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Classes of DM

ULDM mass interval

JzeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV 30Mg
Il L l L I
| | I | | | | y ¢ e g e e gy e Ty v ey R | »

—> >
QCD Axion WIMPs
<€ . D€ : > @
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
> <
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM :
P : N Dark Sector Candidates
Post-Inflationary Axion Asymmetric DM
€ >
Freeze-In DM
«—>

SIMPs / ELDERS

< > <> %
bmall Experiments: Coherent Field Searches, Direct Detectign, Nuclear and Atomic Physics, Accelerators  Microlensing Search TEChnlq ues

| | | | | | | | L 1 1 1 | 1 1 | 1 1 | 1 L | tt | >
1 1 I | | | 1 y v ° ey Y vToypov e g ey 1
zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PevV 30Mg

From US cosmic vision : new idea for Dark Matter 2017, Arxiv:1707:04951 2



Ultra Light Dark Matter (ULDM) models

~0.4 GeV /cm?3
Occupation number n pDM /
in phase space ~ N3 > 1
n (mc ) Umax ~—— ~1073%c

S

<10eV Inspired from P. Tourrenc et al, Arxiv:quantum-ph/0407187, 2004
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->ULDM with mc? < 10 eV must be bosonic (Pauli exclusion principle)

—>Various bosonic ULDM candidates > Scalar fields (Dilatons,...)

» Pseudo-scalar fields (Axions,...)
» Vector fields (Dark photons,...)



Ultra Light Dark Matter (ULDM) models

~0.4 GeV /cm?3

Occupation number n pDM /
in phase space ~ > 1

ng (?Cz)élv%ax*“ ~1073¢

<10eV Inspired from P. Tourrenc et al, Arxiv:quantum-ph/0407187, 2004

->ULDM with mc? < 10 eV must be bosonic (Pauli exclusion principle)

—>Various bosonic ULDM candidates > Scalar fields (Dilatons,...)

» Pseudo-scalar fields (Axions,...)
» Vector fields (Dark photons,...)

e When mc? < eV — n/n; »> 1 — a generic scalar field ¢ can be treated classically, i.e as
oscillating solution of the Klein Gordon equation in FRLW expanding universe,

@ =@gcos(w,t)
\ _ 5 .
« /ppy, the local DM energy density fiw, = m,c” in DM rest frame



Phenomenology of ULDM (pseudo) scalar fields




Phenomenology of ULDM (pseudo) scalar fields
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Kim and Perez, Arxiv:2205.12988 (2022)
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Rest mass and transition frequency of an atom depend on m2
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Phenomenology of ULDM (pseudo) scalar fields

d ,33 — | a \/ﬂgz ~
L¢ > (/5( FWF Zgg GWGMV - Z (dmi + Vmidg) mi‘Pi‘Pi) Ly D f_ 32n25 GWG;W
$ i=eu,d a . .
T. Damour and T. Donoghue, PRD 82, 084033 (2010) Kim and Perez, Arxiv:2205.12988 (2022)
ields :
i i(1+d;¢), i=am,mm,oém N; y1eldsa m2 (1 _ _hemymy (ﬁ)2>
T 2
Rest mass and transition frequency of an atom depend on i 2(mytma)* \a
me m om . ~ i+ 2
my,wy = f (a T ) f(¢ de, d; g) , j =m,,m,om Rest mass and transition frequency ozf an atom depend on m;,
my, wys = g(mz) - g(a?, f77%)
such that they oscillate as such that they oscillate as
my =my (1 + ¢o [QAA4]¢ cos(wgt + cD)) my = m3 (1 + ad [Q,ﬁ] cos(Qwgt + CD))
a
wy = 03 (1 + ¢y [Qa‘/}]q5 cos(wgpt + CIJ)) w4 = w3 (1 + a? [Qﬁ]a cos(Qwgt + CD))
These oscillations induce an acceleration on the atom A
5 > A hw9 . —
lGalorFr % WoscVa (QM + mgfz aA)) sin(wgsct + ®), (Wosc= Wy OF 2wg)

which violates the UFF since the various [Q] are atom dependent

- Non-zero differential acceleration measurable in classical test of the UFF (MICROSCOPE) and in atom interferometry
P. Touboul et al. PRL 129 121102 (2022) 4



Atom interferometry (Al) : principle

Historically, use of optical interferometer (e.g Michelson for GW detection)

From De Broglie, any quantum object can be described as a wave, in particular atoms = atom interferometry is possible
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From De Broglie, any quantum object can be described as a wave, in particular atoms = atom interferometry is possible
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* Wavepacket 0 > Beam splitters and mirrors replaced by light pulses.
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Atom interferometry (Al) : principle

Historically, use of optical interferometer (e.g Michelson for GW detection)

From De Broglie, any quantum object can be described as a wave, in particular atoms = atom interferometry is possible

Detector
* Wavepacket 0 > Beam splitters and mirrors replaced by light pulses.
1
Do

Wavepacket
1

Po + hkeff
M. Cadoret et al. EPJST, 172 121-136 (2009)
Do + flkeff
B
Atoms i
! Bra Et+ Raman
<A . | 86 le) | le)
1 w T :
3 pulse,Kegr T pulse, Kegr 5 pulse, kefr
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T T . . . . .
These (5 — T — E) setup are vastly used, e.g in the Stanford tower experiment or in Wuhan gravimeter experiment
P. Asenbaum et al. PRL 125 191101 (2020) Z. Hu et al. PRA 88 043610 (2020)

- % pulse separates atoms in 2 wavepackets = 1 pulse inverts state
= Beam splitter = Mirror



Single photon transition gradiometers : AION-10

. P Grahametal PRL 110171102 (2013)
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P. Graham et al. PRL 110 171102 (2013)

Single photon transition gradiometers : AION-10
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Single photon transition gradiometers : AION-10

P. Graham et al. PRL 110 171102 (2013)
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L. Badurina et al. PRD 105 023006 (2022)
Same atom species undergoes the same Al sequence at different elevation.

Same laser beams interact with both Al - NO laser phase noise

( )
Ar sin“(w,T)
ABST o ppyy Q4] .
) a C Wy
Aar 1 wgT
Grad A _ cinZ2 ¢
LA(I)A X vPpm le](p ¢ wg sin ( 5 )

AION-10’s signal limited by the time the atom lasts in the excited state (~Ar/c < 1) 6



Can we do better ? Modified setup : “SPID"

Use of two isotope species with sequence based on previous Al setup but at
same elevation = Single Photon transition Isotope Differential “SPID” Al
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Can we do better ? Modified setup : “SPID"
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Can we do better ? Modified setup : “SPID"

Use of two isotope species with sequence based on previous Al setup but at
same elevation = Single Photon transition Isotope Differential “SPID” Al
x Addition of EOM to account for isotope shift Aw ~ 1076 w,
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However, EOM comes with an additional noise...

In principle, this setup can be realized using any isotope pair of neutral atoms with stable optical transition, e.g
88¢,. 86¢..). (40 17 176 . (19 202
3857, 3857); (20Ca, 36Ca); (7Y b, *75Yb); (*goH g, *35Hg)

- With the same experimental parameters as AION-10, is SPID more sensitive to axion and dilaton couplings ? 7



Results on axion-gluon coupling
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Results on axion-gluon coupling
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- MICROSCOPE and SPID experiment would provide the best laboratory constraints on the axion-gluon coupling over
multiple orders of magnitude of mass


https://cajohare.github.io/AxionLimits/
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Reslults on dilaton .couplmgs
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Low sensitivity of MICROSCOPE (from oscillatory behavior of the field), Stanford and Wuhan

Compared to AION-10, the proposed experiment SPID would be overall more sensitive to dilaton couplings.

n

4



Conclusion

* Some of most promising ULDM candidates, dilaton and axion fields, produce oscillating rest
mass and transition frequency of atoms.

* Those oscillations produce violation of UFF and could be detected in various types of atom
interferometers

* Based on futuristic proposal of AION-10 gradiometer, proposition of variation Al setup, which
is overall more sensitive to those couplings than AION-10.

In addition, this new setup would test the UFF with a very interesting constraint on E6tvos
parameter, i.e.
n ~ 10—16
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Back-up : Rabi oscillations (Raman Al)

The light field couples the states |g,p,) and |e,p, + hl:eﬁ:) — Rabi oscillations between the two states.

P P(t) P.(t) Due to interaction with light, the atom undergoes rabi oscillation
4 " between ground (g) and excited (e) states.

For a given coupling between atom and light (i.e electric field strength E)
and Rabi frequency () (which depends on Ej), the final state of the atom
depends on the time of interaction

. =2 Qt = /2 : half of the atoms are transferred into the excited state

)
» 2 Ot = 1 :the full ensemble change state

Detector

D

Wavepacket

> g pulse separates the states : |g,pg) — % (lg,80) + le.Bo + hl_éeff)) Wavepacket

1
Po + flkeff

> 7 pulse inverts state : |g,Bo) = le,Bo + hkeofr) and le,Bo + hkeff) = 19,80 po + e

Atoms

3
T
3 pulse, kggr e pulse, kggp 3 pulse, kegr



» Historically, use of optical interferometer (e.g Michelson for GW detection) =

LASER

Atom interferometry (Al) :

Beam splitter

N\

Mirror

AN

Mirror

>

Detector

J

v

P rinci D | e
Wavepacket De;cmr

Po

Wavepacket
1

Do t+ flkeff

Pot+ flkeff
’B

_
= Soul BN

A
w T :
T pulse, kogr 3 pulse, kqgf

* From De Broglie, any quantum object can be described as a wave, in particular atoms = atom interferometry is possible

* Beam splitters and mirrors replaced by light pulses. > g pulse separates atoms in 2 wavepackets

E

{ Bragg

le)

lg)

E

t Raman

le)

lg)

- 1 pulse inverts state
= Beam splitter = Mirror
M. Cadoret et al. EPJST, 172 121-136 (2009)

At the detection step, check for state population
J dSger W (Ta, Xq) + Wi (Tg, Xg) 17

« 1+ cos(d; — o)

=1+ cosAd

17



Back-up : phase contributions

Feynman path integral method to compute phase shift between the 2 wavepackets.
This method works only for lagrangian at most quadratic in the position and in the velocity

—> we must make the calculations in the galactic frame (no cos(wt ~ k. ?c’) term)

X a

P

:

Path |

P. Storey and C. Cohen-Tannoudji, JP2 4 11 (1994)

C | ®,=A(.%)
D, =k;. (X, —X4¢) . ‘Pe=kL-(fL—fAt)D

Path I} 2

Pulse(t = 0)

T

A T e =
/% D, =EL.(7L—7At)|A B% Pe =k (% xAt)|B é
T

x

Pulse(t =T) Pulse(t = 2T)

* Propagation phase @; : phase accumulated by wavepackets along the trajectory

* Laser phase @, : phase factors of laser, to be calculated on light-matter interaction vertices

* Separation phase @, : spatial incoincidence between the two output wavepackets



Multi-photon Raman/Bragg Al

L2 pulse(t = 0) L2 pulse(t =T) L2 pulse(t = 2T)

lg)

|

t
L1 pulse(t = 0) L1pulse(t =T) L1 pulse(t = 2T)

The oscillating acceleration implies a modification of the atom’s equations of motion

— the atom’s trajectory oscillates in the interferometer. 19



* Single-photon transiti

Back-up : Phase shifts for different Al config.

Multi-photon transition Al

L v

Reference mirror mass charge
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L2 pulse(t = 0) L2 pulse(t =T) L2 pulse(t = 2T)

Set of experiments x

- . A 15 . .
MICROSCOPE : (Existing) classical test of UFF ton = ?a~10 15 ysing 25T and 123Pt
P. Touboul et al. PRL 129 121102 (2022)

T T 1o

L1 pulse(t = 0) Llpulse(t=T) L1 pulse(t = 2T)

Stanford tower : (Existing) differential Raman Multi-Photon Al test of UFF to  ~10~12 using §7Rb and 85Rb
(Sp~107% rad*/s), P. Asenbaum et al. PRL 125 191101 (2020)

Wuhan gravimeter : (Existing) single Raman Multi-Photon Al using 37Rb
(Sp~107> rad?/s) Z. Hu et al. PRA 88 043610 (2020)

AION-10 : (Future) Gradiometer using 3357
(S¢ = 1078 rad? /S) L. Badurina et al. PRD 105 023006 (2022)

New setup : SPID using (335, 33S1); (30Ca, 36Ca); (*75Yb, *76Yb); ("35Hg, *36Hg) |
— CAION EOM [
(Sp = SHION + gEOM) :

fer




Back-up : Dilatonic/axionic charges

for various atoms/transitions

Charges (—)

Axionic (107?)

Dilatonic (107?)

Experiment Species Qum Qu Qme | Qum, | Qumam | Qumom | Que (10°) Qu,m Qu,sm

195p¢ [B1] | -69.065 = 4.278 | 0.220 | 85.25 | 0.340 - - -
MICROSCOPE

187 [B1] | -68.770 - 2.282 | 0.253 | 82.58 | 0.138 - - -

Stanford/Wuhan 87Rb -68.920 | 9.30 [27] | 2.869 | 0.234 | 83.95 | 0.254 | 2.34 [52] | 18.0 [52] | 20.7 [52]
Stanford SORb -68.924 - 2.961 | 0.239 | 83.98 | 0.220 - - -
Yea -68.715 0 2.409 | 0.275 | 82.08 0 2.02 [53] 0 0
“ea -68.738 0 2.116 | 0.250 | 82.29 | 0.155 2.02 0 0
86Gr -68.933 0 3.074 | 0.243 | 84.06 | 0.198 2.06 0 0
57 Sk -68.932 0 3.027 | 0.240 | 84.05 | 0.215 | 2.06 [54] 0 0
AION-10/SPID 888y -68.930 0 2.980 | 0.238 | 84.03 | 0.232 2.06 0 0
HYh -69.054 0 4.114 | 0.225 | 85.14 | 0.308 2.31 [B5] 0 0
oY -69.043 0 3.957 | 0.219 | 85.05 | 0.348 2:31 0 0
[ -69.077 0 4.469 | 0.224 | 85.35 | 0.312 2.81 [53] 0 0
202He | -69.066 0 4.291 | 0218 | 85.25 | 0.353 2.81 0 0
All AI SiO- -68.442 — 1.607 | 0.275 | 79.62 | 0.003 - - -




Back-up : AION sensitivityto 1/f,

At leading order, optical transition frequency does not depend on m2 = AION-10 independent of a?, f;; 2

¢—4+~
™

H P, AN 1
But recent paper showed that the axion-gluon coupling leads to axion-photon coupling ' . ¢
at |OOp leve| C Beadleetal Arxiv:2307.10362 5, K .
v *.*,' ;
- Any experiment sensitive to variation of fine structure constant & would be
sensitive to 1/f, coupling o iz Hz
10~
- This correction is negligible for experiments sensitive to L0-10
variation of rest mass and hyperfine transition frequency — -
(~107% and ~10~* smaller respectively) '> 012
6 10—13
—> AION-10 becomes sensitive to 1/f, oS 104
(but sensitivity suppressed by a?) = 105

—18
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mg [eV]



Timing Noise in siWHz

Back-up : Phase noise from EOM

S. Barke, Ph.D Thesis, Inter-Spacecraft frequency distribution for

1000 — ’futLllr(le]GV!/ oblse,rlvat'or/'e:s ('210175) ———
- Jenoptik EOM ———— -
i LITEF EOM 1
10711 [ LITEF EOM with PRN code 3
' Requirement range i
1012 | Y
ol3 [ i + Noise from the 1 GHz modulation source
i X. Xie et al, Nature Photonics 11 44 (2017)
14 | a
k9 i J. Hartnett et al, Applied Physics Letters 100 183501 (2012)
10'15 i 1 I 'l I 1 I 1 I ' L L l 1 1 L l 1 I I l I 3 '
10 10 102 1072 10! 10° 10!

Frequency in Hz

— Noise contribution of Jeoptik EOM

>SEM(f)~ 1073 (L) " rad?/Hz

which dominates at very low frequency, compared to gradiometer noise in AION-10 (S = 1078 rad?/s)



