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This is a short story about dark radiation: the part we think we
know, the part we know we don’t, and how to ask the next
questions
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/\«':What does a AN.g detection actually teach us about the
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Let’s back up a bit...
@
N

N
w
BN

The amount of invisible radiation relative to the photon bath is
parametrized by Ng

Pr = py + pv + pDR = py (1 + aNegr)

pT(T)
p5M(T)
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Pr = py+ pv + PR = py (1 + aNestr)
In the late universe (after e™e~ annihilation)

T (4N 7 /195K
“=3\11) T s\2mK
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AN = Ngg — N5M  NM — 3044
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The AN.g = 0 prediction of ACDM is actually two separate null
hypotheses

Negg=N, & N,=3.044
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How do we make progress upon a detection?
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Can we start distinguishing between these various scenarios?
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Neff = Nl/ + NDR

How are neutrinos different from other dark radiation?
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Neg = N, + Npr
How are neutrinos different from other dark radiation?

» Neutrinos participate in weak “.
interactions
» Injecting neutrinos is different from
injecting sterile DR at BBN
» Rich science, but model dependent

» See [Giovanetti et al. 2109.03246,
Sabti et al. 1910.01649, Burns et al.
2307.07061] + separate upcoming
work!
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Neg = N, + Npr

How are neutrinos different from other dark radiation?
» Neutrinos participate in weak interactions

» Neutrinos have (a specific) mass

» We expect them to become non-relativistic at z ~ 100
» We have some priors on their mass hierarchies
» ...and we might have a measurement of the total soon!

W. Linda Xu

8/18



We can actually hope to see a mass detection relatively soon

Zm,, > 60 meV

20 meV SO + LiteBIRD 7 + DESI
24 meV S4 + Planck  + DESI
14 meV PICO + Euclid

13 meV CMB-HD

This is also an interesting time to ask the question: in what
sense is this a neutrino detection?

[Snowmass 2022, incl. 1907.08284, 2203.08093, 1902.10541, 2203.05728]
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The behavior of neutrinos, as radiation and as free-streaming
matter, relate to the neutrino temperature as

T — N,

~T3E, ~ .
a v {ZmUTf — w,

This has always been an assumed value at

T,=TM=195K atz=0
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The behavior of neutrinos, as radiation and as free-streaming
matter, relate to the neutrino temperature as

T — N,

~T3E, ~ .
a v S m, e — w,

This has always been an assumed value at
T,=TM=195K atz=0

Can we measure the neutrino temperature?
~ can we simultaneously measure 7,,, > m,, and Npgr?
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Why care?

For the SM:

» Cosmology can measure this SM prediction instead of
assuming it. That’s cool!

» Verification that the thing galaxy surveys measure is
neutrino-like (decoupled around e* e~ annihilation)

]\(w/zmog
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Why care?

For the SM
...And beyond:

» Understand what the viable model landscape actually
looks like for dark radiation

» ... and how far we’d need to go to get answers
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Let’s talk observables... {T,, S-m,, Npr}
What does altering 7, do to the CMB anisotropies?
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Let’s talk observables... {T,, S my, Npgr}
What does altering 7, do to the CMB anisotropies?

Npr — Nid — N,
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Let’s talk observables... {T,, > my, Npr}

What does altering 7, do to the matter power spectrum?
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AP(R)/Prcom(k) LA
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AP(R)/Prcom(k) L]
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want to precisely measure both w, ~ > m, T3 & kg ~ m, /T,
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Viable parameter choices push k¢ into the sensitivity window
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{wbvwaha As;”sﬂ_reio} + {mu; Tl/; NDR}

Fiducial :
(0)
>
LCDM = ng —0.715 (T° = 1.95K)
> > m, =90 meV Ty
(degenerate) > Npr =0
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{Wba We, b, Ag, s, 7—reio]’ + {m,,, T,, NDR}

» CMB-S4 TT, TE, EE, lensing, prior on 7 = 0.06 + 0.006
» DESI: ~ 10 galaxies, 14000 deg? survey, z € [0.65, 1.65]
» Also, MegaMapper: 10° — 10°® targets, 2 € [2, 5]
» Burying details...

RSD, AP, bias prescriptions {80, 81, onw }:

P(k, z, W) = (b + f};l,/tz)Q exp [f,uzk:zrrﬂ Py (k, 2)
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For near future experiments
(S4, DESI), expect
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DESI — MegaMapper,

1.53K <7, <1.952K

40% — 20% measurement
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How well can we measure
> m, and T, simultaneously?

» Still get a measurement for
>omy, >0

0.07eV < Zmy <0.22eV

albiet degraded sensitivity
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How well can we measure
> m, and T, simultaneously?

» Still get a measurement for
>omy, >0
0.07eV <Y m, <0.22eV

albiet degraded sensitivity

> Sitill below KATRIN reach
(m,, < 0.2 eV)
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How well can we distinguish
neutrinos and dark radiation?

» The data allows up to ~
60% of p, displaced by DR

» Requires heavy neutrinos
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How well can we distinguish
neutrinos and dark radiation?

» The data allows up to ~
60% of p, displaced by DR

» Requires heavy neutrinos

» Complementary with BBN:

» Sensitive to the “most
v, neutrinos
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In conclusion:
» We're starting to be sensitive to neutrino temperatures.
» 20% measurements in future, probably room to improve
» Go wild on the model building for now...
» Happy birthday BAPTS!
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Side note about prior volumes: we need a detection to talk
about this
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