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Outline 
the ΛCDM “desert” 
populating a dark sector from

the neutrinos
applications:

Neff with a step, H0 and S8, 
neutrino cooling and BBN
summary
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What’s in the eV-MeV desert?
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What’s in the eV-MeV desert?

data!
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data in the eV-MeV desert
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Fig. 24.— Recent measurements of the CMB temperature anisotropy and polarization. The two models, the thin nearly overlapping
grey lines, are from Planck (dashed line) and from ACT plus WMAP (A20, solid line). The primordial BB signal with r = 0.1 is also
shown with the dot-dashed line. For Planck we show the 2018 results (Planck Collab. V et al. 2019). For SPT we show Henning et al.
(2018) for 150 GHz TT ` < 2000, TE and EE, and Sayre et al. (2019) for BB. For ` > 2000 we show the SPT spectrum from George
et al. (2015) which has been corrected for point source emission. It is visually indistinguishable from the more precise but uncorrected
spectrum in Reichardt et al. (2020). For Polarbear/Simons Array we show EE from Adachi et al. (2020) and BB from pipeline A in
POLARBEAR Collaboration et al. (2017). For BICEP2/Keck we use Ade et al. (2018). All error bars are one sigma and points with no
lower bound in TT and EE have been dropped at high `. There is much more to each data set than is plotted here, for example additional
frequencies. For ACT we also show preliminary EE results that were not used in the analysis: for ` = [103, 150.5, 200.5, 250.5, 300.5],
DEE

` = [1.14± 0.32, 1.40± 0.22, 0.70± 0.14, 2.02± 0.20, 9.74± 0.39] (µK)2.
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data in the eV-MeV desert

eV 10 eV 100 eVLarge Scale

Structure

Planck Collaboration: The cosmological legacy of Planck

Fig. 19. The (linear theory) matter power spectrum (at z = 0) inferred from di↵erent cosmological probes. The broad agreement
of the model (black line) with such a disparate compilation of data, spanning 14 Gyr in time and three decades in scale is an
impressive testament to the explanatory power of ⇤CDM. Earlier versions of similar plots can be found in, for example, White et al.
(1994), Scott et al. (1995), Tegmark & Zaldarriaga (2002), and Tegmark et al. (2004). A comparison with those papers shows that
the evolution of the field in the last two decades has been dramatic, with ⇤CDM continuing to provide a good fit on these scales.

Palanque-Delabrouille et al. (2015); the latter was obtained by
di↵erentiating the corresponding 1D power spectrum using the
method of Chartrand (2011). The measurements of Ly↵ are at
higher redshift (2 < z < 3) than galaxy clustering and probe
smaller scales, but are more model-dependent.

Intermediate in redshift between the galaxy clustering and
Ly↵ forest data are cosmic shear measurements and redshift-
space distortions (Hamilton 1998; Weinberg et al. 2013). Here
we plot the results from the The Dark Energy Survey Y1 mea-
surements (Troxel et al. 2017) which are currently the most con-
straining cosmic shear measurements. They show good agree-
ment with the matter power spectrum inferred from ⇤CDM
constrained to Planck. These points depend upon the nonlin-
ear matter power spectrum, and we have used the method of
Tegmark & Zaldarriaga (2002) based on the fitting function of
Peacock & Dodds (1996) to deconvolve the nonlinear e↵ects,
which yields constraints sensitive to larger scales than would
it would otherwise appear. The nuisance parameters have been
fixed for the purposes of this plot. (More detail of the calcula-
tions involved in producing Fig. 19 can be found in Chabanier et
al. in prep.). Bearing in mind all of these caveats the good agree-

ment across more than three decades in wavenumber in Fig. 19
is quite remarkable.

Figure 20 shows the rate23 of growth, f�8, determined from
redshift-space distortions over the range 0 < z < 1.6, compared
to the predictions of ⇤CDM fit to Planck. Though the current
constraints from redshift surveys have limited statistical power,
the agreement is quite good over the entire redshift range. In par-
ticular, there is little evidence that the amplitude of fluctuations
in the late Universe determined from these measurements is sys-
tematically lower than predicted.

We shall discuss in Sect. 6 cross-correlations of CMB lens-
ing with other tracers and the distance scale inferred from baryon
acoustic oscillations (BAO). In general there is very good agree-
ment between the predictions of the ⇤CDM model and the mea-
surements. If there is new physics beyond base ⇤CDM, then
its signatures are very weak on large scales and at early times,
where the calculations are best understood.

23Conventionally one defines f as the logarithmic growth rate of the
density perturbation �, i.e., f = d ln �/d ln a. Multiplying this by the
normalization, �8, converts it to a growth rate per ln a.
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data in the eV-MeV desert?

MeV 10 keV100 keV

BBN
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This is the era of the experimental 
exploration of the desert

eV 100eV10eV keV 10keV 100keV MeV

LSS 

CMB  BBN

today: WMAP, SDSS, Planck, BOSS, ACT, SPT,…
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This is the era of the experimental 
exploration of the desert

eV 100eV10eV keV 10keV 100keV MeV

LSS - today

LSS - future

CMB - today

CMB - future

 today

BBN future

future: Rubin, EUCLID, Roman, Simon’s O, CMB-S4, …

today: WMAP, SDSS, Planck, BOSS, ACT, SPT,…
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data   -   anomalies

What else is in the eV-MeV desert?
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data   -   anomalies

H0      Hubble Tension 
S8        LSS Tension     

D/H             Deuterium abundance  

What else is in the eV-MeV desert?
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• The desert provides a great opportunity to probe and 
discover new physics thresholds between eV-MeV scales

• What new physics might we expect to see?

The universe is radiation

dominated for T > eV

Most natural expectation: 


a dark sector with radiation     Nef

ν's
40% γ

60%
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Want the extra radiation to have observable consequences 
(e.g. for H0) but not ruled out -> Nef ~ 1. 

How can this be natural? 

Idea: populate the dark sector by thermalizing 

with the neutrinos after neutrino decoupling

A.Berlin, N.Blinov 1807.04282

D.Aloni, M.Joseph,M.Schmaltz,N.Weiner 2301.10792

ds

ν's γ
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ΛCDM cosmological history
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Alternative cosmological history
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ν γ

γ,e,ν

ν,ds γ

ds

ν γ

Alternative cosmological history
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A very simple model
(Aloni,Joseph,Schmaltz,Weiner 2301.10792)
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Thermalizing through the neutrino portal
(c.f. Dodelson-Widrow with secret interactions B.Dasgupta,J.Kopp)
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Thermalizing through the neutrino portal
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4

FIG. 2: The ratio Td/T
⇤CDM
⌫ obtained from solving Eq. (6)

as a function of T
⇤CDM
⌫ for an example point with ↵d = 1

and m⌫d = 100 eV, and initial dark sector temperature, Td,
calculated from Higgs decay. Here T

⇤CDM
⌫ the tempera-

ture of the active neutrinos in a reference ⇤CDM with no
dark sector. Equilibration between the sectors occurs when
Td/T

⇤CDM
⌫ ⇡ 1. The dark (light) gray region shows where

this occurs after BBN (neutrino decoupling). See text for
details.

note that ↵d ' 1 may require higher orders in perturba-
tion theory for precise predictions. Nevertheless, we use
it as an example because it allows the largest range of
angles ✓0 to equilibrate, see Fig. 3.

Our primary result is contained in Fig. 3 which shows
the large regions of parameter space where the dark sec-
tor comes into equilibrium with the SM neutrinos at some
point before T⌫ = m⌫d and where equilibration is reached
below T⌫ = MeV, i.e. after neutrino decoupling and
BBN. For the purposes of this Figure we define the equi-
libration temperature Tequil as the temperature at which
⇢DS crosses ⇢⌫ gDS

⇤ /g⌫⇤ with ⇢DS obtained from solving (6)
with the back reaction term omitted.

It is worth noting that because of mixing of the SM
neutrinos, for most of parameter space all three SM neu-
trinos equilibrate with the DS in rapid succession. That
only a single SM neutrino equilibrates with the DS can
occur for special regions in parameter space. Either the
couplings of ⌫d are tuned such that it only couples to a
single SM neutrino mass eigenstate, or the dark param-
eters are such that equilibration with the first of the SM
neutrinos occurs at a temperature just above m⌫d so that
⌫�⌫d conversion shuts o↵ because m⌫d is reached before
another SM neutrino can equilibrate.

Discussion One of the simplest extensions of the
standard model is to include a massive neutral fermion
that mixes with the SM neutrino. It is natural - perhaps
expected - that it should come with its own interaction,
as well. In the presence of such an interaction, we find
that even for very small couplings and mixings, a new

FIG. 3: Colored regions indicate the parameter space over
which the dark sector comes into equilibrium with the SM
neutrinos after BBN, for di↵erent values of ↵d. The lower
boundary of each region is determined by Tequil = m⌫d, while
the upper (right) boundary comes corresponds to equilibra-
tion after BBN (dark shaded) or neutrino decoupling (light
shaded), i.e. Tequil = 100 keV or = 1MeV, respectively. Also
shown are contours of fixed equilibration temperatures Tequil

(dashed contours labeled 10 eV, 1 keV) for the ↵d = 1 case.
The gray region shows the parameter space over which equi-
libration would occur above BBN in absence of dark interac-
tions via Dodelson-Widrow production.

eV—MeV mass fermion is equilibrated with the neutrino
bath at a temperature within a few orders of magnitude
of its mass, and often much less. Consequently, it typi-
cally equilibrates after BBN, leaving no imprint on light
element abundances. Its implications for the CMB and
LSS, however, can be significant. Once the dark fermion
equilibrates at Tequil, a whole series of additional particles
can come into equilibrium as well, including dark mat-
ter, which can have mass above Tequil, including above
an MeV.
Although the equilibration of the dark sector does not

immediately increase the energy density in radiation, it
can transform some or all of the radiation into an inter-
acting fluid. The associated mass threshold can change
the relative amount of relativistic radiation, turn on or
o↵ interactions in a dark sector, and provide a basis for
equilibrating a broader dark sector which may contain
part or all of the dark matter.

• At high values of 100 eV <⇠ m⌫d <⇠ MeV, the dark
sector equilibrates with neutrinos and then goes
through the mass threshold of the dark fermion
before the CMB is directly sensitive to the tran-

MeVeV keVmψ

| | |

Equilibration is generic and occurs at
Aloni,Joseph,Schmaltz,Weiner 2301.10792
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ν γ

γ,e,ν

ν,ds γ

ds

ν γ

Alternative cosmological history
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Aloni,Berlin,Joseph,Schmaltz,Weiner

2111.00014

Joseph,Aloni,Schmaltz,Sivarajan,Weiner

2207.03500

Giovanetti,Schmaltz,Weiner

in progress
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This is the era of the experimental 
exploration of the desert

eV 100eV10eV keV 10keV 100keV MeV

LSS - today

LSS - future

CMB - today

CMB - future

 today

BBN future

future: Rubin, EUCLID, Roman, Simon’s O, CMB-S4, …

today: WMAP, SDSS, Planck, BOSS, ACT, SPT,…
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Back up!



 aside on BBN
• Two public codes: PRIMAT and PArthENoPE


• different input values for d+d->n+3He and d+d -> p+3H


• No clear reason to prefer one or the other right now


• New data needed to clarify



Steps in BBN
• If a dark sector equilibrates and goes through a step before 

Deuterium freeze out but after neutrino decoupling, it will 
affect D and He differently (Berlin, Blinov + Li)

PRIMAT PArthENoPE

Giovanetti, Schmaltz, Weiner in progress


