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An unlikely partnership?

Particle physics = interactions of Cosmology = gravitation on the
fundamental building blocks of largest observable scales

nature on the smallest scales
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SM = Standard Model of particle physics

CO n CO rd a n Ce AC D I\/I vee BSM = Beyond the Standard Model

The simplest model consistent with most observations.

Neutrino-to-photon energy density ratio

DM is probably a BSM particle relic fixed by SM particle physics

Atoms : Dark
Dark Neutrinos
4.6% Energy 10% Miztter
Dark G .
Magter Photons
23% 15%

Atoms-to-photon ratio
probably determined
by BSM physics Atoms

(baryogenesis) 12%
TODAY 13.7 BILLION YEARS AGO

+ flat spatial geometry and initial conditions (Universe 380,000 years old)

consistent with single-field inflation
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Plan...

* Particle physics in the very early universe
* Light thermal relics and Nq¢¢

* Particle physics in the not-so-early universe
* CMB constraints on the invisible neutrino decay and the neutrino lifetime

There are many more topics under these categories: neutrino-dark matter
interaction, dark matter annihilation and decay, neutrino self-interaction, etc.

* | only picked these because | happen to have thought about them lately. But
complementarity with terrestrial searches is also a motivating factor.



. Light thermal relics and Ngg...



What'’s a light thermal relic...

Any light (¥sub-eV mass), feebly-interacting particle species produced via
number-changing inelastic scattering processes with the Standard Model
bath in the early universe.

 Scattering = relic inherits temperature of the SM bath (or thereabouts)
* Feebly-interacting = production stops at t < 1s, comoving number density freezes

* Sub-eV masses = behaves like radiation when production stops, and will not
subsequently overclose the universe

The prime Standard Model example of a light thermal relic is the cosmic neutrino
background.
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Interaction rate: Tyeax~G2T>

Formation of the CvB...

Expansion rate: H~MI;12T2

The CvB is formed when neutrinos decouple from the cosmic plasma.

Neutrinos
“free-stream”
to infinity.
Above T ~ 1 MeV, even the Weak Interaction Below T ~ 1 MeV, expansion dilutes
occurs efficiently enough to allow neutrinos to plasma, and reduces interaction rate:
scatter off ete ™ and other neutrinos, and attain the universe becomes transparent to

thermodynamic equilibrium. neutrinos.



g« for the Standard Model of particle physics:

I I T I T

T

l

I

| T

B tt ”'L.Z“. H() B |
b 5 ok
| 10675 | 0605 1’ cC,T
100 = —__ 8625 | y Neutrino decoupling E
u I 61.75 Nucleosyr
[ EW starts
) Electroweak 7E, 70, put |
g phase transition y
10 —
— QCD
Energy density Quark—hadrc-)nlq
normalisedto the phase transition
photon energy density
in one poldrisation state
| | | | | | I l I | | | I | |
10° 10* 103 102 10 1 0.1
T [MeV]

A

Time

Photon temperature

>
>

thesis

What's left?

Mainly
. Photons
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Small numbers* of
. Electrons

. Nucleons
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* Small means
-9
<10 ny
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The cosmic neutrino background...

Standard model predictions

Per family of
T T T ' T T neutrinos

1k 1 Number density: santineutr
Relativistic Fermi-Dirac antineutrinos
distribution _ -3
0.100k ] neg = 110 cm
2 010l | Energy density: Per family
Q * Relativistic (if Tcyg > m,, ):
Temperature: aftere™e™ - yy 4
0.001} 1/3 ; T (AN - 0227
4 Peve = gl17) Peme = 0.227pcup
Tewp = (H) Tcvp
1074k {4 ¢ Non-rel (if Tc,g K My, ):
0.05 0.10 0.50/ 1 5 10 m,,

Q =
PITewe / “B T 93 hZev
Neutrino (hot) dark matter;

basis for cosmological neutrino mass bounds 5



The cosmic neutrino background...

Standard model predictions

Dark
Matter
63%

Neutrinos
10 %

Per family of
neutrinos

1k Number density: . .
L . +antineutrinos
Relativistic Fermi-Dirac Photons
distribution 15% -3
0.100L neg = 110 cm
Atoms
12% .
— .7 BILLION YEARS AG ° i
2 0010l a7 uon e Energy density: Per family
Q * Relativistic (if Tcyg > m,, ):
Temperature: aftere™e™ - yy 4
0.001 1/3 7/ 4\3
4 PcvB = §(H) PcmB = 0.227pcyp
Teyg = | — T
CvB ( ) CMB
10-4k 11 Sum over all SM families:
0.05 0.10 0.50/ 1 5 10 = Z Pcve = 3X0.227 pcmp

p/Tcvs

Ve V'V,

= 0.68 pcmp
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Neutrino-to-photon energy density ratio...

In fact, the Standard Model neutrino-to-photon energy density ratio can
be calculated very precisely.

« Usually goes under the name of SM effective number of neutrinos N3

5 4/3
pcmB peve = |1+ N3 X = 3 (11) PCMB

VQ,VM,VT, \
Energy density in one thermalised species of massless

Neif eff = 3+ percent-level corrections for fermions with 2 internal d.o.f. and temperature
* Non-instantaneous neutrino decoupling 4\1/3

* Non-relativistic electron gas across neutrino decoupling T = (H) Tcump
* Finite-temperature QED effects in the photon/electron plasma

¢ Neutrino flavour oscillations

14



Precision Neff

Bennett, Buldgen, Drewes & Y3W 2020;
Bennett, Buldgen, de Salas, Drewes, Gariazzo, Pastor & Y3W 2021;
Froustey, Pitrou & Volpe, 2020

See also Akita & Yamaguchi 2020; Hansen, Shalgar & Tamborra
2021; Escudero 2020 for related works

The most precise to-date computation of the Standard-Model Ng¢s :

N3M = 3.0440 + 0.0002

Standard-model corrections to NS&\/I Leading-digit contribution
me /Ty correction +0.04

O(e?) FTQED correction to the QED EoS +0.01
Non-instantaneous decoupling-+spectral distortion —0.005

O(e®) FTQED correction to the QED EoS —0.001

Flavour oscillations +0.0005

Type (a) FTQED corrections to the weak rates <1074

Bennett et al. 2021
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Bennett, Buldgen, Drewes & Y3W 2020;
Bennett, Buldgen, de Salas, Drewes, Gariazzo, Pastor & Y3W 2021;
Froustey, Pitrou & Volpe, 2020

Precision Neff

See also Akita & Yamaguchi 2020; Hansen, Shalgar & Tamborra
2021; Escudero 2020 for related works

The most precise to-date computation of the Standard-Model Ng¢s :

N3

e

* Two independent calculations: same physics but using independent numerical
implementations by two independent groups

* Central values agree to five significant digits
* Broadly consistent uncertainty assessment:
* Half due to numerics, half from experimental uncertainty in the solar neutrino mixing angle

* Already implemented in the stock version of CLASS

16



a. From SM neutrinos to BSM
ight relics...



g« for the Standard Model of particle physics:
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B EW starts
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Electroweak T 2l |
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10 — . Photons
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normalisedto the phase transition . Electrons
photon energy density . Nucleons
in one polarisation state . Nuclei
! ! | ! | L | 1 | | I L | !
105 104 105 102 10 1 0.1 * Small means
T [I\"‘ICV] <107%n,

A

Photon temperature
Time > 18




Extending Nga¢r to light BSM thermal relics...

Any light (¥sub-eV mass), feebly-interacting particle species produced by
scattering in the early universe will look sort of like a neutrino as far as
cosmology is concerned.

* E.g., light sterile neutrinos, thermal axions, ...

* At leading order, these light thermal relics add to the SM neutrino energy
density as if Nogr = 3.

— Re-interpret Ngsras the early-time non-photon radiation content:

PcMB T Z PcvB T Pother = |1 + NegX < (11) PCMB

Ve, ViV,
\/ Negr = eff + ANeg

19



ANq¢r from generic particle freeze-out...

Extra family of

10*

_ g = 1,boson === Real Scalar
SM neutrinos g = 2,fermion = Weyl Fermion
k g = 2,b0SON === Vector
10 .
Planck 20
CHN A | S R T
2
<
=1 |
10k QCD phase
transition
(sharpdrop | 0 \
ing,asT
decreases)
10—2 | ] | | ] |
1073 1072 1071 10° 10t 102 103

Abazajian et al., CMB-S4 Science book, 2016

Freeze-out temperature

New, light particles that
freeze-out while ultra-
relativistic will contribute:

g(43/4\"
ANgge = E (g* (TF)> Fermion

Internal d.o.f.

.

4y / 43/4
Aletr = (g*(m)

4/3

Boson

* Exactly analogous to neutrino
decoupling, except for
different quantum statistics, g

and g.(Tr).

20



Some examples of BSM ANg¢s:

Thermal axion-like particles (ALPs) from freeze-out.

ALP-photon coupling

108
. ANqg > 0.027
10 ___________________ 102
" Helioscopes (CAST) e
ADMX Stellar Cooling
101 i
AN,z = 0.027 10
102 — — 108
Lol Tr ~ 10" GeV Lot
10— 11012
= T [G V]
? F (S]
A,y [GGV] 0@’0
| 1 IIIIIII| 1 IIIIIIII 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII‘
107 1077 107% 107° 107* 107 1072 107! 1 10
meleV] ALP mass

94 [GeV 7]

ALP-gluon
- SN 1987A
L/
10—10 -
____________ 102
i ANgg =0.027 10°
I 1010
—15 |
10 y ’a‘/\\o‘\ i 1014
o®
B TF [GCV]
o~ 107 107 107*  100° 107t 1077 1
moleVl ALP mass

Baumann, Green & Wallisch 2016

Also QCD axions in Giaré et al, 2022;

D’Eramo et al. 2021, 2022; etc.
21



Some examples of BSM ANg¢s... 2/2

Light sterile neutrinos: solution to the short-baseline anomalies in
neutrino oscillation experiments (LSND, MiniBooNE and reactor).

ANeﬁyfull(O.lMeV)

» Solution requires effective oscillation

parameters: il
Vs A § ol
dm?~1 eV? T
F of
sin®20,,~sin?20,,~0.1
vﬂ v es SM -2} 102
Ve
— ANq¢~1 looks inevitable... e

log(sin?(26))
* Parameter space will be further tested by the Hannestad, Hansen, Tram & Wong 2015

Fermilab Short Baseline Neutrino program Also Gariazzo, de Salas & Pastor 2019; Hagstotz et al.

2020; Hannestad, Hansen & Tram 2013; etc. 5
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Volume 66B, number 2 PHYSICS LETTERS 17 January 1977 > S 9|_i
0
< 0_14 7Be
______ 9
COSMOLOGICAL LIMITS TO THE NUMBER OF MASSIVE LEPTONS 1OBBe
s e e
Gary STEIGMAN g
National Radio Astronomy Observrztory1 and Yale Um‘versityz, UsA
1 0—1 9 10 B
David N. SCHRAMM 1" B
University of Chicago, Enrico Fermi Institute (LASR), 933 E 56th, Chicago, Ill. 60637, USA 12 B
James E. GUNN 13
University of Chicago and California Institute of Technology®, USA
(] S F 1AV AN Bttt '"c
Received 29 November 1976 1 .
If massive leptons exist, their associated neutrinos would have been copiously produced in the early stages of the 10 100 1000 10
hot, big bang cosmology. These neutrinos would have contributed to the total energy density and would have had the P |t rou COC U zan
effect of speeding up the expansion of the universe. The effect of the speed-up on primordial nucleosynthesis is to Tim e afte r b| g b an g [S] ’ ’
produce a higher abundance of #He. It 1s shown that observational limits to the primordial abundance of He lead to & V H H 2 O 1 8
the constraint that the total number of types of heavy lepton must be less than or equal to 5. a ng oni
o Negr < 5 How much of these elements is produced
v e

depends on how fast the universe expands.
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Nucleosynthesis & N ...

Constraining Nq¢r with the primordial

elemental abundances has a long history.

Volume 66B, number 2 PHYSICS LETTERS 17 January 1977

COSMOLOGICAL LIMITS TO THE NUMBER OF MASSIVE LEPTONS

Gary STEIGMAN
National Radio Astronomy Observrztory1 and Yale Um‘versityz, UsA

David N. SCHRAMM
University of Chicago, Enrico Fermi Institute (LASR), 933 E 56th, Chicago, Ill. 60637, USA

James E. GUNN
University of Chicago and California Institute of Technology®, USA

Received 29 November 1976

If massive leptons exist, their associated neutrinos would have been copiously produced in the early stages of the
hot, big bang cosmology. These neutrinos would have contributed to the total energy density and would have had the
effect of speeding up the expansion of the universe. The effect of the speed-up on primordial nucleosynthesis is to
produce a higher abundance of #He. It 1s shown that observational limits to the primordial abundance of He lead to
the constraint that the total number of types of heavy lepton must be less than or equal to 5.

A\ 4

0.0235}
0.0230}

0.0225f

0.0215
0.0210f

0.0205f 1

-Yp
- DH

- D/H+Yp
- CMB

- BBN+CMB

Nege = 2.88 + 0.27 (68% CL)

Pitrou, Coc, Uzan & Vangioni 2018
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CMB anisotropies & N ...

Hou, Keisler, Knox, Millea & Reichardt 2013

. . . 18F ' 3
Nq¢r also affects the expansion rate at recombination. 3 S
: SPT K11 3
. 14F \ /) \ E
* Observable in the CMB temperature power spectrum ] VAR ;
10F AN 3
6000 - N =10 :
{ | ngi g 3 Caoo(Nenr) = C‘e’;'nl \ E
& 5000 - | | cosmic variance+WMA1;e7ffn:z)is1e \:I_ ”Na'I'Ve" S|gnatu re 6f : : fixing Q:hz' Zew O '
e 1\ cosmic variance 18F * Ny - 200
= — 3 N = 3.00 E
5 “Irreducible” =y E | —
> . .. o 14f \ — Ny = 6.00 ]
k& 3000 | signatureisinthe = L WA 3
N . . T of 7 ]
= g CMB damping tail & 1o A
—|— 2000 ) E E Caoo(Nenr) = Cioo' \ E
> \ ,—‘ ':\ 6k fixing Q,h% zgq, Os N
W \Ji¢ ~ _— + +
1000 H@\\\k & 18fF ; Q,h% = 2.266x107% ]
== 3 2zgq = 3195.03 3
0 Lo 115100| L 12000 14 :_ 65 = 1.039x1072 ]
F 6p = 1.630x107° ]
Remarkably 3 i ; E
Planck TTTEEE consistent with 10F
HowErlensingtBAO; | Nogr = 2.99 + 0.34 (95% CL) | ™= standard Model Cui) = 3
7-parameters Lo 6F fixing Quh%, 2gq, 05, 6y a2 A
Aghanim et al. [Planck] 2021 prediction Negr ~ 3 500 1000 1500 2000 2500

Multipoles (1)
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What to expect in the future?

Stage 2
1000’s
detectors

ACTPol

BICEP3
& Keck
Array

2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
>2027

SPT-3G

3=

BICEP3
& BICEP
Array

South Pole Obs

10m + 5 x 0.5m
52,000 detectors

SPT-3G

Stage 3
10,000’s
detectors

Simons Obs

6m + 3 x 0.4m
60,000 detectors

New Infrastructure:
Wide-field SP-TMA,
BA-cameras and towers

:

Stage 4 500,000 detectors: CMB-S4 Start operations

John Carlstrom
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What to expect in the future?

Sensitivity Dark Energy
2015 wky  °M  ONew)  o(Emy) F.O.M
2016 St?(%(g 2 Boss BAO DES+BOSS
T prior SPT clusters
2017
=10° 0.035 0.14 0.15eV ~180

2018
2019

2020 ESETLE!
10,000

2021 detectors

2022 ‘w '%QESS'
2023 106 0.003 006  ~0.06eV  ~300-600
2024

2025

2026 DESI BAO DESI +LSST
+Te prior S4 Clusters

2027/34 [YEEY] 10¢  0.0005 003  0.015eV 1250

John Carlstrom
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|. CMB constraints on invisible
neutrino decay and the neutrino
ifetime...
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Interaction rate: Tyeax~G2T>

Formation of the CvB...

Expansion rate: H~MI;12T2

The CvB is formed when neutrinos decouple from the cosmic plasma.

Neutrinos
“free-stream”
to infinity.
Above T ~ 1 MeV, even the Weak Interaction Below T ~ 1 MeV, expansion dilutes
occurs efficiently enough to allow neutrinos to plasma, and reduces interaction rate:
scatter off ete ™ and other neutrinos, and attain the universe becomes transparent to

thermodynamic equilibrium. neutrinos.



Neutrino free-streaming...

Standard Model neutrinos free-stream.

* Free-streaming in a spatially inhomogeneous background induces shear stress
(or momentum anisotropy).

* Conversely, interactions transfer momentum and, if sufficiently efficient, can
wipe to out shear stress.

Free-streaming case Interacting case
Peak .
roush Sinusoidal Scattering transfers
roug
Peak gravitational momentum and
potential wipes out shear
Trough

Peak

31



Neutrino free-streaming & the metric...

Neutrino shear stress (or lack thereof) leaves distinct imprints on the
spacetime metric perturbations.

Scale factor

ds? :‘az(r)[—(l + 2Y)d7? + (1 — 2¢)dxtdx;]

Conformal Newtonian gauge

_ Shear stress
where k2(¢ —P) = 12nGa? (p -|;<P)O' / In ACDM, mainly from
A

ultra-relativistic
Mean energy density & pressure neutrinos and photons.

* Changes to (¢p — o) affect the evolution of CMB perturbations and are observable in
the CMB TT power spectrum.

* Good probe of neutrino interactions around CMB formation times (t ~ 400 kyr)
when the CvB still constitutes a substantial fraction of the relativistic energy density.

32



Neutrino free-streaming & the CMB...

That CMB prefers neutrino shear stress to no shear stress is well known.

— ] 7000 e I R
10 B . 1 | ——— Maximum Likelihood Best Fit (Spergel et.al.) 1
i /\ NO neutran ] 6000 F ___ f\l/[oNeutrinI:)Anisotropiestc2 vt:Op = // \\ T
F \ - r . st year data b ! 1
sl shear stress 000 AT Ty |
}_J: § — 4000
— 6r el :
+ i S~ 3000
= 4t £ 2000
2|/ Standard neutrino 10007
O: shear stress OI S
e e e L L 10 100 1000
200 400 600 800 10001200 Hannestad 2005 Multipole/  Melchiorri & Trotta 2005

!
* The trickly part is, how do you translate this preference to constraints on the

fundamental parameters of a non-standard neutrino interaction?
— What is the isotropisation timescale given an interaction?

33



Isotropisation timescale...

Given an interaction Lagrangian, the isotropisation timescale is calculable.

e Write down the Boltzmann equation:

o af; 1 d3n; = d3ny,
PH _T% PPP7 == = . ‘
Bk apPY ~ 2 (H / 9 2r)32E; (n;) ) (1;[ Ik 2m)32 By (ny)

M
x (2m)* 6\ <p+an -3
k

X [fk1 ) "ka(l + fi)(li fjl)"'(l :I:ij) - fifjl : "ij(l + fh) "'(13& ko)]

* Decompose in a Legendre series

* The damping rate of the quadrupole (£ = 2) moment is the isotropisation rate.

Tedious stuff, but this is really the only correct way to calculate these things, else you can get it very wrong...
However, the result can usually be understood in simple terms. - Next slide
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Isotropisation from self-interaction...

Consider a 2-to-2 scattering event v; + v; = vy + vy,

— Particles in two head-on v; beams
need only scatter once to transfer their
momenta equally in all directions.

Vi
Isotropisation
timescale
* The probability of v, emitted at any l
angle 0 is the same for all 6 € [0, rt].

Tisotropise Nl/rscattering
Cyr-Racine & Sigurdson 2014; Oldengott, Rampf & Y3W 2015;
Lancaster, Cyr-Racine, Knox & Pan 2017; Oldengott, Tram, Rampf & Y3W 2017; Scattering rate

Kreisch, Cyr-Racine & Dore 2019; Forastieri et al. 2019; etc. ,
5



Isotropisation from relativistic (inverse) decay...

How long does it take vy — v; + ¢ and its inverse process to wipe out
momentum anisotropies? (Hint: it’s not the rest-frame lifetime of vy.)

* In relativistic decay, the decay products are beamed.

¢ Assuming a massless ¢

VH /; ~ My /Evy

> AmZ
6, ~ (—V) 6
N mﬁH ¢

Barenboim, Chen, Hannestad, Oldengott, Tram & Y3W 2021
Chen, Oldengott, Pierobon & Y3W 2022
36



Isotropisation from relativistic (inverse) decay...

How long does it take vy — v; + ¢ and its inverse process to wipe out
momentum anisotropies? (Hint: it’s not the rest-frame lifetime of vy.)

* In relativistic decay, the decay products are beamed.

* Inverse decay also only happens when the daughter particles meet strict
momentum/angular requirements. 5 Assuming a massless ¢

Op = Myn/Evi

v VH
Isotropisation < 5 (Am%) p
timescale v, vl " \m2,)7? Rest-frame
lifetime of vy

Boost \

. . . -2
— Isotropisation is a loooong process:  Tisotropise ~ (0pOvi) ~ Vvh Trest = 400 kyr

Barenboim, Chen, Hannestad, Oldengott, Tram & Y3W 2021 — Lower bound on 7 as a function
Chen, Oldengott, Pierobon & Y3W 2022 of m,y and my,;.
37



Neutrino lifetime, 7, (s)

CMB lower bounds on the neutrino lifetime...

Mass-spectrum consistent constraints on invisible neutrino decay vy — v; + ¢.

Scenario Al,B

Scenario A2

Scenario A3

109 E T T T T T T \,I,I’\E 108 E T T LI | T T T T T 113 108 E T T LB | T T LI B B N B =
g 27 ] F— A2 3 E—— A3 3
108k V3 _)V2+1(N02 _____ —:::’, E L A2, my; =0 /’L L A3 mu =0 ///’
S ————Y = = 10 % ==+ IceCube 8 yr , 4 _g 10 % ==+ IceCube 8 yr _-” _g

107 E ‘Vz+1 - V3 (IO) - - E [Joonee Combined v telescopes // ] Cooeeee Combined v telescopes = - ]
o e -7 1 100k SN1987A R o 105L SN1987A N
W= E B IC 2015 e 3 B IC 2015 3
E E 5L 7 i s i
105 ] W0E g 7 10°F
F— Al E C e 3 - ]

100 == Al,my=0 4 10tk e 4 10k -
Emm Bl e 3 g IR 3 g IceCube & v telescope  .......- E

o T e 3 o - . e LR LA 3
BL== Bl,mu=0 == d B -7 .. N B forecasts™ -
10 F—— B2 e e 1 100k TN UPUPRR T L E 103; _____________________________ o
o S E . 3 E E
102E== B2,mu=0 = e g r =
E ==+ IceCube 8 yr E 102 Eiiniaininiainiaiinib 7 = 102 3 -
101E - Combined v telescopes ] S 3 g IceCube constraints* E
Elf’ Al IeeCube hint = 10tk 1 0k N
100g  sN1os7A E g 5 g SN1987A constraints E
E IC 2015 E 5 3 E ]

10*1 1 1 1 [ | 1 L 1 L L1 100 L 1 1 1 1 | - I 1 1 L 1 | N I | 100 1 1 L | N I | I 1 1 1 1 | N T |
1073 1072 107t 1073 1072 107t "107° 1072 1071
my, mg (eV) my (eV) mg (eV)

* |ceCube constraints & forecasts from Song et al.

2021

Chen, Oldengott, Pierobon & Y3W 2022
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CMB lower bounds on the neutrino lifetime...

Mass-spectrum consistent constraints on invisible neutrino decay vy — v; + ¢.
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* Ifv, = v{ + ¢, then neutrino telescopes and CMB probe the same parameter space.

* |ceCube constraints & forecasts from Song et al. 2021
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summary...

Cosmology offers an interesting way to test Standard Model and Beyond-
the-Standard-Model particle physics.

* In some cases, the same particle physics is also being probed or searched for at
terrestrial experiments.

* Cosmological constraints on these scenarios from, e.g., BBN, CMB, etc., therefore
provide an important cross-check on our understanding of both particle physics
and cosmology.

* Here | have talked about

* Light thermal relics (e.g., thermal ALPs, light sterile neutrinos)
* Invisible neutrino decay and constraints on the neutrino lifetime
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