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Where to look for hidden sectors
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Why bother with cosmo?
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Outline

1. Big Bang nucleosynthesis

2. Model independent BBN constraints

3. lonization of the intergalactic medium during recombination
4. Spectral distortions to the cosmic microwave background
5. Model Dependent constraints



Big Bang nucleosynthesis
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Big Bang nucleosynthesis

Takes only BAU as input

BAU from cmb

Predicts observed light element abundances

Constrains energy injection from new long lived particles

Most focus has been on the injections >> GeV
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Big Bang nucleosynthesis

Focus on EM injection < 1 GeV

Initial injection of photons, electrons, muons, pions or neutrinos
Neutrinos decouple, muons and pions decay
Electrons and photons interact with the background resulting in an EM cascade

EM cascade breaks up nuclei



Electromagnetic Cascade

Photon-photon pair production Y+ vpc — et +e”

Photon photon scattering Y+ VYgg 2> YTV

Pair creation on nuclei Y+ Npgg = Ngg+e" +e”

Compton scattering ytegg >rte

Inverse Compton e +ygg 2> ety .

Final state radiation X—>et+e +y




Photon spectrum

| dn}f
e Spectrum Ni = > N)

" dE
» Rate of injection R = ny(0)/7,

e Distribution: f(E)=%NV(E) Ffly?)
ALy

e Conventional wisdom: Universal spectrum
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Effective threshold for pair production
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Photon spectrum

e Problems with Universal spectrum for low E
injections:

e Nuclear thresholds
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Electromagnetic Cascade
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Light element abundances

Yp — 0245 + 0.004 (Helium mass fraction)

"D _ (253 +0.05) % 10~
Ny

THe _ (1 +0.5) x 10-3
Ny
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Light element abundances

Y » = 0.245 = 0.004 Emission lines from

Metal poor extragalactic regions

1503.08146

"D _ (253 +0.05) % 10~

Ny Theory uncertainty
(photon capture)

THe _ (1 40.5)x 1073
Ny

Observations of solar winds etc
To determine composition of proto-solar cloud
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Boltzmann equations

e Take BBN products as initial conditions

dY >
dt i 0 = Jo

N ;/(E 7/) Oy+A—f (£ 7/)
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Nucleon-destruction

First Deuteron destruction (2.2 MeV)

First Deuteron creation (5.5 MeV)

First (important) Helium destruction (20.6 MeV)

D+y—->p+n
‘He+y > D+p

‘He + y - "He + n
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Benchmarks for photon injection
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Benchmarks for electron injection
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Benchmarks for electron injection
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Monochromatic injection

Electrons Photons
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Other model independent constraints

Monochromatic Injection into

1. Muons
2. wtn~
3. 71'0}/

4. 7t
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Other model independent constraints

Monochromatic Injection into

1. Muons

2. wtn~

3. ﬂo}/

4. 7tn 7’
All unstable — dN dN dN dN
calculate the final — = — | |
photon and electron dEy dEy rad dEy FSR dEy dir
spectrum .

dN B dN | dN

_Some ene_rgy lost dE, — dE, " JE
into neutrinos rad " dir




Other model independent constraints

Can calculate spectrum from decays of SM particles in the rest frame and boosting

y = my/2mgy = 1/7/1 — >

dN, 2 Jdﬂ' 1 dN,
dE  4n v(1 + fcosO'E'lp’) dE’
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Other model independent constraints

Radiative contributions for muons

8 T
[
>
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Other model independent constraints

Radiative contributions for charged pions

Note: take polarization into account
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Other model independent constraints

Radiative contributions for charged pions

dN dN dN
— = BR(z" — [, u)— + BR(z" = utr, ) —
£ = 2 BR Wik T
v [€Ee,u / l Y y
nt—=lty,

See also 1) HAZMA 2) Plehn et al 1911.11147



Other model independent constraints

FSR contributions for charged pions

AN ame 21-9) (m%(l — x))

rt dE T X m2,

/\/\/\/\ Typically subdominant!
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Other model independent constraints

FSR contributions for muons

m2

U

dN  amg 1+ (1 —x)* ma(1 — x)
— ~ log
dE T X

Typically dominant!

Note: Leading log becomes a poor approximation for light dark matter! We use the full FSR spectrum
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mys (GGV)

my, (GGV)

Other model indelpendent constraints
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Model dependent constraints

Vector mediators:
Dark Photons
Gauged lepton family numbers

UDg_,
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Model dependent constraints

Vector mediators:
Dark Photons
Gauged lepton family numbers

u(l) B—I _ _ VMD to estimate @ decays
Data driven calculation of p meson decays
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Model dependent constraints
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my, (GGV)
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CMB ionization constraints

Energy injected at very late times can affect the ionization history of the
Universe, modifying the CMB

Constraints on the dark matter fraction from 10'%s < 7 < 10%s
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CMB ionization constraints

Not all energy injected is deposited into the intergalactic medium

()

dep

Jion(2) =

H() )

(2
—f(z)(dt)

.
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1nj
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Depletion of initial abundance
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Only care about energy
deposited into ionization

JEde

spemes

Energy is not deposited immediately



CMB ionization constraints

Principal components
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See also her work in 2015/2016
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mV(GeV)

CMB ionization constraints

| 1 [ 111 L 1 1111 | 1 [ 111 | 1 [ 111

1614 l 1615 l 1616

7(s)

1513 l

mv(GGV)

B — L

0.8
0.6

0.4

0.2

()_

1612I

1514 I 1615 I 1616

7(s)

1513 I

-17.0

-17.5

-18.0

-18.5
-19.0
-19.5
-20.0

-20.5

EY (GeV)

37



mV(GeV)

CMB ionization constraints
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CMB spectral distortion constraints

Cobe/FIRAS and PIXIE can detect departures from a black body spectrum

Decays occurring between the decoupling of double Compton scattering and Compton scattering
2 % 10° > 7z > 5.2 x 10" change the photon chemical potential

Decays after decoupling of Compton scattering and recombination (5.2 X 10* > z > 1090) change the Compton y
parameter
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CMB spectral distortion constraints
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Cobe and Pixie Limits
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Freeze in abundances

dy, 1
) = (—)n_ T
A <}/>V Vv

Y, = (YV)I+ (YV)H

42



Freeze in abundances
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Parameter constraints

Eufp = g\/ 1/4ra,,

Ceff
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Conclusions

We are motivated to look for light hidden sectors
Cosmological constraints become very interesting in this region

Between Spectral distortion, ionization history and BBN, an enormous parameter space can be probed!
We demonstrated this for several well motivated hidden sector vector mediators
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Extra details on Tracy’s code

Used functions from 2015 code to get f_ion

Used functions from 2012 code to do the PCA, rescaling
f by the assumed ionization fraction and using f_ion
generated by the 2015 code
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