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Fundamental cosmological backgrounds



neutrinos

dark matter???

gravitational waves

Fundamental cosmological backgrounds

CMB photons + stars

very weak backgrounds, of fundamental origin, permeate the Universe…



Neutrinos (Standard Model + Beyond SM portal)

Dark matter (BSM)

Gravitational waves (SM + BSM)

Known but puzzling particles
Produced in nuclear reactions (astrophysical dense objects/ early Universe)

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

Ripples of space time so far detected only in a narrow band (~100 Hz)
Universally produced in all energetic events (e.g. dark universe)

OPEN QUESTIONS what happens at other frequencies?/ will we detect GWs 
from early Universe?/ new events beyond SM?  

Leading explanation of lots of astrophysical data.  
Permeates the Universe, in particular your laboratory.

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

To-be-detected fundamental backgrounds
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How can I add these backgrounds to my analysis?
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Connection to your laboratory
How can I add these backgrounds to my analysis?

e.g. absorption process scattering process

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:

LÃ��
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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:
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  ̄�
µ�5 

⌘ gµ⌫ + @µ@⌫/m2

Ã
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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 , �⌫ ] (⌃↵�
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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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gÃ
�J

µ
� + gÃ
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Ã

@2 + m2

Ã

⇣
gÃ
�J

⌫
� + gÃ
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Connection to your laboratory
How can I add these backgrounds to my analysis?

e.g. absorption process

The first job of the theorist:
classify the possible relevant interactions (from different motivations)
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to dark and ordinary matter as:

LÃ��
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⇣
gÃ
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Ã

@2 + m2

Ã
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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:
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⇣
gÃ
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  ̄�
⌫�5 

⌘#
, (2.5)

– 7 –

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
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  ̄�
⌫�5 

⌘#
, (2.5)

– 7 –



Connection to your laboratory

The second job of the theorist:
connect fundamental terms to the effective theory relevant for the experiment

e.g.

compare with standard EM interactions 

 ̄e�
µ�5 e�̄�µ� ~Se · ~p�

~pe · ~A ge~Se · ~B, 

doing this comprehensively is a pending task!

How can I add these backgrounds to my analysis?

 ̄e�
µ eAµ

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
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1st Conclusion

We need the comprehensive map between 
fundamental backgrounds and new interaction terms of Hamiltonians

 relevant for the laboratory

This is something feasible and will be extremely useful 
for the next steps in the field!

fundamental backgrounds  

g̃

e.g. ~Se · h~p�i ~�

~Se · h~p�i

‘anomalous’ magnetic field

e.g. with bounds on 

g̃

we can already explore several models. 
important: the fundamental background may  
offer new handles (e.g. anual modulation, oscillations…)

H = H0 +Hint



Part II: two examples

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

ii) GWs in (superconducting radio-frequency) cavities
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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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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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Ramsey sequence in the presence of DM
R. Alonso,  DB and P.  Wolf 
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Measuring at :  phase shifts in atomic clocksq = 0
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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



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
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:

�⇡!�� =
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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Part II: two examples

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

ii) GWs in (superconducting radio-frequency) cavities
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Las dudas sobre la salud de la
banca europea hundieron ayer
los mercados, temerosos de que
se repita una crisis como la de
2008, que llevó a Lehman Bro-
thers a la quiebra. En esta oca-
sión lasmiradas de los inversores
están puestas principalmente so-
bre el mayor banco alemán, el
DeutscheBank, cuyos títulos caye-
ron un 6,1%. También existen du-
das sobre la entidad francesa So-
ciété Générale, que se dejó un
12,57%, y sobre la fortaleza del sec-
tor italiano en conjunto.

La caída de la Bolsa española
—un 4,88%, la mayor desde agos-
to— solo fue superada por el des-
plome en Milán, del 5,63%. París
se dejó un 4,05%, Londres un
2,39% y Fráncfort un 2,93%. La
prima de riesgo, el diferencial en-
tre el bono español a 10 años y el
alemán, llegó a los 169 puntos bá-
sicos, por encima del nivel que
en 2010 llevó al expresidente del
Gobierno José Luis Rodríguez
Zapatero a acometer un duro
plan de ajuste.

Los líderes europeos trataron
de calmar a los inversores. Según

sostuvo el jefe del Eurogrupo, Je-
roen Dijsselbloem, “hay volatili-
dad e incertidumbre, pero el euro
esmás fuerte ahora, y con los ban-
cos sucede lo mismo”.  PÁGINA 37

Un grupo de mil investigadores de
15 países consiguió ayer confirmar
una de las últimas grandes teorías
de Albert Einstein, cien años des-
pués de que la formulara. La detec-
ción de ondas gravitacionales, cur-
vas en el espacio-tiempo genera-
das por los fenómenos más violen-
tos del cosmos, abre una nueva era
en la observación del universo.
Hasta ahora, esta se ha centrado
en la luz en todas sus variantes co-

nocidas, pero estas ondas son com-
parables al sonido y permiten estu-
diar objetos que eran totalmente
invisibles hasta ahora, especial-
mente los agujeros negros. Las on-
das gravitacionales harán posible
analizar cómo se forman estos fe-

nómenos, cuántos hay y conocer
con mayor detalle el ciclo vital de
las estrellas y del universo.

Los responsables del Observa-
torio de Interferometría Láser de
Ondas Gravitacionales (LIGO) en
EE UU anunciaron ayer en rueda
de prensa que han captado las on-
das producidas por el choque de
dos agujeros negros. “Abrimos una
nueva ventana al universo”, afir-
mó el director ejecutivo del LIGO,
David Reitze.  PÁGINAS 24 Y 25

El juez de la Audiencia Nacional
Eloy Velasco ordenó ayer el regis-
tro de la sede del PP de Madrid,
donde agentes de la Guardia Civil
examinaron documentos y un or-
denador de BeltránGutiérrezMo-
liner, que fue gerente del partido
regional y dimitió al ser imputado
en el caso de las tarjetas black de
CajaMadrid. El detonante de esta
operación son unas anotaciones
en la agenda del ex secretario ge-

neral del PP deMadrid Francisco
Granados, a quien se considera el
cabecilla de la trama Púnica. Los
agentes entraron también en el
domicilio del propio Gutiérrez
Moliner y de Javier López Ma-

drid, yerno del empresario Juan
Miguel Villar Mir. La investiga-
ción trata de acreditar si, como
señala la documentación interve-
nida en la Operación Púnica, Ló-
pez Madrid pagó fuertes sumas
de dinero al PP madrileño y con-
tribuyó a una financiación ilícita
del partido. “Financiación ilegal
del PP de Madrid, que a mí me
conste, no ha habido”, dijo ayer la
presidenta del PP madrileño, Es-
peranza Aguirre, tras conocer los
registros.  PÁGINA 13

Un nuevo sentido para
percibir la realidad

La sombra de
una nueva crisis
bancaria hunde
los mercados
El Ibex cae un 4,88% y la prima de
riesgo llega a 169, máximo desde 2010

Una empresa con un
contrato público pagó
la campaña de la líder
popular valenciana  P15

Un motín salvaje
en una cárcel
de México causa
52 muertos  PÁGINA 5

La detección de ondas gravitacionales confirma el “sonido del
cosmos” y abre vías inéditas en la observación del universo

Einstein tenía razón

Un científico observa una representación de ondas gravitacionales, ayer en el Instituto Max Planck (Hannover, Alemania). / EFE

El PP madrileño, investigado
también por finanzas ilegales
La Guardia Civil busca en la sede de Génova y en la casa de López
Madrid pruebas de la conexión de la red Púnica con pagos al partido

José Luis Fernández Borbón

CLAUDI PÉREZ / IGNACIO FARIZA
Bruselas / Madrid

NUÑO DOMÍNGUEZ, Madrid

J. A. RODRÍGUEZ / J. A. HERNÁNDEZ
Madrid

The first direct detection of GWs is a great 
achievement, but…
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Milky Way in visible band



Milky Way in X rays



Interaction of GWs with light?

Our control of light in the lab is excellent!
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gravitational wave + EM field = current!

The first and second jobs done
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Mechanical-coupling  
(shaking the walls)

EM-coupling
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the lowest order vertices. This m
eans that we write all possible param
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↵⌫
+
c
2 h

µ⌫ h
↵↵ i

+
 2 h

c
3 h

µ⌫ h
↵↵ h ��
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Field
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(2.46)
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d 4
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This
redefinition

is
allowed

as
long

as
the

Jacobian
of the

integral is
essentially

one
[10].
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µ⌫ , �, and
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+
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Figure
3: Field

redefinition
for the

triple
graviton

vertex.
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MAGO design from CERN (gr-qc/0502054)

!2 = ! � !1

!1

±

!1

Interaction GWs with light: loaded cavities

h+EM field = current!



+ it’s directional and not degenerate with axions 

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

2112.11465 (PRD)&  To appear 

Amplitude of the GW



 SRF cavities is a mature technology to look for GWs at GHz either 

Still far from getting to expected backgrounds, but there may be surprises

2nd Conclusion

Dark matter and cosmic neutrinos may leave impact in quantum devices      
(e.g. atomic clocks/magnetometers) even if the momentum transfer is  ≈ 0

This opens new exiting possibilities 



Road ahead

fundamental backgrounds  H = H0 +Hint

 Our first task: dictionary

 Our second task: genuine symmetric dialogue 
we have been (mostly) recycling techniques

The most promising set-ups and dedicated improvements (e.g. read-outs)

we need a more fluid dialogue with QT colleagues for more genuine ideas

Dedicated resources (dedicated simulations, theory + exp work, schools, time)

H = H0 +Hint

(in)coherent/modulated/material dep/CP odd…

backgrounds  

 Sub-task: we are far from the limit: e.g. get more quantum 

e.g. single-photon detectors,  
using entangled samples...

(high) flux,  (low) momentum and small coupling
FP QT

FPQT



neutrino physics dark matter 

gravitational waves 
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DM-atom interaction in co-magnetometers

|3He�1/2i

|3He1/2i
polarized sample 129Xe

same with 
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1+e
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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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Modified Larmor frequencies
Can be also understood as a phase difference 

Co-magnetometer: eliminates B

Hint = �� ~B · ~�

Brown et al. 2010�! . 10
�9

Hz
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