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Beyond the Standard Model (SM)

The Standard Model is remarkably successful, but this only deepens the remaining mysteries:

• Nature of dark matter 

• Hierarchy problem = weak scale (mass of the Higgs) appears finely-tuned 

• Strong CP problem = smallness of nucleon electric dipole moment is tuned 

• Cosmological constant problem = smallness of the cosmological constant is fine-tuned

• Mechanism of baryogenesis 

• Microphysics of inflation/reheating 

• Explanation of flavor structure of SM 

• High energy theory of quantum gravity



Dark Matter

DM mass:
~10-22 eV

QCD axion
100GeV

WIMP

WIMPs and axions two of the best-motivated candidates 
But also huge DM parameter space should be explored

1019 GeV

black holes etc.



Dark Matter Direct Detection

useful to picture as a “coherent” field or wave:

How can we search for DM over this wide range?

DM is “particle-like”

“particle detectors” best 
see energy deposition from hard 2 → 2 scattering

DM mass:
~10-22 eV

QCD axion
100GeV

WIMP
1019 GeV

black holes etc.

10 eV



Dark Matter Direct Detection

useful to picture as a “coherent” field or wave:

How can we search for DM over this wide range?

DM is “particle-like”

“particle detectors” best 
see energy deposition from hard 2 → 2 scattering

 more like gravitational wave detection

DM mass:
~10-22 eV

QCD axion
100GeV

WIMP
1019 GeV

black holes etc.

10 eV



Dark Matter Direct Detection

useful to picture as a “coherent” field or wave:

How can we search for DM over this wide range?

DM is “particle-like”

“particle detectors” best 
see energy deposition from hard 2 → 2 scattering

DM mass:
~10-22 eV

QCD axion
100GeV

WIMP
1019 GeV

black holes etc.

10 eV

Lower bounds on mass from large de Broglie 
wavelength effects - “quantum pressure”

e.g. DM won’t fit in dwarf galaxies

e.g. wavelike effects → O(1) overdensities which 
heat stellar population in ultrafaint dwarfs

See e.g. Dalal & Kravtsov arXiv:2203.05750



Dark Matter Direct Detection

Huge effort in DM direct detection now!

DM mass:
~10-22 eV

QCD axion
100GeV

WIMP
1019 GeV

black holes etc.

DARWIN/XLZD: a future xenon observatory for dark matter and other rare interactions

Laura Baudis

aDepartment of Physics, University of Zurich, Winterthurerstr. 190, Zurich, 8057, Switzerland

Abstract

The DARWIN/XLZD experiment is a next-generation dark matter detector with a multi-ten-ton liquid xenon time projection cham-
ber at its core. Its principal goal will be to explore the experimentally accessible parameter space for Weakly Interacting Massive
Particles (WIMPs) in a wide mass-range, until interactions of astrophysical neutrinos will become an irreducible background. The
prompt scintillation light and the charge signals induced by particle interactions in the liquid xenon target will be observed by
VUV-sensitive, ultra-low background photosensors. Besides its excellent sensitivity to WIMPs with masses above ⇠5 GeV, such a
detector with its large mass, low-energy threshold and ultra-low background level will also be sensitive to other rare interactions,
and in particular also to bosonic dark matter candidates with masses at the keV-scale. We present the detector concept, discuss the
main sources of backgrounds, the technological challenges and some of the ongoing detector design and R&D e↵orts, as well as
the large-scale demonstrators. We end by discussing the sensitivity to particle dark matter interactions.

Keywords: dark matter, direct detection, liquid xenon time projection chambers, rare event searches

1. Introduction

There is a vast body of evidence for dark matter (DM) across
many length scales in the Universe, but its fundamental nature
remains a mystery. Cold dark matter is one of the founda-
tions of the standard model of cosmology, ⇤CDM, account-
ing for 26.4% of the critical density, or 84.4% of the total
matter density (Aghanim et al., 2020). While DM candidates
extend over a large range of masses and interaction cross sec-
tions, two classes of models stand out: Weakly Interacting Mas-
sive Particles (WIMPs) and axions, for these are theoretically
well-motivated by open questions in particle physics (Workman
et al., 2022).

Direct DM detection experiments search for rare scatters be-
tween a DM particle and an atomic nucleus or for interactions
with electrons in various target materials. Operated deep un-
derground to reduce background from cosmic rays, these ex-
periments face two major challenges: the small energies, well
below tens of keV and perhaps as low as a few meV, released in
a collision and the ultra-low scattering rates. Because of the un-
known DM interaction cross section, expected rates range from
about 10 to much less than 1 event per ton of detector mate-
rial and year, depending on the DM particle mass. This is an
extraordinarily small rate, requiring a low energy threshold, an
ultra-low background from radioactivity and a target mass as
large as possible, to maximise the probability of a discovery.

2. Liquid Xenon Experiments

Experiments using liquefied xenon (LXe) as DM target have
reached the highest sensitivity to WIMPs with masses above a
few GeV, as shown in Figure 1. Owing to their low background
rates and energy thresholds around 1 keV, LXe experiments are

also sensitive to other new types of particle interactions, as well
as to low-energy astrophysical neutrinos. In fact, the latter will
induce an irreducible background in the next-generation of de-
tectors at the multi-ten-ton scale.

Figure 1: Exclusion limits (solid) on the spin-independent WIMP-nucleon cross
section from a range of direct DM detection experiments, including dual-phase
TPCs. Projections for LZ and XENONnT (dashed) and for DARWIN/XLZD
(dashed-dotted) are also shown. The region where a distinction between a dark
matter signal and astrophysical neutrinos will be challenging, albeit not impos-
sible (O’Hare, 2021), is shown in blue.

Some advantages of xenon experiments are their large and
homogeneous detector geometries with e�cient self-shielding
against external radiation, the fact that their targets are readily
purified, as well as their sensitivity to both, spin-independent
and spin-dependent WIMP interactions, given the presence of
two isotopes with spin, 129Xe (26.44%) and 131Xe (21.18%), in
natural xenon. The radioactive isotopes 124Xe, 126Xe, 134Xe and
136Xe have very long half-lives, and their second-order weak
decay modes present interesting physics channels.

Xenon-based experiments employ dual-phase (liquid and
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Classic WIMP search 

DM scattering elastically off nucleons



Dark Matter Direct Detection

Many experiments pushing for “Light DM” (below GeV)

DM mass:
~10-22 eV

QCD axion
100GeV

WIMP
1019 GeV

black holes etc.

10 eV

arXiv:2312.13342
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FIG. 2. Top left: Solid
(dashed) cyan and olive lines
are the 90% C.L. constraints on
DM- e� cross section, �e, ver-
sus DM mass, m�, for light me-
diators from the combined hid-
den + commissioning (hidden-
only) data. Cyan (olive) is for
halo DM- e� scattering (solar-
reflected DM, assuming a dark
photon mediator). Freeze-in
line (orange) is from [3, 46–48].
Other bounds are from SEN-
SEI [13, 14] and [23, 34, 49].
Top right: As for top-left but
for DM- e� scattering through a
heavy mediator; other bounds
from [13, 14, 23, 34, 49, 50].
Benchmark targets from [1, 3, 46,
51–55] are in orange. Bottom
left: Bounds on the DM-nucleon
cross section, �n, for a heavy
mediator, using the Migdal ef-
fect [14, 25, 26, 56, 57], except
for solid black lines, which as-
sume elastic scattering [58, 59].
Bottom right: Bounds on the
kinetic-mixing parameter, ✏, ver-
sus the dark-photon mass, mA0 ,
for dark-photon-DM absorption.
Others bounds are from [9, 12–
14, 30, 60–62].

SM), and DM that is absorbed by electrons [6–10]. As-
suming a dark-photon mediator, we also show bounds on
the “solar-reflected DM” component (olive) [49, 66–70].
Solid (dashed) lines use the combined (hidden-only) data.
Our bounds improve on previous bounds for a range of
DM models, especially for DM interacting with a light
mediator and for dark-photon DM absorption, but also
for DM-nuclear interactions below ⇠30 MeV for heavy
mediators (and below 40 MeV for light mediators).

As in [14], we use a likelihood-ratio test based on [71]
and a toy MC to compute the distribution of the test
statistics used for the calculation of the p-value, the
one di↵erence being that we account for the expected
pileup background in each bin as a known background
(see SM). The DM-electron scattering rates are from
QEDark [46, 72]. A comparison to the DM-electron scat-
tering calculations with DarkELF [73], EXCEED-DM [74, 75],
and QCDark [76, 77] is given in the SM. We use the Migdal
rates from [56], which uses input from DarkELF [73, 78],
and the absorption rates from [79, 80]. For solar-reflected
DM, we use the simulations from [49] (using [68, 69, 81])
and the DM-electron scattering cross section from [82].
We use the DM halo parameters in [83]. We follow the
ionization model in [84] to compute the number of elec-
trons produced by energy deposits in the CCD. The pre-
vious SENSEI limit [14] has been recast with these halo

parameters and ionization model.

We also compute model-independent rates of events for
each charge n, Rne� (all following rates are in events/g-
day). The maximum-likelihood R2e� in the combined
(hidden-only) data is 8.57⇥ 10�2 (3.18⇥ 10�1), and the
90% C.L. upper limit is 3.25⇥10�1 (7.32⇥10�1), a factor
of ⇠14 lower than our previous limit [14]. The maximum-
likelihood R3e� in all (hidden) data is 6.85⇥10�2 (7.56⇥
10�2), and the 90% C.L. upper limit is 1.49⇥10�1 (1.97⇥
10�1). For higher charges where we observe no events,
the maximum-likelihood rate is zero and the upper limit
is 2.30 events divided by e↵ective exposure.

In summary, we presented world-leading constraints
from the SENSEI detector at SNOLAB. The observed
2 e� events are consistent with pileup expectations from
1 e� events. Four 3 e� events are observed, with two of
them later found to occur in pixels with an excess num-
ber of events in stacked images. The SNOLAB setup
has been upgraded with additional detectors for another
science run. A larger dataset will allow us to further in-
vestigate if the observed 3 e� events are consistent with
excesses in stacked images. A dedicated run will mea-
sure the 1 e� event rate. Further improvements to the
data-taking and analysis based on what was learned after
opening the hidden data are expected to further increase
our sensitivity to low-mass DM.

5

1 10 102 103
10-39
10-38
10-37
10-36
10-35
10-34
10-33
10-32
10-31
10-30
10-29
10-28
10-27

DM mass [MeV]

D
ar
k
M
at
te
r-

N
uc
le
on
Cr
os
sS
ec
tio
n
[c
m
2 ]

XENON10

XENON1T

PandaX-4T

D
arkSide50

CRESST
-III

(elastic)

SuperCD
M
S-CPD

(elastic)

SENSEI@M
INOS

FDM=1

SENSEI@SNOLAB

(Migdal)

Hidden

Migdal
Limits

FIG. 2. Top left: Solid
(dashed) cyan and olive lines
are the 90% C.L. constraints on
DM- e� cross section, �e, ver-
sus DM mass, m�, for light me-
diators from the combined hid-
den + commissioning (hidden-
only) data. Cyan (olive) is for
halo DM- e� scattering (solar-
reflected DM, assuming a dark
photon mediator). Freeze-in
line (orange) is from [3, 46–48].
Other bounds are from SEN-
SEI [13, 14] and [23, 34, 49].
Top right: As for top-left but
for DM- e� scattering through a
heavy mediator; other bounds
from [13, 14, 23, 34, 49, 50].
Benchmark targets from [1, 3, 46,
51–55] are in orange. Bottom
left: Bounds on the DM-nucleon
cross section, �n, for a heavy
mediator, using the Migdal ef-
fect [14, 25, 26, 56, 57], except
for solid black lines, which as-
sume elastic scattering [58, 59].
Bottom right: Bounds on the
kinetic-mixing parameter, ✏, ver-
sus the dark-photon mass, mA0 ,
for dark-photon-DM absorption.
Others bounds are from [9, 12–
14, 30, 60–62].

SM), and DM that is absorbed by electrons [6–10]. As-
suming a dark-photon mediator, we also show bounds on
the “solar-reflected DM” component (olive) [49, 66–70].
Solid (dashed) lines use the combined (hidden-only) data.
Our bounds improve on previous bounds for a range of
DM models, especially for DM interacting with a light
mediator and for dark-photon DM absorption, but also
for DM-nuclear interactions below ⇠30 MeV for heavy
mediators (and below 40 MeV for light mediators).

As in [14], we use a likelihood-ratio test based on [71]
and a toy MC to compute the distribution of the test
statistics used for the calculation of the p-value, the
one di↵erence being that we account for the expected
pileup background in each bin as a known background
(see SM). The DM-electron scattering rates are from
QEDark [46, 72]. A comparison to the DM-electron scat-
tering calculations with DarkELF [73], EXCEED-DM [74, 75],
and QCDark [76, 77] is given in the SM. We use the Migdal
rates from [56], which uses input from DarkELF [73, 78],
and the absorption rates from [79, 80]. For solar-reflected
DM, we use the simulations from [49] (using [68, 69, 81])
and the DM-electron scattering cross section from [82].
We use the DM halo parameters in [83]. We follow the
ionization model in [84] to compute the number of elec-
trons produced by energy deposits in the CCD. The pre-
vious SENSEI limit [14] has been recast with these halo

parameters and ionization model.

We also compute model-independent rates of events for
each charge n, Rne� (all following rates are in events/g-
day). The maximum-likelihood R2e� in the combined
(hidden-only) data is 8.57⇥ 10�2 (3.18⇥ 10�1), and the
90% C.L. upper limit is 3.25⇥10�1 (7.32⇥10�1), a factor
of ⇠14 lower than our previous limit [14]. The maximum-
likelihood R3e� in all (hidden) data is 6.85⇥10�2 (7.56⇥
10�2), and the 90% C.L. upper limit is 1.49⇥10�1 (1.97⇥
10�1). For higher charges where we observe no events,
the maximum-likelihood rate is zero and the upper limit
is 2.30 events divided by e↵ective exposure.

In summary, we presented world-leading constraints
from the SENSEI detector at SNOLAB. The observed
2 e� events are consistent with pileup expectations from
1 e� events. Four 3 e� events are observed, with two of
them later found to occur in pixels with an excess num-
ber of events in stacked images. The SNOLAB setup
has been upgraded with additional detectors for another
science run. A larger dataset will allow us to further in-
vestigate if the observed 3 e� events are consistent with
excesses in stacked images. A dedicated run will mea-
sure the 1 e� event rate. Further improvements to the
data-taking and analysis based on what was learned after
opening the hidden data are expected to further increase
our sensitivity to low-mass DM.



Dark Matter Direct Detection

Many experiments being built for ultralight DM (axions…)

DM mass:
~10-22 eV

QCD axion
100GeV

WIMP
1019 GeV

black holes etc.

10 eV
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linear relation holds between the mass and the Compton frequency, 
e.g., 1 meV corresponds approximately to 0.25 GHz. Experiments 
use diverse detection strategies to explore different mass regions 
with different sensitivities, which are typically compared with the 
theoretically interesting axion models, e.g., KSVZ and DFSZ. Null 
results exclude the search regions from the parameter space. Figure 3 
summarizes the exclusion limits on the axion-photon coupling set 
by individual experiments to date and projected sensitivities for 
major search methods. A recent review also discussed search meth-
ods for invisible axions and ALPs along with theoretical derivations 
of their experimental signatures (43), and a committee report pro-
vided a comprehensive overview of the experimental programs of 
direct searches for dark matter candidates (44).

HALOSCOPE SEARCHES
The axion haloscope was designed to scope microwave photon sig-
nals from the axions in our galactic halo, hence the name. The sig-
nal power can be enhanced by the resonance effect that occurs 
when the axion mass matches the natural frequency of the detec-
tion system. This technique has provided the most sensitive ap-
proach to testing the theoretical models in the microwave regime.

Cavity haloscopes
Microwave cavities have well-defined eigenmodes (resonant modes) 
determined by the cavity geometry. The cavity haloscope uses a 
microwave cavity resonator immersed in a strong magnetic field. 
When the frequency of the axion-induced photon matches the fre-
quency of the cavity eigenmode under consideration, the conversion 
power is resonantly enhanced by orders of magnitude given by the 
cavity quality factor Qc. The power deposited in the cavity due to the 
axion-photon conversion is given, using typical parameter values, by

    P  agg   = 5.0 × 1  0   −23  W   (      C  g   ─ 0.75   )     
2
  (      r  a   ─ 

0.45  GeV _ c m   3 
  
   )   (      n  a   ─ 1 GHz   )     (      B  0   ─ 10 T   )     

2

                     
  (     V ─ 30 liters   )   (     G ─ 0.5   )   (      Q  c   ─ 

1  0   5 
   )     (2)

where Cg is the model-dependent coupling coefficient with a value 
of −1.92 and 0.75 for the KSVZ and DFSZ model, respectively, ra is 
the mass density of dark matter axions as discussed in section 1 of the 
theory review, na is the axion Compton frequency, and B0 is the externally 
applied magnetic field. The geometrical factor G is a measure of the 
amplitude of axion-induced photon field coupled to the cavity mode.

The experimental sensitivity is determined by the signal-to-noise 
ratio (SNR)
  SNR ≡    P  agg   ─ d  P  sys      (3)

where dPsys is described as fluctuations in system noise power, which 
is dictated by the Johnson-Nyquist formula, Psys = kBTsysDn, with 
the Boltzmann constant kB and the equivalent noise temperature 
Tsys. Since the axion mass is a priori unknown, all possible mass 
ranges need to be explored. A relevant figure of merit for experi-
mental design is the scanning rate, i.e., how fast one can scan a mass 
region with a given sensitivity. This quantity is obtained by plug-
ging Eq. 2 into Eq. 3 as

     dn ─ dt   = 1.2   GHz ─ year     (     5 ─ snr   )     
2
    (     0.15 K ─  T  sys     )     

2
    (      P  agg  ( B  0  , V, G,  Q  c  )  ─  

5.0 × 1  0   −23  W
   )     

2
  (     1  0   5  ─  Q  c     )     (4)

where snr is the target SNR value. Major R&D efforts are made to 
increase the scanning rate by maximizing   B 0  2  VG  Q  c    and minimizing 
Tsys. The up-to-date exclusion limits made by individual haloscope 
experiments, which will be described in detail in this section, and 
their projected sensitivities are shown in Fig. 4.

The first experimental search for axion dark matter was carried 
out by the RBF Collaboration using an SC solenoid magnet, a cop-
per cavity in a liquid helium reservoir and a transistor-based radio 
frequency (RF) amplifier. The sensitivity, however, was not high enough 
to reach the axion theory band. The system noise was reduced by a 
subsequent experiment at the UF to make the search more effective. 
The ADMX, established in 1990, designed a larger scale detector to 
explore new ways forward. Several critical improvements were in-
volved to increase the sensitivity to the theoretically interesting levels. 
These include the employment of an SC quantum interference 
device (SQUID) and/or a Josephson parametric amplifier (JPA) 
to reduce the electronic noise near to the quantum limit and the 

Fig. 2. Principle of axion detection. A classical strong magnetic field generates a 
sea of virtual photons with which axions interact to be converted to real photons. 
The corresponding Feynman diagram is also shown. The axion de Broglie wave-
length is much larger than the detector sizes, enabling coherent conversion within 
the detectors.

Fig. 3. Up-to-date experimental exclusion limits on the axion-photon cou-
pling versus axion mass. The projected sensitivities are represented by dashed 
lines. Two theoretical models are represented by the diagonal dashed lines with 
the uncertainty band in yellow. Major features of the individual experiments are 
described in the text. The acronyms of the experiments which are not discussed in 
the review include CROWS (CERN Resonant Weakly interacting sub-electron volt 
particle Search), PVLAS (Polarization of the Vacuum with Laser), HESS (High Energy 
Stereoscopic System), HB (horizontal branch) stars, MUSE (Multi Unit Spectroscopic 
Explorer) and VIMOS (Visible Multi-Object Spectrograph).

arXiv:2104.14831



The Hierarchy Problem

1019 GeV - Planck scale

103 GeV - Higgs mass
most known particles

1. Weak-scale solutions (e.g. supersymmetry, large extra dimensions, technicolor, little Higgs…) 

• change calculation in theory to remove the large (quantum loop) contributions 

• requires new particles at weak scale (cut off loops), can be relevant to cosmology (e.g. WIMPs) 

• tension with LHC results

}Hierarchy Problem = O(1019) +O(1019) ⇠ O(103)

unrelated numbers fine-tuned to 
cancel to 16 (really 32) digits!

Major motivation for much of physics beyond SM for decades

Two classes of solutions:

• Dynamics in early universe causes weak scale to select this small value 

• turn Higgs mass from fundamental constant into dynamical variable (like axion solution to strong CP)

PRL 115 (2015) arXiv:1504.075512. Cosmological solutions (e.g. relaxion)

3. Anthropics?



New Ultralight Particles

Cosmological Constant problem 
• No known working solutions 

• However possibilities are similar: either new physics at CC scale (~ meV, hard!) 
OR a cosmological solution (again needs an axion-like field)

All these “cosmological solutions” imply new ultralight particles e.g. axions 

Not surprisingly, these can have many cosmological consequences

Strong CP problem 
• QCD axion is simplest solution 

• similarly is a “cosmological solution”  the nucleon EDM is reduced during cosmology

Hierarchy problem 
• The cosmological solutions motivate a light, axion-like field



A few random examples 
relevant to cosmology



Neff and Ultralight Particles
Ultralight particles (e.g. axions) could thermalize in early universe, then contribute to Neff
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Figure 1: Left: Limits on the dark matter-baryon cross section sbDM for a Yukawa potential. Future cosmolog-
ical constraints will restrict DNeff < 0.09 and, therefore, exclude cross sections large enough to thermalize the
(200 keV-mass) particle mediating the force [55]. This limit is compared to the direct bound on baryon-dark
matter scattering from the CMB [57] and to the constraints on dark forces from the Bullet Cluster [58]. The
strongest current constraint is from the absence of meson decays to the mediator [59]. Right: Contributions of
a single massless particle, which decoupled at the temperature TF from the Standard Model, to the effective
number of relativistic species, Neff = NSM

eff +DNeff, with the Standard Model expectation NSM
eff = 3.045 from

neutrinos. The limit at 95% c.l. from a combination of current CMB, BAO and BBN observations [33], and
the anticipated sensitivity of next-generation CMB experiments (cf. e.g. [53, 60, 61]) illustrate the current and
future power of cosmological surveys to constrain light thermal relics. The displayed values on the right are
the observational thresholds for particles with different spins and arbitrarily large decoupling temperature.

This measurement is sensitive to 10–15 orders of magnitude in cross section that are not probed
by direct constraints from cosmology and astrophysics, and five orders of magnitude stronger than
meson decay searches. We see that cosmological measurements of DNeff are an extremely sensitive
probe of dark sector physics that are complementary to more direct tests, both in the laboratory and
with astrophysical observations [55, 56].

More generally, the contribution to Neff from any thermalized new particle is easy to predict
because its energy density in equilibrium is fixed by the temperature and the number of internal
states (e.g. spin configurations). Under mild assumptions (see e.g. [62] for a detailed discussion),
the contribution to DNeff is determined by two numbers, the last temperature at which it was in
equilibrium, TF , and the effective number of spin degrees of freedom, gs, according to

DNeff = gs

✓
43/4

g?(TF)

◆4/3
. (2)

The function g?(TF) is the number of effective degrees of freedom (defined as the number of
independent states with an additional factor of 7/8 for fermions) of the SM particle content at
the temperature TF . This function appears in the formula for DNeff because it determines how
much the photons are heated relative to a new light particle due to the annihilation of the heavy
SM particles as the universe cooled (see the right panel of Fig. 1). The next generation of (proposed)
CMB observations are expected to reach a precision of s(Neff) = 0.03, which would extend our
reach in TF by several orders of magnitude for a particle with spin s > 0 and be the first measurement
sensitive to a real scalar (s = 0) that decouples prior to the QCD phase transition.

To understand the impact of such a measurement, recall that equilibrium at temperature T arises

3

Freezeout temperature

Neff measeurements powerful way to search for many types of new physics
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Isocurvature Probe of Dark Matter Production
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FIG. 4: (Lower plot) Primordial density power spectrum of a massive vector produced by inflationary fluctuations.

The spectrum is shown at a time when all modes covered are non-relativistic, but before self-gravitation of the modes

is important (this should be approximately valid until matter-radiation equality). The peaked part of the spectrum at

large k is the isocurvature power produced by the inflationary fluctuations of the field itself. The also flat part of the

spectrum at small k corresponds to the usual adiabatic fluctuations, which are imprinted onto the field from inflaton

fluctuations. The values m = 10�5 eV and HI ⇡ 1014 GeV were used here, corresponding to k⇤ ⇡ 1400 pc�1. Because

the density fluctuations are O(1) for k ⇠ k⇤, fluctuations on shorter scales (in the gray region) are not well described

by the power spectrum alone (see Fig. 5). These higher k modes are also expected to be a↵ected by quantum pressure

later in their evolution. For comparison, the top plot shows the power spectrum of the field amplitude (figure 3).

A. Isocurvature Fluctuations

As demonstrated in Section III the power spectrum of the massive vector field is peaked as in figure 3, with

O(1) power at the special scale k⇤. Since they are generation without correlated fluctuations in the radiation

bath, these are isocurvature fluctuations. Isocurvature perturbations are dangerous, since on cosmological

scales are strongly constrained by CMB observations. However, this limit only applies to scales within a few

orders of magnitude of the current size of the universe. On the other hand, k⇤ corresponds to a cosmologically

tiny scale,

1/k⇤ ⇠ 1010 km⇥

r
10�5 eV

m
. (47)

The isocurvature power spectrum fall o↵ on long wavelengths (low k), to unobservable levels. To demonstrate

explicitly this we calculate the density power spectrum in appendix A. The result is plotted as the peaked

spectrum in the lower panel of Figure 4. The power falls as k3 below k⇤, becoming completely negligible on

k

Many DM production mechanisms create 
peaked isocurvature spectrum with k3 tail 

e.g. post-inflationary QCD axion, inflationary 
production of dark photon, PBH’s…
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New Forces on Dark Matter
Can there be a new long-range force on dark matter?

5

than order unity, i.e.

|Vnew(r⇤A)|

m
. |Vg(r⇤A)|

m
= G

Z
d3r

⇢A(r)

|r� r⇤A|
. (13)

where Vnew(r⇤A) is given in Eq. (7). Before we proceed
further, let us obtain an order-of-magnitude estimate of
Eq. (7) in order to understand its scaling behavior. A
simple approximation for the potential per unit mass at
radius r⇤A can obtained from arguments similar to Eq. (9)
to obtain

V ⇤
new

m
⇠ a⇤r⇤A ⇠ ↵G⇢A(r

⇤
A)

 
1 +

✓
�

r⇤A

◆2
!
, (14)

Requiring this to be greater than Vg ⇠ G⇢A(r⇤A) (r
⇤
A)

2

gives

↵ & 1 +

✓
�

r⇤A

◆2

(15)

which is very similar to Eq. (12).
While the order-of-magnitude estimates match for the

two observations, numerical evaluation shows that the
constraint obtained from the non-observation of the sep-
aration of dark matter and the stellar population is
stronger. This occurs primarily from the fact that even
a small mismatch between aDM and ag results in a sep-
aration of O (r⇤A), whereas this separation is constrained
to be a tiny fraction of r⇤A. In the spirit of staying
conservative—e.g. with respect to additional interactions
between dark matter and the Standard Model or to ef-
fects of substructure which might suppress the observa-
tion in Section IIA—we use the weaker bound obtained
from numerically evaluating the bound in Eq. (13). This
conservative constraint is plotted in Fig. 1.

There are several complications to this analytical de-
scription of the collision in the presence of a new force.
We discuss them over the next several subsections.

C. Halo Density Profiles

We default to NFW profiles for both clusters in this
work due to their widespread use, but marginally bet-
ter lensing fits are, in fact, obtained using King profiles
[27]. This leads to only small changes in the result of
numerically evaluating the bound in Eq. (13), as seen
in Fig. 1. The minimal dependence on profile choice is
explained by the scaling arguments that lead to Eq. (9):
any power-law profile with length scale r⇤A � � will lead

to accelerations and potentials which scale as (�/r⇤A)
2 for

small �.

D. Substructure

A related caveat to our estimate above is that it as-
sumes that all dark matter is smoothly distributed in the

shape of this profile. In fact, this is certainly not the case:
the presence of galaxies within the two clusters indicates
that at least some fraction of the dark matter in each clus-
ter is located in dense galactic halos, and might therefore
not interact with the dark matter in galaxy halos of the
other cluster unless the two galactic halos happen to pass
within a distance of order � of one another. So long as
at least an order-one fraction of the dark matter in the
A cluster remains outside its galaxies, however—as is ex-
pected from N-body simulations of structure formation
(see, for example, Ref. [34] for a review)—this should
not a↵ect our results by more than order one.

More generally, our results hold only when the dark
matter in the two clusters is not fully sequestered in
clumps separated by length scales longer than the force
range �. Such large separations could result in dark mat-
ter clumps of cluster B passing through cluster A without
ever passing within � of another clump, thus never be-
ing a↵ected by the new force. While this scenario appears
unlikely and is not supported by structure formation sim-

FIG. 1. Our constraints on attractive self-interactions of dark
matter beyond gravity from coherent interactions in the Bul-
let Cluster (see Section II) and from mass measurements of
the Abell 370 cluster (see Section III B), and, for comparison,
previous constraints from the tidal streams of the Sagittar-
ius dwarf galaxy [30–32] and from incoherent scattering in
the Bullet Cluster [22–25] at two assumed dark matter parti-
cle masses (the largest mass at which promordial black holes
can make up all of dark matter, ⇠ 10�10 M� [33], as well
as ⇠ 10�20 M� to illustrate the mass dependence). As a
rough estimate of the uncertainty on our bound, the collision
velocity constraint is shown assuming both NFW and King
profiles, as well as for an NFW profile but conservatively as-
suming that the gas collides at two times the scale radius
rather than at the scale radius of the A cluster. The shortest
ranges at which we plot the lensing and tidal tails constraints
are approximate; see the discussion in Section III. Note also
that the upper edge of the parameter space excluded by the
Sagittarius Dwarf is presently unknown; Ref. [32] has shown
only that ↵ = 1 is consistent with observation.

Bogorad, PWG & Ramani arXiv:2311.07648

Cosmology (structure formation…) presumably limits such new forces as well
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remains smaller than the halo size, have rarely been con-
sidered. A simplistic interpolation between the short-
and long-range regimes would assume that forces which
are exponentially suppressed beyond their range would
lead to exponentially suppressed e↵ects in halos larger
than that range.

They key point of this work is that this is not the
case: forces with ranges that are large compared to the
interparticle spacing but smaller than the size of the con-
taining dark matter halo can still have large collective ef-
fects, due to the presence of density gradients within such
halos. This will allow us to set substantially strength-
ened constraints on dark matter self-interactions with
ranges below approximately 10 kpc, surpassing existing
constraints on self-interactions by many orders of magni-
tude in strength over many orders of magnitude in range.

The rest of this work is organized as follows: In Sec-
tion II, we present a constraint on long-ranged attrac-
tive forces based on observations of the Bullet Cluster.
(Repulsive forces are dealt with in Section. III). As we
will show, the strongest constraint in the attractive, long-
ranged regime arises not from the scattering of dark mat-
ter particles between the two clusters, but rather from a
combination of the observed collision velocity of the clus-
ters’ gases and the coincidence of the location of the dark
matter and the galaxies after the collision. We empha-
size, however, that the behavior we obtain in this section
for the Bullet Cluster is in fact fairly general, and can be
used to extend a variety of existing constraints on long-
ranged dark matter self-interactions to finite ranges. In
Section III we will consider two such constraints: the self-
binding of ultrafaint dwarf galaxy’s halos to constrain re-
pulsive interactions, and the agreement of mass measure-
ments of the Abell 370 cluster using gravitational lensing
and using its galaxies’ velocity dispersion, applicable to
both attractive and repulsive forces. Notably, the lat-
ter will also allow us to illustrate how the existence of
substructure within halos can a↵ect our conclusions, po-
tentially precluding some bounds from being extended to
shorter ranges. Finally, in Section IV, we summarize our
results.

II. SELF-INTERACTION CONSTRAINTS
FROM THE BULLET CLUSTER

The Bullet Cluster (1E 0657–56) is a pair of galaxy
clusters whose mass and velocity distributions indicate
that they recently collided [14–16]. In particular, while
the mass distributions and luminous components of both
clusters are now well-separated [17–19], the intracluster
gas components of both clusters have now merged into
a largely continuous distribution between the clusters’
mass distributions, with prominent shock waves arising
from their supersonic collision [20, 21]. The fact that this
did not occur for the bulk of the clusters’ mass indicates
the presence of a large mass of su�ciently non-collisional
matter in both clusters—dark matter—and sets limits on

how much this dark matter can interact with itself in or-
der to pass through the other cluster largely una↵ected.
Estimating this e↵ect in the presence of a hard scatter-
ing interaction between dark matter particles leads to
a largely model-agnostic constraint on the momentum
transfer cross-section �T for dark matter particles of mass
m to scatter with one another (see, for example, Refs.
[22–25]):

�T

m
. 1

cm2

g
, (1)

up to order-one factors that di↵er between sources.
The momentum transfer cross-section �T is straight-

forward to evaluate for short-range interactions, where
only collisions between individual particles matter. In
this work we are interested in the opposite regime, where
the new force’s range is large and collective e↵ects start
becoming important. For concreteness, let us focus on
Yukawa forces, such that the potential V between two
particles of massesm1,2 separated by a distance r is given
by

V = �↵G
m1m2

r
e�r/�, (2)

with ↵ the new force’s strength relative to gravity, �
its range, and G Newton’s constant. For force ranges
much smaller than the inter-particle spacing, the impact
parameters that contribute to scattering are also much
smaller than the inter-particle spacing, and hence collec-
tive e↵ects are not important. However, when the force
range � exceeds the inter-particle spacing, each particle
scatters coherently o↵ a whole mass distribution which
greatly enhances the interaction.
An extremely conservative bound on these interactions

can be still be set by restricting ourselves to individ-
ual scatters with impact parameter much less than the
inter-particle spacing, i.e by setting the maximum im-
pact parameter bmax to obey bmax ⌧ n�1/3, where n is
the dark matter number density. If we also require that
bmax ⌧ �, we can approximate the Yukawa interaction as
a Coulomb interaction. In this limit, �T can be evaluated
to be [26]

�T =
8⇡2

m2
DMv4rel

log

✓
22 + b2maxm

2
DMv4rel

22 + b2minm
2
DMv4rel

◆
(3)

=
16⇡↵2G2m2

DM

v4rel
ln⇤.

HeremDM is the mass of individual dark matter particles,
vrel is the relative velocity of the collisions, bmin is the
minimum impact parameter set by the typical distance
of closest approach of a particle,  = ↵Gm2

DM and log⇤
is the Coulomb logarithm, with

⇤2 =
22 + b2maxm

2
DMv4rel

22 + b2minm
2
DMv4rel

. (4)

e.g. for attractive Yukawa

Coherent scattering in Bullet 
Cluster constrains new force:
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