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What is dark matter

There is overwhelming evidence for the existence of dark matter at 
different scales

We have currently no strong argument to prefer a specific 
fundamental model to describe dark matter

What can we say? How universal are our detection strategies? 
Are we missing something? 
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What is the DM scale?

v MPl

What do we know about the scale of DM? 
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What do we know about the scale of DM? 

What is the DM scale?

v MPl

For fermions, the Pauli exclusion principle 
provides a lower limit
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For bosons there is no such lower limit.

What is the DM scale?

v MPl

Dark bosons can be arbitrary light, but for a mass of  

the de Broglie wavelength is larger than a few hundred kpc 
and galaxy-size structures don’t form.   

m� . 10�25 eV

8m� . 10�25 eV



For bosons there is no such lower limit.

What is the DM scale?

v MPl

There is however a scale that is particularly well motivated:

m� ⇡ 10�22 eV ) �dB =
hc

10�3m�
⇡ 1 kpc

9Hu et al.   [astro-ph/0003365]

https://arxiv.org/abs/astro-ph/0003365
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Figure 5: Lensing convergence power spectra of an m ⇠
10�22 eV FDM model and a CDM model. The error bars shown
are from the diagonal terms of the simulation-based TT lens-
ing noise covariance matrix described in the appendix. Here
the black solid and silver dashed error bars correspond to 0.1 µK-
arcmin and 0.5 µK-arcmin CMB noise in temperature, respec-
tively. For both sets of error bars, a 10% observed sky fraction is
assumed and 18” resolution. Note that the 0.5 µK-arcmin error
bars are shifted to the right for clarity.

forecasts that follow, we assume only temperature maps
are used in the lensing reconstruction since including the
other estimators only marginally improves the results.

We calculate the SNR with which we could distinguish
between CDM and an alternative model for the lensing
power spectrum, such as FDM, as

S

N
=
s

Â
L,L0

(XL � YL)C�1
LL0(XL0 � YL0) (17)

where XL = C
kk,FDM
L

, YL = C
kk,CDM
L

, and C�1
LL0 is an ele-

ment of the inverted covariance matrix corresponding to
row L and column L

0. For the N
kk
L

from the quadratic es-
timator described in [97], on large lensing scales L tradi-
tionally measured, treating each L-mode as independent
is a good approximation [107]. However, each L-mode
is not independent on the small scales considered here.
This is because the primordial background CMB gradi-
ent enters as a source of sample variance noise. It may be
possible for maximum likelihood estimators under de-
velopment to utilize knowledge of the background CMB
gradient, and remove it as a source of noise in the esti-
mator [102–104]. However, in this work, we adopt the
quadratic estimator in [97] and construct the full noise
covariance matrix, including o�-diagonal terms, using
simulations. We describe the simulations and the con-
struction of the covariance matrix in detail in the ap-
pendix.

Sky fraction Noise Signal-to-noise ratio
(fsky) (µK-arcmin) 18”

Resolution
9.5 ”

Resolution
0.1 0.5 3.9 5.2

0.025 0.1 10.1 15.9
0.1 0.1 20.2 31.9

Table I: Significance with which an m ⇠ 10�22 eV FDM model
can be distinguished from a CDM model, based on observa-
tions of high-resolution CMB lensing. Here we vary observed
sky fraction, noise levels in temperature, and resolution. The
lensing noise power assumes only the TT estimator is used,
however, the gain from including other estimators is minimal.
For these signal-to-noise ratios, we use the full simulation-
based lensing noise covariance matrix detailed in the appendix.

In Figure 5, we show as error bars on C
kk
L

the diago-
nal terms of the simulation-based noise covariance ma-
trix for TT. Here, we assume a survey of 10% of the
sky (4,000 square degrees), at 18” resolution, with 0.5µK-
arcmin (grey), and 0.1µK-arcmin (black) white noise lev-
els. Table I shows the SNRs for these two cases, as well
as for a survey covering less than 3% of the sky (1,000
square degrees). We limit the CMB-` range from 100 to
45,000 since the inclusion of more modes does not make
any significant impact on the SNRs. From this we see
that a survey covering 4,000 square degrees of sky at a
noise level of 0.5µK-arcmin can already detect the dif-
ference between 10�22 eV FDM and CDM with almost
4s significance. For deeper noise levels of 0.1µK-arcmin,
SNRs over 20 can be achieved. With finer resolution,
such as 9.5” to match the LMT, SNRs above 30 are possi-
ble.

To see which lensing L-modes and CMB `-modes
contribute most to the SNR, we show in Figure 6, for
lensing L-modes (solid) or CMB `-modes (dashed), the
SNR as a function of minimum and maximum modes
included in the calculation. Here the maximum `-mode
refers to the maximum multipole used in the CMB
map that was filtered to isolate the small-scale CMB
fluctuations, as discussed above. In this Figure and
in Figure 7, we use the N

kk
L

from Eq. 16 and assume
no o�-diagonal terms in the covariance matrix, to
gain qualitative insight. Using a full simulation-based
covariance matrix gives a similar result, but is more
computationally expensive when exploring many `-
mode ranges. In Figure 6, the lower bounds are fixed
to `/L = 100, when the upper bounds are varied, and
the upper bounds are fixed to `/L = 45, 000 when
the lower bounds are varied. This is shown for the
fiducial case of 0.1µK-arcmin noise and 18” resolution.
The SNR stops increasing at around `/L = 30, 000,
consistent with the rise in the noise curves shown in
Figure 4. The SNR only starts increasing significantly
when `/L = 10, 000, which is the multipole where the
10�22 eV FDM C

kk
L

makes a notable deviation from that
of CDM, as seen in Figure 5. To further identify which
`-modes contribute to the SNR, we divide the `-range

Ultralight Dark Matter

Ultralight dark matter forms dense, stable soliton cores 
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m� ⇡ 10�22 eV )

�dB =
hc

10�3m�
⇡ 1 kpc

Hu et al.   [astro-ph/0003365]

https://arxiv.org/abs/astro-ph/0003365
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Figure 5: Lensing convergence power spectra of an m ⇠
10�22 eV FDM model and a CDM model. The error bars shown
are from the diagonal terms of the simulation-based TT lens-
ing noise covariance matrix described in the appendix. Here
the black solid and silver dashed error bars correspond to 0.1 µK-
arcmin and 0.5 µK-arcmin CMB noise in temperature, respec-
tively. For both sets of error bars, a 10% observed sky fraction is
assumed and 18” resolution. Note that the 0.5 µK-arcmin error
bars are shifted to the right for clarity.

forecasts that follow, we assume only temperature maps
are used in the lensing reconstruction since including the
other estimators only marginally improves the results.

We calculate the SNR with which we could distinguish
between CDM and an alternative model for the lensing
power spectrum, such as FDM, as

S

N
=
s

Â
L,L0

(XL � YL)C�1
LL0(XL0 � YL0) (17)

where XL = C
kk,FDM
L

, YL = C
kk,CDM
L

, and C�1
LL0 is an ele-

ment of the inverted covariance matrix corresponding to
row L and column L

0. For the N
kk
L

from the quadratic es-
timator described in [97], on large lensing scales L tradi-
tionally measured, treating each L-mode as independent
is a good approximation [107]. However, each L-mode
is not independent on the small scales considered here.
This is because the primordial background CMB gradi-
ent enters as a source of sample variance noise. It may be
possible for maximum likelihood estimators under de-
velopment to utilize knowledge of the background CMB
gradient, and remove it as a source of noise in the esti-
mator [102–104]. However, in this work, we adopt the
quadratic estimator in [97] and construct the full noise
covariance matrix, including o�-diagonal terms, using
simulations. We describe the simulations and the con-
struction of the covariance matrix in detail in the ap-
pendix.

Sky fraction Noise Signal-to-noise ratio
(fsky) (µK-arcmin) 18”

Resolution
9.5 ”

Resolution
0.1 0.5 3.9 5.2

0.025 0.1 10.1 15.9
0.1 0.1 20.2 31.9

Table I: Significance with which an m ⇠ 10�22 eV FDM model
can be distinguished from a CDM model, based on observa-
tions of high-resolution CMB lensing. Here we vary observed
sky fraction, noise levels in temperature, and resolution. The
lensing noise power assumes only the TT estimator is used,
however, the gain from including other estimators is minimal.
For these signal-to-noise ratios, we use the full simulation-
based lensing noise covariance matrix detailed in the appendix.

In Figure 5, we show as error bars on C
kk
L

the diago-
nal terms of the simulation-based noise covariance ma-
trix for TT. Here, we assume a survey of 10% of the
sky (4,000 square degrees), at 18” resolution, with 0.5µK-
arcmin (grey), and 0.1µK-arcmin (black) white noise lev-
els. Table I shows the SNRs for these two cases, as well
as for a survey covering less than 3% of the sky (1,000
square degrees). We limit the CMB-` range from 100 to
45,000 since the inclusion of more modes does not make
any significant impact on the SNRs. From this we see
that a survey covering 4,000 square degrees of sky at a
noise level of 0.5µK-arcmin can already detect the dif-
ference between 10�22 eV FDM and CDM with almost
4s significance. For deeper noise levels of 0.1µK-arcmin,
SNRs over 20 can be achieved. With finer resolution,
such as 9.5” to match the LMT, SNRs above 30 are possi-
ble.

To see which lensing L-modes and CMB `-modes
contribute most to the SNR, we show in Figure 6, for
lensing L-modes (solid) or CMB `-modes (dashed), the
SNR as a function of minimum and maximum modes
included in the calculation. Here the maximum `-mode
refers to the maximum multipole used in the CMB
map that was filtered to isolate the small-scale CMB
fluctuations, as discussed above. In this Figure and
in Figure 7, we use the N

kk
L

from Eq. 16 and assume
no o�-diagonal terms in the covariance matrix, to
gain qualitative insight. Using a full simulation-based
covariance matrix gives a similar result, but is more
computationally expensive when exploring many `-
mode ranges. In Figure 6, the lower bounds are fixed
to `/L = 100, when the upper bounds are varied, and
the upper bounds are fixed to `/L = 45, 000 when
the lower bounds are varied. This is shown for the
fiducial case of 0.1µK-arcmin noise and 18” resolution.
The SNR stops increasing at around `/L = 30, 000,
consistent with the rise in the noise curves shown in
Figure 4. The SNR only starts increasing significantly
when `/L = 10, 000, which is the multipole where the
10�22 eV FDM C

kk
L

makes a notable deviation from that
of CDM, as seen in Figure 5. To further identify which
`-modes contribute to the SNR, we divide the `-range

Ultralight Dark Matter

Ultralight dark matter forms dense, stable soliton cores 
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The size of the core is a set by a balance between 
quantum pressure and gravity 

Self-interactions change the equation

Gravity
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Figure 5: Lensing convergence power spectra of an m ⇠
10�22 eV FDM model and a CDM model. The error bars shown
are from the diagonal terms of the simulation-based TT lens-
ing noise covariance matrix described in the appendix. Here
the black solid and silver dashed error bars correspond to 0.1 µK-
arcmin and 0.5 µK-arcmin CMB noise in temperature, respec-
tively. For both sets of error bars, a 10% observed sky fraction is
assumed and 18” resolution. Note that the 0.5 µK-arcmin error
bars are shifted to the right for clarity.

forecasts that follow, we assume only temperature maps
are used in the lensing reconstruction since including the
other estimators only marginally improves the results.

We calculate the SNR with which we could distinguish
between CDM and an alternative model for the lensing
power spectrum, such as FDM, as

S

N
=
s

Â
L,L0

(XL � YL)C�1
LL0(XL0 � YL0) (17)

where XL = C
kk,FDM
L

, YL = C
kk,CDM
L

, and C�1
LL0 is an ele-

ment of the inverted covariance matrix corresponding to
row L and column L

0. For the N
kk
L

from the quadratic es-
timator described in [97], on large lensing scales L tradi-
tionally measured, treating each L-mode as independent
is a good approximation [107]. However, each L-mode
is not independent on the small scales considered here.
This is because the primordial background CMB gradi-
ent enters as a source of sample variance noise. It may be
possible for maximum likelihood estimators under de-
velopment to utilize knowledge of the background CMB
gradient, and remove it as a source of noise in the esti-
mator [102–104]. However, in this work, we adopt the
quadratic estimator in [97] and construct the full noise
covariance matrix, including o�-diagonal terms, using
simulations. We describe the simulations and the con-
struction of the covariance matrix in detail in the ap-
pendix.

Sky fraction Noise Signal-to-noise ratio
(fsky) (µK-arcmin) 18”

Resolution
9.5 ”

Resolution
0.1 0.5 3.9 5.2

0.025 0.1 10.1 15.9
0.1 0.1 20.2 31.9

Table I: Significance with which an m ⇠ 10�22 eV FDM model
can be distinguished from a CDM model, based on observa-
tions of high-resolution CMB lensing. Here we vary observed
sky fraction, noise levels in temperature, and resolution. The
lensing noise power assumes only the TT estimator is used,
however, the gain from including other estimators is minimal.
For these signal-to-noise ratios, we use the full simulation-
based lensing noise covariance matrix detailed in the appendix.

In Figure 5, we show as error bars on C
kk
L

the diago-
nal terms of the simulation-based noise covariance ma-
trix for TT. Here, we assume a survey of 10% of the
sky (4,000 square degrees), at 18” resolution, with 0.5µK-
arcmin (grey), and 0.1µK-arcmin (black) white noise lev-
els. Table I shows the SNRs for these two cases, as well
as for a survey covering less than 3% of the sky (1,000
square degrees). We limit the CMB-` range from 100 to
45,000 since the inclusion of more modes does not make
any significant impact on the SNRs. From this we see
that a survey covering 4,000 square degrees of sky at a
noise level of 0.5µK-arcmin can already detect the dif-
ference between 10�22 eV FDM and CDM with almost
4s significance. For deeper noise levels of 0.1µK-arcmin,
SNRs over 20 can be achieved. With finer resolution,
such as 9.5” to match the LMT, SNRs above 30 are possi-
ble.

To see which lensing L-modes and CMB `-modes
contribute most to the SNR, we show in Figure 6, for
lensing L-modes (solid) or CMB `-modes (dashed), the
SNR as a function of minimum and maximum modes
included in the calculation. Here the maximum `-mode
refers to the maximum multipole used in the CMB
map that was filtered to isolate the small-scale CMB
fluctuations, as discussed above. In this Figure and
in Figure 7, we use the N

kk
L

from Eq. 16 and assume
no o�-diagonal terms in the covariance matrix, to
gain qualitative insight. Using a full simulation-based
covariance matrix gives a similar result, but is more
computationally expensive when exploring many `-
mode ranges. In Figure 6, the lower bounds are fixed
to `/L = 100, when the upper bounds are varied, and
the upper bounds are fixed to `/L = 45, 000 when
the lower bounds are varied. This is shown for the
fiducial case of 0.1µK-arcmin noise and 18” resolution.
The SNR stops increasing at around `/L = 30, 000,
consistent with the rise in the noise curves shown in
Figure 4. The SNR only starts increasing significantly
when `/L = 10, 000, which is the multipole where the
10�22 eV FDM C

kk
L

makes a notable deviation from that
of CDM, as seen in Figure 5. To further identify which
`-modes contribute to the SNR, we divide the `-range

Ultralight Dark Matter

[1710.03747]

Fit the small scale power spectrum:

12May et al., 2101.01828
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Missing satellite 
problem

Ultralight Dark Matter

Diversity problem
Popollo, Delliou [2209.14151]

Baryonic physics suppresses the number 
of luminous satellite galaxies 

Jeon et al.  [2506.09152]

Baryon interactions could explain cores for dwarfs (cusps 
form in MW-type galaxies)



For very light scalar fields, the occupation number is very high 
and the field can be treated classically.

Quantum Field Theory

14
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Figure 5: Lensing convergence power spectra of an m ⇠
10�22 eV FDM model and a CDM model. The error bars shown
are from the diagonal terms of the simulation-based TT lens-
ing noise covariance matrix described in the appendix. Here
the black solid and silver dashed error bars correspond to 0.1 µK-
arcmin and 0.5 µK-arcmin CMB noise in temperature, respec-
tively. For both sets of error bars, a 10% observed sky fraction is
assumed and 18” resolution. Note that the 0.5 µK-arcmin error
bars are shifted to the right for clarity.

forecasts that follow, we assume only temperature maps
are used in the lensing reconstruction since including the
other estimators only marginally improves the results.

We calculate the SNR with which we could distinguish
between CDM and an alternative model for the lensing
power spectrum, such as FDM, as

S

N
=
s

Â
L,L0

(XL � YL)C�1
LL0(XL0 � YL0) (17)

where XL = C
kk,FDM
L

, YL = C
kk,CDM
L

, and C�1
LL0 is an ele-

ment of the inverted covariance matrix corresponding to
row L and column L

0. For the N
kk
L

from the quadratic es-
timator described in [97], on large lensing scales L tradi-
tionally measured, treating each L-mode as independent
is a good approximation [107]. However, each L-mode
is not independent on the small scales considered here.
This is because the primordial background CMB gradi-
ent enters as a source of sample variance noise. It may be
possible for maximum likelihood estimators under de-
velopment to utilize knowledge of the background CMB
gradient, and remove it as a source of noise in the esti-
mator [102–104]. However, in this work, we adopt the
quadratic estimator in [97] and construct the full noise
covariance matrix, including o�-diagonal terms, using
simulations. We describe the simulations and the con-
struction of the covariance matrix in detail in the ap-
pendix.

Sky fraction Noise Signal-to-noise ratio
(fsky) (µK-arcmin) 18”

Resolution
9.5 ”

Resolution
0.1 0.5 3.9 5.2

0.025 0.1 10.1 15.9
0.1 0.1 20.2 31.9

Table I: Significance with which an m ⇠ 10�22 eV FDM model
can be distinguished from a CDM model, based on observa-
tions of high-resolution CMB lensing. Here we vary observed
sky fraction, noise levels in temperature, and resolution. The
lensing noise power assumes only the TT estimator is used,
however, the gain from including other estimators is minimal.
For these signal-to-noise ratios, we use the full simulation-
based lensing noise covariance matrix detailed in the appendix.

In Figure 5, we show as error bars on C
kk
L

the diago-
nal terms of the simulation-based noise covariance ma-
trix for TT. Here, we assume a survey of 10% of the
sky (4,000 square degrees), at 18” resolution, with 0.5µK-
arcmin (grey), and 0.1µK-arcmin (black) white noise lev-
els. Table I shows the SNRs for these two cases, as well
as for a survey covering less than 3% of the sky (1,000
square degrees). We limit the CMB-` range from 100 to
45,000 since the inclusion of more modes does not make
any significant impact on the SNRs. From this we see
that a survey covering 4,000 square degrees of sky at a
noise level of 0.5µK-arcmin can already detect the dif-
ference between 10�22 eV FDM and CDM with almost
4s significance. For deeper noise levels of 0.1µK-arcmin,
SNRs over 20 can be achieved. With finer resolution,
such as 9.5” to match the LMT, SNRs above 30 are possi-
ble.

To see which lensing L-modes and CMB `-modes
contribute most to the SNR, we show in Figure 6, for
lensing L-modes (solid) or CMB `-modes (dashed), the
SNR as a function of minimum and maximum modes
included in the calculation. Here the maximum `-mode
refers to the maximum multipole used in the CMB
map that was filtered to isolate the small-scale CMB
fluctuations, as discussed above. In this Figure and
in Figure 7, we use the N

kk
L

from Eq. 16 and assume
no o�-diagonal terms in the covariance matrix, to
gain qualitative insight. Using a full simulation-based
covariance matrix gives a similar result, but is more
computationally expensive when exploring many `-
mode ranges. In Figure 6, the lower bounds are fixed
to `/L = 100, when the upper bounds are varied, and
the upper bounds are fixed to `/L = 45, 000 when
the lower bounds are varied. This is shown for the
fiducial case of 0.1µK-arcmin noise and 18” resolution.
The SNR stops increasing at around `/L = 30, 000,
consistent with the rise in the noise curves shown in
Figure 4. The SNR only starts increasing significantly
when `/L = 10, 000, which is the multipole where the
10�22 eV FDM C

kk
L

makes a notable deviation from that
of CDM, as seen in Figure 5. To further identify which
`-modes contribute to the SNR, we divide the `-range

Ultralight Dark Matter

For m < few eV, dark matter is described as a classical wave

The de Broglie wavelength is large, but the occupation number is 
high.
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For very light scalar fields, the occupation number is very high 
and the field can be treated classically.  

This kind of dark matter was never in thermal equilibrium

Ultralight Dark Matter

Dark Matter relic density from misalignment: 

early universe: Hubble friction late universe: oscillations
16

H(t) > ma H(t) < ma

Solution a(t) = const. harm. oscillator: a(t) = a0 cos(mat)
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ä(x) + 3H(t)ȧ(x) +m
2
aa(x)

2 = 0



Ultralight Dark Matter

early universe: Hubble friction late universe: oscillations

17

H(t) > ma
H(t) < ma

Solution a(t) = const. harm. oscillator: a(t) = a0 cos(mat)

Redshifts like a 
cosmological constant:

Redshifts like cold 
matter:
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ȧ(x) = 0
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a(x) = constant
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ȧ(x) = →a0ma sin(mat)
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→ȧ2(x)↑ = m2
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<latexit sha1_base64="VchyZNh+RXBAldMWFpPDvnxDqIQ=">AAACF3icbZBNS8MwGMfT+TbnW9Wjl+AQPJVWZHoRhl48TnAvsJaRZukWliYlSYVR9i28+FW8eFDEq978NmZdB7r5h8CP//M8SZ5/mDCqtOt+W6WV1bX1jfJmZWt7Z3fP3j9oKZFKTJpYMCE7IVKEUU6ammpGOokkKA4ZaYejm2m9/UCkooLf63FCghgNOI0oRtpYPdvxI4lw5jPEB4zAxJc5TOaOL4di7l1Bt2dXXcfNBZfBK6AKCjV69pffFziNCdeYIaW6npvoIENSU2yurPipIgnCIzQgXYMcxUQFWb7XBJ4Ypw8jIc3hGubu74kMxUqN49B0xkgP1WJtav5X66Y6ugwyypNUE45nD0Upg1rAaUiwTyXBmo0NICyp+SvEQ2SC0ibKignBW1x5GVpnjldzanfn1fp1EUcZHIFjcAo8cAHq4BY0QBNg8AiewSt4s56sF+vd+pi1lqxi5hD8kfX5AwVZoHQ=</latexit>

→p↑
→ω↑ = 0
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ω
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Mass is fixed by halo size 

⇢a =
1

2
m2

aa
2
0

!
= ⇢DM = 0.3

GeV

cm3

The angular frequency is determined 
by the rest mass.

�!

!
⇠ mav2/2

ma
⇠ 10�6

⌧c =
2⇡

�!
=

2⇡

mav2
⇡ 1s

✓
MHz

ma

◆

Amplitude is fixed by the dark 
matter energy density

Small corrections from the kinetic energy

! ⇠ ma

Coherence time is set by the 
frequency spread

v ⇡ 10�3

<latexit sha1_base64="buV7pfxpAkU0y90oagrueehDlJ8=">AAACBnicbVC7SgNBFJ2NrxhfUUsRBoNgY9gNEi2DNpYRzAOSGGYnN8mQmd1l5q4YllQ2/oqNhSK2foOdf+PkUWjigYHDOedy5x4/ksKg6347qaXlldW19HpmY3Nreye7u1c1Yaw5VHgoQ133mQEpAqigQAn1SANTvoSaP7ga+7V70EaEwS0OI2gp1gtEV3CGVmpnD1WbNXtoA4p67l1yWiiMaBPhAROojtrZnJt3J6CLxJuRHJmh3M5+NTshjxUEyCUzpuG5EbYSplFwCaNMMzYQMT5gPWhYGjAFppVMzhjRY6t0aDfU9gVIJ+rviYQpY4bKt0nFsG/mvbH4n9eIsXvRSkQQxQgBny7qxpJiSMed0I7QwFEOLWFcC/tXyvtMM462uYwtwZs/eZFUC3mvmC/enOVKl7M60uSAHJET4pFzUiLXpEwqhJNH8kxeyZvz5Lw4787HNJpyZjP75A+czx8t55hT</latexit>

ma & 10�22eV

Ultralight Dark Matter



Particle models

Axions or axionlike particles are excellent candidates for light 
dark matter, because they have a reason to be light

V (�)

Im�

µ2 < 0

Re�

V (�) = µ2��† + � (��†)2 � = (f + s)eia/f

m2
h = |µ2|m2

s = 4�f2f2
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For approximate global symmetries



The most famous example is the pion

m2
⇡ =

mu +md

f2
⇡

⇤3
QCD ⇡ (140MeV)2

hq̄LqRi = ⇤3
QCD ⇡ GeV3

LQCD = q̄Li /D qL + q̄Ri /D qR +mq q̄LqR

⇢, P,N

⇡

The pion mass is controlled by the explicit 
breaking through light quark masses

20

Particle models



At leading order ALPs/axions interact like pseudoscalars

21

ALP phenomenology

Couplings are related to the UV structure



At leading order ALPs/axions interact like pseudoscalars

22

ALP phenomenology

These interactions lead to spin-dependent observables in the non-
relativistic limit (see also Andreas Ringwalds talk)

22
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Couplings are related to the UV structure



Forces induced by axion exchange are difficult to discover, 
because they require experiments with polarised targets

23

ALP phenomenology

However, the exchange of two axions leads to 
spin-independent forces

a
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MB,  Rostagni [2307.09516]



ALP phenomenology
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Torsion Balance

CLRamsay scattering

3He comag.

Rb -21Ne comag

Fifth force bounds from 
axion-pair exchange can 
compete with single axion 
exchange because of the 
spin-independent 
potential

MB, Chakraborti, Rostagni, [2408.06412]

24MB,  Rostagni [2307.09516]



Fifth forces in the Axiverse

Spin-independent potential for Na axions
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MB, Chadha-Day, Eberhart  [2606.06606]

Potential can scale differently than 
one-particle exchange allows
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At leading order ALPs/axions interact like pseudoscalars

26

Quadratic Interactions

What about higher order terms? At dimension 6
<latexit sha1_base64="lMgtp+BvlNf8AlzfGwwjA70M/AY="></latexit>
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All these couplings are related to the UV coupling structure
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Quadratic Interactions



Resonant cavities

Lighter dark matter needs larger cavities 28

Probes axion 
interactions with 
photons

ALP phenomenology

MB, Chakraborti, Rostagni,
[2408.06412]



Quadratic axion interactions allow to 
extend the parameter space

29

Flambaum et al, 2207.14437

ALP phenomenology

MB, Chakraborti, Rostagni,
[2408.06412]



Standard model fields in a scalar background 
field 

Can be described with time-dependent 
masses and coupling constants

ALP phenomenology

Leads to oscillating fundamental constants

potential or particle masses, leading to minute, time-dependent variations in spectral lines 
measured in level transitions. This effect is illustrated in Fig.2.  

Atomic spectroscopy experiments as detectors for Dark Matter is a young, emerging field 
with enormous potential. Various experimental groups around the world exploit the increased 
sensitivity of modern spectroscopic methods due to the application of techniques such as laser 
cooling and optical frequency combs to perform searches for very light dark matter.  In the ultra-4

light mass limit these measurements have the potential to compete with or outperform the indirect, 
astrophysical bounds. A large range of interactions can be probed by experiments with different 
isotopes and transition frequencies. 
Upcoming experiments utilising 
different high-precision techniques, 
ranging from atom interferometry, 
quantum networks and 
magnetometry will complement the 
sensitivity of atomic spectroscopy 
experiments. While the dynamics of 
the dark sector fix the oscillation 
frequency, amplitude and frequency 
spread of the expected signal, the 
coupling strength and coupling 
structure to different SM particles is 
model-dependent. It is therefore crucial to perform series of measurements that can isolate the 
couplings by choosing different elements, isotopes and transition frequencies. In particular if 
multiple couplings are present at the same time, a thorough understanding of the 
underlying theory is necessary to uncover correlations. Spectroscopy experiments typically 
report their results in terms of uncertainties of fundamental constants. Constraints or sensitivity to 
new physics is quoted in terms of Wilson coefficients of arbitrary low-energy effective field theories 
or the corresponding constraints on modifications of the Coulomb potential.  However, at a 
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the ATLAS experiment, respectively. I have further calculated projections for the sensitivity of muon 
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collaborate with experimentalists to fully exploit the potential of the planned measurements. 
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Where is the scale      coming from? A UV completion

Couplings to the SM
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What happens when a resonance ‘oscillates’?

The resonance peak is modulated

If this mediator is produced 
at a collider, the signal 
would be smeared out 
even if the unmodulated 
resonance is narrow
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Oscillating Resonances

MB, Chakraborti 2601.19844
Gan, Liu.  2302.03056 

Fieg, Fox, Zhang, Ghosh, Varada 2605.11071 

https://arxiv.org/abs/2302.03056
https://arxiv.org/abs/2605.11071


Detect both preaks and demodulate the signal

MB, Chakraborti 2601.19844 37

The signal peak can’t be fully recovered even if this method 
works

Oscllating Resonances



Use time-binned data and fourier transform and look for a 
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peak in frequency space

MB,  Chakraborti 2601.19844

Time-binned data allows to 
reproduce the peak fully (in 
principle)

Oscillating Resonances



Quantum sensors are very sensitive to oscillating fundamental 
constants, but depending on the UV completion, colliders can 
compete
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Oscillating Resonances
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Quadratic couplings can induce effective mass terms 

Close to a source (e.g. earth), the profile of the field changes

Banerjee, Perez, Safronova, Savoray, Shalit, JHEP 10 (2023) 042, [2211.05174]
Hees, Minazzoli, Savalle, Stadnik, Wolf,, Phys. Rev. D 98 (2018) 064051, [1807.04512]
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With effective m

ALP phenomenology

<latexit sha1_base64="J4LQ+qrMBWzj6+n2hnxf3W65vVg="></latexit>

L → a2
(
↑1

2
m2

a +
CN

f2
N̄N

)
<latexit sha1_base64="OEDalmRF0LDLy7lRbuSfyi28xmU=">AAAB9HicbVBNSwMxEM36WetX1aOXYBE8lV2R6rHoxWMV+wHtUrJptg3NJmsyWylLf4cXD4p49cd489+YbfegrQ8GHu/NMDMviAU34Lrfzsrq2vrGZmGruL2zu7dfOjhsGpVoyhpUCaXbATFMcMkawEGwdqwZiQLBWsHoJvNbY6YNV/IBJjHzIzKQPOSUgJX87j0fDIForZ5wsVcquxV3BrxMvJyUUY56r/TV7SuaREwCFcSYjufG4KdEA6eCTYvdxLCY0BEZsI6lkkTM+Ons6Ck+tUofh0rbkoBn6u+JlETGTKLAdkYEhmbRy8T/vE4C4ZWfchknwCSdLwoTgUHhLAHc55pREBNLCNXc3orpkGhCweaUheAtvrxMmucVr1qp3l2Ua9d5HAV0jE7QGfLQJaqhW1RHDUTRI3pGr+jNGTsvzrvzMW9dcfKZI/QHzucPJ4CRtg==</latexit>→
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For large field values the function J diverges.  
If the sign of  Z is positive this leads to a suppression 
(screening) of the axion field close to massive bodies. 

Hook,  Huang, JHEP 06 (2018) 036, [1708.08464]. 41

However for axions Z is negative

Couplings are dictated by pion mixing

ALP phenomenology

“Charges” are positive



For large field values the function J diverges.  
If the sign of  Z is positive this leads to a suppression 
(shielding) of the axion field close to massive bodies. 

The axion field value is displaced from its vacuum value due to 
the effective mass from the high density environment, so 
theta=0 isn’t a valid assumption anymore.  

Hook,  Huang, JHEP 06 (2018) 036, [1708.08464]. 42

However for axions it is strictly negative

ALP phenomenology
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ALP phenomenology
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Garcia del Castillo, Hammett, Jaeckel, [2502.04456]
Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, Springmann, Stadnik, [2502.04455]

A solution for
<latexit sha1_base64="oH1/Kjx+xu6vhS0/Iacl7t2b9HI=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5KIVJdFNy4r2Ac0oUwmN+3QySTOTIQS6sZfceNCEbf+hTv/xmnahbYeuHA45965c0+Qcqa043xbS8srq2vrpY3y5tb2zq69t99SSSYpNGnCE9kJiALOBDQ10xw6qQQSBxzawfB64rcfQCqWiDs9SsGPSV+wiFGijdSzD73ijVxCOMZeAJpgT8A9dnp2xak6BfAicWekgmZo9OwvL0xoFoPQlBOluq6Taj8nUjPKYVz2MgUpoUPSh66hgsSg/LzYPsYnRglxlEhTQuNC/T2Rk1ipURyYzpjogZr3JuJ/XjfT0aWfM5FmGgSdLooyjnWCJ3HgkEmgmo8MIVQy81dMB0QSqk1oZROCO3/yImmdVd1atXZ7XqlfzeIooSN0jE6Riy5QHd2gBmoiih7RM3pFb9aT9WK9Wx/T1iVrNnOA/sD6/AHRrpZ8</latexit>

� 6= 0

ALP phenomenology



Light dark matter has very different properties compared to 
WIMPs. Most established searches are blind to this type of 
dark matter

45

Conclusions 

Instead of scattering or annihilation, look for oscillating 
fundamental constants.

Quadratic interactions are important and lead to the 
dominant constraints at low masses

Axions or axion-like particles are interesting candidates. 
They appear in many UV extensions of the Standard Model

Quantum sensors are excellent probes. Colliders can probe 
the UV completion using time-stamped data 
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46 2 Relics

For an additional, heavy neutrino to account for the observed dark matter we need
to require

Wn h
2 !
= Wc h

2 ⇡ 0.12 , mn ⇡ 10 eV . (2.12)

This number for hot neutrino dark matter is not unreasonable, as long as we only
consider the dark matter relic density today. The problem appears when we study
the formation of galaxies, where it turns out that dark matter relativistic at the point
of decoupling will move too fast to stabilize the accumulation of matter. We can
look at Eq.(2.12) another way: if all neutrinos in the Universe add to more than this
mass value, they predict hot dark matter with a relic density more than then entire
dark matter in the Universe. This gives a stringent upper bound on the neutrino mass
scale.

2.2 Cold light dark matter

Before we introduce cold and much heavier dark matter, there is another scenario
we need to discuss. Following Eq.(2.12) a new neutrino with mass around 10 eV
could explain the observed relic density. The problem with thermal neutrino dark
matter is that it would be relativistic at the wrong moment of the thermal history,
causing serious issues with structure formation as discussed in Section 1.5. The ob-
vious question is if we can modify this scenario such that light dark matter remains
non-relativistic. To produce such light cold dark matter we need a non-thermal pro-
duction process.

We consider a toy model for light cold dark matter with a spatially homogeneous
but time-dependent complex scalar field f(t) with a potential V . For the latter, the
Taylor expansion is dominated by a quadratic mass term mf . Based on the invariant
action with the additional determinant of the metric g, describing the expanding
Universe, the Lagrangian for a single complex scalar field reads

1p
|g|

L = (∂ µ f ⇤)(∂µ f)�V (f) = (∂ µ f ⇤)(∂µ f)�m
2
f f ⇤f . (2.13)

Just as a side remark, the difference between the Lagrangians for real and complex
scalar fields is a set of factors 1/2 in front of each term. In our case the equation of
motion for a spatially homogeneous field f(t) is
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0 = ∂t
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= (∂t
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t
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|g|m2

f f
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p

|g|
"

(∂t

p
|g|)p

|g|
(∂tf)+∂ 2

t
f +m

2
f f

#
. (2.14)

For example from Eq.(1.13) we know that in flat space (k = 0) the determinant of
the metric is |g| = a

6, giving us

0 =
(∂ta

3)

a3 (∂tf)+∂ 2
t

f +m
2
f f =

3ȧ

a
ḟ + f̈ +m

2
f f . (2.15)

Using the definition of the Hubble constant in Eq.(1.14) we find that the expansion
of the Universe is responsible for the friction term in

f̈(t)+3Hḟ(t)+m
2
f f(t) = 0 . (2.16)

We can solve this equation for the evolving Universe, described by a decreasing
Hubble constant with increasing time or decreasing temperature, Eq.(1.47). If for
each regime we assume a constant value of H — an approximation we need to
check later — and find

f(t) = e
iwt ) ḟ(t) = iwf(t) ) f̈(t) = �w2f(t)

) �w2 +3iHw +m
2
f = 0

) w =
3i

2
H ±

r
�9

4
H2 +m

2
f . (2.17)

This functional form defines three distinct regimes in the evolution of the Universe:

– In the early Universe H � mf the two solutions are w = 0 and w = 3iH. The
scalar field value is a combination of a constant mode and an exponentially de-
caying mode.

f(t) = f1 +f2 e
�3Ht time evolution�! f1 . (2.18)

The scalar field very rapidly settles in a constant field value and stays there. There
is no good reason to assume that this constant value corresponds to a minimum of
the potential. Due to the Hubble friction term in Eq.(2.16), there is simply no time
for the field to evolve towards another, minimal value. This behavior gives the
process its name, misalignment mechanism. For our dark matter considerations
we are interested in the energy density. Following the virial theorem we assume
that the total energy density stored in our spatially constant field is twice the
average potential energy V = m

2
f |f |2/2. After the rapid decay of the exponential
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The scalar field very rapidly settles in a constant field value and stays there. There
is no good reason to assume that this constant value corresponds to a minimum of
the potential. Due to the Hubble friction term in Eq.(2.16), there is simply no time
for the field to evolve towards another, minimal value. This behavior gives the
process its name, misalignment mechanism. For our dark matter considerations
we are interested in the energy density. Following the virial theorem we assume
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Action:

EL-equations:

|g| = a(t)6
appr. flat

yields:


