�µ�5 J� : i�†@µ�+h.c., �̄�µ�, i�†
⌫@µ�

⌫+h.c.

�̄�µ�5�,

Tensor J :  ̄�µ⌫ J� : – �̄�µ⌫�, �†
↵(⌃µ⌫)

↵
��

� .

Table 1: Leading interactions for scattering between DM and SM fermions in the form

of operators O ⌘ J ⇥ J� of dimension  6. We only write operators that do not vanish

in the limit of zero transferred momenta. The terms �µ⌫/2 (or (⌃µ⌫)
↵
�) are the Lorentz

generators in spin 1/2 (or spin 1) space, �µ⌫ = i/2[�µ , �⌫ ] (⌃↵�
µ⌫ = i(⌘↵µ⌘

�
⌫ � ⌘�µ⌘

↵
⌫ )).

�

At At

e

�

e

�

At At

q

�

q

Figure 1: Contact interaction of DM � with the electron or quark components of the

nucleus of an atom denoted by At.

quarks are confined in the bound nucleons; the connexion between the two descriptions

is given by form factors of the type hAt| q̄�µ�5q |Ati. This connection is established step-

wise; the first stage, the quarks-to-nucleons step, can be taken by considering the RHS of

eq. (2.1) with  ! N = n, p and GN constants related to Gq (for q2 = 0) as:

Ax. vector : Gp =0.897(27)Gu � 0.376(27)Gd, Gn =0.897(27)Gd � 0.376(27)Gu, (2.2)

Tensor : Gp =0.794(15)Gu � 0.204(8)Gd, Gn =0.794(15)Gd � 0.204(8)Gu, (2.3)

with numerical values taken from [58]. The step nucleons-to-nuclei can be found in sec. 3.1.1,

after we discuss which are the atomic elements of relevance (cf. table 2).

The extension of this EFT to a model with a dynamical mediator is straight forward for

the axial vector case. We introduce an axial vector boson Ãµ with mass mÃ and coupling

to dark and ordinary matter as:

LÃ��
int

=

Z
d3xÃµ

⇣
gÃ
�J

µ
� + gÃ

  ̄�
µ�5 

⌘
, (2.4)

where J� is any of the currents given in the upper block of table 1. The interaction that

this mediator generates is:

L�� =

Z
d3x

"
�

1

2

⇣
gÃ
�J

µ
� + gÃ

  ̄�
µ�5 

⌘ gµ⌫ + @µ@⌫/m2

Ã

@2 + m2

Ã

⇣
gÃ
�J

⌫
� + gÃ

  ̄�
⌫�5 

⌘#
, (2.5)
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 Also extra source of decoherence.
[Riedel, Yavin, 2016] [Du, Murgui, Pardo, Wang, Zurek, 2023]
[Badurina, Murgui, Plestid, 2024]

ΔϕΔN ≥ 1/2
Scalability is an issue:

N ∼ 108

Better use density matrices

γ ∼ α2

α

∼ α



One example: complex scalar DM
Alonso, DB, Wolf 1810.00889

Lint = �Gn

Z
d3x (n̄�µ�5n)

�
i�†@µ�+ h.c.

�

and GN ⌘ gNg�/m2

Ã is better bound via invisible decays mediated by Ãµ. Given that we

only assume couplings to u and d, the pion invisible decay gives the strongest constraint:

�⇡!�� =
f2

⇡m3

⇡(gu � gd)
2g2

�

⇡(m2

Ã)2
 10�15 GeV. (5.6)

In the case of heavy mediator (mÃ > m�v ), the sensitivity of magnetometers and atomic

clocks to GN is competitive for m�  10�5 eV as shown in fig. 7.
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Figure 7: Left: constraints on DM-neutron coupling Gn ⌘ gng�/m2

Ã for the scalar DM

case with a heavy mediator (mÃ � 0.1 GeV) from atomic clocks –thick-solid (blue) line –,

magnetometers – thin-solid (green) line–, and DM pair emission in stars – dashed (red) line.

Right: bounds on the product of DM and neutron couplings of the mediator Ã with mass

mÃ = 10m�; same line color coding, with star cooling bound coming from Ã emission.

Our results also imply relevant constraints for higher DM masses in the case of a light

mediator, mÃ ⌧ m�v. The comparative improvement is due to the propagator of the me-

diator, 1/(q2 + m2

Ã), being enhanced in the forward limit (q ! 0) (that co-magnetometers

and atomic clocks are sensitive to) with respect to the case of momentum transfer which

typically has q ⇠ m�v. Remarkably this is true for both velocity and spin dependent

couplings. If one further assumes ⇢� < ⇢DM so that the bound on g� is relaxed, higher

DM masses can be reached with a smaller hierarchy in mÃ/m�. For instance, in fig. 8 we

show the velocity-dependent20 case with ⇢� = 0.05 ⇢DM and mÃ ⇠ 10�7 eV compared to

the strongest constraint, again SN/star cooling via production of the longitudinal mode

of Ãµ. Recall from the paragraph above (4.9) that for these light mediator masses the

atom ‘senses’ DM within a radius 1/mÃ and the average is over the velocity of n�/m3

Ã DM

20 These bounds are derived assuming an asymmetry in particle-antiparticle for DM which results in a

net result proportional to the average velocity. If this asymmetry is absent, one can apply similar ideas as

those for the spin-dependent (non-coherent) situation described below.
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One example: complex scalar DM
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Lint = �Gn

Z
d3x (n̄�µ�5n)

�
i�†@µ�+ h.c.

�

and GN ⌘ gNg�/m2

Ã is better bound via invisible decays mediated by Ãµ. Given that we

only assume couplings to u and d, the pion invisible decay gives the strongest constraint:

�⇡!�� =
f2

⇡m3

⇡(gu � gd)
2g2

�

⇡(m2

Ã)2
 10�15 GeV. (5.6)

In the case of heavy mediator (mÃ > m�v ), the sensitivity of magnetometers and atomic

clocks to GN is competitive for m�  10�5 eV as shown in fig. 7.
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Figure 7: Left: constraints on DM-neutron coupling Gn ⌘ gng�/m2

Ã for the scalar DM

case with a heavy mediator (mÃ � 0.1 GeV) from atomic clocks –thick-solid (blue) line –,

magnetometers – thin-solid (green) line–, and DM pair emission in stars – dashed (red) line.

Right: bounds on the product of DM and neutron couplings of the mediator Ã with mass

mÃ = 10m�; same line color coding, with star cooling bound coming from Ã emission.

Our results also imply relevant constraints for higher DM masses in the case of a light

mediator, mÃ ⌧ m�v. The comparative improvement is due to the propagator of the me-

diator, 1/(q2 + m2

Ã), being enhanced in the forward limit (q ! 0) (that co-magnetometers

and atomic clocks are sensitive to) with respect to the case of momentum transfer which

typically has q ⇠ m�v. Remarkably this is true for both velocity and spin dependent

couplings. If one further assumes ⇢� < ⇢DM so that the bound on g� is relaxed, higher

DM masses can be reached with a smaller hierarchy in mÃ/m�. For instance, in fig. 8 we

show the velocity-dependent20 case with ⇢� = 0.05 ⇢DM and mÃ ⇠ 10�7 eV compared to

the strongest constraint, again SN/star cooling via production of the longitudinal mode

of Ãµ. Recall from the paragraph above (4.9) that for these light mediator masses the

atom ‘senses’ DM within a radius 1/mÃ and the average is over the velocity of n�/m3

Ã DM

20 These bounds are derived assuming an asymmetry in particle-antiparticle for DM which results in a

net result proportional to the average velocity. If this asymmetry is absent, one can apply similar ideas as

those for the spin-dependent (non-coherent) situation described below.
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Neutrinos (Standard Model + new physics portal)

Produced in nuclear reactions  
(inside stars/ early Universe)

Fundamental signals of ‘high’ flux

Gravitational waves (SM + new physics portal)

Distortions of gravitational field  
Universally produced by all energetic events 

Dark matter & Dark Energy(BSM)

Permeates the Universe, in particular the laboratory.  
Doesn’t emit light, but interacts with matter



WIMPs Composite DM“Light” DM“Ultralight” DM PBH, MACHOs

Mass and particle vs macroscopic nature
are the most universal ones 
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WIMPs Composite DM“Light” DM“Ultralight” DM PBH, MACHOs
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Most relevant different for laboratory searches: high occupancy per state
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m ) pc



WIMPs Composite DM“Light” DM“Ultralight” DM PBH, MACHOs

Mass and particle vs macroscopic nature
are the most universal ones 

Most relevant different for laboratory searches: high occupancy per state

 typical distance between particles

 typical size of particle wavepacket in the halo

d . Lparticles overlap for For the Milky Way this is m ∼ 1 eV

Dark matter candidates beyond WIMP

(necessarily boson)

For minimum 
mass, see extra slide

d ∼ n−1/3 ∼ (Mgal/(mVgal))−1/3 ∼ 10−19 pc
rgal

100 kpc (
109M⊙

Mgal

m
eV )

1/3

|ϕ(x)⟩ = ∫ d3p ϕ(p) |p⟩
L ≳ 1/pmax ∼ 1/(mvesc) ≈ 190 ( 10−22eV

m ) pc



WIMPs Composite DM“Light” DM“Ultralight” DM PBH, MACHOs

Mass and particle vs macroscopic nature
are the most universal ones 

Most relevant different for laboratory searches: high occupancy per state

 typical distance between particles

 typical size of particle wavepacket in the halo

d . Lparticles overlap for For the Milky Way this is m ∼ 1 eV

Dark matter candidates beyond WIMP

(necessarily boson)

For minimum 
mass, see extra slide

d ∼ n−1/3 ∼ (Mgal/(mVgal))−1/3 ∼ 10−19 pc
rgal

100 kpc (
109M⊙

Mgal

m
eV )

1/3

|ϕ(x)⟩ = ∫ d3p ϕ(p) |p⟩
L ≳ 1/pmax ∼ 1/(mvesc) ≈ 190 ( 10−22eV

m ) pc



Detecting ultralight dark matter
When particles overlap in phase space, they start behaving collectively. 

 starts behaving as classical field satisfying classical equations of motion⟨ ̂ϕDM⟩ ≡ ϕDM
(as happens for quantum optics)

ℒ = 1
2 [(∂μ

̂ϕ)2 − m2 ̂ϕ2] ( □ + m2)ϕDM = 0
(with suppressed fluctuations)

ϕk ∼ ei(ωt−kx)
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ωv → m(1 + v2/2)

Non-relativistic
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Detecting ultralight dark matter

ϕ ∝ ∫
vmax
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d3v e

− 3v2
2v2
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common part of oscillation  
adds dispersion after 

ϕ = ϕ0 cos(mt + m ⃗v ⋅ ⃗x + φ0)

space independent at 

d ≲ λdB ∼
10−22eV

m
10−3

v
kpc

For this field, its energy density is 

⟨ρ⟩t =
1
2

⟨( ·ϕ2 + (∂iϕ)2 + m2ϕ2)⟩t ≈ m2ϕ2
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2
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FIG. 1. Simulated VULF based on the approach in Ref. [41]
with field value �(t) and time normalized by �DM and coher-
ence time ⌧c respectively. The inset plot displays the high-
resolution coherent oscillation starting at t = 0.

lacking 2 and is becoming more relevant as experiments
begin searching such regimes.

Here we focus on this regime, T ⌧ ⌧c, characteris-
tic of experiments searching for ultralight (pseudo)scalars
with masses . 10�13 eV [33–39] that have field coherence
times & 1 day. This mass range is of significant inter-
est as the lower limit on the mass of ultralight axions
is down to 10�22 eV and can be further extended if it
does not make up all of the DM [27]. Additionally, there
has been recent theoretical motivation for “fuzzy dark
matter” in the 10�22 � 10�21 eV range [27–30] and the
so-called string “axiverse” extends down to 10�33 eV [31].
Similar arguments also apply to dilatons and moduli [32].

Figure 1 shows a simulated VULF field, illustrating
the amplitude modulation present over several coherence
times. At short time scales (⌧ ⌧c) the field coherently os-
cillates at the Compton frequency, see the inset of Fig. 1,
where the amplitude �0 is fixed at a single value sampled
from its distribution. An unlucky experimentalist could
even have near-zero field amplitudes during the course of
their measurement.

On these short time scales the DM signal s(t) exhibits
a harmonic signature,

s(t) = �⇠�(t) ⇡ �⇠�0 cos(2⇡f�t+ ✓) , (1)

where � is the coupling strength to a standard-model field
and ✓ is an unknown phase. Details of the particular ex-
periment are accounted for by the factor ⇠. In this regime
the amplitude �0 is unknown and yields a time-averaged

2 We only found explicit investigation of the T ⌧ ⌧c regime in
Ref. [54] where the authors state the exponential distribution of
the dark matter energy density, and by the authors of Ref. [53]
discussing sensitivity in their Appendix E.

energy density h�(t)2iT⌧⌧c = �2
0/2. However, for times

much longer than ⌧c the energy density approaches the
ensemble average determined by h�2

0i = �2
DM. This field

oscillation amplitude is estimated by assuming that the
average energy density in the bosonic field is equal to the
local DM energy density ⇢DM ⇡ 0.4GeV/cm3, and thus
�DM = ~(m�c)�1p2⇢DM.

The oscillation amplitude sampled at a particular time
for a duration ⌧ ⌧c is not simply �DM, but rather a ran-
dom variable whose sampling probability is described by
a distribution characterizing the stochastic nature of the
VULF. Until recently, most experimental searches have
been in the m� � 10�13 eV regime with short coherence
times ⌧c ⌧ 1 day. However, for smaller boson masses
it becomes impractical to sample over many coherence
times: for example, ⌧c & 1 year for m� . 10�16 eV. As-
suming that �0 = �DM neglects the stochastic nature of
the bosonic dark matter field [33–39].

The net field �(t) is a sum of di↵erent field modes with
random phases. The oscillation amplitude, �0, results
from the interference of these randomly phased oscillat-
ing fields. This can be visualized as arising from a ran-
dom walk in the complex plane, described by a Rayleigh
distribution

p(�0) =
2�0

�2
DM

exp

✓
� �2

0

�2
DM

◆
, (2)

analogous to that of chaotic (thermal) light [55]. This
distribution implies that ⇠ 63% of all amplitude realiza-
tions will be below the r.m.s. value �DM.

We refer to the conventional approach assuming �0 =
�DM as deterministic and approaches that account for
the VULF amplitude fluctuations as stochastic. To com-
pare these two approaches we choose a Bayesian frame-
work and calculate the numerical factor a↵ecting cou-
pling constraints, allowing us to provide modified exclu-
sion plots of previous deterministic constraints [33–39].
It is important to emphasize that di↵erent frameworks
to interpret experimental data than presented here could
change the magnitude of this numerical factor [56–59].
In any case, accounting for this stochastic nature will
generically relax existing constraints as we show below.

Establishing constraints on coupling strength — We
follow the Bayesian framework [60] (see application to
VULFs in Ref. [41]) to determine constraints on the cou-
pling strength parameter �. Bayesian inference uses prior
information (such as assuming that one candidate makes
up all of the DM, or conditions imposed by the SHM) to
derive posterior probability distributions for given propo-
sitions or model parameters. One additional prior we
assume here is that the DM signal is well below the ex-
perimental noise floor. The central quantity of interest in
our case is the posterior distribution for possible values
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So, at ‘short’ times and ‘small’ distances

tm ∼ 1/m ∼
10−15eV

m
s

τc ∼
106

m ( 10−6

σ2
0 ) ∼ 106yr ( 10−22eV

m ) ≫ tc



GWs (essentials)
Perturbations of space-time


travelling as waves of frequency  f
Characterised by 2 polarizations  (dimensionless) h+,×

GWs carry energy. They have energy density
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h+,⇥ ⇡ h0 cos (2⇡f(t� z) + �)
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GWs couple to ANYTHING in your lab!



May also be relevant for machine made backgrounds

“no” energy-threshold: 
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fig. adapted from 1712.01518
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e.g. light coupled to electrons 

How do these backgrounds affect precision measurements

Hamiltonian

H ⇠ H0 +Hn +Hsig
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Sensor

•System — H0

•Noise — Hn

•Response — Hsig ⇠ Tdet ·HBSM
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Part II: three (biased) examples

i) DM & cosmic neutrinos w/ atomic clocks and co-magnetometers

iii) GWs & axions in (superconducting radio-frequency) cavities

ii) Large atomic interferometers

How do these backgrounds affect precision measurements
Searching for fundamental backgrounds with QT
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(see before)
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Long-baseline atomic interferometers Dimopoulos et al 0712.1250
0806.2125

Arvanitaki et al  1606.04541

Basic concept: 
atoms in free fall 

with two possible states L

� / !AL/c

The phase difference 
of the two states 
arranged to be

| (t)i = e�iHt| (0)i



Dimopoulos et al 0712.1250
0806.2125

e.g. Badurina et al 2108.02468
Optimized with more than one AI
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the “energy” levels
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Current status
100 m

10 m

StatusSite location:

~ 200 m?
?

~ 300 m?

40 km?

Current search for vertical shafts with right conditions (Canfranc (Spain)?) talk to me!
M G Beker et al 2012 J. Phys.: Conf. Ser. 363 012004 



Join us!
https://indico.cern.ch/event/1599454/



States evolving in the presence of a vector potential pick up a phase

φ = ∮ dl ⋅ A

Counter-propagation of entangled spin & position state 
means relative phase of  measurableφ↑ − φ↓
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A more recent proposal: Trapped ions
hep-ph/2507.17825

L. Badurina, DB, J. Ellis, S. Ellis
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Entangling multiple ions increases sensitivity* linearly in Nion

A more recent proposal: Trapped ions
hep-ph/2507.17825

L. Badurina, DB, J. Ellis, S. Ellis
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iii) GWs & axions in (superconducting radio-frequency) cavities

ii) Large atomic interferometers
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Searching for fundamental backgrounds with QT
How do these backgrounds affect precision measurements
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Where are gravitons hiding?
Carney et al.  2308.12988



Franciolini et al 2205.02153Ringwald Tamarit 22

Inflation model full spectrum

Lesson: there is a signal from inflation, and in the getting there

we can detect dark matter!

BH
BHSources of UHFGW: where to aim

GWs from PBHs of DM 
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20 N. Aggarwal et al., Gravitational Wave Searches above 10 kHz

Figure 4: Sensitivity of high-frequency gravitational wave detectors to
stochastic gravitational wave backgrounds assuming one year of integration
time. The solid curves (broadband instruments) are power-law-integrated sens-
itivity curves, the dashed lines (resonant instruments) indicate the reach when
running at fixed frequency for tint = 1year. See text for details and caveats. In
blue we indicate astrophysical constraints as discussed in Section 5.6, where
integration time varies dependent on observations [19]. The horizontal dashed
blue line indicates the upper bound from BBN on cosmological sources, see
Section 4.2. The remainder of the color coding is as in Figs. 1 and 2, with
orange, purple and cyan curves indicating published GW results, active R&D
e!orts, and proposed concepts, respectively.

this case, the sensitivity to ωGW scales as Q→1/2 (with the exception of de-
tectors limited by the single-photon threshold, which do not profit from this
scaling). We show this sensitivity as dashed lines in Fig. 4, emphasizing that
this indicates the possible reach at a given sensitivity, while fully covering the
entire frequency range shown would require an unrealistic amount of time, or
an unrealistic number of detectors running in parallel at di!erent resonance
frequencies.

Regarding Fig. 4, several comments are in order. Firstly, we note that no
proposal above the LIGO–VIRGO–KAGRA band currently reaches below the
cosmological bound of ωGWh2 ↭ 10→6 arising from the limits on excess en-
ergy density in relativistic degrees of freedom (Ne!) at BBN (see Section 4.2).
Therefore, cosmological GW sources seem currently out of reach. Scenarios
detectable with current sensitivities would for the most part imply values of
ωGW → 1, which taken at face value would correspond to a GW dominated

Aggarwal et al. 2501.11723 [gr-qc])
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1 Introduction

The groundbreaking discovery of Gravitational Waves
(GWs) by ground-based laser interferometric detec-
tors in 2015 is changing astronomy [1] by opening
the high-frequency gravitational wave window to ob-
serve low mass sources at low redshift. The Senior
Survey Committee (SSC) [2] selected the L3 science
theme, The Gravitational Universe [3], to open the 0.1
to 100mHz Gravitational Wave window to the Uni-
verse. This low-frequency window is rich in a variety
of sources that will let us survey the Universe in a new
and unique way, yielding new insights in a broad range
of themes in astrophysics and cosmology and enabling
us in particular to shed light on two key questions: (1)
How, when and where do the first massive black holes
form, grow and assemble, and what is the connection
with galaxy formation? (2) What is the nature of grav-
ity near the horizons of black holes and on cosmologi-
cal scales?
We propose the LISA mission in order to respond to
this science theme in the broadest way possible within
the constrained budget and given schedule. LISA en-
ables the detection of GWs from massive black hole
coalescences within a vast cosmic volume encompass-
ing all ages, from cosmic dawn to the present, across
the epochs of the earliest quasars and of the rise of
galaxy structure. The merger-ringdown signal of these
loud sources enables tests of Einstein’s General Theory
of Relativity (GR) in the dynamical sector and strong-
field regime with unprecedented precision. LISA will
map the structure of spacetime around the massive
black holes that populate the centres of galaxies using
stellar compact objects as test particle-like probes. The
same signals will also allow us to probe the population
of these massive black holes as well as any compact ob-
jects in their vicinity. A stochastic GW background or
exotic sources may probe new physics in the early Uni-
verse. Added to this list of sources are the newly discov-
ered LIGO/Virgo heavy stellar-origin black hole merg-
ers, whichwill emitGWs in the LISAband from several
years up to a week prior to their merger, enabling coor-
dinated observations with ground-based interferome-
ters and electromagnetic telescopes. The vast majority
of signals will come from compact galactic binary sys-
tems, which allow us to map their distribution in the
Milky Way and illuminate stellar and binary evolution.
LISA builds on the success of LISA Pathfinder
(LPF) [4], twenty years of technology development,
and the Gravitational Observatory Advisory Team
(GOAT) recommendations. LISA will use three arms

and three identical spacecraft (S/C) in a triangular for-
mation in a heliocentric orbit trailing the Earth by
about 20○. The expected sensitivity and some poten-
tial signals are shown in Figure 1.

Figure 1: Examples of GW sources in the fre-
quency range of LISA, compared with its sensi-
tivity for a 3-armconfiguration. Thedata are plot-
ted in terms of dimensionless ‘characteristic strain
amplitude’ [5]. The tracks of three equalmass black
hole binaries, located at z = 3 with total intrin-
sic masses 107, 106 and 105M⊙, are shown. The
source frequency (and SNR) increases with time,
and the remaining time before the plunge is indi-
cated on the tracks. The 5 simultaneously evolv-
ing harmonics of an Extreme Mass Ratio Inspiral
source at z = 1.2 are also shown, as are the tracks of
a number of stellar origin black hole binaries of the
type discovered by LIGO. Several thousand galac-
tic binaries will be resolved after a year of obser-
vation. Some binary systems are already known,
and will serve as verification signals. Millions of
other binaries result in a ‘confusion signal’, with a
detected amplitude that is modulated by the mo-
tion of the constellation over the year; the average
level is represented as the grey shaded area.

An observatory that can deliver this science is de-
scribed by a sensitivity curve which, below 3mHz, will
be limited by acceleration noise at the level demon-
strated by LPF. Interferometry noise dominates above
3mHz, with roughly equal allocations for photon shot
noise and technical noise sources. Such a sensitivity
can be achieved with a 2.5million km arm-length con-
stellation with 30 cm telescopes and 2W laser systems.
This is consistent with the GOAT recommendations
and, based on technical readiness alone, a launchmight
be feasible around 2030. We propose amission lifetime
of 4 years extendable to 10 years for LISA.

Page 6 LISA – 1. INTRODUCTION

Compare with LISA
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Ex1. GWs interact with light
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Ex2. GWs exciting solids

searched for many years (Weber bars)
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Figure 4. Sketch of Weber’s cylinder detector and photo of Joseph Weber at the antenna.

Weber built two detectors. The 2rst one was at the University of Maryland and the other was
situated 950 km away, in Argonne National Laboratory near Chicago. Both detectors were
connected to a registration center by a high-speed phone line. The idea of having two antennas
separated by a large distance allowed Weber to eliminate spurious local signals, that is, signals
produced by local disturbances such as thunderstorms, cosmic rays showers, power supply
5uctuations, etc. In other words, if a detected signal was not recorded simultaneously in both
laboratories, the signal should be discarded because it was a local signal and therefore spurious.

For several years, Weber made great eAorts to isolate his cylinders from spurious vibrations,
local earthquakes, and electromagnetic interference, and argued that the only signi2cant source of
background noise was random thermal motions of the atoms of the aluminum cylinder. This
thermal agitation caused the cylinder length to vary erratically by about 10W16 meters, less than the
diameter of a proton; however, the gravitational signal he anticipated was not likely to get much
greater than the threshold stochastic noise caused by thermal agitation.

It took several years for Weber and his team to begin detecting what they claimed were
gravitational wave signals. In 1969 he published results announcing the detection of waves [23]. A
year later, Weber claimed that he had discovered many signals that seemed to emanate from the
center of our galaxy [24]. This meant that in the center of the Milky Way a lot of stellar mass became
energy (E = mc2) in the form of gravitational waves, thus reducing the mass of our galaxy. This
“fact” presented the problem that a mass conversion into energy as large as Weber’s results implied
involved a rapid decrease of the mass that gravitationally keeps our galaxy together. If that were the
case, our galaxy would have already been dispersed long ago. Theoretical physicists Sciama, Field,
and Rees calculated that the maximum conversion of mass into energy for the galaxy, so as not to
expand more than what measurements allowed, corresponded to an upper limit of 200 solar masses
per year [25]. However, Weber’s measurements implied that a conversion of 1000 solar masses per
year was taking place. Something did not 2t. Discussions took place to determine what mechanisms
could make Weber’s measurements possible. Among others, Charles Misner, also from the
University of Maryland, put forward the idea that signals, if stemming from the center of the Milky
Way, could have originated by gravitational synchotron radiation in narrow angles, so as to avoid
the above constraints considered for isotropic emission. Some others, like Peter Kafka of the Max
Planck Institute in Munich, claimed in an essay for the Gravity Research Foundation’s contest in
1972 (in which he won the second prize) that Weber’s measurements, if they were isotropically
emitted, and taking into account the ineFciency of bars, would imply a conversion of three million
solar masses per year in the center of the Milky Way [26]. It soon became clear that Weber’s alleged
discoveries were not credible. Weber’s frequent observations of gravitational waves related to very
sporadic events and raised many suspicions among some scientists. It seemed that Weber was like
those who have a hammer in hand and to them everything looks like a nail to hit. 

One can use any 
mechanical resonator



Section 3: Overview of Detector Sensitivities and Possible Signals 17

Figure 1: Overview of achieved and projected strain sensitivities of high-
frequency gravitational wave detectors up to 100GHz. Solid (dashed) lines
indicate broadband (resonant) detectors. The color coding (see text for details)
indicates the development stage ranging from published GW results (orange)
to active R&D e!orts (purple) and proposed concepts (cyan). Details on the
di!erent proposals are given in Section 5.

includes concepts whose development is driven by physics goals other than
GWs, for instance light dark matter searches. Finally, cyan curves indicate
detector concepts which have been proposed but are, to our knowledge, not
yet under active R&D. This classification is necessarily somewhat subjective
and will evolve over time; it should therefore be taken as indicative only. For
better visibility, we have split these summary plots into two frequency regimes,
namely below 100GHz (Fig. 1) and above (Fig. 2).

Given the sensitivity curves in Figs. 1 and 2, the detectability of possible
signals can be estimated by determining the corresponding signal-to-noise ratio
as given in Eqs. (22) and (23). Various types of sources and signals will be
comprehensively discussed in Section 4; here, we focus on three exemplary
cases: a monochromatic signal, a PBH binary inspiral, and a stochastic GW
background.

For a persistent, monochromatic GW signal (arising e.g. from black
hole superradiance, see Section 4.1.5) and a detector performing a linear meas-
urement of the GW, the sensitivity to the GW amplitude can be estimated as
(see Eq. (31))

hsens
0 → (Snoise

h
/tint)

1/2 . (34)

Aggarwal et al. 2501.11723 [gr-qc])
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Fig. V-20. Proposed antenna.

that is to be detected. This points out the principal feature of electromagnetically
coupled antennas relative to acoustically coupled ones such as bars; that an electro-
magnetic aDtenna can be.longer thar its acoustic counterpart in the ratio of the speed
of Ilght to the speed of sound !n materials, a faetor of l0-, Since it is not the strain
but rather the diJferential displacement that is measured in these gravitational antennas,
the proposed antenna can offer a distinct advantage in sensivity relative to bars in
detecting both broadband and 'single-frequenc)' gravitational radiation' A significant
improvement in thermal noise can also be realized.

5, Noise Sources in the -{ntenna

The power spectrurn of noise from various sources in an antenna of the design shorvn
in Fig, V-20 is estimated below. The power spectra are given in equivalent displace-
ments squared per unit frequeney interval,

HIGHPASS
FILTER

TO RECORDERs ANO SIGNAI PROCESsING EOUIPMENT

QPR No. los qq

LIGO concept
Weiss 1972

Rainer Weiss, ca. 1972

A very exploratory field…  
we still need to deeply think what’s better for the future

Rainer Weiss &
LIGO , 2017



GravNet 
New eyes to explore  
the dark universe 

A Global Network for the Search for 
High Frequency Gravitational Waves Claudio Gatti (INFN) 

Diego Blas (IFAE) 
Matthias Schott (Bonn) 
Dmitry Budker  (Mainz)



GravNet

GravNet project (ERC funded)

‣ Further enhance sensitivity by combining 
HFGW detectors
‣ Initial sites: Bonn, Mainz, Frascati, PSI

‣ Optimized modelling



GravNet

GravNet project (ERC funded)

‣ Further enhance sensitivity by combining 
HFGW detectors
‣ Initial sites: Bonn, Mainz, Frascati, PSI

‣ GPS based data-acquisition scheme 
‣ Experience from GNOME Network

‣ Nine small resonant cavities (5-9 GHz) 
‣ operation of three cavities in one magnet

‣ One large resonant cavity (100 MHz)

G
ravN

et‣ Optimized modelling



GravNet

16

Source Modeling
and Data Analysis

Resonant 
Cavities Quantum Sensing Network 

Operation



GravNet

1. Open a new window to the 
Universe (MHz to GHz gravitational 
waves).

2. Measure a physical phenomenon 
we have never measured before: 
the (inverse) Gertsenshtein effect, 
the generation of a photon by a 
gravitational wave that traverses a 
strong magnetic field. 

3. Start a new initiative on which to 
build in the future. 

4. Re-use of cavities which are 
already employed for axion 
searches. 

5. Operating a network.

7

EM coupling



GravNet

GravNet collaboration

‣ Since March 2025:

‣ We extend the project to a global collaboration

‣ GWs generate peculiar signals in all detectors

‣ Generate a global network of detectors getting as many sites/expertise/
techniques as possible

‣ Challenges to combine data

‣ Common data taking campaigns to start in 2026

‣ Talk to us! (There are not entry requirements beyond having a device/
theoretical expertise/sensing/network… etc expertise)

‣ MoU ready, first global activities happening, first formalities about to happen



 Quantum sensing/devices
Provide new ways to detect backgrounds
Low thresholds ideally for “substantial” fluxes with tiny cross-sections.

 Many more to come: we are not fully exploiting the quantum world!

Tasks for HEP/Grav/Cosmo practicioners
Going from HEP/Grav/Cosmo dofs to QSen dofs  

Some examples: dark matter, neutrino and GW searches in
Co-magnetometers (maybe also for beam-dumped? neutrino searches?)

Evaluate them to provide  H = H0 +Hint

Large baseline interferometers
SRF Cavities

Quantum sensing (metrology) for HEP/Grav/Cosmo 

 Playing with entanglement, squeezing, q network, etc still at its infancy.



THEORIST! Miró, 1937. “Help Spain” 

poster calling for 

international help to support

the democratic republic

in the Spanish Civil war. 

E

Quantum Device

Atom Interf.

TES
Atomic Clock.



THEORIST! Miró, 1937. “Help Spain” 

poster calling for 

international help to support

the democratic republic

in the Spanish Civil war. 

E

Quantum Device

Atom Interf.

TES
Atomic Clock.

And more…



Very recent references!


