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Abstract:

| discuss particle physics models for dark matter that can leave a non-trivial imprint in the dark matter density perturbations and
serve as targets of precise cosmological measurements. Scenarios include sterile neutrino dark matter enabled by novel
neutrino self-interaction, thermal relic via an entropy dilution mechanism, and dark matter mass generated by a first-order
phase transition in the early universe. Interplay with other probes will also be discussed when applicable.
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Fundamental physics

_ Cosmological observations
behind dark matter
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Linear Matter Power Spectrum R
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* Nearly scale invariant primordial spectrum.
* Log (linear) growth during radiation (matter) dominated era.

* ACDM model works well.
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Early Universe T

Up to k ~ 10 — 100h/Mpc:
MW satellites
Strong lensing by galaxies

/

Py (k) [(h"Mpe)

Origin of dark matter, baryon asymmetry, - - - |::>

Inflation
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WIMP, axion, dark sectors... e

Up to k ~ 10 — 100h/Mpc:
MW satellites
Strong lensing by galaxies

/

pe]

P [

WIMP - collisional damping:
kcut off ™ aH(Tkinetic dec)
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Lots of Other Possibilities o,
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Up to k ~ 10 — 100k /Mpc:
MW satellites
Strong lensing by galaxies

/

P (k) [~ Mpe)

A number of dark matter theories can affect kg
matter power spectrum at sufficiently small &

— relevant for cosmological observations.

Inflation
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Menu
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1. Sterile neutrino dark matter
2. Dark matter relic set by entropy dilution

3. Dark matter mass generated by a first order phase transition
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1. Sterile Neutrino Dark Matter
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An old DM candidate, popular benchmark for “warm” dark matter.

Introduce a gauge singlet fermion v, mix it with SM neutrinos v,
vy = cosf v, +sinf v,

v4 physical mass eigenstate. 6 is active-sterile mixing in vacuun,

6 < 1 irrelevant for light neutrino mass generation.

Very simple: only two parameters.

Pirsa: 25120047 Page 8/45



Pirsa: 25120047

Production Mechanism
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Assume zero initial abundance. Freeze in production via active-

sterile neutrino oscillations in the early universe.

Make analogy to neutrino oscillation phenomenon.

A naive estimate: active neutrino decouples from thermal plasma
around MeV temperature, free streaming afterwards, has one chance

to oscillate into the sterile state.

j_.,"
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Collisional Oscillation -
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very bumpy

T ~100MeV, H™'~100km, Ilpeanfreepath < 1m

Many measurements, I'/H > 1 before neutrino decoupling.

Sterile neutrino production rate enhanced by number of collisions

i = L yZ n
dlog(1/T) \4H ) ~ 7" ¢
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Oscillation Probability .
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Active-to-sterile, before each measurement:

B A?sin? 26
 A2sin220 +12/4 4+ (Acos 20 — V)2

Pya—}us = S:.ll'l2 296ff

A ~m2/E : vacuum oscillation frequency
0 : vacuum mixing angle

Vr : high temperature potential energy

I'? term downstairs: hard scatterings (quantum Zeno effect), I’ ~ G%T %,

Wolfenstein (PRD 1978); Notzold, Raffelt (NPB 1988)
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Dodelson-Widrow Mechanism
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dQ, Tpeak ~ 100MeV (10 keV)
cetlotch, SRR —5
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Dodelson, Widrow (hep-ph/9303287, PRL)
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1 10 102 10
my (keV)

Dodelson, Widrow (hep-ph/9303287, PRL)
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Already Excluded

10-16 DES (2021) X rays N
(7 < 10%® sec)

1 10 102 103
nmy (keV)
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DES Limit; ultra-faint MW dwarfs
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DM free streaming suppresses power spectrum. Allowed only if

keuwtoff = aH (Tnr) 2 100kpe, where Tygr ~ my.

= my > 50keV

Nadler et al, DES collaboration (2008.00022, PRL)
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Lepton Asymmetry Cannot Save
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Shi, Fuller (astro-ph/9810076, PRL); Nadler et al, DES collaboration (2008.00022, PRL)
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Self-interacting Neutrino Remedy
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Ftotal
0, ~
! H

Sin2 Qeﬁ (Ttotal = I'weak + novel interactions)

\3 more measurements

not more X-rays

Universe at 1" ~ 100 MeV

de Gouvéa, Sen, Tangarife, YZ (1910.04901, PRL)
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Open Up Wide Parameter Space
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de Gouvéa, Sen, Tangarife, YZ (1910.04901, PRL)
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Narrowing Down the Relic Target
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Include small scale structure limit from DES — m4 > 37.4keV.

An, Gluscevic, Nadler, YZ (2301.08299 , APJL)
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Narrowing Down the Relic Target -
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An, Gluscevic, Nadler, YZ (2301.08299 , APJL)
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Rich Phenomenology
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Impact of a light, neutrinophilic scalar: precision tests of SM, cosmology,

ultra-high energy neutrino, supernova cooling. For a recent review, see

Blinov, Bustamante, Kelly, YZ, et al (2203.01955)

An interesting loop effect: Zvv coupling runs (smaller) below the weak scale
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Foroughi-Abari, Kelly, YZ (2510.15023); YZ (2411.05070, PRD)
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2. Dark Matter as Thermal Relic
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Assume freezes out relativistically, similar to the story of neutrinos.

If X decouples around MeV, overproduction problem

Q0 h2~500><0.12( Ty )
X 6.5 keV

Earlier decoupling offers limited help

10.75
Qxh2~500x0.12( mx )x 0

6.5keV/ "~ g.(Thec)

Hard to imagine an appealing BSM model with g, > 5000.
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Entropy Production from Late Decay

~ ‘ . L]
AVEVECodecl - e

Long-lived diluting particle Y, N
. L Energy densities
temporarily matter domination.

Y mainly decays into SM. ‘“\

K e
If both X,Y freeze out - e
relativistically, similar initial
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Y much heavier than X. Y to X decay against goal of dilution.

Scherrer, Turner (PRD 1985)
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Warm Dark Matter
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Quick comment on Y does not decay into X. Phase space distribution

(while DM still relativistic) is thermal. To comprise 100% DM

1 T, (6.5keV)1/3

/= BT £ 1 o =5 L~

Reference mass 6.5 keV is the lower bound on WDM set by DES.

(1/8° ~ 1/500) 1

s i 8
0.100 e '

0.010

Compare with sterile neutrino DM v B

(recall DES constraints my > 50keV) i ‘\
107
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A Concrete Model
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Left-right symmetric extension of the SM: U(1)y — SU((2)r x U(1)p—_1,

Dark matter X = N; , dilutor ¥ = No.

- Uu A N 1
N, 2 N 2
Wgr - Wgr
d et
N; cosmologically long-lived if Dilutor does decay into DM
below the pion mass threshold. Br ~ 10%

Bezrukov, Hettmansperger, Lindner (0912.4415, PRD)
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Phase Space Distribution
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Secondary component of DM from dilutor much more energetic.
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Something Remarkable

Energy of secondary
DM (X) Photon temperature
Immediately after ~
dilutor (¥) decay My Tru
Secondary DM turns _— M
non-relativistic ~ Mx Ing = TrH My
108 M % TrH
Another Look at relic density: Qh? ~ 0.12 -
Y ( My ) (1 MeV

Nemevsek, YZ (2206.11293, PRL)

)

- = i
AVEVECodect T amb
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Something Remarkable

Energy of secondary
DM (X) Photon temperature
Immediately after ~
dilutor (Y) decay My TR
Secondary DM turns _— Mx
non-relativistic ~ M Inr = 1rn My

~— ;
AVEVECodear T 4

106 M TRrE
Another Look at relic density: Qh? ~ 0.12 ( OA {YX) ( ] 1\2:\/)

— Tnr ~ 0.3eV — robust prediction up to a g, (TRH)% dependence.

Coincidence: around matter-radiation equality, 7' ~ 0.8 eV.

Nemevsek, YZ (2206.11293, PRL)
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Damping Effects In P(k)
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Nemevsek, YZ (2206.11293, PRL)
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Damping Effects In P(k)
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Nemevsek, YZ (2206.11293, PRL)
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Large Scale Structure Constraint (SDSS)
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Nemevsek, YZ (2206.11293, PRL)
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Implications for LR Model
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Avevecoded T

Not ruled out with a v-Ny mixing or W-Wg gauge boson mixing
such that No — eW dominates.

Viable mass ranges:

e Dark matter: 6.5keV < My, < 100keV

~J

e Wpg gauge boson: PeV < My, < 230PeV
Part of neutrino mass must be from type-II seesaw mechanism.

Dilution mechanism in this model can be excluded if future X-ray
limit improves another order of magnitude (XRISM, ATHENA).

Nemevsek, YZ (2312.00129, PRD)
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Going Beyond: Robust Result -
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Nemevsek, YZ (2206.11293, PRL)
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Implications for LR Model
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Not ruled out with a v-No mixing or W-Wpg gauge boson mixing
such that No — eW dominates.

Viable mass ranges:
e Dark matter: 6.5keV < My, < 100keV

~J

e Wpg gauge boson: PeV < My, < 230PeV
Part of neutrino mass must be from type-II seesaw mechanism.

Dilution mechanism in this model can be excluded if future X-ray
limit improves another order of magnitude (XRISM, ATHENA).

Nemevsek, YZ (2312.00129, PRD)
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3. Blast-frozen Dark Matter

Imagine dark matter acquires its mass from a first-order phase
transition (FOPT). Before that was a radiation fluid.

The phase transition must occur during radiation dominated era.

Consider DM particles were relativistic but acquires a large mass
in the new phase.

Inspiration: a confining SU(N) sector without quarks (glueball DM).

How does this leave an imprint in the matter power spectrum?

Nemevsek, YZ (2506.02176)
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Equation of State

Directly connected to the volume fraction of false vacuum. Write

w(t) = p/p in terms of FOPT parameters.

1 1 -
w(t) = 3 F(t) = 5 exp [—ept=)] @

Large 8/ H, limit,

w’ goes to infinity.

w=1/3

False vacuum decay rate: I'/V ~ T%e B, where B = S5(T")/T. Inverse
duration of FOPT is § = —dB(t«)/dt. Nucleation time corresponds to F(t.) = 1/e.

Guth, Weinberg (NPB 1983); Enqvist, Ignatius, Kajantie, Rummukainen (PRD 1992)
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Equation of State

Directly connected to the volume fraction of false vacuum. Write

w(t) = p/p in terms of FOPT parameters.

0.35

1 1 _ 0.30 100
wt) = 2 F(0) = g exp [0 gy

3 3
_ 020 BIH,=5
E 0.15 \
Large 8/ H, limit, 0.10 \
0.05
w’ goes to infinity.

0.00 ===

0.0 05 1.0 1.5 20
1.

False vacuum decay rate: I'/V ~ T%e B, where B = S3(T")/T. Inverse
duration of FOPT is § = —dB(t«)/dt. Nucleation time corresponds to F(t.) = 1/e.

Guth, Weinberg (NPB 1983); Enqvist, Ignatius, Kajantie, Rummukainen (PRD 1992)
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Density Perturbation Equations

§=—a+w@-3¢)- 2 (L-u)s,

a \op
' i op/dp
0 =-201-300—- -2 9 k25 + k2
e — S — e e R,

In large 3/ H, limit, w’ terms dominate. With continuity equation

Py
6p 3(1+w)a'/a

Requires careful matching before, during and after the FOPT.

§(ry) = 26(r2),  8(ry) — (1) = — o KPrd(r-)

Superhorizon perturbations remain adiabatic.

Large kick in ¢’ for subhorizon modes.
Nemevsek, YZ (2506.02176)
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Perturbation Growth (k-dependent)
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Nemevsek, YZ (2506.02176)
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Modulated Power Spectrum
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0 oscillates before FOPT, grows logarithmically after until 7¢q.
For very large k, §(7 > 7..) ~ k?72 cos(k7) log(7 /7 )R(K).

Nemevsek, YZ (2506.02176)

Pirsa: 25120047 Page 42/45



Future Probes
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Ferraro, Sailer, Slosar, White (Snowmass white paper 2203.07506)
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Modulated Power Spectrum
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Summary

Fundamental nature of dark matter encoded in primordial matter

power spectrum.
Complementary to terrestrial and other searches.

Many opportunities (data) for years to come.

Thanks!
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