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| will only discuss astrophysical backgrounds
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Gravitational waves (SM + BSM)

Dark matter (BSM)
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! Gravitational waves (SM + BSM)
Produced in many astrophysical situations
in particular in theories BSM

but weakly interacting and low frequency

Dark matter (BSM)




! Gravitational waves (SM + BSM)
Produced in many astrophysical situations
in particular in theories BSM

but weakly interacting and low frequency

Produced at the Big Bang, 1"~ MeV (Tcmp ~ 0.1€V)

0.06eV < » my, <0.2eV (BSM?)

102 cm2s71 Ttoday ~ 10" *eV

weakly interacting and low momentum

Dark matter (BSM)
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Do we know anything fundamental about DM

CMB

e 500 1K e

?



™M Candidate should be a cold gravitating medium

@ Production mechanism and viable cosmology

O Motivation from fundamental physics

O Possibility of (direct or indirect) detection



Particle dark matter properties

axiverse, string theory, strong CP problem, SUSY
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Particle dark matter properties
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and weakly interacting



“Traditional’ DM searches
Direct: e.g. Xenon 100
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“Traditional’ DM searches
Direct: e.g. Xenon 100
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Measuring at ¢ = 0: Ramsey sequence
(atomic clock basics)

1= A S AtY) [2) = AT e
W W
2ok .
i "
< tl ran T ran tl >

/\wzw—(Eg—El)
P> = cos|[Aw T /2]?
8P2:O * wmaX:AE

measurement of the phase difference e'**

will be sensitive to anything of the form H; = E{**° + V/
provided §V; #£ 0



DM-atom interaction during Ramsey sequence

ped) [ DD =l R
W . "
@ xS Py
6 @ o P,
| " ; T * 11 .>
o iPx X - filbaX, px)‘(;:&PXIXI
I |X ....Vvint

for low masses (all the atoms stay in the clock) & small coupling
forward scattering

e L Re[f1(0) — o(0)] sin[AwT]

P> = cos[Aw T /2]° 4

3P2=0 * WmaX:AE+5DM



DM-atom scattering: effective vertex

X X X s ,/'x
At At At At

|Rb§’> — Y ) @ ‘ch_{\1><1/2, Ao I, A7 |F, \)

T Z N>u
n,p - DM current \
Ling = —/d% GrelTeJl+ Y GtartqJg}
qg=u,d l
(N|gT*q|N) (known)

Atthe level of e, N Se - Uy, S¢Sy, SN+ Sy, ...



The calculation in a nutshell

(P’ p'|Hint|P,p) = 27)36® (P — P)T (p/, P/, p,P)

Single DM particle-atom interaction

m

Y
f1(0) — f2(0) = 7X (GnoNa — Ge) Jy T
v v
ﬁX
atomic form factors
GN(GU7 Gd)

Uy

X



Atomic magnetometers basics
Hint — _75 . X

“Hey /) ? same with

olarized sample
P P 129y,



DM-atom interaction in co-magnetometers
Hint — _’YB) . X

same with

olarized sample
P P 129y,

2Ny |, = -
(

w576=7<B | f(O)l—f(0)2)>

Modified Larmor frequencies

Ty 7Y

Can be also understood as a phase difference
Co-magnetometer: eliminates B



dark matter halo

= bulge

f(0)1 — f(0)2

The two states have different spin
We easily probe spin-dependent interactions

S. Ty, Se Sy, ...
average effect

the relative velocity contains a coherent part
the DM spin is in principle arbitrary

=S O(1/vV'N)  ‘noise™

—

Milky Way

* depends on N %

final remark

one needs to make sure that the effect is
not confused with atomic physics/backgrounds
(e.g. use daily modulation, system comparison...)



r\: , virial equilibrium in the Milky Way (MW) halo:
P | | 5
l ) scape velocity ~ 2 x 10™°¢
/ i) size 100 kpc
3 M v 4
setp 2 () e (3

This logic tells us that DM can't be fermionic for mass < keV

For high occupation number field description

e.g. massive scalar case ¢(x, 1)

¢z, t) +mp(z,t) =0




¢z, t) +mp(z,t) =0

Virialized distribution: collection of waves
with a Maxwell distribution (properties from the galaxy)

Umax 5 5 5 . L.
b X / d3v eV /00wt gmIimUToifs 4 (o o
0

inthe MW oo ~ 107 3¢

since w, ~ m(1 + v?), oscillations coherently over

—15 —6
tN106<1O eV> <1O > )
™m 00




The ultra-light domain: interaction with atoms

these are now ‘oscillating’ backgrounds!



Ultra-light case

=laf) I W= R =(anth AR
W W
ZoX ;
20 Pl
o t
o(t)

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

Vo = V1 #0



Constraints: two examples

scalar DM
Lint = —Gn/dgx (nyFysn) (iXJf@MX h.c.)

previous bounds
(from cooling of stars)

O 10-10 |

AN

magnetometers (Brown et al. 2010)

10—13 i

clocks
(Guena et al 2014) 07|

10—19 |
10~9 10-6

m, (eV)




Constraints: two examples

fermionic DM with light mediator

B 1
Lint = —9 9+ / d®z (nyHysn) - f

’Y“%X)

(X

oy [cm?]
10763
10—65,
07| - clocks
N / , ™\ previous
50 100 / 500 1000 5000 104 bounds

magnetometers my (eV)



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

B Precise (quantum) devices perfect to look for them! (¢ = 0)

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

B [his seems just the beginning...



More complete framework for some models (cosmology)

Perform the atomic clock measurements (at A # 0)

Bounds on other operators (may be enhanced by #nucleons)
when f(0)1 — f(0)2 # 0

Neutrinos! Gravitational waves?

Devices close to beams! To study coherent scattering? (they
work at zero momentum transfer)



