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Dark matter: theory landscape

Production mechanism in the early universe
Motivation from fundamental physics
Possibility of (direct or indirect) detection
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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
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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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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
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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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DM-atom interactions: extra info
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The ultralight case (                     , field description) 
yields similar results
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one needs to make sure  
that the effect is not confused with  
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The two states have different spin 
We thus probe spin-dependent interactions

~Se · ~v� ~Se · ~S�,              , ….



Constraints: two examplesand 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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0.01 0.10 1 10 100 1000
10-63

10-60

10-57

10-54

10-51

m� (eV)

scalar DM
<latexit sha1_base64="Tpm077nZPTpaTScr8nJE9W/JH7A=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIeizqwYtQwX5AE8tku22XbjZhd6OU0P/hxYMiXv0v3vw3btsctPXBwOO9GWbmhYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFWV1GotYtULUTHDJ6oYbwVqJYhiFgjXD4dXEbz4ypXks780oYUGEfcl7nKKx0oOvIqIpClQ+ub7tlMpuxZ2CLBIvJ2XIUeuUvvxuTNOISUMFat323MQEGSrDqWDjop9qliAdYp+1LZUYMR1k06vH5NgqXdKLlS1pyFT9PZFhpPUoCm1nhGag572J+J/XTk3vIsi4TFLDJJ0t6qWCmJhMIiBdrhg1YmQJUsXtrYQOUCE1NqiiDcGbf3mRNE4rnlvx7s7K1cs8jgIcwhGcgAfnUIUbqEEdKCh4hld4c56cF+fd+Zi1Ljn5zAH8gfP5A5MSkeQ=</latexit><latexit sha1_base64="Tpm077nZPTpaTScr8nJE9W/JH7A=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIeizqwYtQwX5AE8tku22XbjZhd6OU0P/hxYMiXv0v3vw3btsctPXBwOO9GWbmhYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFWV1GotYtULUTHDJ6oYbwVqJYhiFgjXD4dXEbz4ypXks780oYUGEfcl7nKKx0oOvIqIpClQ+ub7tlMpuxZ2CLBIvJ2XIUeuUvvxuTNOISUMFat323MQEGSrDqWDjop9qliAdYp+1LZUYMR1k06vH5NgqXdKLlS1pyFT9PZFhpPUoCm1nhGag572J+J/XTk3vIsi4TFLDJJ0t6qWCmJhMIiBdrhg1YmQJUsXtrYQOUCE1NqiiDcGbf3mRNE4rnlvx7s7K1cs8jgIcwhGcgAfnUIUbqEEdKCh4hld4c56cF+fd+Zi1Ljn5zAH8gfP5A5MSkeQ=</latexit><latexit sha1_base64="Tpm077nZPTpaTScr8nJE9W/JH7A=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIeizqwYtQwX5AE8tku22XbjZhd6OU0P/hxYMiXv0v3vw3btsctPXBwOO9GWbmhYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFWV1GotYtULUTHDJ6oYbwVqJYhiFgjXD4dXEbz4ypXks780oYUGEfcl7nKKx0oOvIqIpClQ+ub7tlMpuxZ2CLBIvJ2XIUeuUvvxuTNOISUMFat323MQEGSrDqWDjop9qliAdYp+1LZUYMR1k06vH5NgqXdKLlS1pyFT9PZFhpPUoCm1nhGag572J+J/XTk3vIsi4TFLDJJ0t6qWCmJhMIiBdrhg1YmQJUsXtrYQOUCE1NqiiDcGbf3mRNE4rnlvx7s7K1cs8jgIcwhGcgAfnUIUbqEEdKCh4hld4c56cF+fd+Zi1Ljn5zAH8gfP5A5MSkeQ=</latexit><latexit sha1_base64="Tpm077nZPTpaTScr8nJE9W/JH7A=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIeizqwYtQwX5AE8tku22XbjZhd6OU0P/hxYMiXv0v3vw3btsctPXBwOO9GWbmhYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFWV1GotYtULUTHDJ6oYbwVqJYhiFgjXD4dXEbz4ypXks780oYUGEfcl7nKKx0oOvIqIpClQ+ub7tlMpuxZ2CLBIvJ2XIUeuUvvxuTNOISUMFat323MQEGSrDqWDjop9qliAdYp+1LZUYMR1k06vH5NgqXdKLlS1pyFT9PZFhpPUoCm1nhGag572J+J/XTk3vIsi4TFLDJJ0t6qWCmJhMIiBdrhg1YmQJUsXtrYQOUCE1NqiiDcGbf3mRNE4rnlvx7s7K1cs8jgIcwhGcgAfnUIUbqEEdKCh4hld4c56cF+fd+Zi1Ljn5zAH8gfP5A5MSkeQ=</latexit>

�̄v
n [cm2]

<latexit sha1_base64="/mlWSCm4961aXTs40zZsQsVDPI8=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4kJIUQZcFXbisYB+QpGEynbRDZyZhZlIooRs3/oobF4q49R/c+TdO2yy09cCFwzn3cu89Ucqo0o7zba2srq1vbJa2yts7u3v79sFhSyWZxKSJE5bIToQUYVSQpqaakU4qCeIRI+1oeDP12yMiFU3Egx6nJOCoL2hMMdJGCu0TP0LSV7TPUSi6I//Cy33JIeaTbi0I7YpTdWaAy8QtSAUUaIT2l99LcMaJ0JghpTzXSXWQI6kpZmRS9jNFUoSHqE88QwXiRAX57IsJPDNKD8aJNCU0nKm/J3LElRrzyHRypAdq0ZuK/3lepuPrIKcizTQReL4ozhjUCZxGAntUEqzZ2BCEJTW3QjxAEmFtgiubENzFl5dJq1Z1nap7f1mp3xZxlMAxOAXnwAVXoA7uQAM0AQaP4Bm8gjfryXqx3q2PeeuKVcwcgT+wPn8AKjiYVw==</latexit><latexit sha1_base64="/mlWSCm4961aXTs40zZsQsVDPI8=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4kJIUQZcFXbisYB+QpGEynbRDZyZhZlIooRs3/oobF4q49R/c+TdO2yy09cCFwzn3cu89Ucqo0o7zba2srq1vbJa2yts7u3v79sFhSyWZxKSJE5bIToQUYVSQpqaakU4qCeIRI+1oeDP12yMiFU3Egx6nJOCoL2hMMdJGCu0TP0LSV7TPUSi6I//Cy33JIeaTbi0I7YpTdWaAy8QtSAUUaIT2l99LcMaJ0JghpTzXSXWQI6kpZmRS9jNFUoSHqE88QwXiRAX57IsJPDNKD8aJNCU0nKm/J3LElRrzyHRypAdq0ZuK/3lepuPrIKcizTQReL4ozhjUCZxGAntUEqzZ2BCEJTW3QjxAEmFtgiubENzFl5dJq1Z1nap7f1mp3xZxlMAxOAXnwAVXoA7uQAM0AQaP4Bm8gjfryXqx3q2PeeuKVcwcgT+wPn8AKjiYVw==</latexit><latexit sha1_base64="/mlWSCm4961aXTs40zZsQsVDPI8=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4kJIUQZcFXbisYB+QpGEynbRDZyZhZlIooRs3/oobF4q49R/c+TdO2yy09cCFwzn3cu89Ucqo0o7zba2srq1vbJa2yts7u3v79sFhSyWZxKSJE5bIToQUYVSQpqaakU4qCeIRI+1oeDP12yMiFU3Egx6nJOCoL2hMMdJGCu0TP0LSV7TPUSi6I//Cy33JIeaTbi0I7YpTdWaAy8QtSAUUaIT2l99LcMaJ0JghpTzXSXWQI6kpZmRS9jNFUoSHqE88QwXiRAX57IsJPDNKD8aJNCU0nKm/J3LElRrzyHRypAdq0ZuK/3lepuPrIKcizTQReL4ozhjUCZxGAntUEqzZ2BCEJTW3QjxAEmFtgiubENzFl5dJq1Z1nap7f1mp3xZxlMAxOAXnwAVXoA7uQAM0AQaP4Bm8gjfryXqx3q2PeeuKVcwcgT+wPn8AKjiYVw==</latexit><latexit sha1_base64="/mlWSCm4961aXTs40zZsQsVDPI8=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4kJIUQZcFXbisYB+QpGEynbRDZyZhZlIooRs3/oobF4q49R/c+TdO2yy09cCFwzn3cu89Ucqo0o7zba2srq1vbJa2yts7u3v79sFhSyWZxKSJE5bIToQUYVSQpqaakU4qCeIRI+1oeDP12yMiFU3Egx6nJOCoL2hMMdJGCu0TP0LSV7TPUSi6I//Cy33JIeaTbi0I7YpTdWaAy8QtSAUUaIT2l99LcMaJ0JghpTzXSXWQI6kpZmRS9jNFUoSHqE88QwXiRAX57IsJPDNKD8aJNCU0nKm/J3LElRrzyHRypAdq0ZuK/3lepuPrIKcizTQReL4ozhjUCZxGAntUEqzZ2BCEJTW3QjxAEmFtgiubENzFl5dJq1Z1nap7f1mp3xZxlMAxOAXnwAVXoA7uQAM0AQaP4Bm8gjfryXqx3q2PeeuKVcwcgT+wPn8AKjiYVw==</latexit>

⇢� = 0.05 ⇢DM, mÃ = 10�7 eV
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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
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Conclusions

Precise (quantum) devices perfect place to look for them!

Cosmic neutrinos,  low-mass dark matter and grav. waves: 
high flux, low momentum and small coupling

The effect of dark matter in the standard operation of 
atomic clocks/magnetometers yields new (sometimes 
spectacular) bounds on the dark matter models

This seems just the beginning…



Future

More complete framework for some models (cosmology)

Perform the atomic clock measurements (at         ) 

Can these devices be used as detectors? To study coherent 
scattering? (they work at zero momentum transfer)

Neutrinos? Gravitational waves? 

Bounds on other operators (may be enhanced by #nucleons)

…
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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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Ultra-light case

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

V2 � V1 6= 0


