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Where is the DM? 

ØMass range: at least 30 
orders of magnitude

Ø Interaction range: some
32 orders of magnitude



What is DM?

• Many different approaches, many include additional, light dark sector

Impeded DM
1609.02147,…

Co-scattering DM 
1705.08450, 1705.09292,…

Forbidden DM 
Griest-Seckel, 1505.07107, …

iDM
hep-ph/0101138, …

Secluded DM 
0711.4866, …Co-decaying DM 

1607.03110, …

Selfish DM 
1504.00361,…

Cannibal DM
1602.04219, … Semi-annihilating DM 

1003.5912, …

<Your choice> DM 
1811.xxxx

Boosted DM 
1405.7370, 1503.02669…

àSeemingly only limited by our 
ability to invent new names …

… and many other
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Three main strands in DM models

§ Any interactions allowed by basic principles and data
§ Not necessarily complete models
§ Usually not addressing other issues

§ Simplified models
§ Effective theory models

§ ...
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vParticle theory-driven
§ DM candidate is part of a more complete, and more motivated, framework…
§ Solves more than one (DM) problem
§ Provides promising framework for Big Bang physics
§ Is compatible with data

vMapping-driven

vData-driven
§ Fit one or more data result

• Gauge hierarchy problem
• Unification of SM forces (+gravity?)
• Unification of SM matter, …
• Strong CP problem
• Naturalness of some sort?
• ...

Mapping out the landscape
of possible models and interactions



Classes of DM candidates
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…much creative activity in the field

ß strongly motivated

Light weakly interacting massive particles 5

Figure 1: Mass ranges (solid red lines) of several DM candidates. Starting from the

lowest mass: “Fuzzy DM” [26]; ultra-light bosons, such as Axions and Axion-Like

Particles (ALPs) which are scalar bosons, and also dark photons (also called hidden-

sector photons) which are vector bosons and together with ALPs are sometimes called

Weakly Interacting Slim Particles or WISPs (see e.g. [27] and Sect. 6 of [28]); sterile

neutrinos (see e.g. [2]); Light DM (LDM), also called Sub-GeV WIMPs (see e.g. Sect. V

of [13]); WIMPs (see e.g. [2]); the potential windows for Primordial Black Holes (dashed

red lines) would require evading or weakening some existing bounds to account for the

whole of the DM within them (see e.g. Section VI of [23]).

have been proposed. The mass range of several of them are shown in Fig. 1. The lower

limit on the DM particle mass is at least 10�31 GeV since there is a concrete particle

candidate proposed with this mass, the “Fuzzy DM”. This is a boson with a de Broglie

wavelength of 1 kpc [26].

Models for beyond the Standard Model physics at the electroweak scale, such as

supersymmetric models, usually predict Weakly Interacting Massive Particles (WIMPs)

as DM candidates, although these are by no means the only WIMP models. WIMPs are

characterized by interacting with Standard Model particles with cross sections typical

of weak interactions and have a mass in the 1 GeV-100 TeV range. Several independent

DM searches have shown hints of a DM detection pointing to WIMPs in the lower

portion of this mass range, 1 GeV to 10’s of GeV, which we call light WIMPs.

WIMPs became preferred DM candidates early on, in the 1980’s, because cross

sections of weak order expected in most beyond the Standard Model particle models

guarantee the right relic abundance for “thermal” WIMPs. This is sometimes called

the “WIMP miracle”. We usually characterize WIMP candidates according to how

they are produced as “thermal” or “non-thermal” relics (see e.g. [2]). Thermal relics are

produced in the early Universe via interactions with the thermal bath, reach equilibrium

with the bath and then “decouple” or “freeze-out” when their interactions cannot keep

up with the expansion of the Universe (i.e. they become too rare to interact). After

freeze-out the number of WIMPs per comoving volume remains constant. Non-thermal

DM relics are all those not produced in this way (see e.g. [29]). For example, they could

be produced via the decay of other particles, which themselves may or may not have a

thermal abundance.

The relic density of thermal WIMPs, in the absence of a DM particle-antiparticle

asymmetry, is inversely proportional to their annihilation cross section at freeze-out,

actually to h�vi, the average over the WIMP momentum distribution of the annihilation

Gelmini, Rept. Prog. Phys. (2017)

Two prime classes of candidates:
Ø WIMP
Ø axion

(Some) other possibilities:
Ø Asymmetric DM
Ø Sterile (s)neutrino
Ø Exotica: 

Ø gravitino, axino of SUSY
Ø Fuzzy DM
Ø Other extremely-weekly coupled DM
Ø …

Ø PBHs (not particles)

They have not been invented to solve DM problem
Ø WIMP: predicted in many beyond SM (BSM) frameworks 
Ø Axion: by-product of PQ solution to strong CP problem

WIMP: weakly interacting massive particle
Stable, cold, cosmic relic with Oh2 ~0.1

Often non-detectable…
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Ultimate criterion:
DM Detection
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The WIMP is more than the``standard” thermal WIMP

Ø standard (thermal) WIMP
mass: ~GeV to TeV, int’s: ~(sub)EW

mass: ~eV to ~100 TeV, ints: not only (sub)EW

thermal:  thermally produced via freeze-out

Ø non-thermal WIMP (FIMP)

Ø general (thermal) WIMP

Ø any ``theory WIMP”-like particle that 
can be searched for in ug detectors

(many) DM experimentalists:

cosmic relic with Oh2 ~0.1

non-thermal: DM from freeze-in, etc
mass: ~eV to ~100 TeV, int’s: usually << thermal WIMP 

Huge challenge for experimental DM search to probe the WIMP

Figure 1: A summary of several particle candidates and classes of candidates for DM discussed in the Report.
Shown are typical mass ranges, more details can be found in the text.

searches and rare decays, which is often a virtue. On the other hand, experimental results presented as
constraints on the parameter space of specific models cannot be easily translated to other models. In
some situations, especially for direct detection, low-energy effective field theories (EFTs) are therefore
often used as an alternative approach [35, 36]. An EFT includes only a minimal set of particles (for
instance SM nucleons and the DM particles) and interactions. It does not address the question how these
interactions arise in some underlying theory, even though for a given fundamental theory the correspond-
ing EFT can be rigorously derived. As many ultraviolet-complete theories can reduce to the same EFT,
constraints on the EFT apply to a broader class of models.

As an intermediate approach between complete theories and EFTs, numerous simplified models
have become popular over the last decade, especially in the context of searches for new physics at the
Large Hadron Collider (LHC) but also in DM searches; see, e.g., [37]. They are defined by a small
number of new particles and their interactions, usually focusing on just one channel of interactions with
the SM that is mediated by some messenger, although less minimal models have also been studied.
In the limit of large messenger mass one connects with the EFT approach. While simplified models
are not complete, nor model independent, they provide a convenient platform for placing experimental
constraints on specific quantities, like masses and cross sections.

In the context of DM searches, simplified models typically contain the SM as one (visible) sector, a
DM candidate, often as part of a dark sector, and a messenger sector – often called “portal” – containing
one or more states that mediate SM–DM interactions. An example of a simplified but self-consistent
model is the Higgs portal where DM particle can be either a scalar or a fermion and DM–SM interactions
are mediated by a SM Higgs doublet; see Ref. [38] for a recent review. The viable parameter space of the
simplest Higgs portal models has been almost fully probed, with the most important constraints arising
from direct detection experiments. The dark photon portal is another recently popular class of models
in which a light thermal WIMP (either fermion or scalar), in the MeV mass range, interacts with the
SM sector via a dark photon (a new dark sector gauge boson) that mixes with the usual photon via
kinetic mixing. In more elaborate scenarios an additional (dark) Higgs boson is also present in the dark
sector. Those models are primarily testable in fixed-target experiments as typical WIMP direct detection
rates are usually strongly suppressed. However, direct detection experiments are also increasing their
sensitivity to these type of models by exploiting the DM-electron scattering mode [39, 40].

In another scenario called asymmetric DM (ADM) [41, 42] an asymmetry between the DM
particle and its antiparticle is generated in a way analogous to the mechanism of baryogenesis and modi-
fies their freeze-out. In that case correct relic density can be obtained for DM typically in the mass range
from ⇠1GeV to ⇠15GeV with large annihilation cross section as (partially) asymmetric DM. Since
in the ADM scenario the DM is not its own antiparticle and the abundance of � and �̄ particles can be
highly asymmetric at present, the expected indirect detection rates from ��̄ annihilations are typically

14

Claims of WIMP’s
death have been
grossly exaggerated

Direct Detection  of Dark Matter 
-- APPEC Committee Report 2104.07634 (à ROPP)

https://arxiv.org/abs/2104.07634
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The danger of bad sampling 



§ electroweak interactions involved in production 
in early Universe

§ Freeze-out: 
 Omega*h2=0.1 à <sigmaann v> ~ 3x10-26 cm3/s 

§ sigma*v of 3x10-26 cm3/s – natural target for ID searches
GC Halo Limits (bb channel)"

13"UCLA DM 2014!

CTA !
(NFW, 500 hr)!

HESS (112 hr)!
Fermi dSph !
(4 yrs +10 dsphs)!

``Standard” thermal WIMP

Part of some BSM framework (e.g. SUSY) 

Within ~order of magnitude

Still large astrophysical uncertainties:
§ Halo profiles
§ Galactic center (+foreground)
§ Size and distribution of DM clumps
§ …

Once the ``thermal benchmark” region 
is explored, then the WIMP hypothesis 
will become ``disfavoured” 

few GeV < mass < few TeV

(except for ADM)

Short scale anomalies

• May be helpful in solving some difficulties of the CDM paradigm, N-body 
simulations have difficulties fitting the DM data at short scale

• Most famous: Core-cusp problemÆ Current simulations predict too-sharp of 
mass density profile in DM halo

• Dark photon Æ new, tuneable self-interaction for DM

• Caveat: debate 
over the 
influence of 
baryonic 
feedback

⌦h2 ' 0.1
h�annvi

3⇥10�26cm3/s
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1709.07997



Is there a ``benchmark” cross section for DD searches?

NO!Theoretical predictions:
• are model dependent
• predicted ranges depend on theoretical expectations/assumptions
• are known to have ``blind spots” of vanishing DD c.s.

DD target: reach down to ``neutrino floor”
and expand towards lower mass range

Claims that the standard
WIMP is ``disfavored” 
lack scientific basis.

DM review 1707.06277
LR, Sessolo, Trojanowski
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My favourite:
~1TeV higgsino

https://arxiv.org/abs/1707.06277


~125 GeV Higgs and DM in unified SUSY
u Take only mh~125 GeV and lower limits

from direct SUSY searches
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Figure 4: Marginalized 2D posterior pdf in (a) the (m0, m1/2) plane of the CMSSM for

µ > 0, (b) the (A0, tan�) plane for µ > 0, (c) the (m0, m1/2) plane for µ < 0, and (d)

the (A0, tan�) plane for µ < 0, constrained by the experiments listed in Table 1, with the

exclusion of ⇥ (g � 2)µ for µ < 0. The 68% credible regions are shown in dark blue, and the

95% credible regions in light blue. The dashed red line shows the CMS combined 95% CL

exclusion bound.

the correct Higgs mass. (See [16] for a detailed discussion, and also [32] where we discussed

in detail the CMSSM limit of the CNMSSM, and adopted the same updated values of

experimental constraints as in this study.)

As a side remark, we note that in [16] the best-fit point was located in the AF region.3

3It was also emphasized there that the location of the best-fit point in the CMSSM is very sensitive to
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u Add relic abundance

~1 TeV
higgsino DM

(``new”)

bino DM
(previously

favored)

Simple unified SUSY: 
NO other solutions

to compare those results with our recent CMSSM analysis [25]. In doing so, one needs to take into

account the di⇤erences between the numerical codes and constraints adopted in both studies. We

summarize them here.

1. In this study we use NMSSMTools for calculating the supersymmetric spectrum, while in [25]

we used SoftSUSY. We have repeatedly cross-checked the spectra obtained in the MSSM limit of the

NMSSM with the ones generated by SoftSUSY, finding some di⇤erences, especially with respect

to loop corrections giving the largest values of the lightest Higgs mass. In some regions of the

parameter space the di⇤erence between the two generators amounted to ⇧ 0.5� 1GeV. Given the

experimental and theoretical uncertainties in the Higgs mass, such di⇤erence amounts to ⇧ 0.25
units of ⌅2

, which is not significant for the purpose of the global scan.

2. In this paper we have applied a new limit on BR (Bs ⌃ µ+µ�
), obtained from the combina-

tion of LHCb, ATLAS and CMS data [33]. We have further modeled the Bs ⌃ µ+µ�
likelihood

according to the procedure described is Sec. 3.1. The SM rate rescaled by the time dependent asym-

metries [34] is now BR (Bs ⌃ µ+µ�
)SM = (3.53± 0.38)⇥ 10

�9
, which is a value more appropriate

for comparison with the experimental rate than the unscaled, ⇧ 3.2⇥ 10
�9

, one.

3. We have updated the nuisance parameters Mt and mb(mb)
MS

following [31]; see Table 2.

The upgrade in Mt has significant implications for mh1 . The leading one-loop corrections to the

Higgs mass squared are given by

�m2
h =

3m4
t

4⇤2v2

⇤
ln

�
M2

SUSY

m2
t

⇥
+

X2
t

M2
SUSY

�
1� X2

t

12M2
SUSY

⇥⌅
, (18)

where mt is the running top quark mass,
4 MSUSY is the geometrical average of the physical stop

masses, MSUSY ⌅  mt̃1mt̃2 , and Xt = At�µe� cot�. Since �m2
h ⌥ m4

t it is now easier to generate

Higgs masses in agreement with the experimental values. In particular, as we highlighted in [25],

a Higgs mass compatible with the observed excess at 125GeV was rather di⌃cult to achieve over

the CMSSM parameter space. That tension has now become somewhat reduced, and we will show

below that the correct Higgs mass can be obtained in the CMSSM limit of the CNMSSM.

4.1 Impact of the relic density

To set the ground for the presentation of our numerical results, we first comment on the role of the

relic density of DM in selecting favored regions. The relic density is a strong constraint, since it is a

positive measurement (in contrast to a limit) with a rather small experimental uncertainty; Table 1.

On top of it, it is well known that in unified SUSY models with neutralino LSP the corresponding

abundance ⇥⇥h2 is typically too large, or in other words, its annihilation in the early Universe

is ‘generically’ too ine⌃cient. Specific mechanisms for enhancing it are therefore needed which,

however, are only applicable in specific SUSY configurations. As a result, in most cases the regions

of high probability in the global posterior will reflect one or more of the regions of parameter space

where ⇥⇥h2 is close to the measured relic density of DM. The regions that are still allowed by direct

SUSY searches are:

1. The stau-coannihilation (SC) region [65]. As is known, in constrained SUSY models, like the

C(N)MSSM, this is a narrow strip at a sharp angle to the m1/2 axis. The values of A0 and tan�
are also constrained, as only for |A0| not exceeding ⇧ 2TeV the running parameter A� at the EW

scale does allow the stau to become light enough to be comparable with the neutralino. Also, too

large values of tan� can push the mass of the stau below the neutralino mass and make it the LSP.

Values of m1/2 that are excessively large, on the other hand, can suppress the annihilation cross

4Note that running top quark mass is related to the pole mass through the formula given in Eq. (10) of Ref. [64].
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Figure 11: (a) Scatter plot showing the value of mh in the (m0, m1/2) plane of the CMSSM for the case with the
assumed light Higgs mass around 125GeV. (b) Marginalized posterior pdf in the parameters Xt vs MSUSY , relevant

for the loop corrections to the Higgs mass, for the same case.

plane, for the signal case. One can see that Higgs masses compatible with 125GeV at 1⇥ can be obtained in large
number across the whole plane. Particularly, the mass distribution presented in Fig. 11(a) has one interesting aspect.
The one-loop contribution to the Higgs mass in the decoupling limit (mA ⇤ mZ) for moderate-to-large tan� is given
by [56]

�m2
h ⌅ ln

M2
SUSY

m2
t

+
X2

t

M2
SUSY

�
1� X2

t

12M2
SUSY

⇥
, (18)

where mt is the top quark mass, MSUSY is the geometrical average of the physical stop masses, and Xt = At�µ cot�.
While the presence of a relatively heavy Higgs is not a surprise in the A-funnel region, where the one-loop contribution
to mh is driven up by a large SUSY scale, it is more striking in the ⇤̃ -coannihilation region. This e⇥ect is particularly
strong in the case of a putative Higgs signal. As anticipated above, to ensure such a heavy Higgs mass in the region of
low m0 and m1/2, the contribution from the Xt factor in Eq. (18) should be significant. (Xt ⇥ At almost throughout
the whole parameter space.) In fact, it turns out that the ⇤̃ -coannihilation region is the only region of parameter
space where the factor |Xt|/MSUSY reaches values close to ⇥ 2.5, the maximal contribution from the stop-mixing.

The interplay between MSUSY and Xt just described is often claimed in the literature to be an indication of fine-
tuning [57], thus making the CMSSM a less natural model than, for instance, the Next-to-Minimal Supersymmetric
Standard Model [17]. We plot in Fig. 11(b) the two-dimensional marginalized posterior in the (MSUSY , Xt) plane for
the case with the Higgs signal. One can see two separate high probability regions. The one on the right corresponds
to the A-funnel region, where the best-fit point lies, while the one on the left, smaller in size, to the ⇤̃ -coannihilation
region. We gather that, even if the model might be intrinsically fine-tuned, given the present status of experimental and
theoretical uncertainties, our global set of constraints favors 2⇥ credible regions that span an area of ⇥ 10TeV2, thus
allowing a broad range of values for these parameters. Moreover, it appears clear that the present set of constraints
highly favor negative values of Xt.

B. Impact of (g � 2)µ and the case µ < 0

Since the poor global fit is mainly a result of the (g � 2)µ constraint, and the SM prediction is to this day still
marred by large theoretical uncertainties, we have also performed scans without the (g � 2)µ constraint included in
the likelihood. When doing so, it is not necessary anymore to assume sgnµ = +1, as the main reason for such choice
was to improve the fit to this particular measurement. For this reason we will not show the case with (g � 2)µ and
µ < 0 because the global fit worsens. We will summarize the goodness of all the fits in Table IV.

�DMh2 ' 0.12

CMSSM

Excluded
so far 

by LHC 
searches

http://arxiv.org/abs/1302.5956


~1 TeV higgsino DM is robust

Watch prior dependence
and chi2 vs Bayesian

MasterCode, 1508.01173

Present in both unified and pheno SUSY models

L. Roszkowski, SUSY-23, Soton, 18 July 2023

http://arxiv.org/abs/1508.01173


Experiment Lab Target Mass
[ kg] Ch Sensitivity

[ cm2@GeV/c2]
Exposure
[t⇥y] Timescale Ref.

Cryogenic bolometers (Section 4.6.1)
EDELWEISS LSM Ge 20 SI 10�43 @ 2 0.14 in prep. [326]
SuperCDMS SNOLAB Ge, Si 24 SI 4⇥10�44 @ 2 0.11 constr. [327]
CRESST LNGS CaWO4+ 2.5 SI 6⇥10�43 @ 1 2.7⇥10�3 running [145]
LXe detectors (Section 4.6.2)
LZ SURF LXe 7.0 t SI 1.5⇥10�48 @ 40 15.3 comm. [257]
PandaX-4T CJPL LXe 4.0 t SI 6⇥10�48 @ 40 5.6 constr. [260]
XENONnT LNGS LXe 5.9 t SI 1.5⇥10�48 @ 40 20 comm. [263]
DARWIN LNGS⇤ LXe 40 t SI 2⇥10�49 @ 40 200 2026 [234]
LAr detectors (Section 4.6.3)
DarkSide-50 LNGS LAr 46.4 SI 1.1⇥10�44 @ 100 0.05 running [149]
DEAP-3600 SNOLAB LAr 3.6 t SI 1.2⇥10�46 @ 100 3 running [133]
DarkSide-20k LNGS LAr 40 t SI 2⇥10�48 @ 100 200 2023 [328]
ARGO SNOLAB LAr 400 t SI 3⇥10�49 @ 100 3000 TBD [328]
NaI(Tl) scintillators (Section 4.6.4.1)
DAMA/LIBRA LNGS NaI 250 AM running [128]
COSINE-100 Y2L NaI 106 AM 3⇥10�42 @ 30 0.212 running [291]
ANAIS-112 LSC NaI 112 AM 1.6⇥10�42 @ 40 0.560 running [297]
SABRE LNGS NaI 50 AM 2⇥10�42 @ 40 0.150 in prep. [298]
COSINUS LNGS NaI SI 3⇥10�43 @ 40 2.9⇥10�4 2022 [301]
Ionization detectors (Section 4.6.4.2)
DAMIC SNOLAB Si 40 g SI 2⇥10�41 @ 3-10 3.6⇥10�5 running [329]
DAMIC-M LSM Si ⇠0.7 SI 3⇥10�43 @ 3 0.001 2023 [304]
CDEX Jinping Ge 10 SI 2⇥10�43 @ 5 0.01 running [129]
NEWS-G SNOLAB Ne,He SI comm. [310]
TREX-DM LSC Ne 0.16 SI 2⇥10�39 @ 0.7 0.01 comm. [313]
Bubble chambers (Section 4.6.4.3)
PICO-40L SNOLAB C3F8 59 SD 5⇥10�42 @ 25 0.044 running [330]
PICO-500 SNOLAB C3F8 1 t SD ⇠1⇥10�42 @ 50 in prep.
Directional detectors (Section 4.6.5)
CYGNUS Several CF4, SF6+ 103 m3 SD 2⇥10�43 @ 50 6 y R&D [324]
NEWSdm LNGS Ag,Br,C,. . . SI 8⇥10�43 @ 200 0.1 R&D [323]

Table 1: Current, upcoming and proposed experiments for the direct detection of WIMPs. Mass is given in kg
unless explicitly specified. The experiments’ main detection channel (Ch) is abbreviated as: SI (spin independent
WIMP-nucleon interactions), SD (spin dependent), AM (annual modulation). The sensitivity is reported for this
channel, assuming the quoted exposure. Note that many projects have several detection channels. comm. = exper-
iment under commissioning.
⇤No decision yet. A CDR for LNGS is being prepared.

events, respectively. The sensitivity of the largest proposed projects will be limited by these neutrino-
induced backgrounds. The ultimately lower background achievable in argon experiments due to the
pulse-shape discrimination of ERs allows a better discovery potential for higher WIMP mass, see Fig. 5.
The discovery potential at lower masses is better in xenon experiments thanks to their much lower exper-
imental energy threshold. When operated in charge-only mode, the large liquid noble gas TPCs also have
a good sensitivity in the low mass region below ⇠5 GeV/c2, however, the discovery potential is superior
for the dedicated low-mass searches using bolometers and crystals thanks to their lower backgrounds and
energy thresholds.

It is important to emphasize that the whole spectrum of direct WIMP searches with all its com-
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Figure 3: Current status of searches for spin-independent elastic WIMP-nucleus scattering assuming the stand-
ard parameters for an isothermal WIMP halo: ⇢0 = 0.3 GeV/cm3, v0 = 220 km/s, vesc = 544 km/s. Results labeled
"M" were obtained assuming the Migdal effect [124]. The ⌫-floor shown here for a Ge target is a discovery limit
defined as the cross section �d at which a given experiment has a 90% probability to detect a WIMP with a scat-
tering cross section � > �d at �3 sigma. It is computed using the assumptions and the methodology described
in [139,140], however, it has been extended to very low DM masses by assuming an unrealistic 1 meV threshold be-
low 0.8 GeV/c2. Shown are results from CDEX [142], CDMSLite [143], COSINE-100 [144], CRESST-III [145],
DAMA/LIBRA [146] (contours from [147]), DAMIC [148], DarkSide-50 [149, 150], DEAP-3600 [133], EDEL-
WEISS [151,152], LUX [153,154], NEWS-G [155], PandaX-II [156], SuperCDMS [157], XENON100 [158] and
XENON1T [38, 159, 160].

(vii) Backgrounds located at the detector surface are often reduced by fiducialisation, i.e., the
selection of clean inner volume. This method requires knowledge of every event’s coordinates or a
detector design in which surface events generate special signals.

(viii) Active rejection during data analysis makes assumptions on the expected DM signal (e.g.,
single scatter NR) and rejects all events which do not fall into this category. Typically the ratio of
two out of the three observables heat, scintillation and ionization is used to differentiate between ER
and NR events due to their different energy-loss mechanisms. Other methods are scintillation pulse-
shape-discrimination (liquid argon), acoustic ↵-rejection (bubble chambers) or the rejection of multiply
scattering events. Finite rejection efficiencies might lead to background leaking into the signal region. If
the signal assumption is incorrect, the signal might be rejected in the analysis.

4.5 Current Status
The results of DM searches can be interpreted assuming a plethora of different types of WIMP interac-
tions with the target. Here we summarize the status of the field focusing on the most commonly used
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Experiment Lab Target Mass
[ kg] Ch Sensitivity

[ cm2@GeV/c
2]

Exposure
[t⇥ year] Timescale Ref.

Cryogenic bolometers (Section 4.6.1)
EDELWEISS-
subGeV LSM Ge 20 SI 10�43 @ 2 0.14 in prep. [348]

SuperCDMS SNOLAB Ge, Si 24 SI 4⇥ 10
�44 @ 2 0.11 constr. [349]

CRESST-III LNGS CaWO4+ 2.5 SI 6⇥ 10
�43 @ 1 3⇥ 10

�3 running [153]
LXe detectors (Section 4.6.2)
LZ SURF LXe 7.0 t SI 1.5⇥10

�48 @ 40 15.3 comm. [267]
PandaX-4T CJPL LXe 4.0 t SI 6⇥ 10

�48 @ 40 5.6 constr. [271]
XENONnT LNGS LXe 5.9 t SI 1.4⇥10

�48 @ 50 20 comm. [276]
DARWIN LNGS⇤ LXe 40 t SI 2⇥ 10

�49 @ 40 200 ⇠2026 [244]
LAr detectors (Section 4.6.3)
DarkSide-50 LNGS LAr 46.4 SI 1⇥ 10

�44 @ 100 0.05 running [157]
DEAP-3600 SNOLAB LAr 3.6 t SI 1⇥ 10

�46 @ 100 3 running [140]
DarkSide-20k LNGS LAr 40 t SI 2⇥ 10

�48 @ 100 200 2023 [350]
ARGO SNOLAB LAr 400 t SI 3⇥ 10

�49 @ 100 3000 TBD [350]
NaI(Tl) scintillators (Section 4.6.4.1)
DAMA/LIBRA LNGS NaI 250 AM 2.46 running [135]
COSINE-100 Y2L NaI 106 AM 3⇥ 10

�42 @ 30 0.212 running [306]
ANAIS-112 LSC NaI 112 AM 1.6⇥10

�42 @ 40 0.560 running [311]
SABRE LNGS NaI 50 AM 2⇥ 10

�42 @ 40 0.150 in prep. [312]
COSINUS-1⇡ LNGS NaI ⇠1 AM 1⇥ 10

�43 @ 40 3⇥ 10
�4 2022 [315]

Ionisation detectors (Section 4.6.4.2)
DAMIC SNOLAB Si 0.04 SI 2⇥10

�41 @ 3-10 4⇥ 10
�5 running [351]

DAMIC-M LSM Si ⇠0.7 SI 3⇥ 10
�43 @ 3 0.001 2023 [319]

CDEX CJPL Ge 10 SI 2⇥ 10
�43 @ 5 0.01 running [136]

NEWS-G SNOLAB Ne,He SI comm. [325]
TREX-DM LSC Ne 0.16 SI 2⇥ 10

�39 @ 0.7 0.01 comm. [328]
Bubble chambers (Section 4.6.4.3)
PICO-40L SNOLAB C3F8 59 SD 5⇥ 10

�42 @ 25 0.044 running [352]
PICO-500 SNOLAB C3F8 1 t SD ⇠1⇥10

�42 @ 50 in prep.
Directional detectors (Section 4.6.5)
CYGNUS Several He:SF6 103

m
3 SD 3⇥10

�43 @ 45 6 y R&D [346]
NEWSdm LNGS Ag,Br,C,. . . SI 8⇥ 10

�43 @ 200 0.1 R&D [345]

Table 1: Current, upcoming and proposed experiments for the direct detection of WIMPs. Mass is given in kg
unless explicitly specified. The experiments’ main detection channel (Ch) is abbreviated as: SI (spin independent
WIMP-nucleon interactions), SD (spin dependent), AM (annual modulation). The sensitivity is reported for this
channel, assuming the quoted exposure. Note that many projects have several detection channels. comm. denotes
experiment under commissioning.
⇤No decision yet. A CDR for LNGS is being prepared.
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Figure 3: Current status of searches for spin-independent elastic WIMP-nucleus scattering assuming the stand-
ard parameters for an isothermal WIMP halo: ⇢0 = 0.3 GeV/cm3, v0 = 220 km/s, vesc = 544 km/s. Results labeled
"M" were obtained assuming the Migdal effect [124]. The ⌫-floor shown here for a Ge target is a discovery limit
defined as the cross section �d at which a given experiment has a 90% probability to detect a WIMP with a scat-
tering cross section � > �d at �3 sigma. It is computed using the assumptions and the methodology described
in [139,140], however, it has been extended to very low DM masses by assuming an unrealistic 1 meV threshold be-
low 0.8 GeV/c2. Shown are results from CDEX [142], CDMSLite [143], COSINE-100 [144], CRESST-III [145],
DAMA/LIBRA [146] (contours from [147]), DAMIC [148], DarkSide-50 [149, 150], DEAP-3600 [133], EDEL-
WEISS [151,152], LUX [153,154], NEWS-G [155], PandaX-II [156], SuperCDMS [157], XENON100 [158] and
XENON1T [38, 159, 160].

(vii) Backgrounds located at the detector surface are often reduced by fiducialisation, i.e., the
selection of clean inner volume. This method requires knowledge of every event’s coordinates or a
detector design in which surface events generate special signals.

(viii) Active rejection during data analysis makes assumptions on the expected DM signal (e.g.,
single scatter NR) and rejects all events which do not fall into this category. Typically the ratio of
two out of the three observables heat, scintillation and ionization is used to differentiate between ER
and NR events due to their different energy-loss mechanisms. Other methods are scintillation pulse-
shape-discrimination (liquid argon), acoustic ↵-rejection (bubble chambers) or the rejection of multiply
scattering events. Finite rejection efficiencies might lead to background leaking into the signal region. If
the signal assumption is incorrect, the signal might be rejected in the analysis.

4.5 Current Status
The results of DM searches can be interpreted assuming a plethora of different types of WIMP interac-
tions with the target. Here we summarize the status of the field focusing on the most commonly used
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Figure 4: Sensitivity projections (90% CL) for spin-independent WIMP-nucleon scattering. The neutrino floor is
defined as in Fig. 3 and shown for different targets. Shown are projections from ARGO [350], CRESST, CYGNUS
(1000m3) [346], DAMIC-M [319], DarkSide-20k [350], DARWIN [235, 244], EDELWEISS [348], LZ [234],
PandaX-4t [271], SuperCDMS [349], T-REX [328], XENONnT [276] along with the envelope of the current
results from Fig. 3.

see Fig. 5. The discovery potential at lower mass is better in xenon experiments thanks to their much
lower experimental energy threshold. When operated in charge-only mode, the large liquid noble gas
TPCs also have a good sensitivity in the low mass region below ⇠5GeV/c

2, however, the discovery
potential is superior for the dedicated low-mass searches using bolometers and crystals thanks to their
lower backgrounds and energy thresholds.

It is important to emphasise that the whole spectrum of direct WIMP searches with all its com-
plementary approaches, targets and search channels cannot be put into one common figure. Experi-
ments with targets containing 19F are needed to optimally probe spin-dependent WIMP-proton coup-
lings. Xenon targets (129Xe, 131Xe) are required to test spin-dependent WIMP-neutron couplings with
the highest sensitivity, however, there are a number of isotopes which can also provide excellent res-
ults in one or/and the other channel (e.g., 7Li, 17O, 23Na, 27Al, 29Si, 73Ge, 127I, 183W). The search
for signatures of inelastic scattering requires a low background in both, NR and ER (before rejection),
channels; an additional excellent energy resolution will allow for an optimal characterisation of the pro-
cess. Interactions of DM particles in the mass range of O(1 � 100)MeV/c

2 are best searched for by
detectors with a sensitivity to single electrons, e.g., Si CCDs, Ge bolometers or liquid noble gas TPCs in
charge-only mode. Other models introduce different coupling between DM and protons vs. neutrons to
explain the apparent tension between DM claims and limits (e.g., [181]): in such a "xenophobic" model,
parameter space exists where DEAP-3600 has leading exclusion sensitivity [353]. In addition there is the
long-standing claim of the observation of an annually modulating DM signal in the NaI(Tl) scintillators
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FIG. 11. Projected (Top) 90% C.L. exclusion curves for
the spin-independent DM-nucleon scattering cross sec-
tion with 73 µBq/kg of 39Ar, compared to (solid) current
and (dashed) projected limits. (Bottom) 3� significance
evidence contours with a (dashed) 2 or (dotted) 4 e�

threshold and (thick) 7.3 or (thin) 73 µBq/kg of 39Ar.
Binomial quenching fluctuations and 1 t yr exposures are
assumed. The neutrino fog in LAr, with n denoting the
impediment to a 3� DM observation, is in gray [13].
Limits from CRESST-III [87], DarkSide-50 [20], and
XENON1T [16] are shown, along with DAMIC-1K [94],
NEWS-G, and SuperCDMS [95] projections.

where pcqe(n` ! EER) is the probability of an elec-
tron with mass me in the (n`) shell being ejected
with momentum qe = me

p
2ENR/mN in the nuclear

rest frame, with mass mN . The total deposited en-
ergy is ENR+EER+En`, where En` (E1s = 3.2 keV,
E2s = 0.3 keV, and E2p = 0.24 eV) is the bind-
ing energy of shell (n`). Signals are modeled as in
Ref. [21], summing NNR

e from ENR with NER
e from

EER + En`. This approach is conservative, given
the non-linearity of QER

y . Values of pcqe for isolated
atoms are used for all three shells from Ref. [107].
The reduced binding energy and the band structure
of the valence shell in LAr are not accounted for,
rendering this treatment conservative [108].

Significant sensitivity to DM masses as low as
30MeV/c2 can be achieved by exploiting this e↵ect,
as illustrated in the bottom left of Fig. 9. Other
e↵ects may give comparable reach [109].

B. Spurious electron background fits

If R&D enables SE models, they can be included in
the profile likelihood ratio calculation, and the anal-
ysis threshold can be lowered, recovering sensitivity.
The e↵ects of such an analysis are explored by mod-
eling SEs with Eq. (5), with F = 1, g2 = 75PE/e�,
and a total event rate of 0.8Hz, as estimated from
simulations. The e↵ects of varying ⌘, the impurity
concentration relative to DarkSide-50, are explored.

The results of these fits with a 2 e� threshold are
shown in the bottom right of Fig. 9. Modeling SEs
may extend sensitivity down to 200MeV/c2 masses.
Kinks in the projected exclusion curves are due to
DM spectra that closely match the SE spectrum pre-
dicted by a given ⌘.

C. Discovery sensitivity

The bottom of Fig. 11 shows DarkSide-LowMass’s
potential for observing evidence of DM at 3� signifi-
cance with varying 39Ar concentrations and analysis
thresholds. In 1 t yr, a 4 e� threshold can reach the
n = 1.5 neutrino fog above 1.7GeV/c2, with signifi-
cant sensitivity down to 0.5GeV/c2. A 2 e� thresh-
old extends the reach to 0.3GeV/c2, with masses
above 0.7GeV/c2 within the fog. Decreasing the
39Ar activity improves sensitivity at all masses.

TABLE VII. DM masses above which evidence (discov-
ery) contours are within the n = 1.5 solar neutrino fog
at 3� (5�) significance, up to ⇠10GeV/c2.

Ne� threshold 39Ar activity 3� 5�
[e�] [µBq/kg] [GeV/c2]
2 7.3 0.60 0.68
2 73 0.68 0.79
4 7.3 1.42 1.67
4 73 1.71 2.12

An observation rejecting the background-only hy-
pothesis at 3� significance would constitute evidence
for DM, while 5� amounts to a discovery. Table VII
summarizes the masses for which 3� and 5� signifi-
cance is reached within the n = 1.5 neutrino fog. Ev-
idence for DM would warrant follow-up studies to ei-
ther confirm or refute the possible signal and to test
if it can be explained by a poorly-understood back-
ground like SEs. These tests could include search-
ing for annual modulation in the excess and searches
with a liquid xenon TPC, where the SEs behave dif-
ferently than in LAr, or with entirely di↵erent tech-
nology with di↵erent low-energy systematics, like
SBC [110] or SuperCDMS [95], among others. In
order to detect compelling evidence for DM, it is
critical to better understand SEs.

DarkSide Low-Mass 
Study 2209.01177

ß Will reach down to solar neutrino floor

templates. These quantities are affected by the uncertainties
on the exposure, ionization energy scale, the estimate of the
radioactivity present in the detector, and the calculations of
atomic exchange and screening effects impacting 39Ar and
85Kr first forbidden unique beta decay spectral shapes. Such
systematic effects are implemented by means of a set of
nuisance parameters that acts on the normalizations and
spectral shapes of the background and signal spectra. This
likelihood has been used to perform a background-only fit
in the region Ne ¼ ½4; 170#, resulting in a good description
of the observed spectrum as shown by the red histogram of
Fig. 2. The postfit values of the nuisance parameters are in
good agreement with the nominal ones [40], confirming the
reliability of the fit.
The search for spin independent dark matter-nucleon

interactions via the ME is performed with a profile log-
likelihood ratio test statistic based on the above likelihood
function and the dark matter signal described in the
previous paragraphs.
The observed limit at 90% C.L. (confidence level) for the

NQ (QF) signal model is shown as a solid (dashed) red
curve in Fig. 3, together with the corresponding$1σ (green
shaded area) and$2σ (yellow shaded area) expected limits.
The observed limit is compatible within 1σ with the ex-
pected one, showing no significant excess above the
expected background in the region above Ne ¼ 4. The
choice of the fluctuation model affects only the intermedi-
ate region between 0.5 and 5 GeV=c2. Indeed, this is the
transition region between a signal that is dominated by the
nuclear recoil and one that is dominated by the ME with
nuclear recoils just below the analysis threshold. The
overlap between ER and NR ion-electron clouds, if
spatially close, may reduce the number of free electrons.
Such an effect is not accounted for in this Letter. However,

the maximal size of this effect can be inferred by comparing
the obtained limit with the one evaluated by assuming the
ME-induced ER component only (dot-dashed).
The observed upper limits presented in this Letter are

compared in Fig. 3 with other experiments [33,36,49–51].
The limit is entirely driven by the ME for DM masses
below 0.5 GeV=c2. The DS-50 experiment reaches the best
sensitivity for the dark matter spin-independent scattering
cross section for masses below 3.6 GeV=c2, improving
considerably the sensitivity with respect to the analysis of
2018 [36].
The limits benefit from the extended signal region Ne ∈

½4; 170# even though the signal rate typically is negligible
with respect to the background rate for Ne > 50 for masses
of Oð1Þ GeV. The larger Ne region provides further
constraints on the calibration parameters and background
model.
Exploiting data from the full exposure of the DS-50

experiment, we performed a search for LDM by analyzing
the ionization signals induced by DM particles scattering
off nuclei, enhanced by the Migdal effect. The Migdal
detection channel, together with the new calibration [39],
data selection, and background model [40], improves
significantly the sensitivity of DS-50 to spin-independent
DM-nucleon interactions for sub-GeV masses. This analy-
sis sets the world best limit on the spin-independent DM-
nucleon cross section for masses below 3.6 GeV=c2 and
down to 40 MeV=c2. The same analysis approach was
also applied to improve existing limits on dark matter
particle interactions with electron final states [62]. With
the DarkSide-20k detector under construction at the
LNGS [63], we hope to improve on all these limits
significantly.

FIG. 2. Data (black) and background model (red) after the
selection and fit described in [40]. The expected spectra including
the Migdal effect assuming a spin independent DM-nucleon
scattering cross section of 10−35 cm2 and DM masses of 0.1, 0.5,
and 0.9 GeV=c2 are shown in orange, blue, and green. The gray
shaded band shows the S2 threshold used in the analysis.

FIG. 3. Upper limits on the spin independent DM-nucleon cross
section at 90% C.L. obtained with a signal including the Migdal
effect, together with the corresponding $1σ (green shaded area)
and $2σ (yellow shaded area) expected limits. NQ is red solid,
QF is dashed, and the ER contribution from the ME is dash-
dotted. Also shown are limits Cresst-III (green) [49], Xenon1T
(light and dark blue) [33,50], PandaX-4T [51] and DS-50 (dark
red) [36]. Other weaker limits [6,8,51–57] and claimed discovery
[58–61] are not shown.

PHYSICAL REVIEW LETTERS 130, 101001 (2023)

101001-5

DarkSide Low-Mass
2207.11967 (Phys.Rev.Lett. 130 (2023) 10, 101001

Assuming
Migdal
effect

no Migdal
effect

Low mass WIMP search

https://arxiv.org/abs/2209.01177
https://arxiv.org/abs/2209.01177
https://arxiv.org/abs/2209.01177
https://arxiv.org/abs/2207.11967


Mapping-driven approach
§ Minimal set of assumptions (renormalizability, gauge invariance)
§ Reduced set of parameters
§ Limits from Planck, DD, LHC Mono-X (jet/photon/...), etc
§ Allows for bound comparison (with care)

§ Effective field theory approach

§ Portals and simplified models, e.g.

COSMO-16, 08/08/2016 Enrico Maria Sessolo 10

1. Minimal or curiosity driven
● (Relatively) model-independent interpretation of experimental bounds

(Planck, DD, LHC Mono-jet/photon/..., etc) 

● Minimal set of assumptions (renormalizability, gauge invariance)
● Allows for bound comparisons (with care)
● Reduced set of parameters 

Effective field theory

Portals and
simplified models

Cao, Chen, Li, Zhang, 0912.4511 (JHEP), Beltran et al. 1002.4137 (JHEP), Goodman,
Tait et al. 1005.3797 (PLB), 1009.0008 (NPB), Bai, Fox, Harnik et al. 1005.3797 (JHEP),
1109.4398 (PRD).... many more  

Patt, Wilczek hep-ph/0605188, March-Russel et

al. 0801.3440 (JHEP), Andreas et al. 0808.0255
(JCAP), Djouadi, Lebedev, Mambrini et al. 
1108.0671 (PRD), 1112.3299 (PLB), 1205.3169
(EPJ), 1411.2985 (JCAP), An et al. 1202.2894
(JHEP), Frandsen et al. 1204.3839 (JHEP), Bai
and Berger 1308.0612 (JHEP), DiFranzo et al. 
1308.2679 (JHEP).... many more  

Busoni, De Simone, Riotto et al. 1307.2253 (PLB),
1402.1275 (JCAP), 1405.3101 (JCAP), ….
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1. Minimal or curiosity driven
● (Relatively) model-independent interpretation of experimental bounds

(Planck, DD, LHC Mono-jet/photon/..., etc) 

● Minimal set of assumptions (renormalizability, gauge invariance)
● Allows for bound comparisons (with care)
● Reduced set of parameters 

Effective field theory
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simplified models
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Typical
scheme:

hidden sector
DM

Mediator(s)
portal

Standard
 Model

Low mass regime:
Sub-MeV to sub-GeV

L. Roszkowski, SUSY-23, Soton, 18 July 2023

(From review 2102.12143)



A dark Higgs mechanism?
• Most logical way to give a mass to the Dark photon → Higgs 

mechanism.
Kinetic mixing term

Dark Higgs potential

• The new “dark” U(1) symmetry is broken Æ the VEV of the dark Higgs gives 
a mass to the dark photon

• The dark Higgs is typically light and long-lived 

Dark photon, dark Higgs portalFairly well-studied 
case

• extra ``dark photon” V
• extra ``dark” gauge U(1)
• dark Higgs mechanism + boson S
• DM particle: scalar or fermion 

Hidden
Sector:

DM 

epsilon: kinetic mixing

Messenger portal:
Dark photon 
and/or
Dark Higgs

SM

Darme et al, 1710.08430

e.g., pseudo-Fermi DM complex scalar DM

Constraints from:
• CMB, BBN, relic density
• BaBar, NA64 (à LDMX)…
• Beam dump expts
• DM searches
• …

Sub-GeV DM

L. Roszkowski, SUSY-23, Soton, 18 July 2023

§ DM produced via freeze-out

https://arxiv.org/abs/1710.08430


Types of accelerator-based searches for light (MeV-~GeV) thermal DM

§ Missing 
energy/momentum/
mass in beam-dump

examples: NA64, LDMX

§ Missing energy in 
colliders

Examples: B factories 
(BaBaR, Belle-II)

§ Production + 
- rescattering
e.g., MiniBooNE, 
SND@SHiP, FLArE, 
COHERENT, CCM
or
- semi-visible decay
e.g., NA62, SHiP, FASER

missing

measured

known

soft recoil

Snowmass review, 2207.00597

(S. Trojanowski)

L. Roszkowski, SUSY-23, Soton, 18 July 2023



Relativistic regime of DM interactions corresponds to conditions in the early Universe

Going beyond direct detection of DM

Snowmass review, 2207.00597

§ dark photon mediator (kinetic mixing)

Beam-dump LDMX to cover 
the whole mass range 

L. Roszkowski, SUSY-23, Soton, 18 July 2023

Rates for DD 
very low
(p-wave 
suppressed)



DM axions
in non-standard cosmological scenarios

L. Roszkowski, SUSY-23, Soton, 18 July 2023

• New opportunities for axion dark matter searches in nonstandard cosmological models, 
 P. Arias, N. Bernal, A. Narino, D. Karamitros, C. Maldonado, LR, M. Venegas, 
 JCAP 11 No 11 (2021) 003
• Dark Matter Axions in the Early Universe with a Period of Increasing Temperature,

 P. Arias, N. Bernal, J.K. Osiński, LR, e-Print: 2207.07677 à JCAP 05 (2023) 028
• Frozen-in fermionic singlet dark matter in non-standard cosmology with a decaying fluid,
 P. Arias, D. Karamitros, LR, JCAP 05 (2021) 041
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Outline

ØBrief introduction:
Ø Standard cosmology (SC) of the Big Bang
ØNonstandard cosmology (NSC) alternatives

ØAxion dark matter (DM) in SC and NSC with early matter 
  domination (EMD) period
• EMD with a period of increasing temperature

Ø Summary



Ø Standard Cosmology (SC) of the early Universe:

• Period of inflation, reheating
• Radiation domination (RD) follows until BBN 

(and later, until radiation-matter EQ)
• Dark matter (DM) production takes place between inflation

and BBN
• Axion: misalignment mechanism
• WIMP: freeze-out or freeze-in

Ø Most studies of DM production, properties and prospects for discovery assume SC

• There are many possible alternatives to SC,
called nonstandard cosmology (NSC)

Examples:
• early matter domination (EMD), 
• kination 
• …
• PBH evaporation

How do results for DM change in NSCs? 

L. Roszkowski, SUSY-23, Soton, 18 July 2023

Much work in the literature
(see bibliography)

• Simplest assumption, but no observational evidence

(Many slides from J. Osiński)



Nonstandard Cosmologies (NSCs) 

• Domination by energy density other than radiation before BBN
• General equation of state of dominating component:  𝑝 = 𝜔𝜌

𝝎 = 𝟎 matter            𝝎 = 𝟏/𝟑 radiation            𝝎 = 𝟏 kination
𝜌 ∝ 𝑎!" 𝜌 ∝ 𝑎!# 𝜌 ∝ 𝑎!$
𝑎 ∝ 𝑡%/" 𝑎 ∝ 𝑡'/% 𝑎 ∝ 𝑡'/"

Faster redshift, slower expansion

Matter-like:  𝜔 < 1/3
• can be initially subdominant 
• should decay to end NSC 
• (oscillating scalar field) 

Kination-like: 𝜔 > 1/3
• should begin dominant 
• can be stable 
• (fast-rolling scalar field) 

L. Roszkowski, SUSY-23, Soton, 18 July 2023



Examples of NSC

RD 

Matter

RD 

𝐻
∝ 𝑇!/#

𝐻
∝ 𝑇$

(adiabatic) (non-
adiabatic)

scale factor (𝑎) 

en
er

gy
 d

en
sit

y 
(𝜌

) 

Kination

RD 

𝐻
∝ 𝑇!

scale factor (𝑎) 

en
er

gy
 d

en
sit

y 
(𝜌

) 

Standard RD: 
𝑯 ∝ 𝑻𝟐

Adiab. NSC: 
𝑯 ∝ 𝑻𝟑(𝟏)𝝎)/𝟐

Nonad. NSC: 
𝑯 ∝ 𝑻𝟒

NSC field
Radiation 

𝐻 ∝ 𝑇#𝐻 ∝ 𝑇# 𝐻 ∝ 𝑇#

L. Roszkowski, SUSY-23, Soton, 18 July 2023



Consequences of NSC 

Ø Two main effects: 
1. Change evolution of expansion rate 𝑯 and temperature 𝑻

à processes happen at different times and 
temperatures than in SC

2. Entropy injection if dominant component decays to SM, 
mostly in matter-like cases
à Dilution of other energy densities 

à NSC affects DM production

L. Roszkowski, SUSY-23, Soton, 18 July 2023

(and other processes, too)



DM production  

Thermal 
• DM can be produced directly from thermal bath 

(many possible interactions with either freeze-
out or freeze-in) 

Nonthermal
• Does not originate from thermal bath (out-of-

equilibrium decay, primordial black holes, scalar 
oscillations, topological sources) 
à focus on axions from misalignment 

L. Roszkowski, SUSY-23, Soton, 18 July 2023



Axion misalignment mechanism

• Initial value of angle 𝜽 fixed 
after Peccei-Quinn (PQ) 
breaking at a high scale 𝒇𝒂

• Axion field 𝒂 frozen as long 
as  Hubble rate > axion mass 

Axion mass:

𝒎(𝑻) ≈ 𝒎𝒂 5
𝑻𝑸𝑪𝑫
𝑻

𝟒

𝑻 > 𝑻𝑸𝑪𝑫
𝟏 𝑻 < 𝑻𝑸𝑪𝑫

Hubble	rate:	

𝑯 𝑻 ∝
𝑻𝟐

𝑴𝐏
(radiation 
domination)

𝜽(𝒕) ≡
𝒂(𝒕)
𝒇𝒂

𝒎𝒂 ≈ 𝟓. 𝟕 𝐦𝐞𝐕
𝟏𝟎𝟗 𝑮𝒆𝑽

𝒇𝒂
𝑻𝑸𝑪𝑫 ≈ 𝟏𝟓𝟎 𝐌𝐞𝐕

(zero-
temp. 
axion
mass) 

L. Roszkowski, SUSY-23, Soton, 18 July 2023
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• As temperature of Universe cools, 
axion mass increases while Hubble rate drops 
• Axion oscillation begins when 

• “standard mass window” for correct DM relic abundance 
assuming standard RD history:  

• Notice that this mechanism depends on thermal history                      
à nonstandard cosmologies (NSCs) can alter axion production

10!$ eV ≲ 𝑚5 ≲ 10!6 eV for     0.5 ≲ 𝜃7 ≲ 𝜋/ 3

3 𝐻(𝑇89:) ≈ 𝑚(𝑇89:)

Axion misalignment mechanism

L. Roszkowski, SUSY-23, Soton, 18 July 2023



Axions in NSC

• Extended mass 
window for axion DM 

• Matter-like NSC: 
smaller mass 

• Kination-like NSC: 
larger mass 

(no dilution here for 
kination, but still large 
effect!)

P. Arias, N. Bernal, D. Karamitros, C. Maldonado, L. Roszkowski, M. Venegas, 
2107.13588 à JCAP

L. Roszkowski, SUSY-23, Soton, 18 July 2023

𝛽 = 3(1 + 𝜔)

(for  0.5 ≲ 𝜃! ≲ 𝜋/ 3)

https://arxiv.org/abs/2107.13588


scale factor

Axions with increasing-temperature EMD 

• Consider early matter 
domination by scalar field 

• Decay rate of dominating 
field increases with time 
(set by 𝒙, constant for 𝒙 =
𝟎) 

• 𝚪= 𝚪(T,R)~Rk Tn

• Nonadiabatic phase is 
altered to 𝑯 ∝ 𝑻𝟏𝟐/(𝟑>𝟐𝒙)

en
er

gy
 d

en
sit

y 

P. Arias, N. Bernal, J.K. Osiński, L. Roszkowski, 
2207.07677

L. Roszkowski, SUSY-23, Soton, 18 July 2023

• Same temperature can occur multiple times 
à 𝟑 𝑯 ≈ 𝒎 can occur up to three times (provided that 𝒙 < −𝟑) 

where C is a parameter of order one [56]. Standard perturbative decay of � with a constant
decay width is recovered for n = k = 0. Here, we focus on the case where n < 4 and
n � k < 5/2, which guarantees efficient energy transfer from � to SM radiation [25]. It is
worth mentioning that if k = 3/2, the SM temperature is constant in the nonadiabatic phase.
Additionally, k < 3/2 (k > 3/2) induces a decrease (increase) of the temperature during the
nonadiabatic phase.

Recalling the features of a mater-dominated NSC, it is characterized by an adiabatic
phase (for Rini < R < Rc) where the temperature cools according to T / R

�1 as in standard
RD, followed by a nonadiabatic phase (for Rc < R < Rfin) in which decays of � modify the
temperature relation. The transition between the two regimes occurs when R ⇡ Rc. As a
function of the scale factor, the Hubble expansion rate can be estimated to be

H(R) '

8
>>>>>>>><

>>>>>>>>:

Hr(Tfin)

✓
Rfin
Rini

◆3/2✓
Rini

R

◆2

for R  Rini ,

Hr(Tfin)

✓
Rfin
R

◆3/2

for Rini  R  Rfin ,

Hr(Tfin)

✓
Rfin
R

◆2

for Rfin  R .

(3.6)

By analytically solving the system of Eqs. (3.1) and (3.2) [25, 56], it can be shown that the
SM temperature scaling is given by

T (R) '

8
>>>>>><

>>>>>>:

Tc
Rc

R
for R  Rc ,

Tc

✓
Rc

R

◆ 3+2x
8

for Rc  R  Rfin ,

Tfin
Rfin
R

for Rfin < R ,

(3.7)

with Tc the temperature at which the decay of � starts to affect the temperature evolution,
and

x ⌘ 3n � 8 k

2 (4 � n)
, (3.8)

such that the case of constant decay rate is reproduced when x = 0. An increase in tem-
perature is obtained during the nonadiabatic phase for x < �3/2. Thus, the NSC is fully
characterized by three independent parameters. A convenient choice – which we will adopt in
what follows – is x, Tc, and Tfin. Therefore, in terms of x the decay rate of � can be cast as

� = �(R) = C

✓
Rfin
R

◆x

Hfin (3.9)

during the nonadiabatic phase Rc < R < Rfin. Finally, to avoid trouble with BBN, we require
both Tfin and Tc to be higher than TBBN ' 4 MeV [57–60].

In Fig. 1 we show the evolution of the SM radiation and � energy densities as a function
of the scale factor R for three different histories. The red dashed line corresponds to the
standard cosmological evolution of ⇢r (with no line for ⇢�), whereas the thin dash-dotted and
the thick solid lines correspond to two examples of NSC with x = 0 and Tc = 50 GeV (i.e.
standard EMD era), or x = �23/2 and Tc = 54 MeV (coming i.e. from n = 3 and k = 4),

– 6 –

https://arxiv.org/abs/2207.07677


Angle 

Velocity 

Energy         
density 

• Axion misalignment 
altered by restoration 
of Hubble friction 
• Second period of 

oscillation with new 
configuration 
• Resultant axion energy 

density is smaller due 
to entropy injection 
and smaller amplitude 

à Smaller mass for 
axion DM 

P. Arias, N. Bernal, J.K. Osiński, L. Roszkowski, 2207.07677 àJCAP

Axions with increasing-temperature EMD

L. Roszkowski, SUSY-23, Soton, 18 July 2023

https://arxiv.org/abs/2207.07677


• Extended window 
toward smaller 
mass, as before

• NSC histories add 
to motivation to 
look out of 
standard window 

• Can probe NSC 
scenarios in 
coming years 

Axions with increasing-temperature EMD 

P. Arias, N. Bernal, J.K. Osiński, L. Roszkowski, 
2207.07677

L. Roszkowski, SUSY-23, Soton, 18 July 2023

https://arxiv.org/abs/2207.07677


https://github.com/cajohare/AxionLimits 

current future

L. Roszkowski, SUSY-23, Soton, 18 July 2023
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To take home:

Ø DM: evidence convincing but nature unknown
Ø Much theoretical activity, new avenues explored
Ø A plethora of candidates, few well motivated
Ø Axion and ~1TeV higgsino are my front-runners
Ø Steady experimental search progress
Ø Multi-GeV to TeV range to be eventually explored down to 

neutrino floor
Ø ~1 GeV WIMP regime likely to be experimentally covered

by low-mass experiments (LM DarkSide, also cryogenic)
Ø Light O(MeV) WIMPs: hard in DD but LDMX may help
Ø …
Ø Axion: intense search in and outside of the standard 

window
Ø Non-standard cosmologies: strong motivation to look 

outside the window

L. Roszkowski, SUSY-23, Soton, 18 July 2023


