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What is the Dark Sector?
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WIMP: weak-scale masses and interaction strength



The Waning of the WIMP: Endgame?

Giorgio Arcadia,1,2, David Cabo-Almeidab,1,2,3, Maíra Dutrac,4,5, Pradipta Ghoshd,6,
Manfred Lindnere,7, Yann Mambrinif,8, Jacinto P. Netog,1,9,10, Mathias Pierreh,11,
Stefano Profumoi,12,13, Farinaldo S. Queirozj,9,10,14

2403.15860



slide from Yotam Soreq



New Physics in the Dark Sector?
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Figure 1. Top: Data points show inferences of the 3D linear matter power spectrum at z = 0 from Planck CMB data on the largest scales,

SDSS galaxy clustering on intermediate scales, SDSS Lyα clustering and DES cosmic shear data on the smallest scales. In cases where

error bars in the k-direction are present, we have used the method of Tegmark & Zaldarriaga (2002) to calculate a central 60% quantile

of the region to which each data point is sensitive. In other cases, data points represent the median value of the measurement. The solid

black line is the theoretical expectation given the best-fit Planck 2018 ΛCDM model (this model also enters the computation of the data

points themselves). The dotted line for reference shows the theoretical spectrum including non-linear effects. Bottom: deviation of the

data from the Planck best fit ΛCDM 3D matter power spectrum.

around a central model. The four cosmological parameters
are the scalar spectral index ns, the RMS matter fluctuations
amplitude today in linear theory σ8, the matter density to-
day Ωm, and the expansion rate today H0. The astrophysical
parameters (all at z = 3) are the normalization temperature
of IGM T0, the logarithmic slope of the δ dependence of the
IGM temperature γ, the effective optical depth of the Lyα

absorption Aτ and the logarithmic slope ητ of the redshift
dependence of Aτ . The central (also dubbed best-guess) sim-
ulation is based upon a fiducial model corresponding to the
Planck Collaboration et al. (2014) best-fit cosmology. The
simulation grid, however, allows us to test other cosmologies.

In Table 1, we list the values of the parameters used
in the best-guess simulation, as well as the corresponding

MNRAS 000, 1–7 (2015)

Planck Collaboration: Cosmological parameters
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` ≥ 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-ΛCDM cosmology. In the multipole range 2 ≤ ` ≤ 29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-ΛCDM theoretical spectrum best fit to the Planck
TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1σ diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` ≥ 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

the best-fit temperature data alone, assuming the base-ΛCDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization efficiencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization efficiency at 143 × 143, cEE

143, derived
from the EE spectrum is about 2σ lower than that derived from
T E (where the σ is the uncertainty of the T E estimate, of the
order of 0.02). This difference may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters differently in EE and T E. We have investi-
gated ways of correcting for effective polarization efficiencies:
adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent

estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization efficiencies fixed to the efficiencies ob-
tained from the fits on EE:

(
cEE

100

)
EE fit

= 1.021;
(
cEE

143

)
EE fit

=

0.966; and
(
cEE

217

)
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based effective polar-
ization efficiency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization efficiency estimates
(which essentially differs by applying to EE the efficiencies
given above, and to T E the efficiencies obtained fitting the T E
spectra,

(
cEE

100

)
TE fit

= 1.04,
(
cEE

143

)
TE fit

= 1.0, and
(
cEE

217

)
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ΛCDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization efficiencies, we find small shifts in the base-ΛCDM
parameters compared with ignoring spectrum-based polariza-
tion efficiency corrections entirely; the largest of these shifts
are +0.5σ in ωb, +0.1σ in ωc, and +0.3σ in ns (to be com-

7

BAO & FS measurement from eBOSS LRG PS 5

-1000

-500

 0

 500

 1000

 1500

 2000

 0  0.05  0.1  0.15  0.2  0.25  0.3

kP
(l)

(k
) 

[(
M

pc
/h

)2 ]

k [h/Mpc]

Figure 2. Power spectrum multipoles measured from the DR16
CMASS+eBOSS LRG sample, monopole (orange symbols), quadrupole
(green symbols) and hexadecapole (purple symbols). The filled and empty
symbols correspond to measurements from the NGC and SGC, respec-
tively. The empty symbols are displaced horizontally for visibility. The
black dashed and dotted lines correspond to the clustering of the mean of
the 1000 realisations of the EZMOCKS with all the systematics applied, for
NGC and SGC, respectively. The amplitude mismatch, more evident for the
monopole, is due to the effect of completeness on the normalisation factor
of the power for data and mocks.

2.2.1 EZMOCKS

The EZMOCKS consist of a set of 1000 independent realisations
using the fast approximative method based on Zeldovich approx-
imation (Chuang et al. 2015) with the main purpose of estimat-
ing the covariance of the data. Such mocks consist of light-cones
with the radial and angular geometry of the CMASS+eBOSS LRG
dataset, with observational effects, such as fibre collision, redshift
failures and completeness. These light-cones are drawn from 4 and
5 snapshots at different redshifts, for CMASS and eBOSS galaxies,
respectively. A full description of these mocks is presented in Zhao
et al. (2020). These mocks are generated using fast-techniques,
which are a good approximation of an actual N-body simulation
at large scales, but which eventually fail to reproduce the complex
gravity interaction and peculiar motions at small scales. Because
of this, we use them to estimate the covariance matrix of the data,
but their performance for reproducing physical effects such as BAO
and RSD is not guaranteed at sub-percent precision level. Thus, we
do not estimate the potential modelling systematics based on these
mocks, but on full N-body mocks. However these mocks are useful
to estimate the relative change on cosmological parameters when
applying each of these observational features. We use them to quan-
tify the potential impact of observational systematics in the final
data results. In order to analyse these mocks we use the covariance
drawn from themselves.

2.2.2 NSERIES mocks

The NSERIES mocks are full N-body mocks populated with a fixed
Halo Occupation Distribution (HOD) model similar to the one cor-
responding to the DR12 BOSS NGC CMASS LRGs. Their effec-
tive redshift, zeff = 0.56 is slightly smaller compared to the ef-

fective redshift of the DR16 CMASS+eBOSS LRG sample, zeff =
0.698, as they were initially designed to test the potential system-
atics on the modelling used for the BOSS CMASS sample. They
were generated out of 7 independent periodic boxes of 2.6h−1Gpc
side, projected through 12 different orientations and cuts, per box.
In total, after these projections and cuts 84 pseudo-independent re-
alisations were produced. The mass resolution of these boxes is
1.5 × 1011 M�/h and with 20483 particles per box. The large ef-
fective volume, 84 × 3.67 [Gpc]3 makes them ideal to test poten-
tial BAO and RSD systematics generated by the analysis pipeline,
as to test the response of the arbitrary choice of reference cosmol-
ogy on the BAO and full shape model templates, in the galaxy cat-
alogues when converting redshifts into distances, and its impact
on the inferred cosmological parameters. We use the NGC MD-
PATCHY mocks (Kitaura et al. 2016) to describe the covariance of
these mocks. We rescale the covariance terms by 10% based on the
ratio of particles, as the MD-PATCHY mocks have fewer particles
than the NSERIES mocks due to veto effects on DR12 CMASS data,
which was also imprinted into the MD-PATCHY mocks but not
into NSERIES mocks. When we run reconstruction on the NSERIES

mocks, we consistently also use the covariance from reconstructed
MD-PATCHY mocks.

2.2.3 OUTERRIM-HOD mocks

The OUTERRIM-HOD mocks are drawn from the OUTERRIM N-
body simulation (Heitmann et al. 2019) and populated with dif-
ferent types of HOD models (see Rossi et al. 2020 for a full de-
scription), some of them similar to the LRG sample, but also oth-
ers having different properties. The original simulation corresponds
to a single cubic box realisation with periodic boundary condi-
tions whose size is 3h−1Gpc. This box is divided into 27 cu-
bic sub-boxes of 1h−1Gpc per side, without the periodicity of
cubic-boxes. For those galaxy catalogues whose HOD models are
close to the actual data sample studied here (those labelled ‘Hearin-
Threshold-2’, ‘Leauthaud-Threshold-2’ and ‘Tinker-Threshold-2’,
see Rossi et al. 2020 for a description of all models), we place
the galaxies in a larger box of 3h−1Gpc per side with empty
space between the galaxies and the box edges, and generate a ran-
dom catalogue with the same distribution but with no clustering. In
this way when performing the discrete Fourier transform the non-
periodicity conditions do not impact the results. We refer to this
process as padding. Additionally, we also apply reconstruction on
these padded catalogues.

The effective volume of each sub-box of the ‘Hearin-
Threshold-2’, ‘Leauthaud-Threshold-2’ and ‘Tinker-Threshold-2’,
corresponds to ∼ 1.1 Gpc3. For the rest of the HOD-models, the
effective volume varies between 2.1 and 2.7 Gpc3, as the number
density of objects, and consequently n̄P , is much higher.

In order to deal with the covariance of these mocks we have
used the covariance derived from the EZMOCKS and re-scaled
by the difference in particle number. These re-scalings corre-
spond to the factors 1.0, 0.64, and 9 for ‘Standard’, ‘Threshold-1’
and ‘Threshold-2’, respectively, for Hearin, Leauthaud and Tinker
HOD-types. For Zheng HOD-type we use 0.60, 2.37 and 0.60, for
‘Standard’, ‘Threshold1’ and ‘Threshold2’, respectively.

2.3 Reference Cosmology

In this paper we choose a set of cosmological parameters within the
flat ΛCDM model to define a reference cosmology, which is used

MNRAS 000, 1–39 (2020)
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Figure 18: 1D Lyα forest power spectrum for the analysis described in this paper. Error bars in-
clude statistics and systematics added in quadrature. The solid curves show the best-fit model when
considering Lyα data alone. The oscillations arise from Lyα-Si III correlations, which occur at a
wavelength separation ∆λ = 9.2 Å.

Table 6: Best-fit value and 68% confidence levels of the cosmological parameters of the model fitted
to the flux power spectrum. The dataset is split in several subsamples based on the spectral resolu-
tion, the SNR per pixel, the QSO catalog (DR9, post DR9), the spectrograph used and the Galactic
hemisphere (NGC, SGC).

Parameter Reference σλ < 80 km s−1 SNR > 4 MJD < 55753 MJD > 55573
T0 (z=3) (103K) 10.3 ± 1.9 12.0 ± 2.0 11.7 ± 1.9 8.6 ± 2.4 11.4 ± 1.9
γ 0.8 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.8 ± 0.1
σ8 0.820 ± 0.021 0.826 ± 0.022 0.833 ± 0.020 0.850 ± 0.029 0.819 ± 0.021
ns 0.955 ± 0.005 0.957 ± 0.006 0.951 ± 0.008 0.945 ± 0.007 0.954 ± 0.006
Ωm 0.269 ± 0.009 0.270 ± 0.010 0.276 ± 0.012 0.280 ± 0.013. 0.271 ± 0.011
H0 (km s−1 Mpc−1) 67.1 ± 1.0 67.0 ± 1.0 67.2 ± 1.0 67.3 ± 1.0 67.0 ± 1.0

Spectro #1 Spectro #2 SGC NGC
T0 (z=3) (103K) 10.3 ± 1.9 11.2 ± 2.1 11.3 ± 3.1 10.2 ± 1.9
γ 0.9 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.1
σ8 0.826 ± 0.023 0.834 ± 0.023 0.794 ± 0.029 0.825 ± 0.02
ns 0.963 ± 0.006 0.939 ± 0.007 0.960 ± 0.011 0.956 ± 0.005
Ωm 0.262 ± 0.010 0.286 ± 0.014 0.263 ± 0.013. 0.271 ± 0.010
H0 (km s−1 Mpc−1) 66.9 ± 1.0 67.3 ± 1.0 67.2 ± 1.0 67.1 ± 1.0

– 27 –

Galaxy cluster counts (z . 2)

1905.08103

Planck 2007.04997, ACT 2007.07288,...
BOSS DR16 2007.08994

DESI 2404.03002, 2411.12022

BOSS Lyα 1812.03554

DESI early Lyα 2405.03447

CMB (z ∼ 103) Galaxy surveys (z . 2)

Lyα forest (z ∼ 2− 4)

Planck/SPT/ACT/DES SZ 2009.11043,2401.02075

Weak lensing (z . 2)
DES 2107.04646

KiDS-1000 2007.15632

KiDS+DES 2305.17173



Large-scale structure

Euclid satellite (ESA, launched 2023) DESI Arizona (yr1 results 2024)



Large-scale structure

DESI one-year data 2404.03002



Large-scale structure

observations.

2.4 million  QSOs

17 million  ELGs

6 million LRGs

10 million brightest  
galaxies

DESI, from O. Lahav



DESI 2024 VII: Cosmological
Constraints from the Full-Shape
Modeling of Clustering Measurements arXiv:2411.12022
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H0?
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Sytematics or Beyond-ΛCDM Physics?

I Indirect measurements set by the ratio of the sound horizon at
recombination, and the angular diameter distance

rs(zrec ) =

∫ ∞

zrec

dz ′
cs(z ′)

H(z ′)
∝ 1/

√
ρtotal(z ∼ zrec ) ,

dA(zobs) =

∫ zobs

0

dz ′
1

H(z ′)
∝ 1/H0

I Increasing the inferred value of H0 from CMB and galaxy surveys
(BAO) requires to lower the sound horizon, e.g. via additional (dark
sector) energy around recombination

[.. and changing ωm , ..., see e.g. Poulin et al 2407.18292]



Extra (self-interacting) dark radiation?

e.g. Schmaltz, Weiner, Joseph, Aloni, Allali

Rompineve, Hertzberg, Poulin, Simon, Schöneberg ...



Extra (early) dark energy?

Poulin, Smith, Karwal, Kamionkowski 18,...



EDE NEDE

Poulin, Smith, Karwal, Kamionkowski 18 Niedermann, Sloth 19



cold NEDE hot NEDE
(this talk)

Niedermann, Sloth 19+ Niedermann, Sloth 21

MG, Niedermann, Rubira, Sloth 24



New Physics in the Dark Sector?
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Dark SU(N) + Higgs mechansim

Example: weakly coupled non-Abelian gauge symmetry with dark Higgs

L = LSM + (Dµφ)†Dµφ− µ2φ†φ− λ

4
(φ†φ)2 − 1

4
Fµν

a F a
µν

I Dark gauge bosons Aµ
a = dark radiation DR

I Dark Higgs φ = (φ1, . . . , φN )T leads to spont. symmetry breaking

SU(N)→ SU(N − 1)

Parameters: αd ≡ g 2
d

4π , µ
2, λ, ξ ≡ TDR

TSM

Assume Debye length ∼ 1/(gd TDR )� confinement length scale 1/Λc ∝ e−1/g2

(similar to quark-gluon plasma phase in QCD at high-T )



Dark SU(N) + Higgs mechansim

Coleman-Weinberg mechanism for classically scale-inv. theory with VEV
〈φ〉 = (0, .., 0, v)T generated by dimensional transmutation

λ(µMS = v) = O(g4
d )

Light Higgs compared to dark gauge bosons that acquire mass mA ∼ gdv

mφ

mA
∼ O(gd )

Coleman, E. Weinberg 73



Dark SU(N) + Higgs mechansim

Can allow for soft breaking of class. scale inv. by mass term in Higgs
potential as long as

γ ≡ |µ
2|

g4
d v

2
� 1

⇒ Parameters: αd ≡ g 2
d

4π , v
2, γ, ξ ≡ TDR

TSM



Dark SU(N) + Higgs mechansim

Symm. breaking via supercooled phase transition at z = z∗

∆V = VCW (0)− VCW (v) ∼ g4
d v

4 � TDR (z∗)
4

Witten 1981

Transition temperature∗ (unless for exp. small γ)

TDR (z∗) ∼
√
γgdv

(∗) small negative µ2-term; barrier in eff. pot. vanishes at z∗



Dark SU(N) + Higgs mechansim = hot NEDE

z > z∗ Vacuum energy ∆V = “early dark energy”

z < z∗ Thermalization heats dark sector (DR = remaining massless
SU(N − 1) gauge bosons and light Higgs)

⇒ increase of ∆Neff ∝ ∆V at z = z∗

z < zt Mass threshold of light Higgs leads to further (small) increase at

zt ∼ z∗
mφ

mA
∼ gdz∗

analogous to step model, see Schmaltz, Weiner, Joseph, Aloni, Allali

Rompineve, Hertzberg, Poulin, Simon, Schöneberg ...

In summary: two “steps” in ∆Neff at z∗ and zt ∼ gdz∗



Dark SU(N) + Higgs mechansim = hot NEDE
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⇒ suppression of P(k) over wide range of scales (ETHOS n = 0)

(note: different for Abelian (dark photon) or contact interaction)

Moore, Teaney hep-ph/0412346; Buen-Abad, Lesgourgues, Marquez-Tavarez, Schmaltz 1505.03542, 1507.04351;

Cyr-Racine, Sigurdson, Zavala, Bringmann, Vogelsberger 1512.05344; ...; Rubira, Mazoun, MG 2209.03974
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I Dark sector temperature ξ = TDR/Tγ : scale of suppression

I DM+DR interaction strength: amount of suppression

fig. from Mazoun, Bocquet, MG, Mohr, Rubira, Vogt 2312.17622



Dark SU(N) + DM

0.05 0.10 0.15 0.20

ξDR

0.75

0.80

0.85

S
8

Planck

CMB-S4×ngWL

Planck+CMB-S4×ngWL
ξ = TDR

Tγ

-3

8.5

20

lo
g
1
0
(a

d
ar
k
/[
M
p
c]

−
1
)

0.743 0.795 0.847
S8

0.001 0.237 0.473

ξ

0.743

0.795

0.847

S
8

-3 8.5 20
log10(adark/[Mpc]−1)

Planck + BAO + RSD

Planck + BAO + FS

Planck + BAO + FS + KiDS

Forecast for CMBS4-SZ cluster counts + masses via Euclid weak lens BOSS-DR12 (1-loop EFT CLASS-PT)
Mazoun, Bocquet, MG, Mohr, Rubira, Vogt 2312.17622 Rubira, Mazoun, MG 2209.03974

cf. also Euclid weak lensing shear forecast Euclid coll. 2406.18274 Simon++, Joseph++

21cm forecast Plombat, Simon, Flitter, Poulin 2410.01486 Chacko++, Rompineve+
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