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Quantum technologies everywhere…
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‣Detection of ultra-low threshold events  weakly-coupled signals

‣Coherent effects   enhance detection sensitivity

‣Current technology barely scratching the Standard Quantum Limit*

‣Tabletop(-ish) experiments
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Quantum Sensing for Fundamental Physics
A. Chou et al, hep-ex/2311.01930

 Quantum sensing/devices

already used in many measurements.

LIGO sensitivity to GWs �L/L



�(E2 � E1)

E2 � E1

E.g. improvement in atomic clocks
Poli et al. 1401.2378

Safronova et al. 1710.01833
Riehle et al. (CIPM) 2018
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Neutrinos (Standard Model + new physics portal)

Dark matter (BSM)
Permeates the Universe, in particular the precision devices

OPEN QUESTIONS its direct detection/ its mass/ its nature (wave, particle, 
compact object)/ interactions

A possibility: looking for backgrounds

Gravitational waves (SM + new physics portal)

Produced in nuclear reactions (astrophysical dense objects/ early Universe)

OPEN QUESTIONS eg. it’s mass (why so light?)/ nature/ why their family structure/ 
new interactions/messengers of early cosmological times

Universally produced in all energetic events (e.g. dark universe)
OPEN QUESTIONS what happens at other frequencies?/ will we detect GWs 

from early Universe?/ events from new physics?  

BSM New particles and more



neutrinos

dark matter???

gravitational waves

    photons (CMB + medium + stars)

dark energy

Cosmological/Astrophysical



Machine-made backgrounds

Colliders Fixed target

Reactors

BSM
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Bridging QSens-HEP/Grav/Cosmo
How do these backgrounds affect precision measurements

‣Map theory-space onto detector-space

‣Extend theory-space & detector-space

‣Push back/circumvent experimental limitations

As a theorist:



�

e.g. light coupled to electrons 

How do these backgrounds affect precision measurements
Bridging QSens-HEP/Grav/Cosmo

Hamiltonian

H ⇠ H0 +Hn +Hsig

Theory-space

�1

4
ga��aFµ⌫ F̃

µ⌫

1

2
✏F 0

µ⌫F
µ⌫

g0j0µAµ

h ĥµ⌫T
µ⌫ . . .

Sensor

•System — H0

•Noise — Hn

•Response — Hsig ⇠ Tdet ·HBSMAlso crucial!

 ̄e�
µ eA

µ

DM, GW, neutrino + lab dofs

light

matter

~p · ~A ~S · ~B,

GWs

DM

state of the background?



e.g.  ̄e�
µ�5 e�̄�µ� ~Se · ~p�

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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λ λ

e.g.

compare with standard EM interactions 

if � behaves as PARTICLE dark matter

1010
✓
MeV

m�

◆
cm�2s�1

m�hv�i⇠ 10�3m�c

i) flux on Earth

(annually modulated)

DM may affect measurements of  

ii) with average momentum p� ⇡~Se · h~p�i

ge~Se · ~B

state of the background?

~B

Hsig ⇠ Tdet ·HBSM
~Se · ~p�λ~Se · h~p�i

NR limit (lab)



Part II: three (biased) examples as apetizer

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
Bridging QSens-HEP/Grav/Cosmo



Dark Matter: where to look?

WIMPs Composite DM“Light” DM“Ultralight” DM PBH, MACHOs
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M. Schumann (Freiburg) – Direct Detection 6

Current Status

spin-independent WIMP-nucleon interactions

some results are missing...
low-energy threshold

dramatic loss of sensitivity at low mass 
when the momentum transfer is too small to generate a ‘recoil’

what to do at small momentum transfer? 

Problems to detect DM at low masses

energy of the recoiled 
(observed) nucleus 

Leading  
way to search for DM
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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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P2 = cos[�! T/2]2 +
⇡n�v T
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Re[f̄1(0)� f̄2(0)] sin[�!T ]
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R. Alonso,  DB and P.  Wolf 
1810.00889 & 1810.01632

Ramsey sequence
Du et al. 2205.13546
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Measuring at :  phase shifts in atomic systemsq = 0
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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 at   and hence move to low DM masses!q = 0

Measuring at :  phase shifts in atomic systemsq = 0

* axions are other DM candidates generating anomalous B.  Also extra source of decoherence. Ask me!
[Du, Murgui, Pardo, Wang, Zurek, 2023]
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in the limit of zero transferred momenta. The terms �µ⌫/2 (or (⌃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:

LÃ��
int

=

Z
d3xÃµ

⇣
gÃ
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µ
� + gÃ

  ̄�
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, (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�� =
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ULDM case
What If It Is a Boson and Very Light?

Dark Matter Particles in the Galaxy

Decreasing DM Mass

The atoms live in a background with some coherent features and 
for certain dark matter models

V2 � V1 6= 0



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:

�⇡!�� =
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⇡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
Alonso, DB, Wolf 1810.00889

for cosmic neutrinos see Alonso, DB, Wolf 1810.00889
Bauer & Shergold 2207.12413 

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:
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Ã)2
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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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May also be relevant for machine made backgrounds

“no” energy-threshold: 
sensitive to whole flux 

fig. adapted from 1712.01518

advantage of being table top
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i) DM & cosmic neutrinos w/ atomic clocks and co-magnetometers

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

ii) Large atomic interferometers

Part II: three (biased) examples

Connection to quantum sensing
How do these backgrounds affect precision measurements



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

� / !AL/c

GWs (h) change distances

�L ⇠ hL

DM ( ) may change 
the “energy” levels

ϕDM

�!a ⇠ gc!a�DM

Abe et al 2104.02835

p
4⇡GN�dmemeēe



Current status
100 m

10 m

StatusSite location:

~ 200 m?
?

~ 300 m?

40 km?

eg. Arduini et al 2304.00614
Buchmuller et al 2306.17726

Current search for vertical shafts with right conditions (CERN?  Boulby (UK)? Canfranc (Spain)?)

talk to me!

M G Beker et al 2012 J. Phys.: Conf. Ser. 363 012004 
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i) DM & cosmic neutrinos w/ atomic clocks and co-magnetometers

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

ii) Large atomic interferometers

Part II: three (biased) examples

Connection to quantum sensing
How do these backgrounds affect precision measurements



Detection of high frequency gravitational waves?

https://www.ctc.cam.ac.uk/activities/UHF-GW.php

2015

2023



GWs interact with everything
in the laboratory!

High frequency implies small wavelength

Cavities (cm -> GHz)

. . .

V

�dB � Larray

coherent measures 
are also possible



Ha � �ga��aE ·B� ga (ra) ·⌃ � da aE ·⌃ 

Interaction of GWs & axions with cavities: 2 cases
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Cavities

B0

a(x, t) A(x, t)

(shaking the walls)

EM coupling
h+EM field = current!

mode mixing when boundaries move

�L ⇠ hL

Raffelt Stodolsky 87

axion+B = current

Ha � �ga��aE ·B� ga (ra) ·⌃ � da aE ·⌃ 

Interaction of GWs & axions with cavities: 2 cases

jµe↵ = @⌫
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2
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↵F
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↵F
↵⌫

◆
A⌫

axion 
gws Hgw �

NMR, storage rings

hµ⌫

Spin coupling

+m ḧij(t )x
i
 x

j
 +Bihij(t )⌃

j

anomalous B

NMR

Mechanical coupling

* axions may modify amplitude

 

Murgui, Y. Wang, K. M. Zurek. 2022] 



(same as in LVK)

A. Berlin, DB, R. T. D’Agnolo, S. Ellis, 
R. Harnik, Y. Kahn, J. Schütte-Engel

2112.11465 (PRD)

Amplitude of the GW

EM coupling



A. Berlin, DB, R. T. D’Agnolo, S. Ellis, R. Harnik,
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 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! + 
machine-made!

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 



neutrino physics dark matter 

gravitational waves 
BSM

new physics 



Back-up slides



particles. To compare with other bounds for light mediators we plotted

�̄N ⌘
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N ⌘ �̄Nv2, (5.7)

for the spin-dependent case and velocity-dependent case respectively.
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Figure 8: Constraints on DM-neutron cross-sections for DM masses corresponding to the

particle regime. Both panels show cases ⇢� = 0.05 ⇢DM and g� = 1. Left panel: scalar case

with mediator mass mÃ = 10�7 eV. Same colour code as in fig. 7. Right panel: fermionic

DM case with mÃ = 10�13eV. Gray area is the Tremaine-Gunn bounds for this ⇢�.

The case of fermionic DM (with spin dependent coupling) can also be constrained from our

methods in the limit of light mediator. If there is a net polarization of the DM particles

one can recycle the velocity-dependent results via the substitution v ! h��i and hence

rescale the bounds on cross section by a factor (h��i/v)2 (which is to say the plot on the

left of fig. 8 corresponds to a per-mile polarization). The e↵ect of the unpolarized part

of the signal is suppressed by the averaging over the number of scatterings and atoms as

described in secs. 4.1.1 and 4.2.1. In particular, the e↵ect is suppressed by Nsc on both

the two possible regimes: if Nsc > 1 there will be a statistical average of 1/
p

Nsc while

if Nsc < 1 the e↵ect is linearly suppressed with Nsc, since only this fraction of the atoms

in the sample are a↵ected. On the other hand depending on whether every atom sees

di↵erent or common DM particles to the rest of atoms an extra suppression of 1/
p

Nat

or 1/(Lm�v) is present as is the case for atomic clocks and magnetometers respectively.

This e↵ect is understood as a noise contribution to each measurement and is independent

of daily modulation. As an example where our results may be interesting, we show the

bounds in the right panel of fig. 8 for the case with ⇢� = 0.05 ⇢DM and mÃ ⇠ 10�13 eV. We

remain agnostic about the origin of such a hierarchy of masses in the dark sector. One sees

that co-magnetometers still do better than atomic clocks with the peak sensitivity given

by Nsc ⇠ 1 itself dictated by the time of exposure of the measurements. In the case of light

mediator there is an e↵ect from DM particles within 1/mÃ on top of the interactions with

– 35 –
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Z
d3x (n̄�µ�5n)

1

m2
Ã
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Constraints: three examples
Alonso, DB, Wolf 18



This was initially considered noise…



i) Accessing DM of higher mass

AION measures acceleration (gravimeter)

Given the DM wind, if it scatters with an atom it will also  
transfer momentum (accelerate)

DM wind

https://arxiv.org/pdf/1703.08629.pdf

g θ(t)



Can we reach these numbers?
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Measuring at :  phase shifts in atomic systemsq = 0
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1810.00889 & 1810.01632
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(also atomic clocks)
E.g. Atomic co-magnetometers
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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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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
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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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 Atomic co-magnetometers*
(also atomic clocks)
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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
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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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H±1/2 = Hint + V±1/2

eip�·x +
fi(p�x̂ , p�)ei p�|x|

|x|

H±1/2 = Hint + V±1/2

scattering amplitudes at   q = 0

mDM ⌧ matom

| (t)i = e�iHt| (0)i

* axions are other DM candidates generating anomalous B.  Also extra source of decoherence. Ask me!
[Du, Murgui, Pardo, Wang, Zurek, 2023]


