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We have a |lot of evidences for physics beyond

the Standard Model
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Usually what we do is to introduce a Dark Sector,
that may or may not be connected with the SM
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Usually what we do is to introduce a Dark Sector,
that may or may not be connected with the SM

SM Sector
Dark Sector

Leptons, quarks, €
etc

Holdom Phys. Lett. 166B, 196 (1986)

We explored the so called vector portal, introducing a kinetic mixing among the SM photon and
a Dark photon (other portal are possible, such as Higgs portal or neutrinos portal)
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Now some plasma physics



Photons in Vacuum are massless



However medium effects give photon a mass,
the usually called plasma mass

NN NN m2(5,8) > 14X 107M 6V (”e(zjf))

% Cin

k* T
Generally in media the dispersion relations are w? = k* +wp (1 + = _> Transverse,
generally modified by the interactions with the W= Me
background. 12

w? = wp (1 +3— —) Longitudinal.
W me



Honlogeneous plasnla mass

Homogeneous Plasma Mass

9 b

-

1 A 1

| v y 1 T y

| B |

| 1

T 1 v L

| I

|

y—

1

—

)

1072 10!

1O

10*

10°
Redshift z

10°

10*

In the assumption of homogeneous
medium, the photon mass after

recombination varies between
10~ %and 10~ 4ev



Resonant Oscillations

T-K. Kuo & Pantaleone Rev. Mod. Phys. 61 (1989) 937 Mirizzi,
Redondo & Sigl 0901.0014 Caputo, HL, Mishra-Sharma &
Ruderman 2004.06733
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Resonant Oscillations

T-K. Kuo & Pantaleone Rev. Mod. Phys. 61 (1989) 937 Mirizzi,
Redondo & Sigl 0901.0014 Caputo, HL, Mishra-Sharma &
Ruderman 2004.06733
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You can also have multiple resonances!
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Homogeneous plasma mass
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CMB spectral distortions due to y — A’

COBE / FIRAS CMB spectrum
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However there is an important piece missing.
The Universe is not homogeneous!

Perturbations in the photon plasma mass
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See also the related works: Bondarenko, Pradler & Sokolenko 2002.08942 A. A. Garcia+ 2003.10465 Witte+ 2003.13698
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However there is an important piece missing.
The Universe is not homogeneous!

Perturbations in the photon plasma mass
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Fluctuations in electron density generate then fluctuations in the plasma mass of the
photon. We have to make an average to get the real probability of conversion. We did this
analytically!

A. Caputo, H. Liu, S. Mishra-Sharma & J. T. Ruderman 2002.05165 (PRL) and 2004.06733 (PRD)
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The analytical formula

2.2
I A B )
Poy= Jdt o0 \5D(my = My m,
(time-fﬁ?y emfen?) Average over
P robab 1f1ty cfensn‘y distribution of m:
function J
) € mi, )
(P - 1) dt dm f( ;) ———dp(m

w(1) !

Rice’s Formula (1944)

Mathematical Analysis of Random Noise
By S. O. RICE

INTRODUCTION

'HIS paper deals with the mathematical analysis of noise obtained by
passing random noise through physical devices. The random noise

2
) m,




The analytical formula

2.2
TE“my
P,_ = Jdr (m? — m?) m?
(time-c[epend‘ent) Average over

probability density distribution of m?

fu nction

7[€2m2,
(P, ) = Jdtjdmf fim?; 1) w(t)"‘ Sp(m. — myg)m’

2,4
TE My

(1)

The average conversion probability is related the PDF of the plasma mass squared

Then integratin.g over the mass using (py_)A,> — Jdtf(mf = mj,; f)
the delta function



One point PDF

my2 x n, = f(mf; 1) x P(O; 1)

one-]ooint PDF
of Em’yon f[uctuations
~ Po— Po
O, = ——

Pb

m. fluctuations directly related to
baryon density fluctuations, a well-
defined cosmological parameter.




D, [Mpc|

One point PDF

Gaussian snnulatlon

10

ol)

my2 x n, = f(m}?; 1) x P(O; 1)

one-}ooint PDF

of Em’yon f[uctuations
— Pp
5b —

Pb

Electron and baryon fluctuations

A (146 = 2. (145, ) Ay (145.)

~ (\j}’

| —

-

v
A
/\\
//



One point PDF

my2 x n, — f(mf; 1) x P(O; 1)

one-yoint PDF
of Earyon f[uctuations
_ Po— Py
O, = ——

Pb

m. fluctuations directly related to
e PR e re— baryon density fluctuations, a well-
D. [Mpd] defined cosmological parameter.

P (0y; 2) 1 ( & )
or example in the Gaussian case (z > 20) e 262(2)

we would have



Log-normal PDF
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Alternative PDF prescriptions

( 7 2)
Log-normal PDF (1+o'h)_1 lln (1+(5h)+:1~’(z)/2]
Log-normal PDF with nonlinear PN ((‘ih;z) = : exp | — —
baryon power spectrum V27 242) 22°(2)

\ /

“Analytic” PDF ‘ ¢ (5,) F2(5,)
Non-linear spherical collapse of ¥ Z) = - P52 @
linear matter field V 270, (2) %

lvanov, Kaurov, Sibiryakov [1811.07913]

Cosmic voids PDF

PDF of matter underdensities
Adermann et al [1703.04885, 1807.02938]

P oids (n‘b;z) ~ from simulations



CMB Constraints
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CMB Constraints

_ Plasma mass and oscillation probability
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Small fluctuations at high redshift:
similar to the homogeneous case



CMB Constraints
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CMB Constraints
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Comparison with numerical approach
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An extra ingredient: dark matter axion



Now what we want to do is instead to put this kind of coupling but with
the dark photon

2, @

4fa

Axion-dark photon
coupling

FA,WF,MV + Laar

Kinetic mixing

Pospelov et al, 2018



Now what we want to do is instead to put this kind of coupling but with
the dark photon

1 m2 a ~ /
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[V I AA
2 2 4f, H
Kinetic mixing
Axion-dark photon
coupling
Essentially now the axion will decay ; » \ 0
into two dark photons r — M _ 3x10 ( Ma ) 100GeV
64 f2 TU 10—4eV fa



Now what we want to do is instead to put this kind of coupling but with
the dark photon

1 m a ~ /
L= =(0,0)° a® F' FM 4+ LA
2 2 4f, M
Kinetic mixing
Axion-dark photon
coupling
Essentially now the axion will decay ; » \ 0
into two dark photons r — M _ 3x10 ( Ma ) 100GeV
64 f2 TU 10—4eV fa
Then t.he dark photon will possibly o.sc.illate dna dn s dn 4
to ordinary photon, essentially modifying the T ’ T X Ppp+ T X Ppr_ 4

apparent number count of CMB radiation
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(after subtracting the modelled galactic contribution).



ARCADE Excess
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The emission is extremely smooth: assuming perfect correlation with structure,
it cannot be emitted when z < 5, or dominated by large structures (2 few Mpc).



Astrophysical explanations do not seem to
work

* Galactic origin? No, because it would:

1. overproduce the observed X-ray background through inverse Compton
emission;

2. make our Galaxy anomalous among nearby similar spiral galaxies;

3. Imply overproduction of the observed level of emission from ClII.



Astrophysical explanations do not seem to
work

* Galactic origin? No, because it would:

1. overproduce the observed X-ray background through inverse Compton
emission;

2. make our Galaxy anomalous among nearby similar spiral galaxies;

3. Imply overproduction of the observed level of emission from CII.

* Extragalactic origin? Seems to be the case, but still difficult with ordinary
astrophysics explanations:

1. would require an incredibly numerous new population of radio sources far
below the flux densities currently probed;
2. far-infrared background would be overproduced



Dark matter explanation?

Synchrotron contribution from DM annihilation (or decay)
products, see for example Fornengo et al. (2011), Hooper et al.
(2012), Fang, Linden (2014).



Dark matter explanation?

Synchrotron contribution from DM annihilation (or decay)
products, see for example Fornengo et al. (2011), Hooper et al.
(2012), Fang, Linden (2014).

Typically requires too large magnetic fields and/or exotic magnetic
field configurations. Also, the best fit spectrum is typically too soft
(e.g in Fang, Linden (2014)).



Dark Photon Spectrum
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Photon Spectrum
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Stimulated Decay 7" -
amlle e J ' g- - -
( { Ar'ﬂ ), d dn , /
dn 4 o= = (142,)———( "%,
108105 dw *d(1 +2) v N A
A xw'? dny dt
j = (1 +2,) X —(z,) X —(2,)
y & " Bl i dz A
2I° 2T,
Stimulated y & @™/ =(1+2)X Fa X — X 1
. m, o H(z)(1+2z)
logo@ x w12
dn, dny, — o 32
. X o A’ NN

L=
do do 7



Spectral Fit
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What about the isotropy of the signal?

dP, ., 4 dP, . 4
Zx dz[ ';-‘—'.»A Zx dZ” *,-'—,:A >
(T'T)(0) _ <fz & J. =" /g We want to compute this quantity
2 , dP. .\ 2
T <fz dz'—35- >
S D(?) 1 1 o1 = We need the joined probability
fa(d) = D(z) 5 5] CX [‘35 %70 distribution for conversion in two
s

different point in space

5 — (5( *(?) §(2, |7 = FID) ey COVaAriance matrix



What about the isotropy of the signal?

Ce ORI et e )
2

We want to compute this quantity

B dP. . \ 2
<T> <f dZ «—»1 >
S D(7) 1 1 o1 = We need the joined probability
fa(d) = D(2) S €X [_55 2 5] distribution for conversion in two
X different point in space
Y = ( (%) , a7 = F’D) = CoOvariance matrix
&2, |7 —7) o2(2)

We have anisotropies safely smaller than Holder’s data



Conclusions

* The interplay between particle physics, astrophysics and cosmology is
crucial;

 CMB for example can put strong constraints on dark photon models; for
these is of particular importance to treat universe inhomogeneities;

* We propose a simple model to explain longstanding radio excess such as
ARCADE-2, and it seems to work!



Thanks for the attention
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Statistical Analysis

We construct a Gaussian log-likelihood as

1 B -
In £(d|m 4, €) = max [—§AIT ;! AI] . (A2

TcumB

where AT = (f (mar,€; Tems) — I:,) is the residual be-

tween the distorted CMB spectrum I (ma:,€; Tomp) =

{I,,,1,,,-..} and the FIRAS data vector I;, and Cr,
is the data covariance matrix. We treat the CMB tem-
perature as a nuisance parameter and profile over it by
maximizing the log-likelihood for Teyp at each {m 4/, €}
point. We define our test-statistic as

TS(mar,€) =2[InL(d|mas,€) —InL(d|mas,€)], (A3)

where € is the value of € that maximizes the log-likelihood
for a given m 4/, and obtain our limit by finding the value
of € at which TS = —2.71 corresponding to 95% contain-
ment for the one-sided y? distribution.
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