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Dark matter candidates and their interactions



Reminder: we have detected dark matter

Evidence from gravitational interactions… …………….                      
           ………….…                      …over many distance scales

     ‘The Bullet Cluster’

Large scale structure

Cosmic Microwave Background

DARK MATTER

VISIBLE 
MATTER

Galaxy rotation curves
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Standardmodell der Teilchenphysik

Nur eine “effektive” Theorie bei 
“niedrigen Energien” 

Wir erwarten neue Phänomene 
und Teilchen wenn wir noch 
höhere Energien (zB am LHC) 
testen

Insbesondere ist kein Teilchen des 
Standardmodells ein möglicher 
Kandidat für die dunkle Materie 
(auch nicht das Higgs Teilchen!)

DM
dark matter

Do we need to do anymore? Yes…
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OMITTED FROM SUMMARY TABLE
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GALACTIC WIMP SEARCHESGALACTIC WIMP SEARCHESGALACTIC WIMP SEARCHESGALACTIC WIMP SEARCHES

These limits are for weakly-interacting stable particles that may constitute
the invisible mass in the galaxy. Unless otherwise noted, a local mass
density of 0.3 GeV/cm3 is assumed; see each paper for velocity distribution

assumptions. In the papers the limit is given as a function of the X0 mass.
Here we list limits only for typical mass values of 20 GeV, 100 GeV, and 1
TeV. Specific limits on supersymmetric dark matter particles may be found
in the Supersymmetry section.

Limits for Spin-Independent Cross SectionLimits for Spin-Independent Cross SectionLimits for Spin-Independent Cross SectionLimits for Spin-Independent Cross Section
of Dark Matter Particle (X0) on Nucleonof Dark Matter Particle (X0) on Nucleonof Dark Matter Particle (X0) on Nucleonof Dark Matter Particle (X0) on Nucleon

Isoscalar coupling is assumed to extract the limits from those on X0–nuclei
cross section.

For mX 0 = 20 GeVFor mX 0 = 20 GeVFor mX 0 = 20 GeVFor mX 0 = 20 GeV
VALUE (pb) CL% DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

<2.0 × 10−7 90 1 AGNESE 14 SCDM Ge

<3.7 × 10−5 90 2 AGNESE 14A SCDM Ge
<1 × 10−9 90 3 AKERIB 14 LUX Xe

<2 × 10−6 90 4 ANGLOHER 14 CRES CaWO4
<5 × 10−6 90 FELIZARDO 14 SMPL C2ClF5
<8 × 10−6 90 5 LEE 14A KIMS CsI
<2 × 10−4 90 6 LIU 14A CDEX Ge

<1 × 10−5 90 7 YUE 14 CDEX Ge
<1.08 × 10−4 90 8 AARTSEN 13 ICCB H, solar ν

<1.5 × 10−5 90 9 ABE 13B XMAS Xe
<3.1 × 10−6 90 10 AGNESE 13 CDM2 Si

<3.4 × 10−6 90 11 AGNESE 13A CDM2 Si

<2.2 × 10−6 90 12 AGNESE 13A CDM2 Si
<5 × 10−5 90 13 LI 13B TEXO Ge

14 ZHAO 13 CDEX Ge

<1.2 × 10−7 90 AKIMOV 12 ZEP3 Xe
15 ANGLOHER 12 CRES CaWO4

<8 × 10−6 90 16 ANGLOHER 12 CRES CaWO4
<7 × 10−9 90 17 APRILE 12 X100 Xe

18 ARCHAMBAU...12 PICA F (C4F10)

<7 × 10−7 90 19 ARMENGAUD 12 EDE2 Ge
20 BARRETO 12 DMIC CCD
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1. Accelerator physics of colliders 1

1. ACCELERATORPHYSICS OFCOLLIDERS

Revised July 2011 by D. A. Edwards (DESY) and M. J. Syphers (MSU)

1.1. Luminosity

X0 mass: m =?

X0 spin: J =?

X0 parity: P =?

X0 lifetime: ⌧ =?

X0 scattering cross-section on nucleons: ?

X0 production cross-section in hadron colliders: ?

X0 self-annihilation cross-section: ?

X0 spin: J =?

J = 1/2 These limits are for weakly interacting
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J = 1/2

This article provides background for the High-Energy Collider Parameter Tables that
follow. The number of events, Nexp, is the product of the cross section of interest, �exp,
and the time integral over the instantaneous luminosity, L:

Nexp = �exp ⇥
Z

L (t) dt. (1.1)

Today’s colliders all employ bunched beams. If two bunches containing n1 and n2
particles collide head-on with frequency f , a basic expression for the luminosity is

L = f
n1n2

4⇡�x�y
(1.2)
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interactions with normal matter?
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X0



Informs and limits the 
possible interactions 

Cosmology
Particle Physics

Explaining this value suggests dark and 
visible matter interactions are generic &

⌦DMh2 = 0.120± 0.001
<latexit sha1_base64="LtBLjPMc6raGmdhnXk+cHFSFMhQ="></latexit>

Standardmodell der Teilchenphysik

Nur eine “effektive” Theorie bei 
“niedrigen Energien” 

Wir erwarten neue Phänomene 
und Teilchen wenn wir noch 
höhere Energien (zB am LHC) 
testen

Insbesondere ist kein Teilchen des 
Standardmodells ein möglicher 
Kandidat für die dunkle Materie 
(auch nicht das Higgs Teilchen!)

DM
dark matter

Why should DM interact with normal matter?

“Up to a point the stories of cosmology and particle physics can be told 
separately. In the end though, they will come together.” Steven Weinberg
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DM landscape: classifying by mass
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Ultra-light dark matter

DM lighter than ~1 eV: behaves as a classical wave since mode occupation 

number is macroscopic
<latexit sha1_base64="Exu46toh91WqnWlvhd7ZKzcV02w="></latexit>

nDM(�deB)
3 ⇠ ⇢DM

m4
DMv3vir

� 1

Model ULDM field as superposition of modes:
<latexit sha1_base64="31J2qySIrxcyfaBr8ntOFR0Joc8="></latexit>

'(t) ⇠
X

i

Ai cos(!it+ ✓i)

Angular frequency set by the ULDM mass: 

<latexit sha1_base64="FuoFRJzD9HAlvHLAQlNsQhNY7uo="></latexit>

!i ' mDM

✓
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v2i
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◆

[DM in our galaxy is non-relativistic                         ]
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vi ⇠ 10�3c

e.g., Foster et al arXiv: 1711.10489 
Derevianko arXiv:1605.09717
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Speed distribution in our galaxy

Mean speed ~ 10-3 

Dispersion ~ 10-3

Many models also predict some substructure in the distribution,  
see e.g., O’Hare et al arXiv:1807.09004, 1810.11468, 1909.04684
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Coherence of the field

Impact of the speed distribution apparent over long time-scales: 
field amplitude evolves with a ‘coherence time’
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mDM = 1 Hz
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mDM = 1 Hz

<latexit sha1_base64="x5mkyGdBRPvEnF85MRTee7HmeJM="></latexit>

⌧ ⇠ (mDM�2
v)

�1

Derevianko arXiv:1605.09717

AI signals depend on the field amplitude  ⇨  will also vary with a coherence time



Phenomenology of ULDM



Classifying signals

ULDM-induced signal 

Static vs Time-dependent 

Difficulty: very high 
Competing with non-ULDM static 

effects, which may be hard to quantify  

Difficulty: medium 
Search for the characteristic DM signal to 
allow for greater signal discrimination 

11Christopher McCabe

Focus initially on time-dependent signals 



Classifying signals
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An oscillating ULDM field can induce several signals testable with AIs: 

1. Changes in fundamental constants (scalar ULDM) 

2. Accelerations on test masses (vector ULDM) 

3. Precession of spins (pseudoscalar ULDM)



1. Changes in fundamental constants (Scalar)
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L �

Oscillations in the field lead to oscillations in optical transitions (e.g., in Sr): 

<latexit sha1_base64="Omi+okLVYmBGEDH/JyM4HQkcxMM="></latexit>

�!A(t) ⇠ [dme + ⇠Ade] cos(m�t+ ✓)

See e.g., Geraci et al, arXiv:1605.04048 
and Arvanitaki et al, arXiv:1606.04541



Phase in gradiometer configuration
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Phase in each AI is 
accumulated by the excited 
state relative to the ground 
state along all paths:

t1, t2 = time in 
excited state

<latexit sha1_base64="Omi+okLVYmBGEDH/JyM4HQkcxMM="></latexit>

�!A(t) ⇠ [dme + ⇠Ade] cos(m�t+ ✓)



Gradiometer configuration: sensitivity
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5

where Ss(!) is the PSD of the ULDM signal and �Sn(!) is
the standard deviation of the noise PSD.

Although several background components will contribute
to the noise PSD Sn(!) (see for example the detector system-
atics discussion in Ref. [22]), the design goal of an experi-
ment’s detection system is that the dominant phase noise is
from atom shot noise. This is a challenging goal as reach-
ing the shot noise limit has so far proved elusive except in
smaller atom interferometers. For a single interferometer, the
noise variance is �2

= (C2Na)
�1 for phase differences close

to ⇡/2, where Na is the number of atoms in the cloud and
C  1 is the interferometer contrast [43, 44]. The interfer-
ometer contrast C is important because it characterises the
amplitude of the oscillation of the number of atoms in the
ground/excited state, from which the interferometer phase is
inferred (see e.g. [45]). By the Wiener-Khinchin theorem,
this implies that the noise PSD for a single interferometer is
�t/C2Na, while for an atom gradiometer employing identi-
cal interferometers, Sn = 2�t/C2Na. Because atom shot
noise is white noise, the standard deviation of the gradiometer
noise PSD is

�Sn = Sn =
2�t

C2Na
, (24)

which is frequency-independent by definition. Hence, at
SNR = 1 the peak of the ULDM-induced PSD is within one
standard deviation of the mean of the noise PSD.

Next, we consider the PSD for the ULDM signal, Ss(!).
From the PSD defining equation, Eq. (22), we can see that the
maximum of Ss(!) will be proportional to �

2
s . The frequency

spread of Ss(!) is related to the reciprocal of the coherence
time, 2⇡/⌧c ⇠ 10

�7
(m�/10

�15
eV) Hz, while the experi-

ment’s frequency resolution is given by 2⇡/Tint.
In the regime Tint < ⌧c, the ULDM signal is dominated

by a single frequency, which implies that the PSD is approx-
imately Ss(!0) ⇡ Tint|�s|

2 at a frequency !0 largely set by
m�, and zero elsewhere. Hence, the experiment’s sensitivity
to the coupling constants increases with integration time and
is given by

d� '

p
SNR

�R
⇥

r
Sn

Tint
, (25)

where in order to isolate the dependence on the couplings dme

and de, we have defined

�s = d��R (26)
d� = dme + (2 + ⇠A)de , (27)

where �R is the remaining part of the signal amplitude with
the couplings factored out.

In the limit Tint > ⌧c, it might naively be expected that
the experiment’s sensitivity to d� follows a similar argument.
However, this is not the case since the PSD of the entire sig-
nal will no longer correspond to a spike in frequency space,
but will have a finite width and profile dictated by the DM
velocity distribution. In this case, a likelihood profile analy-
sis could be used to extract the experiment’s sensitivity to d�

(see e.g. [46]). Alternatively, Bartlett’s method [42, 47] can
be applied to find individual PSDs from data streams of du-
ration ⌧Bart . ⌧c, which are then averaged. An advantage of
Bartlett’s method over a likelihood-based analysis is that the
detailed form of the DM speed distribution does not need to be
specified. Bartlett’s method reduces the frequency resolution
of the signal PSD to a spike, while also reducing the standard
deviation of the noise PSD by a factor

p
Tint/⌧Bart. In the

limit ⌧Bart = ⌧c, the experiment’s sensitivity to the couplings
strengths is therefore given by

d� '

p
SNR

�R
⇥

s
Sn

p
⌧cTint

. (28)

For terrestrial atom gradiometers, Newtonian gravity gra-
dient noise (GGN) is expected to exceed atom shot noise at
frequencies less than approximately 10

�1
Hz, which corre-

sponds to a mass m� ⇡ 4⇥10
�16 eV. If the GGN noise cannot

be mitigated, this will impose a lower limit on the frequencies
that can be probed [18]. In our treatment, we take a conserva-
tive approach and only show projections above 10

�1
Hz. For

compact atom gradiometers that operate on the time scale of
years (i.e. Tint & few ⇥ 10

7
s), the total integration time will

in general exceed the coherence time of an ULDM signal for
all ULDM masses of interest. Hence, the scaling of the ex-
perimental parameters for a linear scalar ULDM-electron or
photon interaction is described by Eq. (28).

Pulling all parts of this discussion together, we find that the
experiment’s maximum sensitivity to a linear scalar ULDM-
electron or photon interaction (in the limit Tint > ⌧c) scales
with experimental parameters in the following way:

dbest� ⇠

 
1

T

!5/4
1

C n�r

 
�t

Na

!1/2 
1

Tint

!1/4

. (29)

The additional m� dependence in ⌧c has two effects; the max-
imum sensitivity occurs for ULDM masses m� ⇡ 2.04/T ,
which is slightly below m� ⇡ 2.33/T (where �s is max-
imised), and the scaling is T�5/4 rather than T�1. Equa-
tion (29) reveals a hierarchy of importance amongst the tune-
able experimental parameters: the sensitivity scales as T�5/4,
so is most sensitive to changes in this parameter; it varies lin-
early with the inverse of C, n, and �r; with the square root
of �t and Na; and with the quartic root of Tint, indicating the
least sensitivity to this parameter.

The scaling in Eq. (29) shows that the interrogation time
T is important as it not only sets the ULDM mass at which
the experiment has the maximum sensitivity, but it also af-
fects the experiment’s maximum sensitivity reach in d�. We
demonstrate this explicitly in the left panel of Fig. 2, where
we have plotted the electron coupling when SNR = 1 for dif-
ferent values of the the interrogation time from 0.74 s to 0.2 s

while keeping the gradiometer length (�r) and all other pa-
rameters fixed. The left panel shows that as T increases, the
curves both move to higher ULDM masses and higher values
of dme as predicted by Eq. (29). Hence, shorter interroga-
tion times imply a loss in sensitivity. In these plots, we have
assumed Tint = 10

8
s to employ Bartlett’s method, and set

T ~ 1s (interrogation time)
C ~ 0.1 - 1 (constrast)
 n ~ 1000 (LMT)
     ~ AI separation
     ~ sampling time
        atoms in cloud
               (integration time)
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where Ss(!) is the PSD of the ULDM signal and �Sn(!) is
the standard deviation of the noise PSD.

Although several background components will contribute
to the noise PSD Sn(!) (see for example the detector system-
atics discussion in Ref. [22]), the design goal of an experi-
ment’s detection system is that the dominant phase noise is
from atom shot noise. This is a challenging goal as reach-
ing the shot noise limit has so far proved elusive except in
smaller atom interferometers. For a single interferometer, the
noise variance is �2

= (C2Na)
�1 for phase differences close

to ⇡/2, where Na is the number of atoms in the cloud and
C  1 is the interferometer contrast [43, 44]. The interfer-
ometer contrast C is important because it characterises the
amplitude of the oscillation of the number of atoms in the
ground/excited state, from which the interferometer phase is
inferred (see e.g. [45]). By the Wiener-Khinchin theorem,
this implies that the noise PSD for a single interferometer is
�t/C2Na, while for an atom gradiometer employing identi-
cal interferometers, Sn = 2�t/C2Na. Because atom shot
noise is white noise, the standard deviation of the gradiometer
noise PSD is

�Sn = Sn =
2�t

C2Na
, (24)

which is frequency-independent by definition. Hence, at
SNR = 1 the peak of the ULDM-induced PSD is within one
standard deviation of the mean of the noise PSD.

Next, we consider the PSD for the ULDM signal, Ss(!).
From the PSD defining equation, Eq. (22), we can see that the
maximum of Ss(!) will be proportional to �

2
s . The frequency

spread of Ss(!) is related to the reciprocal of the coherence
time, 2⇡/⌧c ⇠ 10

�7
(m�/10

�15
eV) Hz, while the experi-

ment’s frequency resolution is given by 2⇡/Tint.
In the regime Tint < ⌧c, the ULDM signal is dominated

by a single frequency, which implies that the PSD is approx-
imately Ss(!0) ⇡ Tint|�s|

2 at a frequency !0 largely set by
m�, and zero elsewhere. Hence, the experiment’s sensitivity
to the coupling constants increases with integration time and
is given by

d� '

p
SNR

�R
⇥

r
Sn

Tint
, (25)

where in order to isolate the dependence on the couplings dme

and de, we have defined

�s = d��R (26)
d� = dme + (2 + ⇠A)de , (27)

where �R is the remaining part of the signal amplitude with
the couplings factored out.

In the limit Tint > ⌧c, it might naively be expected that
the experiment’s sensitivity to d� follows a similar argument.
However, this is not the case since the PSD of the entire sig-
nal will no longer correspond to a spike in frequency space,
but will have a finite width and profile dictated by the DM
velocity distribution. In this case, a likelihood profile analy-
sis could be used to extract the experiment’s sensitivity to d�

(see e.g. [46]). Alternatively, Bartlett’s method [42, 47] can
be applied to find individual PSDs from data streams of du-
ration ⌧Bart . ⌧c, which are then averaged. An advantage of
Bartlett’s method over a likelihood-based analysis is that the
detailed form of the DM speed distribution does not need to be
specified. Bartlett’s method reduces the frequency resolution
of the signal PSD to a spike, while also reducing the standard
deviation of the noise PSD by a factor

p
Tint/⌧Bart. In the

limit ⌧Bart = ⌧c, the experiment’s sensitivity to the couplings
strengths is therefore given by

d� '

p
SNR

�R
⇥

s
Sn

p
⌧cTint

. (28)

For terrestrial atom gradiometers, Newtonian gravity gra-
dient noise (GGN) is expected to exceed atom shot noise at
frequencies less than approximately 10

�1
Hz, which corre-

sponds to a mass m� ⇡ 4⇥10
�16 eV. If the GGN noise cannot

be mitigated, this will impose a lower limit on the frequencies
that can be probed [18]. In our treatment, we take a conserva-
tive approach and only show projections above 10

�1
Hz. For

compact atom gradiometers that operate on the time scale of
years (i.e. Tint & few ⇥ 10

7
s), the total integration time will

in general exceed the coherence time of an ULDM signal for
all ULDM masses of interest. Hence, the scaling of the ex-
perimental parameters for a linear scalar ULDM-electron or
photon interaction is described by Eq. (28).

Pulling all parts of this discussion together, we find that the
experiment’s maximum sensitivity to a linear scalar ULDM-
electron or photon interaction (in the limit Tint > ⌧c) scales
with experimental parameters in the following way:

dbest� ⇠

 
1

T

!5/4
1

C n�r

 
�t

Na

!1/2 
1

Tint

!1/4

. (29)

The additional m� dependence in ⌧c has two effects; the max-
imum sensitivity occurs for ULDM masses m� ⇡ 2.04/T ,
which is slightly below m� ⇡ 2.33/T (where �s is max-
imised), and the scaling is T�5/4 rather than T�1. Equa-
tion (29) reveals a hierarchy of importance amongst the tune-
able experimental parameters: the sensitivity scales as T�5/4,
so is most sensitive to changes in this parameter; it varies lin-
early with the inverse of C, n, and �r; with the square root
of �t and Na; and with the quartic root of Tint, indicating the
least sensitivity to this parameter.

The scaling in Eq. (29) shows that the interrogation time
T is important as it not only sets the ULDM mass at which
the experiment has the maximum sensitivity, but it also af-
fects the experiment’s maximum sensitivity reach in d�. We
demonstrate this explicitly in the left panel of Fig. 2, where
we have plotted the electron coupling when SNR = 1 for dif-
ferent values of the the interrogation time from 0.74 s to 0.2 s

while keeping the gradiometer length (�r) and all other pa-
rameters fixed. The left panel shows that as T increases, the
curves both move to higher ULDM masses and higher values
of dme as predicted by Eq. (29). Hence, shorter interroga-
tion times imply a loss in sensitivity. In these plots, we have
assumed Tint = 10

8
s to employ Bartlett’s method, and set

T ~ 1s (interrogation time)
C ~ 0.1 - 1 (constrast)
 n ~ 1000 (LMT)
     ~ AI separation
     ~ sampling time
        atoms in cloud
               (integration time)
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Shot noise only



2. Accelerations on test masses (Vector)
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Graham et al arXiv:1512.06165

B − L coupled vector appears in many extensions of the Standard Model

As ULDM, this generates background ‘dark electric field’
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In a dual-species interferometer, isotopes experience a different force (acceleration)
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Matter-wave Atomic Gradiometer Interferometric Sensor (MAGIS-100) 12
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Figure 3. Dark matter sensitivity of MAGIS-100 for an ultralight vector field coupled to B ´ L.
The initial (solid) curve is for 10´14g{

?
Hz acceleration sensitivity (assumes 50 m launch, 100 ~k

atom optics, 106 atoms/s flux, shot noise limited), while the upgraded (dashed) curve is for
6 ˆ 10´17g{

?
Hz (assumes 100 m launch, 1000 ~k atom optics, 108 atoms/s flux, shot noise limited).

At lower frequencies the detector sensitivity is likely limited by systematic errors (e.g., time-varying
blackbody radiation or magnetic fields). We assume a density of 0.3 GeV{cm3 for the B ´ L
field. The gray shaded regions show bounds from equivalence principle tests using torsion pendula
(EP) [14, 117] and the MICROSCOPE satellite experiment [116]. Potential sensitivities of this
detector method to general other dark matter candidates are discussed in [14].

Second, dark matter that causes accelerations can be searched for by comparing the
accelerometer signals from two simultaneous atom interferometers run with di�erent isotopes
(88Sr and 87Sr for example) [14]. This requires running a dual-species atom interferometer,
which is well established [23, 25, 26, 63]. The potential sensitivity of MAGIS-100 to one such
dark matter candidate, a B ´ L coupled new vector boson, is shown in Figure 3. In general,
potential sensitivities to dark matter candidates are shown in [14]. Note that, compared to
existing bounds, MAGIS-100 has the potential to improve the sensitivity to any such dark
matter particles with mass (frequency) below approximately 10´15 eV (0.1 Hz) by about two
orders of magnitude. Interestingly, the two dark matter searches outlined here are sensitive
to similar dark matter candidates, but within complementary mass ranges, extending the
coverage of the dark matter parameter space.

Third, dark matter that causes precession of nuclear spins, such as general axions,
can be searched for by comparing simultaneous, co-located interferometers using Sr atoms
in quantum states with di�ering nuclear spins. See [115] for a discussion and potential
sensitivities.

Abe et al arXiv:2104.02835

88Sr and 87Sr isotopes
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Light pseudoscalar (axions) are ubiquitous in extensions of the Standard Model
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FIG. 3: Estimate of the exclusion sensitivity reach of the atom interferometer for the gaNN coupling over an integration
time of 1 year. Again, we see a flat frequency response at low frequencies due to the e↵ective DC response of the
phase shift. The signal reduces at higher frequencies in the broadband experiment as the phase shift is only sensitive
to the amplitude of the oscillations. This can be improved with a resonant experiment that amplifies the phase shift
at the axion frequency, which then falls o↵ due to the amount of time spent in each frequency bin. Future experiments
are primarily improved by reducing shot noise and increasing interrogation time of the experiment.

C. Sensitivity Estimate

With this noise-cancellation scheme in mind, we can thus calculate the sensitivity of the atom interferom-
eter using the shot-noise limit of �� = 1p

N
, where N is the number of atoms per second. For this analysis,

we take N = 108 atoms/s, giving a shot noise of �� = 10�4 rad/
p
Hz. We find the sensitivity in Figure 3,

assuming a total integration time of 1 year. We plot the sensitivity for both the resonant and broadband
experiments to demonstrate their relative sensitivity for current atom interferometers with interrogation
times of T ⇠ 1s. We also plot the sensitivity for resonant future atom interferometers that are in devel-
opment as gravitational wave detectors. These proposals include both a ground-based atom interferometer
with interrogation times up to T = 10s, and a space-based atom interferometer with an extremely long
baseline that allows for interrogation times of up to T = 100s. Both of these proposals also include the
possibility of using an increase shot repetition rate of up to 10 Hz, e↵ectively increasing the shot noise to
�� ' 3 ⇥ 10�5 rad/

p
Hz. These are all plotted in Figure 3, showing that this will improve the sensitivity to

the axion by up to two orders of magnitude, probing past the astrophysical bounds.
We find that this experiment is particularly sensitive to axions right around the transition mass of ma = ⇡

T
.

Below this mass, the interferometer is only sensitive to the total phase accumulated during the interrogation
time. Right above the transition mass, we see that the broadband and resonant experiment have nearly
the same sensitivity, but the resonant experiment quickly provides greater sensitivity despite the loss of
integration time. The resonant experiment shows strong sensitivity for several decades after the transition
point, at least up to the second kink where the limited number of laser pulses becomes an issue.

Further improvements include “bouncing” the atoms in the interferometer to increase the e↵ective inter-
rogation time, as well as spin squeezing to improve the signal to noise ratio towards the Heisenberg limit.
Current squeezing experiments have demonstrated squeeze factors of

p
N ⇠ 100, providing large signal

boosts as well as relaxing the requirement on atom number [79]. These squeezing techniques have not yet
been demonstrated in the context of atom interferometry, but in an optimistic scenario, we could expect at
least an order of magnitude improvement from squeezing.
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In a dual-species interferometer, 
pseudoscalars couple to the 
different spin of the isotopes:

<latexit sha1_base64="QmRPSNZyLaqmYFKmaeZA1G9CKHc="></latexit>

Phase ⇠ (mS,1 �mS,2) cos(mat+ ✓)

Challenging: go beyond current 
bounds for km-baseline, high-
repetition rate (10 Hz), long 
interrogation time, good control 
of magnetic fields
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FIG. 1. Left: Cartoon of dark matter detection with atom interferometry. Three laser pulses are used to separate, redirect, and
recombine the atom wavepackets. Atom interferometers are a promising avenue for detecting DM because they are sensitive to
low momentum transfers and the coherence of the atom clouds allows for an enhancement in the DM scattering rates. Right,
Top: Cartoon of expected fringe measurement (e.g., probability of the state | i at the end of the atom interferometer sequence
as a function of final laser phase) for the main observables from DM scattering. The black line gives the expected fringe if
there are no DM or other e↵ects. The blue (orange) points give simulated data points that show the e↵ect of decoherence
(phase shifts) on the fringe. Right, Bottom: Observable e↵ects as a function of the DM momentum transfer (q) and the spatial
distance between the wavepacket paths of the atoms (�x). The blue line shows the decoherence induced by DM scattering (see
Eqn. 8), and the orange line shows the phase shift (see Eqn. 9). Both are maximally a↵ected by DM at q ⇠ 1/�x, which is
where we expect the DM to “resolve” the clouds.

Now, we turn our attention to calculating the rate per target mass, R. Consider a non-relativistic DM particle
with mass m� that has some spin-independent scattering interaction with SM nucleons, mediated by a field of mass
m�. For reasons that will be fully discussed later, we stress that the observables we focus on in this paper are only
e↵ective for spin-independent interactions. The process occurs as shown in the Feynman diagram below, with the
corresponding reference cross-section �̄,
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where yi are the dimensionless coupling factors, µ = m�mN/(m� + mN ) is the reduced mass of the DM and each
nucleon, and v0 = 230 km/s is the local average velocity of the DM. When necessary, we set y� =

p
4⇡ in this paper.

As we will see, atom interferometers have the best constraining power at low m�. We will be most interested in the
limit m� ⌧ mN . Thus, we replace the reduced mass with µ ⇡ m� throughout. In addition, we will assume, without
loss of generality, that the DM � is a real scalar. Other scenarios can be adapted to the reference cross section from
Eqn. 4 by redefining the coupling y�.

We would like to find the rate of DM scattering events that lead to decoherence or phase shifts in an atom
interferometer. The di↵erential rate per target mass is given by [see, e.g., 66]:

dR

d!
=

1

⇢T

⇢�

m�

Z
d
3v f(v)

d�

d!
, (5)

where ⇢T is the density of the target material, ! is the energy deposition, ⇢� is the DM density, and f(v) is the DM

Dark matter scattering in one AI arm 
causes decoherence - could this 
realistically be observed?

Du et al arXiv:2205.13546

See also Riedel et al arXiv:1212.3061,  1609.04145  

Transient signals utilising a global 
network of AIs 

Signals from e.g., topological or 
compact DM substructure

See e.g., Derevianko arXiv:1311.1244 or Gorghettoa arXiv:2203.10100



Analysis strategies and potential challenges



Searching for a signal (ideal setup)
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Recall, for time-dependent signals the frequency is set by the ULDM mass 

Most natural to search for ULDM in frequency space (power spectral density)

Dropping the mask: searching for ultra-light dark matter 
with atom interferometers in busy environments

John Carlton1 and Christopher McCabe
Theoretical Particle Physics and Cosmology Group, Department of Physics, King’s College London, UK

1john.carlton@kcl.ac.uk

Atom interferometry
Atom interferometry (AI) is an 
experiment that compares the phase 
differences between quantum 
superpositions of a two-level system 
(excited/ground state) of spatially 
separated clouds of atoms.

Gradiometers compare the relative  
output of two AIs referenced by the 
same lasers. AIs output a total phase 
difference, a measure of the total phase 
shift accumulated by each arm of the 
interferometer at the end of the 
sequence.

University of Oxford, Beecroft Building

Busy environments
AION-10’s exquisite sensitivity 
and long integration time mean 
that sources of mass 
surrounding the experiment will 
contribute to the measured 
phase. People moving on the 
stairs, using the lifts, walking 
in the foyer and cars on the 
road outside or even rats close 
enough to the experiment 
could hide a ULDM signal.

These plots show the expected 
phase response of the AION-10 
experiment to the movement of 
different masses. 

Searches for ULDM are 
conducted in the frequency 
domain, so understanding the 
spectral features of these 
objects is also important! 

Ultra-light dark matter
A scalar ULDM field may be modelled as classical field that induces an oscillating 
phase in an AI due to it coupling to the Standard Model electron. The electron 
mass coupling 𝑑𝑚𝑒 determines the strength of the signal along with the ULDM 
mass (frequency) 𝑚𝜑 ≈ 𝜔𝜑. The gradiometer phase (Δ𝜙) depends on

Δ𝜙ℓ ∝
𝑑𝑚𝑒

𝑚𝜑
2 Cos 𝜔𝜑

2𝑇 + 𝐿
2

+ ℓΔ𝑡

2𝑇 = Time for atoms to complete AI sequence; 𝐿 = AI baseline; 
Δ𝑡 = time between measurements; for the ℓth measurement

Calculating phase shifts
Each of the nearby masses perturbs the gravitational potential “seen” by the 
atoms. Using a path-integral approach, integrating the Newtonian potential 𝑉(𝒓)
for each mass over the path of the atoms gives the induced phase shift

𝜙 ≈
1
ℏ
න
0

2𝑇
𝑉 𝒓𝟐, ℎ, 𝐷, 𝑡 − 𝑉 𝒓𝟏, ℎ, 𝐷, 𝑡 𝑑t ,

for one AI. Here the position of the object is given by a height ℎ and horizontal 
distance 𝐷 from the atoms with positions 𝒓1 and 𝒓2 denoting the lower and 
upper arms of the AI respectively. 

Analysis strategy
The data may be cleaned by 
masking large changes in 
phase from the experiment 
readout. The SN sets the 
threshold rate of phase 
change without assuming the 
presence of ULDM. Taking the 
difference of the moving 
averages converts jumps in 
phase to a rate of change at 
each point in the time series. 
Small oscillating signals will 
always have a small moving 
average and is thus safe from 
being mistaken for noise.

The masked data still has 
large jumps in phase so the 
average of each uncut block is 
taken to recover just the 
SN and ULDM signal.

Machine learning techniques 
may be implemented to 
further mitigate noise during 
the day.

Running in the night
AION-10 may only be run at night to avoid the 
large amounts of environmental noise. Here we 
demonstrate a rudimentary method of masking 
noise assuming a relatively quiet night 
environment. Gaps in the data require an 
irregular periodogram to examine the signal in 
the frequency domain.

Cleaned 
periodogram

Applying our analysis 
strategy to the simulated 
spectrum results in a 
periodogram much closer 
to the shot noise level. A 
ULDM spike typical of an 
oscillating signal appears 
prominently.

Minimal impact!
With the cleaned 
periodogram, the overall 
impact on AION-10’s 
sensitivity is small
compared to the many 
orders of magnitude 
difference between the 
SN and environment 
noise – especially at 
frequencies around 1Hz.

Frequency space
Using the Lomb-Scargle 
periodogram, the power 
spectral density (PSD) can 
be estimated for different 
ULDM frequencies 
(masses), even in the 
realistic scenario when the 
sampling of data is uneven. 
Spikes and features arise 
from the periodic nature  of 
the simulated 
environmental noise.

Preliminary 

Preliminary 

Preliminary 

Preliminary 

AION-10
The Atom Interferometric 
Observatory and Network (AION) 
project aims to explore of ultra-light dark 
matter (ULDM); searches for new 
fundamental interactions; and detection 
of gravitational waves. AION-10, with a 
10m baseline, will soon operate at the 
University of Oxford.

Preliminary 

Raw data

Difference 
of averages

Masked data

Averaged masked data

(1911.11755)

(2109.10965)

Atom shot noise
Atom shot noise (SN) sets 
the minimum sensitivity of an 
AI experiment, proportional 
to 1/ 𝑁𝑎 for 𝑁𝑎 atoms in 
each measured cloud. The 
goal of mitigating noise will 
be to recover the SN limit.

DOI 10.3847/1538-4365/aab766

Without mitigation, environmental 
noise is several orders of 
magnitude larger than SN.
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AI experiment, proportional 
to 1/ 𝑁𝑎 for 𝑁𝑎 atoms in 
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magnitude larger than SN.
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ULDM searches assume long integration 

times (months to years) 

Could the busy environment hide a 
fundamental physics signal?

location of 
AION-10

Many moving 
‘test masses’

Searching for a signal (actual setup)
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location of 
AION-10

Searching for a signal (actual setup)

Short answer: impact of moving masses seems 

to be minimal after a careful analysis of the data 

-> See John Carlton’s poster for more details



Longer-term challenge: seismic noise

26Christopher McCabe

Gravity gradient noise (GGN) from seismic activity is 
a well known background for laser interferometry 
searches (limits sensitivity below ~1 Hz) 

Conservative approach: limit sensitivity plots to 
parameter regions not impacted by seismic noise 

Better approach: account for GGN in the analysis 
procedure -> See Leonardo Badurina’s talk 
tomorrow 

Matter-wave Atomic Gradiometer Interferometric Sensor (MAGIS-100) 11
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Figure 2. Sensitivity of MAGIS-100 to ultralight dark matter fields coupled to the electron mass
with strength dme (a) and the fine structure constant with strength de (b), shown as a function of
the mass of the scalar field m„ (or alternatively the frequency of the field - top scale) [13]. The
blue sensitivity curve assumes a shot noise limited phase resolution and corresponds to 1 year of
data acquisition (1000 ~k atom optics, 10´4 rad{

?
Hz phase resolution). We assume a density of

0.3 GeV{cm3 for each candidate dark matter field. The gray bands show existing bounds, derived
from equivalence principle (EP) and fifth force (5F) tests [13], as well as the MICROSCOPE satellite
EP experiment [116]. The green curve is the projected sensitivity of a future kilometer-scale detector.

time-dependent e�ects that can be searched for using quantum sensors. These e�ects arise
because as the classical dark matter field oscillates, the properties of the sensor (such as the
quantum energy level and spin) also change, leading to time-dependent signals. The fact that
the dark matter signal oscillates at a frequency set by fundamental physics (the mass of the
dark matter) serves as a powerful discriminant against a variety of noise sources, enabling
high precision searches for the ultra-weak e�ects of dark matter.

Even though there are a wide variety of theoretical dark matter candidates, there are
only four dominant experimental signatures of this oscillating classical field. The oscillating
field can induce currents in circuits, exert accelerations on test masses, cause precession
of spins, and change the values of fundamental constants [54]. Multiple experiments are
currently searching for the first of these e�ects. With its unique sensitivity to accelerations,
spin and atomic energy levels, MAGIS-100 would be sensitive to the three other dominant
e�ects of a component of dark matter in the mass range 10´22 eV – 10´15 eV [13, 14, 115]. In
fact, three separate dark matter searches can be performed using this quantum sensor.

First, dark matter that a�ects fundamental constants, such as the electron mass or
the fine structure constant, will change the energy levels of the quantum states used in
the interferometer, causing them to oscillate at the Compton frequency of the candidate
dark matter particle. This e�ect can be searched for by comparing two simultaneous atom
interferometers separated along the MAGIS-100 baseline (see Section 3). The sensitivity to
several such dark matter candidates is shown in Figure 2.



Summary

- Big open question: what are the properties of dark matter? 

- Ultra-light dark matter (ULDM) behaves like a background classical field 
and can give rise to 
1. Changes in fundamental constants (scalar ULDM) 
2. Accelerations on test masses (vector ULDM) 
3. Precession of spins (pseudoscalar ULDM) 

- Atom interferometers are well-suited to search for all of these signals 

- Key discriminant: search for signals oscillating at a characteristic 
frequency (set by the ULDM mass) 
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Thank you
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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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US Cosmic Visions

A wide landscape of DM candidates
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Complementarity with atomic clocks
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